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ABSTRACT

Fusarium head blight (FHB) caused by Fusarium graminearum Schwabe

(teleomorph Gibberella zeae (Schwein.) Petch) is a devastating disease that infects wheat

(Triticum aestivum L.) throughout the world. Severe FHB infection causes significant

yield losses and damages grain quality. Further, it contaminates infected grains with

fungus-produced mycotoxins such as DON that has been linked to several adverse effects

in animals and causes a safety concern in humans. Fusarium head blight has appeared as

an endemic disease in southern Manitoba and has the potential to turn into an epidemic

di s eas e under favourable environmental conditions.

cDNA microarrays consisting of about 6000 ESTs were used to study gene

expression profiles of wheat 24h after inoculation with F. graminearum.The

significance analysis of microarrays (SAM) in combination with a fold-change ranking

were used to identify genes that were differentially expressed in response to F.

g r am i n e ar u m inf ection.

Wheat infection by F. graminearum caused significant induction of genes encoding

pathogenesis-related (PR) proteins that are known to have antifungal activity. Genes

encoding proteins related to active oxygen species (AOS), resistance (R) proteins, a

putative receptor-like kinase protein, and proteins with a conserved domain of the

WRKY transcription factor were found to be significantly induced in response to .F.

graminearum infectíon Fungal infection resulted in the activation of the

phenylpropanoid pathway that gives rise to a wide array of important metabolites

including lignin and a variety of antimicrobial compounds. Analysis revealed that

differences in gene expression between the resistant wheat cultivar Sumai-3 and two



susceptible near-isogenic lines in response to F. graminearum infection are mainly

quantitative in nature. Qualitative differences were detected for a unigene of unknown

function and a gene encoding an element of the phenylpropanoid pathway that were

significantly induced only in the resistant Sumai-3.

Analysis of gene expression profiles from individual tissues of wheat revealed that

each tissue expresses a defined and distinctive transcriptome pattern in response to F.

graminearum infection Several genes were identified showing significant changes only

in specific tissues. The findings suggest that aprecise profiling of molecular changes

during the wheat-F. graminearum interaction requires the examination of individual

tissues.
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CHAPTER I

EXPANDED LITERATURE REVIEW



Fusarium head blight disease

Effects of Fusarium head blight on wheat crops

Fusarium head blight (FHB) caused by Fusarium gramineorum Schwabe

(teleomorph Gibberella zeae (Schwein.) Petch) is a destructive disease that affects wheat

(Triticum aestivum L.) as well as other cereals throughout the world (Gilbert and Tekauz

2000; Parry et a1.,1995). Smith (1884) made the f,rrst record of FHB in England. Since

then the disease has been reported in Europe, Asia, Australia, South America and North

America including Canada (Shaner, 2003; Sutton, 1982). Fusarium head blight epidemics

have occurred sporadic ally at intervals of several years. According to records in the

Canadian Plant Disease Suley, FHB has been observed periodically throughout most

wheat-growing areas of Canada, but severe outbreaks have been confined to areas in

Ontario, Quebec, the Maritime Provinces, the Peace River region of Alberta and

Manitoba (Sutton, 1982).In a survey conducted in Manitoba from 1988 to 1991, FHB

was obseled in 308 of 436 fields sampled. Based on the data gathered during this survey

the disease incidence and severity increased in Manitoba during the four-year period

from 1988 to 1991 (Wong et al., 1992). The recent epidemics of FHB in North America

once again, have drawn public attention to the potential severe economic losses caused

by this disease.

The pathogen is capable of causing head blight on all classes of wheat as well as

other important small grains such as barley (Hordeum), rice (Oryza), oat (Avena sativa)

and maize (Zea). This devastating disease has the capacity to destroy a potentially high-

yielding crop within a few weeks (Dubin et a1.,1997; Gilbert et al., 2003; McMullen et

aL.,1997). Significant yield loss, contamination of infected grains with mycotoxins and



downgraded grain quality contribute to the economic impacts of FHB on infected grain.

In the United States and Canada, FHB epidemics during the 1990s caused severe

economic losses. In the U.S. the estimated costs were close to 3 billion dollars, while in

Canada losses were estimatedatU.S. $ 220M in Quebec and Ontario and U.S. $ 300 M

for the period of 1993-1998 in Manitoba (Nganje et a1., 200I; McMullen ef aL,1997;

Windels,2000).

Severe FHB can result in disease symptoms on wheat grain, known as 'tombstone'

or fusarium damaged kernels (FDK). Such grains are characteristically smaller than

normal, shriveled in appearance and white to pale pink in colour (Abramson et al., 1987).

Using infected grain as seed may result in poor germination and therefore a poor plant

stand in the field (Argyris et a1.,2003; Gilbert et a1.,2003; Gilbert and Tekauz 1995).

Fusarium head blight reduces grain quality through destruction of starch granules,

cell walls, and endosperm proteins (Bechtel et al., 1985; Nightingale et a1., 1999). Yield

loss results directly from shriveled grains with reduced grain mass and lower test weight.

Studies have found a significant relationship between FHB and yield reduction in wheat

plots inoculated with Fusarium species (Parry 1991; Snijders, 1990b). Saur (1991)

observed a yield reduction of 6.4 - 39.2 o/o in some 500 wheat genotypes, after

inoculation with F. culmorum.

In spite of a significant reduction in yield, the most serious concern associated with

FHB infection is the accumulation of mycotoxins produced by the fungus in infected

kernels. Deoxynivalenol (DoN) is the most prevalent of the mycotoxins that

contaminates infected grains (Snijders, I990a). Trichothecene toxins such as DON,

commonly known as vomitoxin, are potent inhibitors of eukaryotic protein biosynthesis.



They interfere with the active site of peptidyl transferase on ribosomes, and inhibit the

initiation, elongation or termination step of protein synthesis (Rocha etaL.,2005). Acute

adverse effects of the toxin in animals include food refusal, diarrhea, emesis, alimentary

hemorrhaging and contact dermatitis. In humans, F. graminearumhas been linked to

alimentary toxic aleukia and akakabi toxicosis, illnesses charucterized by nausea,

vomiting, anorexia and convulsions. Perhaps as expected for inhibitors of protein

synthesis, chronic exposure to trichothecenes has wide-ranging effects, including

neurological disorders and immunosuppression (Bennett and Klich, 2003; Hall and Van

Sanford, 2003).

Furthermore, FHB damages the grain end use quality and lowers the quality of bread

wheat by affecting the physical dough properties and bread making characteristics.

Inferior baking quality is reported for wheat infected by Fusariurø species. Dexter et al.

(1996) reported weak dough properties and unsatisfactory baking quality in Canadian

hard red spring wheat containing FDK. Nightingale et al. (1999) noted that the presence

of FDK in flour resulted in a substantial reduction in loaf volume. They attributed the

loss of dough functionality and loaf volume potential to the presence of fungal proteases

found in FDK.

Fusarium grøminearum, the predominant causal agent

Fusariunt graminearum, F. culmorum (W.G. Smith), F. avenaceum (Corda;Fr.)

Sacc., F. poae (Peck) Wollenw F. acuminqtum (Ellis & Everhart), F. equisetl (Corda)

Sacc. and F. sporotrichioides (Sherb.) are among several species in the genus Fusarium

that are frequently identified in tissues infected by FHB (Clear and Patrick,2000;



Fernandez eta1.,2001; Gilbert etal.,200I; Xue et aL,2002). Gordon (1944) listed a

number of 16 species of the genus Fusarium, including F. graminearum thatwere

isolated from samples of wheat and other cereals in Manitoba. During a 4-year survey of

FHB disease in Manitoba from 1988 to 1991, F. graminearum was the most prevalent

species associated with the disease (Wong et al., 1992). Inch and Gilbert (2003) reported

F. grøminearum as the predominant species found on wild grasses in southern Manitoba.

Other studies indicated that F. graminearum is the principal causal agent for FHB in

Canada (Clear etal.,1996; Sutton, 1982).

Fusarium belongs to the anamorphic hypocreaceous Ascomycetes (Ascomycota;

Hypocreales.' Hypocereaceae) in the genus Gibberella. In general, these fungi are

saprophytes and facultative parasites able to colonize living host tissue efficiently at any

time during the life cycle of the host and establish themselves in the senescent tissue and

crop debris. They are generally weak saprophyes with effective survival strategies such

as chlamydospores, thickened hyphae, and perithecia (Liddell, 2003).

Fusarium species are divided into 16 sections, of which the important Fusariurn head

blight pathogens fall into four sections: discolor, roseum, gibbosum, and sporotrichiella.

Species in each section share several characteristics and each section is biologically

distinct. Fusarium graminearum along with F. culmorum, and F. croolç,uellense are

grouped in the section discolor. All species in this section are well adapted to grass hosts.

Generally, these fungi are distributed worldwidq in temperate regions and associated with

small grains. Neither F. culmorum, nor F. croolç,uellense has a known sexual stage and,

although they are capable of causing fusarium head blight in much the same way as G.

zeoe, they are not nearly as common in North America. These fungi produce vivid



cannine-red mycelium on high carbon substrata, and all produce the classic foot-celled

banana-shaped Fusarium macloconidia with a characteristic morphology (Liddell, 2003).

Ascospores, macroconidia, chlamydospores, and hyphal fragments, all may considered

inoculum of G. zeae. Ascospores are uniform in size, shape and septation, which make

them reasonably distinctive and therefore recognizable. Macroconidia are more variable

in size and not readily distinguished from those of other fusaria (Sutton, 1982).

All th¡ee pathogens in the Fusarium section discolor, capable of causing FHB,

produce various mycotoxins such as: deoxynivalenol (DON), 4,I5-diacetyl-7-deoxy-

nivalenol, 3-acetyl-4,7-dideoxynivalenol, 4-deoxynivalenol, 3-acetyl-4-deoxynivalenol,

l5-acetyl-4-deoxynivalenol, nivalenol, T-2 toxin and zearalenone (Joffé, 1986; Marasas

et a1., 1984; Savard and Blackwell, 1994).

Gibberella zeae (ana'. F. graminearum) was formerly described as two populations

known as group 1 and group 2, group I causing crown rot of wheat, and group 2 fusarium

head blight (Francis and Burgess, 1977). The group i population was recently

reclassified as G. coronicola Aoki & O'Donnell (ana: F. pseudograminearum Aoki &

O'Donnell), and was finally identified as a genetically and biologically distinct

population from F. graminearum (Aoki and O'Donnell,1999a,1999b).

Fusarium graminearum is a perithecium-producing homothallic ascomycete capable

of out crossing. The MAT loci are responsible for the homothallism in the fungus (Lee et

al., 2003b). During the asexual phase of this haploid-based species, it grows as

filamentous hypha, producing multiseptate, fusiform macroconidia (mitotic spores). The

homothallic sexual phase consists of a fruiting body containing asci withinwhich

ascospores (meiotic spores) are formed. DNA sequence analysis differentiated F.



grãminearum into several biogeographically structured lineages. The fungus is composed

of nine phylogenetically defined lineages among which gene flow in nature is extremely

limited or absent. The biogeographically distinct lineages indicate a long evolutionary

history of reproductive isolation. Lineage 7 is determined as the predominant lineage in

North America and Europe (O'Donnell et al., 2000,2004).

Perithecia are ephemeral in G. zeae,matvring and dispersing ascospores without an

extended resting phase. They can form throughout the year when temperatures and

environmental conditions are favourable. The coiled perithecium initials, and possibly the

first dikaryotic mycelia, arethe over-wintering forms of the fungus (Trail and Common

2000; Trail et a1.,2005).

Fusarium grøminearum infection and development on host tissues

Crop residue serves as the major source of primary inoculum for G. zeae (Atanasoff,

1920). The fungus over-winters on crop debris as saprophyic mycelia. Under favorable

environmental conditions in the spring, conidia and ascospore-producing perithecia are

developed and mature concurrently with the flowering stage of cereal crops (Markell and

Francl, 2003). Airborne ascospores (sexual spores) along with asexual conidia are the

primary forms of inoculum of F. graminearum that cause infection on the flowering

wheat spikes. Macroconidia are dispersed mainly by rain splash, whereas ascospores are

dispersed by wind (Fernando et al., 2000).

Wheat'florets are most susceptible to G. zeae for the period from anthesis through

the soft dough stage of kernel development. Susceptibility declines after the soft dough

stage (Arthur, 1891;Pugh etal.,1933; Schroeder and Christensen, 1963). Deposition of



ascospores or macroconidia on or inside the flowering spikelets at a favourable

temperature and humidity results in the initial infection. Warm temperatures (20-30 "C)

and persistent surface wetness favour the infection of wheat spikes (Sutton, 1982).

Although Fusariunt species can produce conidia on blighted spikes, FHB functionally

acts as a monocyclic disease (Bai and Shaner, 1994;Femando et a1.,7997; Wilhelm and

Jones, 2005). In monocyclic epidemics, disease is directly proportional to the amount of

inoculum. Therefore, the quantity of primary inoculum will considerably influence the

intensity of FHB that develops in a field. Controlling the level of inoculum of F.

graminearum in host debris and other reseruoirs is a key factor to disease management

(Sutton, 1982).

Following infection, the disease symptoms appear as water-soaked brown lesions

and discoloration that eventually spread in all directions from the point of infection. A

salmon pink to red fungal growth may be seen along the edge of the glumes or at the base

of the spikelet. Premature death or bleaching of wheat spikes prior to maturation is a

common symptom of FHB infection (Parry et al., 1995). The fungus colonizes various

components of the spike, including the flower parts, glumes, grain and rachis. Invasion of

the rachis may result in blighting of the entire portion of the spike above the zone of

invasion (Sutton, 1982). Detection of the fungal hyphae in the caryopsis wall and

aleurone layer of kernels, moderately infected by FHB (Bechtel et a1.,19S5) has caused

concerrì. about the possibility of spread of disease through infected grains. However, there

is little evidence to indicate that infected seed contributes to FHB outbreaks (Inglis and

Cook, 1981; Burgess, 1981). Gilbert et al. (2003) found no difference in disease severity

between wheat plots planted with Fusarium-infested seed and plots planted with



Fusarium-free seed. However, they highlighted the importance of avoiding the use of

FHB-infected seed due to the danger of contaminating the soil with the fungus.

Dickson et al. (I92I) noted that anthers are the initial infection sites and play an

important role in disease development. However, in later studies the presence or absence

of anthers was not found to be an important factor in the establishment of a successful

infection (Kang and Buchenauer, 2000a). Pritsch et al. (2000) reported the germination of

macroconidia of F. graminearum within 6 to 12 h after inoculation on the abaxial face of

the glurne using the spray rnethod of inoculation. By 12 to 24 h, hyphae were evident and

had frequently contacted stomata. The direct fungal penetration through the outer faces of

floral bracts has been reported (Atanasoff, T920;Tu,1930; Bennett, l93I; Boshoff et a1.,

1996). However, using scanning electron microscopy (SEM), Pritsch et al. (2000) did not

observe direct penetration of glume epidermal cells by hyphae. Glume epidermal cells

may be highly resistant to penetration because of the thick, crenulated cell walls;

occasionally cell lumina are highly silicified (Hodson and Sangster, 1988a, 1938b).

Fungal development during early infection suggests that the penetration of F.

graminearum could occur through openings such as stomata. Boshoff et al. (1996) first

reported F. graminearum penetration through stomata in wheat paleas and lemmas.

Pritsch et al. (2000) confirmed the direct penetration of hyphae through stomata and

suggested that glume stomata are one of the early entry points of F. graminearum. They

also documented evidence for subcuticular growth of F. graminearumhyphae between

cuticle and epidermal cell wall on the surface of inoculated glumes. Guenther and Trail

(2005) used point inoculation and a transformed isolate of F. graminear?tm carrying the

green fluorescent protein to investigate the process of colonization and the development



of perithecia on wheat stems following head infection by G. zeae. They found that the

movement of the fungus was down the rachis from the point of infection. The vascular

system, including vascular bundles leading from the spikelet to the rachis, and the

bundles of the rachis, were found to be important to the colonization process of the spike.

Gibberella zeae has a very brief period of asymptomatic growth before host tissues

begin to exhibit visible symptoms (Guenther and Trail, 2005; Ribichich et al., 2000).

Subcuticular growth of phenotypically distinct hyphae occrrs in host tissue for a very

short period of time, which is simultaneous with sporulation and appearance of

necrotrophic symptoms (Pritsch et al., 2000). Fusarium graminearum may be categorized

as necrotroph or the hemibiotroph side of a necrotroph (Trail et a1.,2005).

Epidemiol ogy oT Fus arium grømineørum

Host debris is the principal reservoir of F. graminearum.Thepathogen survives in

old stalks and ears of maize, and on stubble and debris of wheat, barley and other cereals.

Ample colonization of wheat stems after infection increases the potential for the survival

of the fungus in the field. The colonized tissues remain intact through the winter and

serve as the basis for the production of the inoculum in the spring (Dill-Macky and Jones,

2000).

The infection of wheat spikes results in the systemic and extensive colonization of

the stem. Even though G. zeae is a homothallic fungus, the hyphal nuclear condition

changes during differentiation and colonization of host tissues. Haploid mycelia

(mononucleate hyphae) rnove down the vascular system and pith and then colonize the

stem tissue radially. Dikaryotic hyphae develop at two distinct stages: in the xylem, in
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support of radial hyphal growth and in the chlorenchyma, in support of perithecium

development. The f,rrst dikaryotic phase is formed in the vascular tissue and pith from the

primary hyphae. Then from the dikaryotic phase, secondary haploid monokaryotic

hyphae rudiate outward to colonize tissues toward the epidermis. The radial hyphae then

form the second dikaryotic hyphae, which will produce the perithecium initials. Both

types of dikaryotic hyphae accumulate lipid bodies, presumably to sequester carbon

sources for the next developmental stage (Trail and Common, 2000; Guenther and Trail,

2005). Shifts from monokaryotic to dikaryotic hyphae provide opportunities for

hybridization. The first dikaryotization could result in some recombination between

nuclei without meiosis. This type of recombination may be limited by the presence of

vegetative incompatibility groups. The formation of the dikaryotic hyphae that leads to

perithecium initials is a second opporlunity for hyphae to recombine and is the initiation

of the sexual cycle (Trail et al., 2005; Zeller et al., 2003).

The formation of perithecia is reported to be associated with specific host cells:

stomatal openings and silica cells. Perithecium initials develop within stomatal cavities

and are the overwintering phase. In spring, perithecia will form from these initials under

favourable environmental conditions. The sexual structures emerge through stomata and

silica cells, on the surface of wheat stem or spike debris, and actively discharge

ascospores into the atmosphere. Light has been shown to be required for the formation of

perithecia and may be involved in inducing the maturation of perithecia through stomatal

openings and light transmitting silica cells (Guenther and Trail, 2005; Tschanz et al.,

re76).

In general, the fungus appears to survive longer in tissues that resist breakdown.
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Inoculum is formed mainly under warln and moist conditions. Perithecia may form at 16

to 31 oC (optimum 28 'C) and mature in 9 to 10 days in highly favourable conditions.

Temperature requirements for the production of macroconidia are similar to those for

formation of perithecia and ascospores (Sutton, 1982).

Field observations on the dynamics of airborne spores of F. graminearumhave

revealed that ascospores are released mainly at night (Gilbert and Fernando,2004). Wind

is the primary transport mechanism. Studies have confirmed that cool to moderate

temperatures (about II to23 oC, optimum near 16'C) favour ascospore discharge, but

indicated that discharge is regulated by perithecial dehydration when atmospheric

moisture is below saturation (Fernando et aL.,2000;Paulitz,1996; Sutton,1982; Tschanz

et a1., 1975). Due to low numbers of macroconidia liberated into the air, splashing or

wind-driven rain is widely regarded as the principal dispersal mechanism for

macroconidia of F. graminearum.lnsects and birds also may play arole in the spread of

spores or hyphal fragments of F. graminearum in the field (Femando et al., 2000; Sutton,

T982).

Resistance of wheat to Fusarium head blight

Increased emphasis on minimum tillage, rotations of susceptible crops, above

average precipitation and/or humidity during flowering, and the lack of effective sources

of genetic resistance are among the major factors contributing to recent FHB epidemics

(Rudd et al., 2001). Control of FHB has been difficult because of the ubiquitous nature

and wide host range of the pathogen (Paulitz, 1996). Cultural and fungicidal control

methods are either ineffective, not feasible, or both (Bai and Shaner, 1994). The ability of
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G. zeae to cause signif,rcant damage when favourable environmental conditions are

present has made rapid incorporation of a durable resistance into adapted genotypes a

priority for wheat breeders (Waldron et al., 1999).

A low resistance level among current wheat cultivars is blamed as one of the major

causes for the recent severe FHB epidemics in North America (McMullen et a1.,1997).

Development of resistant cultivars along with appropriate crop management practices is

the most cost effective \,vay to control FHB. Studies have shown significant genetic

variation for FHB resistance among wheat genotypes (Bai et aL,200I; Buerstmayr et al.,

1996;Mesterházy et al., 1999).No source of complete resistance is known, and current

sources provide only partial resistance. The Chinese spring wheat cultivar Sumai-3, and

its derivatives Ning, is so far the most effective source of resistance discovered and has
I
I

been widely used in crosses (van Sanford et al., 200T; Wilcoxson, 1993). Sumai-3 has

been rated as resistant or highly resistant providing a heritable, stable, and consistent

source of resistance across environments.

V/ild species have been screened to f,rnd new sources of FHB resistance. 
'Wan 

et al.

(1997) evaluated 1463 accessions of 85 species belonging to 17 genera of the Triticeae

and found variation for FHB resistance among and within species. Additionally, the

wide-crossing program at CIMMYT has identified resistance in some synthetic hexaploid

wheat, suggesting that some accessions of Aegilops tauschii Coss. may offer sources of

resistance to FHB (Gilchrist etal.,7999). These sources of resistance have been difficult

to use due to well-known problems associated with the direct use of alien genes in

breeding programs. Such problems include lack of pairing between alien and wheat

chromosomes, agronomic inferiority of hybrid progenies and the quantitative nature of
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the resistance to FHB (Chen et al.,I997a). The wild species may offer some hope to

durum breeders, who have struggled to find acceptable levels of resistance in adapted

germplasm (Jauhar and Peterson,1999; Gilbert, 1998).

The complex expression of FHB resistance in wheat resulted in defining several

types of resistance. Both passive and active forms of resistance to FHB in wheat are

described (Mesterhá2y,1995). Passive mechanisms are associated with phenotypic traits

such as plant height, presence of awns, spikelet density, and time of flowering. Schroeder

and Christensen (1963) first defined two types of resistance including type I: resistance to

initial infection and type II: resistance to spread of infection. Later Mesterházy (1995)

expanded the initial definition and added three more types of physiological resistances as

active resistance to FHB. These included type III: resistance to kernel infection; type IV:

tolerance to disease, and type V: resistance to mycotoxin accumulation. Type I and type

II are the two major types of host plant resistance fo F. gramineerum. Resistance to initial

infection by the fungus has not been well characterized, because it is highly influenced by

environmental conditions. However, resistance to fungal spread provides a stable

m.easure of a cultivar's resistance, and it is the most commonly assessed type of

resistance in wheat (Dubin ef al., 1997; Liu and Wang, 1990).

Type I resistance is usually measured by spraying plants with a conidial suspension

and then counting infected spikelets 7 to 2l days after inoculation. It has also been

measured by injecting inoculum into multiple spikelets per spike and assessing the

percentage of infected spikelets at maturity (Wan et al., 1997). Accurate assessment of

type I resistance is problematic because the amount of inoculum actually applied is

diffrcult to quantify and disease assessment is confounded by the type II resistance of the
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germplasm being evaluated. A genotype must have type II resistance before type I

resistance can be accurately measured (Rudd et al., 2001).

Type Ii resistance is assessed by observing symptoms due to disease spread after

some form of point inoculation. The assessment is most often done in the greenhouse

under controlled conditions (Stack, 1989). Bai et al. (1999) used two measurements of

percentage of infected spikelets and area under the disease progress curve (AUDPC) to

evaluate spread of FHB within a spike. The two measurements are highly correlated and

heritable, representing stable resistance characters under controlled environments. They

concluded that percentage of infected spikelets and AUDPC provided similar information

for QTL analysis and that either assessment method was adequate for differentiation of

genotypes carrying different levels of resistance. Another method commonly practised at

CIMMYT to evaluate type II resistance is placing a tiny tuft of cotton soaked with

inoculum in a floret of the middle spikelet. Glassine bags are then placed over the

inoculated spikes until harvest. In spite of being labor-intensive, the method is very

precise and results in even infection and disease spread (Singh et al., (1995).

Estimates based on visual symptoms of FHB do not necessarily provide information

on damaged kernels. Type III resistance is assessed by threshing infected spikes and

observing the damage to the kernels. Reduction in kernel number and kernel weight, test

weight, or visual estimates of fusarium-damaged kernels (FDK) are common

measurements used to assess type III resistance (Rudd et a1.,2001). Wiersma et al. (1996)

reported a high correlation between test weight and percentage of infected grains (r :

0.94) and DON content (r: 0.89). Using data from recombinant inbred lines artificially

inoculated with Fusarium spp., Jiang (1997) reported a strong correlation r : 0.78 to 0.90
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among AUDPC, relative weight of inoculated spikes, relative weight of grains from

inoculated spikes and percentage of diseased grains. Buerstmayr et al. (1999) used 50 ml-

weight as a measure for FDK and showed that the easy and less expensive method of 50

ml-weight may be used as a good indicator of DON content. In this method, 60 randomly'

chosen mature heads were harvested manually and threshed while being careful to retain

all infected grains. The threshed grains were then manually cleaned from the remaining

chaff and poured into a plastic tube of 2.7 cm diameter and 8.8 cm depth and the seed

weight recorded. For each sample, the measurement was repeated four times and the

means of such repeated measì.rements were used for further statistical analysis.

Type IV resistance or tolerance to FHB can be assessed by comparing the reduction

in grain yield of naturally or artificially inoculated wheat spikes or plots, with those

spikes or plots that do not show disease symptoms. It is shown that wheat cultivars vary

in yield reduction at a given level of disease symptoms on the spikes. Therefore, the

measurement of grain yield under heavy disease pressure should be a valuable tool for

breeders who have both grain yield and FHB resistance as breeding objectives (Rudd et

at.,2001).

Type V resistance refers to low DON concentration in the FHB infected kernels and

is an important criterion from a grain end-use perspective. It is determined by measuring

DON concentration at a given level of FHB infection. Studies have shown a signifìcant

variation among wheat genotypes concerning DON content of infected grains (Bai et al.,

200I; Mesterházy et al., 1999; Miller et al., 1985).

Fus arium gr amine arum produces trichothecene mycotoxins, predominantly DON

(Bottalico and Perrone,2002; McMullen et al., l99l). Deoxynivalenol is not only a

t6



potent inhibitor of protein synthesis in eukaryotes (Mclaughlin et al., 1977; Rocha et al.,

2005) but is also phyotoxic, causing chlorosis, necrosis, and wilting in plants (Bandurska

et a1.,7994; Bruins et al., 1993;McLean, 1996). Experiments using F. graminearum

mutants, unable to produce trichothecene toxins, indicated that mutant isolates were able

to establish initial infection but did not cause disease spread in infected wheat spikes.

These observations suggested that DON is a virulence factor and plays an important role

in the spread of FHB in infected wheat spikes (Bai et a1.,2001).

Genetics of wheat resistance to Fusarium head blight

Genetic variation for FHB resistance was first reported by Arthur (1891) and has

been well documented since then (Mest erhëny, 1983, 1995; Saur, 1 99 1 ; Snij ders, 1 990b;

Wilcoxson et al., 1992; Lemmens et al., 1993). Contrasting reports on different modes of

inheritance reflect the complexity of the expression of resistance to FHB in wheat. Added

to this complexity is the large environmental variance component that influences the

expression of FHB resistance. The environmental variance is estimated often as high as

that for grain yield (Campbell and Lipps,

1998). Resistance to FHB in wheat is quantitatively inherited with a continuous

distribution among progeny (Snijders and Van Eeuwijk, 1991; Bai and Shaner,1994;

Snijders, 1994).

The majority of studies concluded that less than five genes condition FHB resistance

in wheat genotypes that originate from China and South America. Sumai-3, a Chinese

genotype, has been the main source of resistance to FHB in many wheat breeding

programs and is known to have Type II resistance (Bai and Shaner, 1994;Wang and
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Miller, 1988). Three genes are reported to control FHB resistance in Sumai-3 (Bai et al.,

1989; Yao et a1.,1997). However, in populations used in some studies, only two genes

were segregating (van Ginkel et al., 1996; Zhou et alr, 1987) and in the others, more than

three genes were identified in association with FHB resistance (Yu, 1982). Frontana,

another widely used source of resistance, is a spring wheat cultivar that has either type I,

or type I and type II resistance. Singh et al. (1995) reported that three genes control

resistance in Frontana while van Ginkel et al. (1996) found that Ning 7840, derived from

Sumai-3 and Frontana each carry two different dominant genes for resistance to FHB.

Additive effects are generally found to be greater than non-additive effects in FHB

resistance, indicating that the accumulation of resistance genes from diverse sources

could enhance resistance (Bai and Shaner, 1994; Snijders, 1990b). Evidence supports

transgressive segregation for FHB resistance in wheat. van Ginkel et al. (1996) reported

that some of the progeny from the cross of Frontana and Ning 7840 had better resistance

than either parent. Singh et al. (1995) reported transgressive segregation for resistance

and susceptibility in the crosses of Frontana with Inia 66 andPavon 76. However in this

study, the transgressive segregants in the cross Frontana/Opata 85 belonged to the higher

susceptibility group only. van Ginkel et al. (1996) observed a small maternal effect on the

disease expression. When Ning 7840 was used as the male parent in the cross Ning 7840

x CNO79 there was a clear excess of susceptible plants compared to when it was used as

the female parent. They concluded that a slight maternal effect seems to be present in

which CNO79 cytoplasm contributes towards susceptibility.

Exploiting the marker technologies to dissect the resistance to FHB resulted in the

identification of ch¡omosomal regions representing quantitative trait loci (QTLs) that
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contribute to resistance. Based on restriction fragment length polymorphism (RFLP)

marker analyses, Waldron ef al. (1999) identified five genomic regions in association

with type II resistance to FHB, th¡ee derived from Sumai-3 and two from Stoa. Regions

on chromosomes 3BS (from Sumai-3) and2\L (from Stoa) were identified by interval

analysis using a log of odds (LOD) threshold of 3.0. These two QTLs have been assigned

the gene designations QFhs.ndsu-38 and QFhs.ndsu-2A,respectively. In the Brazilian

line Frontana, QTLs associated with FHB resistance were identified on chromosomal

regions 3A and 5A (Steiner et a1.,2004). Bai et al. (1999) identified a major QTL on

chromosome 3BS, explaining 60Yo of the variation for FHB resistance in a Sumai 3-

derived population. Anderson et al. (2001) identified several QTLs, among which the

3BS QTL region (ffis.ndsu-3BÐ with the most prominent effect explained 41.6 and

24.8% of the variance for type II resistance to FHB in two populations. Buerstmayr et al.

(2003) identified two major QTLs on chromosornes 3B (ffis.ndsu-3BS) and 5A

(ffis.fa-SA) that accounted for 29 and\}o/o of the phenotypic variance. They reported

that ffis.ndsu-3BS appeared to be associated mainly with resistance to fungal spread

while ffis.fa-5A was primarily associated with resistance to fungal penetration. The

inforrnation generated by QTL analysis of FHB resistance in wheat has been used to

produce isolines differing at particular genomic regions (Xu et aI.,2002).

The major quantitative trait locus (QTL) ffis.ndsu-,3BS located on the distal end of

the short arm of chromosome 3B has been consistently detected in studies involved with

wheat genotypes having a Sumai-3 genetic background (Anderson et al., 2001; Bai et al.,

1999;Buerstmayr eta1.,2002; Waldron et al., 1999). A fine genetic map of this QTL

region was constructed which spanned 6.3 cM. Based on replicated evaluations of
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homozygous recombinant lines for type II resistance, QTL region ffis.ndsu-3Ù9,

redesignate d as Fhb I , was placed into a 1.2-cM marker interval flanked by markers

STS3B-189 and 5T538-206 (Liu et a1.,2006). A comparison of the genetic map of wheat

and physical maps of rice and barley revealed inversions and insertions/deletions,

suggesting a complex microcolinearity among wheat, rice, and barley at this QTL region

(Liu et a1.,2006). Analysis of data derived from a population of wheat recombinant

inbred lines that were homozygous susceptible for 3BSc and 5A FHB QTL regions

allowed the qualitative mapping of the second major QTL for FHB resistance named

Fhb2 onthe 6B5 chromosome (Cuthbert et a1.,2007).

The majority of reports published on the genetic analysis of FHB have so far focused

on type II resistance, in which the evaluation was mainly performed by placing Fusarium

inoculum inside the floret (Anderson et a1.,200r; Bai et al., 1999; Buerstmayr et al.,

2002; Waldron et a1.,1999). Under natural conditions, conidia or ascospores most

probably land on the surface of the glumes and the fungus has to penetrate into the plant

tissue to establish an infection. Buerstmayr et al. (2003) evaluated a population

segregating for FHB resistance by using a spray inoculation to simulate a FHB epidemic

in the field. They analyzed the field data to detect QTLs for combined type I and type II

resistance against FHB and to estimate their effects in comparison to the QTLs identified

for type II resistance. Genomic regions on chromosomes 3B and 5A were significantly

associated with FHB resistance, explaining 40-48% of the phenotypic variation. This

study indicated that the 5A region may contribute more towards type I resistance and to a

lesser extent towards type II resistance.

In a different study, Lemmens et al. (2005) identif,red a chromosomal region
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associated with resistance to DON accumulation in infected wheat tissues. They

demonstrated that the ability to effrciently detoxifu DON into a DON-glucose conjugate

was monogenic with a major effect and mapped to the same region as the major QTL for

FHB resistance ffis.ndsu-3Ù9. They found that in resistant wheat lines, the majority of

the DON was converted to DON-3-O-glucoside. A close relationship between DON

resistance and resistance to disease spread was observed.

Breeding for Fusarium head blight resistance in wheat

Development of host-plant resistance is the most cost-effective approach to reduce

significant economic losses due to FHB in wheat. Pyramiding of resistance genes may

result in producing genotypes with more stable and durable resistance. Molecular marker

technology offers the tools needed to identify, select, and combine favorable alleles via

genotypic selection. Given the complexity of the disease, it is obvious that molecular

markers could be very useful in breeding for FHB resistance. None of the major genes

identified for resistance to FHB confer cornplete resistance, therefore marker-assisted

(MAS) selection may facilitate the rapid introgression of FHB resistance genes into

adapted genotypes. The relative cost effectiveness of MAS is greatest when the

heritability ofresistance is low and the genetic correlation, inferred from the coefficient

of determination (R2) estimate, is high. Even when the R2 estimate is relatively low,

however, if the heritability of resistance is below 0.5, MAS should be more cost effective

than selection based on phenotype alone (van Sanford et al., 2001).

Sumai-3 and its Ning derivatives are widely used as the main sources of resistance in

many breeding programs worldwide. However, there are arguments that resistant iines
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derived from Sumai-3 and its derivatives suffer from poor agronomic traits similar to

those of Sumai-3 (Liu et al., 1998b). To avoid the risk of narrow genetic backgrounds in

breeding programs, attempts have been made to frnd new sources of resistance to FHB

(Jiang and Ward, 2006; Shen and Ohm, 2006).

Traditional breeding methods such as the pedigree method and single seed descent

method have been applied for improving FHB resistance in wheat. Backcross breeding

has not proven to be effective because the genetic background appears to influence the

expression of FHB resistance (Kolb et a1.,2001). Recurrent selection has been

successfully applied to accumulate resistance genes conditioning different types and

sources of resistance (Jiang et al., 1994, Jiang and Ward, 2006). Some breeding programs

use a single aggressive isolate in their screening programs but because of environmental

influence on isolate aggressiveness, most programs use a mixture of isolates (Rudd et al.,

2001). van Eeuwijk et al. (1995) tested 25 genotypes from f,rve European countries and

reported that the resistance to FHB in winter wheat was of the horizontal and non

species-specific type. They found no indication for any geographical pattern in virulence

genes and concluded that any reasonably aggressive strain, a F. culmorum slu:ainfor the

cool climates and a F. graminearum strain for the warmer humid areas, should be

satisfactory for screening purposes. In contrast, Xue et aL. (2004) found significant

differences in aggressiveness among isolates within species, as well as in susceptibility

among wheat lines and cultivars, suggesting that screening for resistance to FHB requires

a mixture of different isolates.

Evaluations under natural infection induced through soil surface inoculation with

Fusarium graminearum-colonized wheat or corn kernels is a method of choice for
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preliminary evaluation of breeding materials. Elite lines with superior FHB resistance

and agronomic traits may be more precisely evaluated under artificial infection induced

by spray inoculation with a conidial suspension during flowering in the field or by single-

floret inoculation in a controlled environment. Comparison of the effectiveness of FHB

resistance evaluation in recurrent selection under artificial infection by single-floret

inoculation or by soil-surface inoculation indicated that disease evaluation characters

such as infected spikelet rate, reaction index, and disease index could be evaluated with

similar accuracy and precision using either inoculation method. However, artificial

infection under controlled environmental conditions resulted in a higher FHB severity

and efficiently eliminated the poor-performing lines (Yang et al., lg99).

Depending on project goals, level of precision needed, number of lines under

evaluation, and available resources, different screening techniques for FHB resistance

may be applied. Common to all techniques are inoculation at anthesis and provision of a

favorable environment for infection and disease development.

Point inoculation is mainly used to assess type II resistance. This evaluation is

typically perfonned under controlled environments by inoculating a single central

spikelet of a spike with a conidial suspension during anthesis and then measuring the

plogress of disease symptoms from the point of inoculation. Inoculum can be delivered

into a floret:with a repeat dispensing syringe, a needle, a small piece of inoculum-soaked

cotton @ekele, 1985; Singh et a1.,1995;van Ginkel et a1., 1996), or a colonized millet

(Setaria italica (L.) P. Beauv.) kernel (Jin et al., 1999).

Breeding programs often use spray inoculation to evaluate large amounts of material

in the field. In this method, wheat plants at mid anthesis are sprayed with a conidial
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suspension of 50,000 spores/ml. Germplasm is then scored for disease incidence

(percentage of spikes with symptoms) and disease severity (percentage of diseased

spikelets on the infected spikes). Disease index (%incidence x o/oseverity/i00) is usually

calculated and used to compare the reaction of lines related to that of known checks.

Some researchers associate incidence with type I resistance and severity with type II

resistance; others consider the data as an estimate of a combination of both (Rudd et al.,

200I). Miedaner et aI. (2003) compared the point and spray inoculation methods for their

ability in ranking wheat genotypes across alarge number of environments. In spite of

exceptions, they reported a high correlation between the two methods. They found both

methods effective in providing additional information for the selection of resistant

genotypes. However, they concluded that for large scale routine screening of breeding

materials, spray inoculation is less laborious than point. inoculation.

Grain spawn is another method used in screening breeding materials for FHB

resistance. The method provides a source of inoculum that is available to the plants for a

longer period and therefore is the best method for screening heterogeneous breeding

materials such as segregating populations. In this method, inoculum comes from fungus-

colonized grain that has been spread throughout the field. In most programs, the grain

sparvrt is produced in the laboratory using wheat or corn, but some programs simply use

FHB-infected wheat. The grain is normally spread in the field around the boot stage of

plant development and at weekly intervals thereafter. In mist-inigated nurseries,

irrigation is started soon after the grain is spread so that perithecia will form concurrently

with plant anthesis. Disease assessment is the same as that described for spray

inoculation. This rnethod probably comes closest to simulating natural epidernics (Rudd
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et aI.,2001).

Gene expression analysis

Profiling gene expression to analyze complex traits

Gene expression consists of key regulatory mechanisms that sustain and execute the

function of living cells. Although the encoded protein determines the final activity of a

gene, the measurement of mRNA levels has proven to be a valuable molecular tool for

studying gene function (Faure-Rabasse et a1.,2002;Fritz et al., 199I; Yanovsky and Kay,

2002). The collection of genes transcribed from genomic DNA, referred to as gene

expression profile or transcriptome, is a major determinant of cellular phenotype and

function. Differences in gene expression are responsible for both morphological and

phenotypic variation, as well as variation in cellular responses to environmental stimuli.

Analysis of the level of gene co-regulation, using gene expression patterns derived from

60 tumour cell panels indicated that gene expression in pathways or groups of

functionally related genes has a significantly higher level of coherence than that of a

randomly selected set of genes (Huang et a1.,2006). This finding indicates that a

knowledge of the nature of gene expression regulation and biological pathways can

reveal the mechanism by which biological systems respond to environmental stimuli.

Gene expression analysis therefore has the potential to provide a better understanding of

gene function, regulation and interactions among genes and biological pathways

underlying complex traits such as resistance to FHB in wheat. Global approaches to

genetic analyses, such as large-scale gene-expression profiling using cDNA and

oligonucleotide rnicroalrays, are accelerating the process of reducing the number of
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positional candidate genes in detected QTL regions (Fischer et a1.,2003).

Gene expression analysis has been widely applied to elucidate biological pathways

of interest. The function and pathway of two transcription factors were determined by

analyzing gene expression in Arabidopsis. DREBIA and DREB2A transcription factors

encode dehydration-responsive element binding proteins that play an important role in

both dehydration and low-temperature response inArabidopsls. Expression of the

DREBIA genewas induced by low-temperature stress,whereas expression of the

DREB2A gene was induced by dehydration. The study revealed that two independent

families of DREB proteins, DREBl and DREB2, function às trans-acting factors in two

separate signal transduction pathways under low-temperature and dehydration conditions,

respectively (Liu et al., 1998a). Salicylic acid and its synthetic mimics protect barley

systemically against powdery mildew (Blumeria graminis f.sp. hordei, Bgh) infection by

strengthening plant defence mechanisms that result in effective papillae and host cell

death. To study the chemically-induced resistance mechanism in monocots, expression

analysis was performed on early-induced barley genes involved in this type of plant

resistance. Differential expression of a number of newly identified, chemically-induced,

barley genes was detected. The observation that these genes were not expressed during

incompatiblebarley-Bgh interactions governed by gene-for-gene relationship, revealed

the existence of separate pathways leading to powdery mildew resistance in barley

(Beßer et aL.,2000). To date, many genomic and pathway-related tools and databases

have been developed that allow gene expression data to be integrated and analyzed at the

pathway level. Related software such as PathMAPA generates pathways that arc

associated with gene expression (Pan et a1.,2003).
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Organisms vary in subtle and profound ways that involve every aspect of therr

biological systems, including morphology, behaviour, physiology, development, and

susceptibility to common diseases. Many of these phenotypes are controlled by multiple

genes and are therefore called multigenic or genetically complex traits, in contrast to

phenotypes thaf are controlled by single genes and are called monogenic or Mendelian

traits Qrladeau,200l). Genes that contribute to complex traits pose special challenges that

make gene discovery more difficult. Some of these challenges include locus

heterogeneity, epistasis, low penetrance, variable expressivity, pleiotropy, and limited

statistical power (Lander and Schork, 1994; Risch, 2000). The accumulation of

expression data suggests that specific expression profiles can be linked to functionality

(DeRisi et al., 7996, 1997; Schena et al., 1995, 1996). Changes in the multi-gene patterns

of expression can provide clues about regulatory mechanisms, broader cellular functions

and biochemical pathways (Lockhart and'Winzeler, 2000).

Data generated by gene expression analysis may help in mapping genes associated

with a QTL. Traditional statistical techniques such as linkage analysis and allelic

association analysis have been very successful at mapping Mendelian traits that are

caused by rare, highly penetrant alleles at a single locus. However, they have been much

less successful at mapping complex traits, which result from the interplay of many loci in

combination with environmental factors (Clerget-Darpoux et aL,200I). Data derived

from a gene expression study can be used to associate changes in gene expression with a

genetic map for pursuing QTL at the molecular level and determining gene function.

Changes in expression level of a single gene provide a quantitative measurement of the

activity of a gene that indicates an expression-level polymorphism, which , in part,
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reflects the underlying genetic variation. Expression-level polymorphisms can then be

used to identifu regions of a genome that are associated with the expression of groups of

potentially interacting genes (Doerge, 2002). To investigate the genetics of gene

expression in living organisms, Schadt et al. (2003) performed comprehensive genetic

screens of mouse, plant and human transcriptomes by considering gene expression values

as quantitative traits. Combining congenic mapping with microarray expression prof,rling,

Eaves et aI. (2002) were able to establish functional links between genotype and

phenotype for complex traits such as type-1 diabetes. They used high-density microarays

to measure the relative expression levels of more than 39,000 genes and discovered a

potential early biomarker for autoimmune hemolytic anemia that was based on different

levels of erythrocyte-specific transcripts in the spleen. The genetic control of gene

expression during shoot development in Arabidopsis thaliana was analyzed by

combining QTL and microarray analyses. Using oligonucleotide anay data from 30

recombinant inbred lines derived from a cross of Columbia and Landsberg erecta

ecotypes, the Arabidopsls genome was scanned for marker-by-gene linkages or so-called

expression QTL (eQTL). Five eQTLs were found with significant marker-by-gene

linkages. Two of the eQTLs coincided with classical QTLs conditioning shoot

regeneration, suggesting that some of the heritable gene expression changes observed in

the study were related to differences in shoot regeneration efficiency between ecotypes.

The significant link found between some of the eQTLs and numerous genes throughout

the genome indicated the occunence of large groups of co-regulated genes controlled by

single markers (DeCook et a1.,2006).

Gene expression analysis using iarge-scale methods such as microanay technology
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can be used to identify expression profiling-based biomarkers and molecular signatures,

representing a group of co-regulated genes that are functionally related and are associated

with a specific trait (Bièche et al., 2004; Kittleson and Hare, 2005). In complex traits

such as resistance of wheat to FHB, such a molecular signature will serve as a molecular

marker to discriminate between FHB resistant and susceptible genotypes. The study of

desiccation tolerance in Arabidopszs resulted in the identification of a molecular signature

involved in the activation of seed-specific desiccation protectionmechanisms. Expression

analysis of publicly-available gene expression dataof 35 late embryo-abundant (LEA)

proteins and 68 anti-oxidant enzymes in the desiccation-sensitivel . thaliana, identified

13 LEAs and 4 anti-oxidants exclusively expressed in seeds. A comparison of antioxidant

enzyme activity in two desiccation-sensitive species of Eragrosl¡s with the desiccation-

tolerant E. nindens¿s showed equivalentresponses upon initial dehydration, but activity

was retained at low water content in E. nindensls only (Illing et al., 2005).

Conventional methods for gene expression analysis

For several decades, RNA-based assessment of gene expression has provided clues

to gene function. The methods used to detect and quantify gene expression are divided

into two groups. The first group includes methods that measure the expression of

particular genes, such as northern blot hybridization (Alwine et al., 1977), ribonuclease

protection assay (Berk and Sharp, 1977), and RT-PCR (Burleigh,200l), and the second

goup includes methods that are used to measure the expression of a broad range of

genes, such as differential display reverse transcription PCR (Liang and Pardee,lgg2),

serial analysis of gene expression (SAGE) (Velculescu et al., 1995) and DNA arïays
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(Schena et al., 1995).

Northern blot hybridization

Originally described by Alwine et aI. (1977), northern blotting refers to the transfer

of RNA to a solid support such as a nylon membrane. The method allows investigation

and quantification of changes in expression of a specific gene, by measuring the steady-

state levels of an RNA transcript. To perform northern blotting, RNA is extracted and

size fractioned by electrophoresis in an agarose gel under denaturing conditions. The

RNA transcript of interest is then transferred to a membrane where it is crosslinked and

hybridized with a labelled DNA or RNA probe. Once fixed to a solid support, RNA is

relatively stable as long as RNases are not introduced. Radioactive or non-radioactive

labelled RNA, DNA or oligodeoxynucleotide probes can be used for probing nofthern

blots. Northern blotting requires relatively large amounts of RNA and is less sensitive

than other methods. It has the advantage that it is readily quantifiable and blots may be

reprobed and screened for multiple transcripts (Rousell and Haddad, 2001). The method

has been used in studies where the expression of a specific gene was under investigation

(Al-Kaff et al., 1998; Capiati et a1.,2006; Tanaka et al., 1990). It also has been frequently

used as an alternative technology for verification of results obtained through other gene

expression analysis techniques such as microarrays (Rossel et a1.,2002; Shimono et al.,

2003).

Ribonuclease protection assay

Ribonuclease protection assays (RPA) provides a sensitive measure to detect and
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quantify specific mRNA transcripts in a complex mixture of total RNA or mRNA

molecules (Hacharn et al., 2006: Winter et al.,1985). The method has been used to

identify variations in the nucleotide sequence of an RNA population (Ali and Randles,

2001; Kurath and Palukaitis, 1989). To perform RPA, first an RNA probe,

complementary to the gene sequence of interest, is synthesized through an in vitro

transcription reaction and incorporation of either radioactive or biotinylated nucleotides.

The labeled probe is then incubated with a sample of total RNA or mRNA to facilitate

hybridization of the complementary region of the target gene sequence to the labeled

probe. After hybridization, ribonuclease (RNase) is introduced to the mixture of single-

stranded RNA and double-stranded (ds) probe:target hybrid to digest all single-stranded

RNA. The dsRNA molecules are not affected by RNase and remain intact. The dsRNA

fragments are then separated by electrophoresis on a denaturing polyacrylamide gel and

detected by methods according to the label used to prepare the probe (Rottrnan, 2002).

The hybridization of probe and target rnRNA in solution, where target availability is

maximal, permits an RPA reaction to detect rare messages (Rosenau et al., 2002). Unlike

northern blots, in which probing for multiple transcripts requires several rounds of

stripping and re-probing, RPA allows probing for multiple transcripts using the same

sample of RNA. The method can be used to analyze as many as 25 samples in a single

assay and to examine up to 10-15 genes in each sample (Rottman, 2002).

Reverse transcription PCR

The reverse transcription polymerase chain reaction (RT-PCR) method detects and

quantifies a given nucleic acid target by reverse transcription of RNA into first strand
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cDNA, which is then used as a template during a PCR reaction. The high sensitivity of

RT-PCR for the detection of RNA or DNA makes it a suitable method where a limited

amount of starting material is available or where the target transcript is in low abundance

(Bago eta1.,2002; Burleigh,2001). Gene families are a distinctive feature of plant

genomes. Analysis of all the members of a gene family is necessary in order to obtain an

accurate view of its overall function. Due to the high specificity guaranteed by the use of

at least two specific primers, RT-PCR is the method of choice for analyzingthe

expression level of a multi-member gene family with high sequence similarity among the

members. The nitrite reductase gene family includes fournitrite reductase (NiR) genes:

niil, nii2, nii3, and nii4 intobacco. Kato et al. (2004) used RT-PCR with gene-specific

primers and found a differential gene expression among members of the NiR gene

family.

Compared to end-point methods, real time RT-PCR provides the measurement of the

amplified PCR product at each cycle throughout the PCR reaction. Therefore the

amplification can be followed in real time during the exponential phase of the run, and

the amount of starling material can be determined precisely (Gachon et a1.,2004). Three

main types of chemistry used in the real time PCR experiment include DNA-binding

dyes, TaqMan and Molecular Beacons. DNA-binding dyes such as SYBR Greenl are

cost-effective and easy to use. The limitation of assays based on DNA binding chemistry

is the inherent non-specificity of this method. DNA-binding dyes are often used for initial

expression validation screening of microarray samples as well as for other gene

expression applications not requiring exceptional sensitivity and specificity. Probe-based

chemistries including linear probes (hydrolysis or TaqMan probes) and structured probes
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(containing stem-loop structures) provide a higher level of specificity using an internal

probe along with the gene-specific primers to detect the real time PCR product of

interest. Linear probes are the most widely used and published detection chemistry for

real time RT-PCR applications (Stratagene,2007). Xu and Shi (2006) used real-time RT-

PCR to study the expression profile of the entire 14-3-3 gene family in response to salt

stress and potassium and iron deficiencies in young tomato roots. They found that 14-3-3

gene farnily members exhibit diverse patterns ofgene expression in response to salt stress

and potassium and iron deficiencies. Real-time RT-PCR has been routinely used to

confirm data obtained from microarray experiments (Parani et a1.,2004; Solmi et al.,

2006).

Differential display reverse transcription PCR (DDRT-PCR)

Differential display reverse transcription PCR (DDRT-PCR) provides an effective

tool for detection of individual mRNA species thatare differentially expressed in

different cell types or in the same cell types under different conditions and facilitates

recovery and cloning of the corresponding cDNAs (Liang and Pardee,1992; McClelland

et al., 1995; Wan et al., 1996). In this method, using either total RNA or mRNA, the first-

strand cDNA is synthesized through the reverse transcription reaction and using

oligo(dT) primer. The cDNA fragments are then arnplified in a PCR using arbitrary

primers in combination with the anchored oligo(dT) primers. To label DDRT-PCR

products, [33P]dATP is generally used (Simon and Oppenheimer,lgg6). Altematives to

radioactive labelling are fluorescence detection systems (Bauer et al., 1993), silver

staining (Simon and Oppenheimer, 1996) and chemiluminescence detection (An et al.,
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1996; Colmenares etaL,2000). The mixture of DNA fragments resulting from DDRT-

PCRs are displayed through electrophoresis and detected by methods corresponding to

the procedure used for labelling. Deng et al. (1999) presented a protocol for non-

radioactive DDRT-PCR with high sensitivity and visualized with silver staining. They

reported that the method provided a high sensitivity as they were able to detect the tiny

differences in DNA electrophoresis pattems. The intensity of a band in the display

reflects the amount of mRNA of the corresponding gene. cDNA fragments showing

differential gene-expression pattems may be recovered from the gel and used for

veri fication or further investi gation purpose s.

Bertioli et al. (1995) have discussed the strong bias that the DDRT-PCR method

shows towards higher abundance mRNAs. Zegzot:ti et al. (1997) noted the concern about

the high percentage of false positives identified by DDRT-PCR and presented a

sequential screening procedure to discard the majority of false positives prior to cloning

and to increase the efficiency of DDRT-PCR in detection and isolation of low abundance

transcripts. Many refinements of the originally-proposed method have been introduced to

include common sequence motifs to target particular classes or gene families (Johnson et

a1.,1996; Gonsky et a1., 1997). To circumvent subcloning, direct sequencing approaches

for differential display products have also been developed (Buess et al., 1997; Reeves et

a1.,1995; Simon and Oppenheimer, 1996).

Due to advantages that include technical simplicity, the use of small amounts of

starting material, the lack of a need for biochemical information about proteins, and the

ability to compare more than two samples simultaneously, DDRT-PCR has become a

popular method. Since its introduction, a substantial number of articles have reported the
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application of DDRT-PCR for the isolation and profiling of various genes expressed in

plant cells (Sturtevant,2000;Yamazaki and Saito, 2002).

Serial analysis of gene expression

Serial analysis of gene expression (SAGE) enables the quantitative measurement of

mRNA expression levels by simultaneous, comparative and quantitative analysis of gene

specific 9-10 bp sequence tags (Velculescu et a1.,1995).In this method, a unique DNA

fragment (tag) adjacent to the NIaIII site located closest to the 3 ' end of each cDNA is

extracted from each species present in a oDNA population. The process involves a series

of enzymatic restriction digestions and linker-ligation steps using apair of restriction
j

enzymes that catalyses the cleavage reactions, atetra cutter termed the anchoring

enzym% and atype II S restriction endonuclease, which is termed the tagging enzyme.

After being linked together and concatenated, tags are cloned into a plasmid vector and

sequenced. In the sequence, tags are easily distinguished, and are separated by the

recognition sequence of the anchoring enzyme,which establishes the register, and

boundaries,of each tag. The concatenation of short sequence tags allows the efficient

analysis of transcripts in a serial manner by the sequencing of multiple tags within a

single clone. A transcription profile is therefore obtained by determining the total

frequency of each tag in a SAGE clone library, which directly reflects the abundance of

the corresponding mRNA in the tissue (Kuhn, 200r; Matsumura et al., lggg). Short

sequence tags do not always seem suff,rcient to identi$ the gene from which the tag is

derived. A single tag sequence frequently corresponds to several different ESTs and

genomic sequences that confound further analysis. To overcome this problem,
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Matsumura et aI. (2003) reported an improved version of SAGE called "SuperSAGE"

that involves the type III restriction enzyme endonuclease EcoPl5I. Use of EcoPISI as

the tagging enzyme allows the isolation of tag sequences with more than25 bp from

defined positions of cDNAs, resulting in a reliable identification of corresponding genes

and accurate gene expression analysis. Further, modified and improved versions of

SAGE such as LongSAGE (Saha et a1.,2002) and DeepSAGE Q.[ielsen et a1.,2006) were

introduced with the objectives of reducing overall cost, multiplexing of samples, and

increasing the number of producible tags for analyses.

Matsumura ef al. (1999) reported the first application of SAGE in higher plants.

They studied more than 10,000 tags derived frorn approximately 6000 genes expressed in

rice. The SAGE analysis showed that most of the highly expressed genes in rice seedlings

are housekeeping genes. A remarkable exception was a metallothionein gene, whose

expression acounted for more than Io/o of the total gene expression. Fregene et al. (2004)

used SAGE to analyze the gene expression pattern of host plant resistance to the cassava

mosaic disease (CMD). A total of 12,786 tags were studied, divided into 5733 and 7053

tags frorn the resistant and susceptible genotypes, respectively. RFLP analysis of the tags

in parents and bulks of a CMD mapping progeny revealed one tag corresponding to a

WRKY transcription factor that was associated with the region bearing the dominant

CMD resistant gene. Jung et al. (2003) applied the SAGE method for characterizing the

global patterns of gene expression in Arabidop,s¿s leaves and for identifying genes and

thereby pathways that rnay play a role in freezing tolerance. A comparison of SAGE tags

derived from the cold-treated leaves with those identified in the normal leaves revealed

272 differentially-expressed genes. They noted that SAGE was limited to generating
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expression profiles of a restricted number of samples because of both labour

considerations and the availability of sufficient RNA from experimental samples.

Microarray technology

The knowledge of when and where a gene is expressed is key to understanding the

function of a gene. The collective information on expression of many genes

simultaneously however reveals information that is beyond the individual genes. Such

information uncovers functional pathways and helps to understand how cellular

components work together to regulate and carry out cellular responses to environmental

stimuli. The availability of complete genome sequences and large sets of expressed

sequence tags (ESTs) from numerous organisms have triggered the development of

efhcient and accurate methods such as microarrays, for large-scale and genome-wide

analyses of gene expression and genetic variation (Desprez et al., 1998; Lockhart et al.,

1996; Schena et a1., 1995). The technology has expanded our potential to dissect and

unveil the mechanism(s) underlying complex traits. Identification and cataloguing of

genetic variation is critical for approaches that seek to identifu candidate genes and the

genetic basis for resistance to a disease. The ability to generate profiles of the abundance

of RNA transcripts has numerous applications in plant biolo gy. Analyzing profiles of

gene expression leads to the identification of tissue-specific transcripts, developmental

stage-specific transcripts, transcripts induced by environmental stresses, and transcripts

induced or repressed in response to pathogen attack.

The starting point for the microarray technology was the observation that single

stranded DNA binds strongly to nitrocellulose membranes in a way that prevents the
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strands from re-associating with each other, but permits hybridization to complementary

RNA (Sánchez-Carbayo et al., 2000). The principle of a microarray experiment, as

opposed to the classical northem-blotting, is that mRNA from a given cell line or tissue is

used to generate a labelled probe which is hybridized in parallel to a large number of

DNA sequences, immobilized on a solid surface in an ordered array (Schulze and

Downward,200I). The hybridization procedure is similar in principle to a Southem blot,

in which labelled nucleic acid molecules are used to interrogate nucleic acid molecules

attached to a solid support (Southern, I975).

Today microarrays are available in two major platforms, including oligonucleotides

and cDNA microarrays. They differ in the size of the anayednucleic acid components:

oligonucleotide arrays include short nucleic acids (up to 25 nucleotides) that can be used

for both RNA expression and sequence analysis. cDNA microarrays include relatively

large nucleic acid components (usually larger than 100 nucleotides) and are often used in
t
5

RNA expression studies (Sánchez-Carbayo et al., 2000). Errors in microarray data can

arise from a variety of sources, including cross-hybridization, alternative splicing,

contamination of clones and mistakes in sequencing. Therefore, the results for genes of

interest are often validated by an independent method such as real-time RT-PCR,

northern blot or RNase protection. Lee et al. (2003a) studied the concordance of gene

expression across cDNA and oligonucleotide array platforms. They presented the

possibility of using the two main existi ng anay platforms for mutual validation of

microarray data for alarge number of genes at once as opposed to validating one gene at

a time using conventional gene expression methods. The study resulted in identification

of a consensus set of genes that gave similar profiles on spotted cDNA arrays and
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Affymetrix oligonucleotide chips (www.affymetrix.com, Santa Clara, CA, USA).

Based on these two major microarray platforms, several other types of arrays were

introduced for extended or specif,rc applications. Kane et al. (2000) introduced long

oligonucleotide arrays as an alternative to cDNA arrays. Oligonucleotide arrays are

produced by deposition or spotting of solutions containing synthetic oligonucleotides,

typically 40-90bases long, on a solid substrate. The production and application

procedure of long oligonucleotide arrays is very similar to that used for oDNA arrays.

Huglres et al. (2001) reported the application of 60-mer oligonucleotide arrays fabricated

by an ink-jet oligonucleotide synthesizer to study changes in expression level of human

genes following retinoic acid-induced differentiation of NB4 cells. They were able to

identify 20 of23 human genes that had been found to be up-regulated by at least three

fold in two previous studies using cDNA arrays and Affymetrix Gene Chips. Recently,

high density oligonucleotide based whole-genome microarrays have emerged. These

include whole-genome tiling arrays designed to interrogate an entire genome in an

unbiased fashion and quasi-whole genome (non-tiling) arrays that represent the known

and predicted (annotated) features of a genome such as exons or splice junctions on a

whole-genome scale. Whole-genome microarrays potentially can be used for empirical

annotation of the transcriptome, chromatin-immunoprecipitation-chip studies, analysis of

alternative splicing, characterization of the methylorne (the methylation state of the

genome), polymorphism discovery and genotyping, comparative genome hybridization,

and genome resequencing (Bertone et al., 2005,2006; Mockler and Ecker, 2005).

Depending on the types of microarray platform used, DNA used, or the specific

application, the terms "probe" and "target" can refer either to the anayednucleic acids or
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to the nucleic acid sample in solution (Rose, 2000).In this study, the oDNA spotted on

the surface to form the microarray is refered as "target" and the DNA in solution that is

labelled and hybridizedto the surface-bound DNA of the microarray as "probe".

Oligonucleotide arrays

The principle of using oligonucleotide microarrays was first proposed in the late

1980s, when several groups independently developed the concept of sequencing nucleic

acids by hybridizing them to all possible oligunucleotides of a given length (Chetverin

and Kramer,1994). Every nucleic acid strand carries the capacity to recognize the

complementary sequences through base pairing. The process of recognition and

hybridization can be parallel, in which every sequence in a complex mixture can be

interrogated simultaneously. Using the above principles, Affymetrix, introduced short

oligonucleotide arrays as an experimental tool to collect and analyse genetic and cellular

information at the genome level (Lipshutz ef a1.,1999).

Development of the new methods was facilitated by the advances in key

technologies that permitted the fabrication of hundreds of thousands of polynucleotides at

high spatial resolution in precise locations on a surface and by the availability of laser

confocal fluorescence scanning. Short segments, in the range of 8-25 nucleotides, canbe

anchored on solid supports; these are often called oligonucleotide microarrays or high

density oligonucleotide arrays. Oligonucleotide microarrays manufactured by Affymetrix

(Santa Clara, CA) have been designated Gene Chips. Such microarïays may be used in

RNA expression level analysis in addition to mutational and comparative sequence

analysis (Hacia and Collins , 1999). Oligonucleotide arrays contain thousands of 25-mer
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gene-specific oligonucleotides on small glass or silicon surfaces, synthesized in situ by

photochemical reactions, and a masking technology similar to that used for the

manufacturing of microprocessors. Based on a reference sequence for a specific region of

DNA, four probes are designed to interro gate a single position. When known, probes are

chosen from regions of sequence that have the greatest divergence between family

members. One probe provides a perfect match (PM) complementary to the short stretch

of the reference sequence. The other three are mismatch (MM) probes, which are

identical to their PM partners except for a single base difference in a central position. The

MM probes provide specificity controls that allow the direct subtraction of both

background and cross-hybridization signals. The MM probes therefore serve to

distinguish the real signals from those due to non-specific or semi-specific hybridization.

The PM probe complementary to the reference sequence will obtain the highest

fluorescence intensity (Lipshutz et aI.,1999). Oligonucleotide arrays have been used for

sequencing applications, such as detection of mutations or polymorphism in a sequence

(Cho et al.,1999; Tambong et a1.,2006) as well as for expression analysis (Cheong et ai^,

2002; Nadimpalli et al., 2000; Terrier et al., 2005). The ability to synthesis DNA based

on sequence information in this method circumvents the time-consuming handling of

cDNA resources (Duggan et a1.,1999).

cDNA microarrays

The oDNA microarray pioneered by the Stanford group (Schena et a1.,1995 and

1996; DeRisi et al., 1996 and 1997) is the most explored high-throughput method

developed for profiling of gene expression. Schena et al. (1995) provided the first report

41



on the application of cDNA arrays. The arrays consisted of 48 duplicate complementary

DNAs, developed to provide a quantitative measure of the expression level of the

corresponding genes in A. thaliana. They were able to identify 26 genes with more than

five-fold difference in the expression level between root and leaf tissue. oDNA

microamay technology allows a greater degree of flexibility in the choice of arrayed

elements and facilitates the development of smaller, customized anays for specific

investigations. Furthermore, it allows identification of new genes by arraying cDNAs

derived from clones with no sequence information (Schulze and Downward, 2001).

cDNA microarrays consist of single stranded (ss) DNAs, such as denatured PCR

amplified inserts from oDNA or EST clones, that are amplified using either vector-

specific or gene specific primers. Arnplified PCR products are then robotically spotted

onto a microscope slide at defined locations. To construct a cDNA microarray, clones are

selected to represent as many unique transcripts as possible to reduce the level of

redundancy. After amplification of DNA inserts from selected clones, a purification step

is necessary to remove unincorporated nucleotides and primers from the reaction

products. Arrays are then prepared by printing PCR amplicons, suspended in a high salt

solution or other denaturing buffer, onto poly-L-lysine or aminosilane-coated glass

microscope slides as spots at defined locations using high-speed robotic systems (Hegde

et al., 2000). Spots are typically 100-300 pm in size and are spaced about the same

distance apafi. Using this technique, arrays consisting of more than 30,000 cDNAs can be

fitted onto the surface of a conventional microscope slide (SchuIze andDownward,

200r).

A cDNA microarray identifies differential gene expression based on co-
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hybtidization of fluorescently labelled probes prepared from different RNA sources.

Probes are prepared from RNA templates by incorporation of fluorescently-labelled

deoxyribonucleotides during first strand cDNA synthesis using total RNA or poly(An)

RNA. The fluorescent labels Cyanine-3 and Cyanine-5 are frequently paired (Yu et al.,

1994). They possess reasonably high incorporation efficiencies with reverse transcriptase,

good photostability and yield, and absorb and emit light at distinct and separable

wavelengths (Aharoni and Vorst, 2001). Oligo(dT) labelling of total RNA provides

consistently high-quality probes from smaller quantities of starting RNA and without the

expense of poly(A+) purification (Hegde et al., 2000).

In cDNA microarrays, co-hybridization of two RNA samples labelled with different

dyes facilitates comparative studies by allowing mRNAs from two different cell

populationslor tissues to be labelled in different colors, mixed and hybridized,to the same

anay (SchuIze and Downward ,2001). The direct comparison of samples resulting from

their hybridizaTion on the same aüays is more efficient than comparing them indirectly

though a reference sample. Pairing samples eliminates alarge source of variation due to

differences in spot size that would otherwise contribute to the experimental error (Yang

and Speed, 2002).

After hybridization, the intensity of the fluorescent signals is determined through

scanning the hybridized aways with a confocal laser scanner that is capable of

interrogating different dyes used to label the probes. Later the image analysis determines

numerical values indicating the signal intensity of each spot that is proportional to the

number of dye molecules and hence the number of probes hybridized with the spotted

arcayed elements. The analysis also provides quality measures for each spot that helps to
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flag unreliable spots or arrays or to assess the reproducibility of each spot value. The

digital record produced by scanning typically takes the form of a 16-bit tiff image, which

records the intensities at each of a large number of pixels covering the array. Depending

on the scanner, a number of settings are performed to improve the sensitivity of the

resulting image. One of the most common is the photon multiplier tube (PMT) voltage.

The PMT voltage is usually adjusted so that the brightest pixels are just below the level

of saturation, thus increasing the sensitivity of the image analysis for the less bright

pixels. Scanning a slide at varying PMT levels has a negligible effect on the log-ratios

and ranks for the great majority of genes, if an appropriate normalizafion method is used

(Smyth and Speed, 2003).Image analysis following scanning involves identification of

spots that represent the arrayed genes and distinguishing them from spurious signals that

can arise due to precipitated probe or other hybridization artifacts, or contaminants such

as dust on the surface of the slide. The background intensity is subtracted from the total

intensity to obtain the real signal intensity for each spot (Hegde et al., 2000).

DNA microarrays are frequently used for large-scale profiling of gene expression

and identification of differentially expressed genes between identical cells under different

stimuli (Collett et a1.,2004; Oono et a1.,2003; Rabbani et a1.,2003) or between different

cellular phenotypes or developmental stages (Fonseca et aL.,2004; Schnable et a1.,2004;

Sreenivasulu et al., 2002). Maleck et al. (2000) used a DNA microarray representing

about 25-30% of all A. thaliana genes to monitor gene expression changes under 14

different systemic acquired resistance (SAR)-inducing or SAR-repressing conditions.

Their study uncovered groups of genes with common regulation patterns, or regulons.

The regulon containing PR-L, a reliable marker gene for SAR in A. thaliana, contains

44



known pathogenesis-related (PR) genes and novel genes likely to function during SAR

and disease resistance. They also identified a common promoter element in genes of this

regulon that binds members of a plant-specihc transcription factor family. Schenk et al.

(2000) simultaneously examined changes in the expression patterns of 2,37 5 selected

genes using cDNA microarray analysis in A. thaliana after inoculation with an

incompatible fungal pathogenllternaria brassicola or treatment with the defense-related

signaling molecules salicylic acid (SA), methyl jasmonate (MJ), or ethylene. Substantial

changes (up- and down-regulation) inthe steady-state abundance of 705 mRNAs were

observed in response to one or more of the treatments. These included known and

putative defense-related genes and 106 genes with no previously described function or

homology.

Statistical issues in microarray data analysis

The statistical principles of experimental design such as randomization, replication

and local control apply to microarray experiments. Attention to statistical issues at each

stage of microarray data analysis is necessary for the best use of available resources and

for avoiding biases at different stages of the experiment. A proper experimental design is

essential to ensure that the effects ofinterest to biologists are accurately and precisely

measured. The choice of experimental design therefore follows the objectives of the

experiment, the number of different samples to be examined and the comparisons that are

of primary interest. If the primary focus of an experiment is to identify genes that are

differentially expressed between diseased and healthy samples, then the direct diseased-

healthy comparisons on the same slide may offer the best approach. On the other hand, if
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the focus of the analysis is to determine disease subtypes the use of a common reference

RNA on each anay may be a better choice (Alizadeh et al., 2000). Efficient designs for

some of the common microarray experiments have been discussed in Kerr and Churchill,

(2001). Wei et al. (2004) examined the effect of sample size and Speed and Yang (2002)

evaluated the efficiency of using a reference sample against performing direct

comparisons.

The valid scope of the conclusions of a study is contingent on how well the

population of interest (both in its mean behavior and its diversity) is represented by the

biological samples in the experiment. Randomization of treatment assignments and

random sampling of populations form the physical basis for the validity of statistical tests

(Fisher, 1951). In a microartay experiment, application of randomizationhelps to avoid

or minimize hidden biases. Experimental design should involve a suff,rcient number of

biological and technical replications to ensure that both the experimental and biological

variation can be identified and estimated. The use of adequate biological and technical

replication provides quality control, increases precision and helps to draw valid

conclusions (Churchill,2002). However, replication increases the cost of experiments as

well as the amount of rnaterial needed. The trade-off between cost and statistical power

arises frequently in gene expression microarray experiments (Lee et al., 2000; Novak et

a1.,2002).Pan et al. (2Xlz)proposed a method of calculating the required number of

replications for microaray experiments. Pavlidis et al. (2003) noted that using fewer than

five replicates leads to poor results in a statistical analysis, both in terms of apparent

power and in stability.

Soulces of variation in a microarray experiment include both biological and

46



technical variations that can be partitioned along the steps involved in designing and

performing the experiment. Random and systematic errors both may contribute to errors

in reading signal intensity from a given spot. Random etrors are not mistakes; rather they

reflect the inevitable uncertainties in all scientific measurements which make statistical

procedures necessary Q.tadon and Shoem aker,2002). Systematic erroïs are biases which

result in a constant tendency to over- or under-estimate the true values, thereby

decreasing accuracy (Schuchhardt et al., 2000; Yang et al., 2001). Random error is

minimized by controlling extraneous factors and by obtaining more repeated

measurements. Systematic errors are controlled experimentally, although additional

statistical correction such as normalization of data is necessary (Ì.{adon and Shoemaker,

2002).

The purpose of normalization is to minimize systematic errors in the measured

expression levels so that biological differences can be distinguished and expression levels

can be compared across slides. Systematic errors are biases, which arise from variation in

the technology rather than from biological differences between the RNA samples. These

variations include array to array manufacturing differences, unsteady laboratory sample

preparation,hybridizations and washing protocols, imprecise signal measurement due to

differences in dye labeling efficiencies and scanning properties (Faller et al., 2003;

Hartemink et a1.,2001). Normalization is usually applied to the log base-2 transformed

expression ratios. Log base-2 transformation is used so that each unit represents 2-fold

change in gene expression between two samples (Smyth and Speed, 2003).

There are several approaches proposed for normali zationof microarr ay datawhich

can be broken into two groups: linear methods and non-linear methods. The linear
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methods generally involve either estimating one or more global constants for a

microarray or fitting a linear regression to the log ratios (Finkelstein ef a1.,2002;

Richmond and Somerville, 2000). Non-linear methods involve transforming the data onto

the axes log average intensity versus log ratio, robustly fitting one or more robust lowess

curves to the data and computing the residuals from the curve fit (Dudoit et al., 2002b;

Yang ef a1.,2002b). The need for non-linear normalization was also noted in Affymetrix

oligonucleotide rnicroarray analysis (Schadt et aI.,200I). The global normalization

method assumes that the bias from red-green dyes on the same array or probe intensities

from two arrays atatime is constant on the log-scale across the array. The log-ratios are

corrected by subtracting a constant correction value to get normalized data. The global

constant correction value is usually estimated from the mean or median intensity ratio

over entire spots on the slide or a subset of the genes assumed to be not differentially

expressed, but many other estirnation methods have been proposed (Chen et al., I997b;

Kerr et a|.,2000; Wolfinger et a1.,200I). Non-linear normalization methods such as

lowess allow the correction value to vary between spots in an intensity-dependent manner

(Yang et al., 2007,2002b). An alternative method is to select an invariant set of genes as

described for oligonucleotide arrays by Schadt ef al. (2002) and Tseng et al. (2001). They

suggested the construction of normalization curves based on selected genes that are not

differentially expressed in comparative experiments. Wilson et al. (2003) introduced a

normalization method based on selected housekeeping genes.

Identifïcation of differentially expressed genes

The identification of genes that are differentially expressed between one or more
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pairs of samples in the data set is the primary interest of many microarray experiments.

Even for the purpose of classification it is still very useful to reduce the data set to those

genes that are the most variable between samples. Moreover, in a typical biological study

only a limited number of candidate genes may be followed up for confirmation and

further study, therefore, it is important to identiff the most likely candidates. To identiS,

differentially expressed genes, the first step is to select a statistic which is able to rank the

genes in order of evidence for differential expression, from strongest to weakest

evidence. The second step is to choose a critical-value for the ranking statistic above

which any value will be considered significant.

Most often, differentially expressed genes are inferred by a fixed threshold fold

change cut-off value, although there is no firm theoretical basis for selecting such a level

as significant (Chu et al., 1998; DeRisi et al., 1997).Identification of differentially

expressed genes using a fixed cut-off value is statistically inefficient due to numerous

systemic and biological variations that occur during a microarray experiment Qlladon and

Slroernaker,2002; Novak ef aL.,2002; Pritchard et a1.,2001). A more sophisticated

approach involves calculating the mean and standard deviation of the distribution of log2

(ratio) values and def,rning a global fold-change difference and confidence; this is

essentially equivalent to using a Z-score for the data set. Yang et al. (2002a) used an

intensity-dependent Z-scorc threshold to identify differentially expressed genes, where Z

simply measures the number of standard deviations a particular data point is from the

mean. With this definition, differentially expressed genes at the 95Yo confidence level

would be those with a value of I z | > t .la or, equivalently, those more than 1.96

standard deviations from the local mean.
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Lönnstedt and Speed (2002) and Tusher et al. (2001) noted that using the absolute

level of mean intensity ratio for any particular gene across the replicated arrays as a

ranking statistic is a poor choice. The mean statistic does not take into account the

variability of the expression levels for each gene. However, using the absolute value of '

the t-statistic is a better choice as a statistic for ranking the genes. Using the t-statistic has

the advantage that it takes into account both the mean intensity and the level of variation

across replicates. Any mean intensity value, which is an outlier, will give rise to a large

standard deviation and therefore will prevent the gene in question from being identified

as differentially expressed. In spite of having several advantages, the ordinary t-statistic

however has the shortcoming that genes with small sample variances have a good chance

of giving alarget-statistic even if they are not differentially expressed. This has lead to

the introduction of several other methods that include a suitable compromise between the

rìean intensity ratio and t-statistics (Lönnstedt and Speed, 2002; Tusher et a1.,2001;

Efron et al., 2001).

A better framework of significance inference includes the calculation of a statistic

based on replicated array data for ranking genes according to their possibilities of

differential expression and selection of a cut-off value for rejecting the null-hypothesis

that the gene is not differentially expressed (Leung and Cavalieri, 2003). In the statistics

of multiple testing (Hochberg and ramhane, 1987; Hsu, 1996; westfall and Young

1993), the family-wise error rate (FWER) represents the probability of at least one false

positive over the collection of tests. Application of conventional t-test to a microarray

experiment, without correction for FWER due to multiple comparisons would identify

many genes as significant by chance. On the other hand correction methods such as Sidak
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and Bonferroni are very conservative and they can be used only when few multiple

comparisons are used. These two methods are not appropriate for microarray datain

which thousands of genes are compared. In these cases since the adjusted P-values are

too small the methods yield many false negatives. Holm's step-wise correction methods

are less conservative but assume the variables are independent (Hochberg and Tamhane,

1987).In many cases, this assumption does not hold for microarray experiments

involving interacting genes. In fact, the genes of an organism are actually known to be

involved in complex dependencies and regulatory mechanisms (D'haeseleer et al., 2000).

Significance Analysis of Microarrays (SAM) developed at Stanford University is a

powerful method that was proposed for selecting differentially-expressed genes while

also correcting for FWER due to multiple comparisons. At the present, SAM is the most

popular method used for the analysis of microanay data. SAM identifies genes with

statistically significant changes in expression by assimilating a set of gene-specific t-

tests. Each gene is assigned a score on the basis of its change in gene expression relative

to the standard deviation of repeated measurements for that gene. It computes a value,

termed d(i) [d: (mean1 - mean2)/(sd + s0)] indicating the relative difference in signal

intensity, that is sirnilar to t [t: (mean¡ - mean2)/s¿]. The small positive constant, se,

added to the denominator of SAM test minimizes the number of extreme d(i) values

among genes with small variances in signal intensity. This also ensures that the variance

of d(i) is independent of gene expression levei. The value of d(i) is compared to the

distribution of d(i) following random permutation of the sample categories. For each d(i)

a certain portion of all genes in the permutation set (control set) will be found to be

significant by chance and this parameter is then used to calculate a false discovery rate
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(FDR). SAM lists genes for which d(i) exceeds (by an adjustable threshold termed A) the

value that would be expected by chance d¡(i). Values of de(i) are generated by computing

the d(i) distribution numerous times with random permutations of the group assignments.

The average distribution from these permutations defines the values of ds(i). The

threshold can be adjusted to identiff smaller or larger sets of genes, and FDRs are

calculated for each set. Reducing A expands the list of significant genes, but also

increases the false discovery rate (FDR) (Tusher et a1.,2007). Another alternative method

for identifying differentially-expressed genes is to use the ANOVA technique that is

summarized by Churchill (2002).

Classification

Genes that are involved in a particular biological pathway, or thatrespond to

common environmental stimuli, should be co-regulated and consequently, should show

similar patterns of expression. Classification enables the identification of genes with

similar patterns of expression. A group of co-regulated genes may represent a molecular

signature that can be used to discriminate between different known cell types or

conditions, such as resistant and susceptible genotypes or between diseased and normal

tissue (Golub et al., 1999). Discrimination methods include linear discriminant analysis

in various forms (Mardia et al., 1979), nearest neighbour classifiers (Riply, 1996),

classif,rcation trees (Breiman et aL.,1984), aggregating classifiers (Breiman, 1996 and

1998), neural networks (Riply, 1996) and support vector machines (Brown et al., 2000;

Quackenbush, 2001). Dudoit et al. (2002a) provided a comparison of the performance of

different discrimination methods for the classification of tumours using gene expression
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data from three recent studies.

Clustering of expression profiles has been used for grouping genes as well as

samples. DeRisi et al. (1997) selected small groups of genes with similar expression

profiles and showed that they were functionally related and contained relevant

transcription factor binding sites upstream of their open reading frames. In plants with

fully sequenced genomes, another outcome of cluster analysis is the discovery of

candidate cls-acting regulatory elements from the identification of sequence elements

shared in common among all genes of a cluster (Richmond and Somerville, 2000).

Various clustering techniques have been applied to the identification of patterns in gene-

expression data. Most cluster analysis techniques are hierarchical (Eisen et al., 1998); the

resultant classification has an increasing number of nested classes and the result

resembles a phylogenetic classification. Non-hierarchical clustering techniques also exist,

such as Æ-means clustering (Tavazoie et al., 1999) which simply partitions objects into

different clusters without trying to specify the relationship between individual elements.

Hierarchical clustering has the advantage that it is simple and the result can be easily

visualized. Hierarchical clustering is an agglomerative approach in which single

expression prof,rles are joined to form groups, which are further joined until the pïocess

has been carried to completion, forming a single hierarchical tree (Alon et al., 1999;

Eisen and Brown,1999). Eisen et al. (1998) have developed a hierarchical clustering-

based algorithm and visualization software package, which is frequently used for

clustering the expression profiles and the visualization of anay data.
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Application of genomics to Fusarium head blight resistance in wheat

Resistance to FHB is complex and quantitatively govemed by many genes located on

different ch¡omosomes. Several types of resistance to FHB have been proposed in wheat

emphasizing the complex expression of resistance to the disease (Mesterházy, i995).

Application of molecular markers resulted in the identification of several QTLs in

association with FHB resistance in wheat (Gervais et a1.,2003; V/aldron et aL,1999;

Zhouetal.,2002). Atleast lSoutof 21 wheatchromosomeshavebeenreportedtobe

associated with resistance (Buerstmayr et al., 1999; Fedak et al., 1998; Yang et a1.,2005).

A quantitative trait locus (QTL) describes a chromosomal region containing one or

more genes involved in the expression of a polygenic trait. As Clerget-Darpoux et al.

(2001) noted, unlike mendelian traits that are caused by rare, highly penetrant alleles at a

single locus, traditional techniques such as linkage analysis have been much less

successful at mapping complex traits, which result from the interplay of many loci in

combination with environmental factors. QTLs detected for complex traits such as

resistance to FHB often span alarge area on the genome carrying millions of nucleotides.

As a result, the subsequent experiments required to identify responsible genes in these

regions includes a long and expensive process. As for other complex traits, discovering

genes that control resistance to FHB has proved to be challenging. Doerge (2002) noted

that even in the event of successful identification of genes underlying the QTL associated

with a complex trait, the subset of genes that are thought to contribute to the variation of

the trait will provide only a limited and disappointing percentage of the total variation.

Likewise for resistance to FHB, studies indicate that each of the QTLs detected in

association with FHB resistance have so far accounted for only a small percentage of the
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total variation of the disease resistance (Mardi et a1.,2005; Shen et a1.,2003; Steiner et

aL.,2004).In addition to this complexity are different types of resistance under different

genetic control that have been proposed for the expression of FHB resistance in wheat

(Mesterházy, 1995).

Close contact between pathogen and the host plant can shift both proximal and distal

plant tissues to a physiological state of elevated defensiveness against the pathogen (Wan

eta1.,2002). Gene expression is central to the regulatory mechanisms that cells use to

respond to internal and external stimuli. The profiling of changes in gene expression

during plant-pathogen interaction may identify genes that are involved in a resistance

response in host tissues. Global approaches such as large-scale gene-expression profiling

using cDNA microarrays (Aharoni and Vorst, 20011' Richmond and Somerville, 2000)

has the potential to accelerate the process for the genetic dissection of resistance to FHB.

Furthermore, analysis of RNA, that represents the working copies of the active sites of

the genome, is a straightforward approach to identify functional candidate genes that are

involved in resistance.

Gene expression studies performed on FHB so far have used wheat spikes as a

biological source to profile changes in gene expression level during plant pathogen

interactions. Ouellet et al. (2004) used wheat spikes to investigate the response of wheat

tissues to F. graminearum infection. Bernardo et al. (2004) used wheat spikes for

differential expression analysis ofdefense-related genes in host tissue ofseveral wheat

genotypes. Wheat spikes also have been used as a source of biological samples in

proteomics studies to elucidate the molecular mechanisms underlying FHB resistance.

Zhou et al. (2005) used wheat spikes for the two-dimensional display of proteins induced
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in spikelets infected with F. graminearum.However, the floret is the most complex organ

of the wheat plant, both anatomically and physiologically. It is composed of multiple

tissues including major parts such as glumes, lemma, palea, ovary, anthers and rachis

(Lersten, 1987).In a preliminary experiment, Pritsch et al. (2000) separated ovaries from

the other tissues of spikes inoculated by F. graminearum, and reported a differential

expression of peroxidase between the ovary and the bulk sample of the remaining tissues

in response to FHB infection. They reported a tissue-specific expression of peroxidase in

which the increased level of peroxidase transcripts did not occur in the ovary but did

increase in the bulk sample containing the remaining elements of the wheat spikes

infected by F. graminearum. This observation suggested that using wheat spikes as a

source of biological sample for gene expression profiling may not be efficient in

detecting genes induced or repressed in specific tissues in response to F. gramineorum

infection. The detection of tissue-specific responses to F. graminearum infection requires

a higher resolution in monitoring gene activity through the separate analysis of individual

tissues. High-resolution gene expression analysis of the response of wheat to FHB

infection in specific tissues promises to elucidate more fully the molecular responses to

F. gr amine arum infection.

In this study, we aimed to use cDNA microarrays to study genome-wide changes in

gene expression level in the host plant tissues after inoculation with F. graminearum. The

research included two sections:

1- Microarray analysis of F. graminearum-induced wheat genes; identification of

organ specific and differentially-expressed genes.

2- Microarray gene expression analysis of wheat resistance to fusarium head blight
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in Sumai-3 and two susceptible near isogenic lines (NILs).

Objectives:

1. To provide a genome-wide profile of gene expression in wheat tissues in response

to F. gr amine arum -inoculation.

2. To identify genes that show a significant differential regulation between F.

graminearum inoculated and control plants based on statistical analysis of

replicated gene expression data.

3. To sequence and to determine the putative function of significantly altered genes.

4. To elucidate the biological pathways and functional candidate genes that

play a role in conditioning host resistance to F. gramineqrum infection.

5. To evaluate the level of tissue specificity in the response of wheat to

F. graminearum infection.

6. To investigate genes that are differentially expressed between FHB-resistant

line Sumai-3 and two susceptible NILs differing in the 3BS and 2AL

chromosomal regions.
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CHAPTER 2

MICROARRAY ANALYSIS OF FUSARIU M GRAMINEAA UM-INDUCED

WHEAT GENES: IDENTIFICATION OF ORGAN SPECIFIC AND

DIFFERENTIALLY EXPRESSED GENES
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Microarray analysis of F. graminearum-induced wheat genes: Identification of organ

specific and differentially-expre ss ed gene s.

Summary

A wheat cDNA microarray consisting of 5739 ESTs was used to investigate

transcriptome patterns of the glume, lemma, palea, anther, ovary and rachis dissected

from infected wheat spikes after inoculation with the fungus Fusarium graminearum, the

causal agent of fusarium head blight disease (FHB). Stringent conditions were employed

to reduce the false discovery rate. The signif,rcant analysis of microarrays (SAM) was

used to identify transcripts that showed a differential response between fungal-challenged

versus control plants. To verify the microanay data, northem blot analysis was car¡ied

out on randomly selected up-regulated clones. The analysis resulted in the identification

of 185 (3.2%) up-regulated and 16 (0.3%) down-regulated ESTs among the six organs

constituting the wheat spike. Many up-regulated EST sequences (46.7 %) showed no

hornology with sequences of known functions, while others showed homology with

genes involved in defense and stress responses, the oxidative burst of H2O2,regulatory

functions, protein synthesis and the phenylpropanoid pathway. The monitoring of genes

in specific organs avoided the averaging of expression values over multiple organs that

occlüs when using data from the whole spike. The analysis of data derived from specific

parts of the wheat spike allowed us to uncover new up-regulated genes being expressed

in specifrc organs. The study revealed that each organ had a defined and distinctive

transcriptome pattern in response to F. graminearum infection.
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Introduction

cDNA microarrays facilitate the genome-wide analysis of gene expression in

different tissues or organs under internal or external stimuli. Microarray techniques can

probe the expression level of thousands of genes simultaneously thus providing a global

profile of gene expression in specific tissues at a particular time or in a particular

condition (Aharoni and Vorst, 2001; Schena et al., 7995). Microgenomics, the analysis of

gene expression at the tissue or organ level, may uncover genes that are differentially

expressed in specific tissues. Particular physiological processes are allocated to specific

cell types. Most plant microarray experiments described in the literature have used "bulk

material" with different tissue or cell types that results in averaged information rather

than reflecting the individuality of specific organs present in the plant. Tissue-specific

gene expression data are lost or diluted when assaying such bulk material (Brandt, 2005).

Recently, a genome expression atlas of 24,733 genes for eighteen organ or tissue

types was generated in Arabidopszs (Ma et a1.,2005). Each tissue type showed a defining

genome expression pattern that was revealed by a subset of genes showing atleast a2-

fold higher expression than in any other non-homologous tissues. This defined

transcriptorne was especially true for organs biologically distant from each other. In

addition, only about I6Yo of the total number of genes were commonly expressed in all

organs thus showing little 'cross-talk' among different cell types. These included the

housekeeping genes for fundamental cellular processes such as protein synthesis, energy

metabolism, DNA synthesis and cell division (Ma et a1.,2005). Large-scale profiling of

gene expression in Arabidopsis using Affymetrix ATHl arrays resulted in identification

of specific marker genes for major organs and revealed that despite the large overlap in
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expressed genes, each organ had a distinct transcriptional signature (Schmid et aL.,2005).

Fusarium head blight (FHB) caused by Fusarium graminearum Schwabe

(teleomorph Gibberella zeae (Schwein.) Petch) poses a serious threat to wheat (Triticum

aestivum L.) production worldwide (Gilbert and Tekauz, 2000). Wheat infection by FHB

results in significant yield losses and reduced grain quality (Argyris et al., 2003; Parry et

a1.,1995). The presence of fungal proteases in fusarium damaged kernels (FDK) lowers

the end use quality of bread wheat by affecting physical dough properties and bread

making characteristics (Dexter et al., 1996;Nightingale et al., 1999). Fufthermore,

infected grains are often contaminated by the fungus-produced mycotoxins such as the

trichothecene deoxynivalenol (DON) and zearalenone that accumulate in infected grains.

Deoxynivalenol is the most prevalent of these mycotoxins, which has been linked to

symptoms such as livestock feed refusal, depression of the immune system, nausea, and

vomiting, causing a safety concern in humans (D'Mello et al., 1999; Meronuck and Xie,

2000; Peraica et al., lggg).Because of the chemical and therrnal stability of these toxins,

they may be found in raw material such as grains as well as in food products such as flour

and bread (Champeil et al., 2004; Trigo-Stockli et a1., 1996).

The development of resistant cultivars is considered the most cost effective method

to control losses due to FHB disease. Studies have demonstrated the existence of

significant genetic variation in wheat genotypes regarding the level of resistance to FHB

(Bai et a1.,200I; Buerstmayr et al., 1996, Mesterhâzy et al., 1999). Resistance to FHB is

inherited as a quantitative trait that is governed by numerous resistance genes located on

different chromosomes (Jahoor et a1.,2004; Yao et a1.,1997). At least 18 of the 2I wheat

chromosomes have been reported to be associated with resistance to FHB (Buerstmayr et
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a1.,1999; Fedak et al., 1998).

Several recent histological studies investigated the development and spread of the

fungus during FHB infection of wheat in order to elucidate more details on the infection

process and the spread of the pathogen in infected host tissues. Initially, anthers were

considered the initial infection site playing an important role in disease development

(Dickson et al.,l92I; Pugh et a1.,1933). Later, Schroeder and Christensen (1963)

reported that infections may occur in different tissues wherever the fungus comes in

contact with plant tissues and not necessarily just via the anthers. In spite of contrasting

reports regarding the initial infection site of the pathogen on the spikelets, most studies

agree that anthers and pollen promote hyphal growth and the presence of anthers in

florets may increase disease severity (Kang and Buchenauer,2000a; Strange & Smith,

I97I). The growth of F. graminearum was detected on anthers just 4 h after inoculation

using a strain of F. graminearum which was transformed to constitutively express the

green fluorescent protein from jellyfish. The fungus generally grew prolifically on the

anthers and pollen first, and then progressed towards the ovary, often within 12 h. The

harder tissues of the lemma and palea were colonized more slowly (Miller et a1.,2004).

Pritsch et al. (2000) reported the germination of macroconidia of F. grantineqrum on the

abaxial face of the inoculated glume within 6 to 12 h following spray inoculation.By 12

to 24 hr, hyphae were evident and frequently contacted stomata. Direct penetration of

epidermal cells by hyphae growing on the surface of the glume was not observed.

However, they documented hyphal penetration through stomatal openings into

substomatal chambers, which was also previously reported for wheat paleas and lemmas

(Boshoff et aI., 1996). Studies have suggested that fungal growth through vascular
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bundles in the rachis and rachilla is the principal mode of fungal spread within the

infected wheat spike. During F. graminearum infection, the vascular bundles leading

from the spikelet to the rachis and the bundles of the rachis were found well colonizedby

the fungus (Pritsch et al., 2000). These observations indicated the importance of the

vascular system of the rachis in the colonization process of infected wheat spikes. The

fungus spreads from the infected spikelet to the adjacent spikelet by systemic growth

through the rachis and colonizes parenchyma cells and vascular tissues (Pritsch et al.,

2000; Ribichich et al., 2000; Wanj iru et al., 2002).

The process of infection and the spread of the fungus during colonization cause a

series of alterations in the infected host cell walls, including the degeneration of host

cytoplasm, disintegration of host organelles such as chloroplasts, and the collapse of

some parenchyma cells. Enzymatic degradation of cellulose is reported to result in a

reduced level of cellulose in ovary and lemma tissues after being in direct contact with

the pathogen (Wanjiru et aL.2002). Grasses possess a type II cell wall that, in addition to

the major polysaccharide portion of cellulose, contains small amounts of pectins and

considerable amounts of xylans (Carpita and Gibeaut,1993). Enzyme-gold and immuno-

gold analyses have revealed a complex, tissue-specific distribution of cellulose, xylan and

pectin in healthy tissues of the wheat spike. The degradation of cell wall components in

infected tissues of the lemma, ovary and rachis suggested the secretion of corresponding

cell wall degrading enzymes such as cellulases, xylanases and pectinases during FHB

infection (Kang and Buchenauer, 2000b).

Ribichich et al. (2000) studied the progressive infection of anthers, floral bracts and

rachis of the susceptible cultivar Pro INTA Oasis and the resistant cultivar Sumai-3,
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focusing on histological changes that resulted from infection. Susceptible and resistant

cultivars differed in incubation period and maximum disease severity. Cultivars also

differed for the rate of blight development over time, indicating that Sumai-3 has type II

resistance (Ribichich et aL.,2000). Such differences between resistant and susceptible

wheat cultivars in disease development and the extent of the fungal spread in infected

tissues have also been observed in other studies (Argyris et al., 2005; Kang and

Buchenauer 2000b, 2002,2003; Millet ef a|.,2004; Pritsch et al., 2000).

Of the many recent plant microarray-based studies, most have addressed

transcriptome changes during the development of the plant or upon conditions of abiotic

stress. These include amongst others, Arabidopsis organ development (Ma et al., 2005),

maize embryo maturation (Lee et a1.,2002),potato tuber formation (Kloosterman et a1.,

2005), salt stress in rice (Kawasaki et a1.,2001) and drought, cold and salt stress in barley

(Atienza et a1.,2004). There are fewer repofis on the application of microarrays to study

plant-pathogen interactions. Studies have been published on Arabidopszs Qrlarusaka et al.,

2003), rice (Shim e|a1.,2004),maize (Baldwin et al., 1999) and barley (caldo etal.,

2004). Although public microarray databases are available online for Arabidopsis

(SIGnAL, http:llsignal.salk.edu/),maize (http://www.maizegdb.org/) and barley

(http://www.affymetrix.com), presently there is no publicly available information for

wheat. These databases have expanded our knowledge on the molecular mechanisms

involved in plant-pathogen interactions.

Wheat spikes (Figure 2.1) comprise a mixture of different organs and cell types

including both vegetative and reproductive organs with distinct anatomical and

physiological characteristics (Lersten, 1,987).In this study, wheat spikes were dissected
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into six major organs including glume, lemma, palea, anther, ovary and rachis. 'We 
aimed

to employ cDNA microarrays for the genome-wide analysis of profiles of gene

expression in individual wheat organs infected with F. graminearum. O:ur objectives

were to identify genes that show a differential regulation upon F. graminearum infection

and to elucidate biological pathways that may play a role in executing resistance

responses in infected organs of the FHB-resistant wheat line 93FH837.

Lemma

Anther

Ovary

Glume

Figure 2.1. Wheat spike showing different tissues.
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Experimental procedures

Construction of EST microarrays

cDNA microarrays were constructed using ESTs derived from a suppressive

subtractive hybridization (SSH) library of wheat-F. graminearum inteructions. The SSH

library was constructed using the PCR-Select cDNA Subtraction Kit (Clontech, Palo

Alto, CA) according to the manufacturer's instructions. The SSH library contained

enriched low abundance transcripts that minimized the number of redundant ESTs

spotted on the microarrays. RNA isolated from F. graminearum-inoculated and water-

control wheat spikes was used for the construction of the SSH library and for the

synthesis of fungus-challenged and control probes. Briefly, water control cDNAs were

subtracted against fungal-challenged cDNAs and the subtracted cDNAs were ligated into

pGEM-T Easy T/A cloning vector (Promega, Madison WI). After transformation,

amplification and purification of PCR inserts using standard procedures, the oDNA

products were printed (double spotted) on Coming Microarray Technology-Gamma

Amino Propyl Silane (CMT-GAPS) glass slides (Corning Inc. Life Sciences, Acton, MA)

with high-speed robotics (Microarray Centre, IJHN, Max Bell Research Centre, Toronto,

ON, Canada). The printed microarrays consisted of 5739 anayed elements representing

wheat ESTs derived from wheat-F. graminearum interactions SSH library. In addition,

65 Arabidopsis clones were obtained from the Arabidopsis Biological Resource Center

(Columbus, OH), carrying ESTs putatively related to genes involved in plant disease

resistance and added to the EST collection spotted on the arrays.
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Plant material and inoculation with Fusørium graminearum

The FHB-resistant wheat line 93FH837, derived from the cross Ning 8331

(resistant)/FIY611 (susceptible) was used in this study. The line 93FHB37 carries three

QTLs mapped to chromosomes 3BS, 685 and 5AL that have been associated with

resistance to FHB (Procunier et al., 2000). Seeds were planted in soil in 15 cm pots to

obtain one plant per pot. Plants were grown under a controlled environment in a growth

cabinet witli a 16-h pliotoperiod and 18/15"C daylnight temperature. Mineral fertilizer

was applied af a rate of 6 gll every second week with Plant-Prod (20-20-20) all-purpose

fertllizer (Brampton, Ontario, Canada).

Monosporic isolate DAOM I92I32 of F. graminearum from the Canadian collection

of fungal cultures (designated DAOM) in Ottawa, Canadawas used throughout. This

isolate was obtained from surface sterilized infected grains of the cultivar Sinton, a hard

red spring wheat, at St. Jean Baptiste Manitoba, Canada in 1985. For the preparation of

inoculum, fresh cultures of Fusarium graminearum were grown in the laboratory on petri

dishes of potato dextrose agar (PDA) at room temperature (22-24 oC) under fluorescent

lights for 4-7 days. The conidial suspension of F. graminearum was prepared by

increasing the isolate on carboxymethyl cellulose (CMC) medium while aerating for 4-7

days (Gilbert and Woods, 2006). A spore count was performed using a hemacytorneter.

For each use, 100 ml inoculum of F. graminearum suspension with a standard dilution (5

x 104 macroconidia/ml plus Tween 20 (0.1 ml/l)) was freshly prepared. The surfactant

Tween 20 was added to each spore preparation to reduce surface tension. The main spike

on each plant was spray-inoculated at mid-anthesis (Zadoks growth stages 65-69; Zadoks

et a1.,I974). Between 3-5 ml of inoculum was sprayed on to each spike using a hand-
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held atomizer. Following inoculation, plants were incubated for 24hin a humidity

chamber set at2l-22oC with 100% relative humidity. Control plants of the same line

were sprayed with water containing Tween 20 (0.1 ml/l) and incubated under the same

conditions. Sprayed spikes were harvested24 hours after inoculation.

RNA isolation

Accurate tissue specific profiling of gene expression requires the protection of RNA

from degradation during dissection and isolation. This protection is critical for preventing

changes in gene expression patterns that may result from changes in the primary

population of transcriptome due to RNA degradation or to secondary transcriptional

induction. Therefore RNA stabilizationwas a prerequisite for the protection of RNA

during dissection of the wheat spikes and extraction of RNA from dissected tissues. After

harvest, fungus-challenged and water-control sprayed spikes were immediately placed in

a 50 ml tube containing RNA stabilizer reagent (RNAlater, Ambion, Austin, TX) to

stabilize RNA in wheat spikes prior to dissection and then stored at -80'C until

processed. Later the RNAlater-stabilized spikes, were hand dissected into organs of the

floral bract: the glumes, lemma and palea, the anthers, ovary and rachis (Figure 2.2).

Glumes include the two outer bracts (one on each side of the spikelet) with the short

barbs or horns protecting the florets. Next to the glume is the lemma with a long barb or

awn. The palea is the third bract, which is a papery structure that separates the floral parts

from next floret. After the bract tissues, the anthers containing pollen and the ovary were

dissected and, finally the rachis. Total RNA was extracted from the dissected tissues of

the fungus-challenged and water-control plants using the RNeasy Plant Midi Kit (Qiagen,
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Valencia, CA) following the manufacturer's protocol, The RNeasy Plant Mini Kit

(Qiagen, Valencia, CA) was used for the isolation of total RNA from anthers. The

RNase-Free DNase (Qiagen, Valencia, CA) was used for on column digestion of DNA

during RNA purification to remove any DNA remains that could otherwise interfere with

downstream applications.
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Figure 2.2. Tissues of wheat spikes after dissection.

The initial concentration of isolated RNA was determined by measuring the

absorbance at260 nm (Azoo) in a spectrophotometer using qvariz cuvettes. An absorbance

of 1 unit at260 nm coffesponds to 40 pg of RNA per ml (based on standard 1 cm path

length). The RNA sample was diluted in 10 mM Tris.Cl, pH 7.5 for this assessment. The

69



ratio of the readings at260 nm and 280 nm (AzeolAzso) provided an estimate of the purity

of the RNA with respect to contaminants such as protein. Pure RNA was considered to

have an AzøolAzsoratio of 1.9 to 2.1in 10 mM Tris.Cl, pH7.5.

As for any RNA-based assay, the purity and quality of the starting RNA have a

significant impact on the downstream applications and results from microanay profiling

of gene expression. Impurity in RNA preparations can have an adverse effect both on

labelling efficiency and on the stability of fluorescent labels (Hegde et al., 2000). To

ensure high quality starting RNA, the integrity and size distribution of total RNA was

examined through denaturing I.2%o formaldehyde agarose gel electrophoresis and

ethidium bromide staining. To deterrnine the amount of RNA required from each sample

for cDNA labelling reaction and preparation of probes the final quality and quantity of

each RNA sample was assessed by using the RNA 6000 Nano LabChip with the Agilent

2i00 Bioanalyzer (Agilent Technologies Canada, Mississauga, oN). Agilent 2100

Bioanalyzer is a microfluid-based platform that carries out automated quality control,

sizing and quantification. The analysis provided digital data for the measurement of the

quality as well as the quantity of RNA samples.

Preparation of probes and cDNA labelling

Microarrays are highly sensitive to the biological state of the plant cells. To reduce

the amount of biological variation, total RNA obtained from three independent sarnples

under uniform conditions were pooled prior to the preparation of probes. Five

independent pools of control and fungus-challenged RNAs were separately prepared for

each tissue to synthesise probes required for performing five biological replications.

70



Thus, the average signal intensity ratio (TIC,treatedover control) for each anayed

element in this experiment represented the average level of transcripts from fifteen plants.

Cyanine (Cy) dyes (Amersham Pharmacia Biotech, UK) were used for fluorescent

labelling of probes. Fluorescent dyes were directly incorporated into first strand cDNA

synthesized from 5 ¡rg of total RNA using the fluorescent dyes cyanine-3 (Cy3-dCTP for

control samples) and cyanine -5 (Cy5-dCTP for fungus-challenged samples). To prepare

the probes, the pooled RNA was mixed with the reaction volume containing the final

concentration of 1X first strand PCR buffer (Invitrogen, Carlsbad, CA), 10 mM DTT,

150 pM 5'- dT20 VN primer (where V is any of A, C, G and N is any base), 500 pM

each of dATP, dGTP, and dTTP, 50 pM dCTP, 25 ¡t}r4 Cy3 or Cy5 dCTP, 0.5 ng spike

control alien mRNA (Stratagene,La Jolla, CA) and diethylpyrocarbonate (DEPC)-treated

water up to a volume of 40 pl. The mixture was denatured at 65 "C for 10 min.

Superscript II reverse transcriptase (400 U) was added and cDNA synthesis was camied

out for 2h at 42 "C. Reactions were stopped by the addition of 5 pl of 50 mM

ethylenediaminetetraacetic acid (EDTA). RNA was hydrolyzed by adding 2.0 ¡il of 10N

NaOH for 20 minutes at 65 "C and the reaction was neutratized by adding 4 pl of 5M

acetic acid. The fungal-challenged and water control probes were then combined and

precipitated at -20 oC by adding an equal volume of isopropanol. The pellet was washed

with cold 70Yo ethanol, briefly air dried and dissolved in 5.0 pl nuclease-free water.

Microarray hybridizations

Aminosilane-coated slides bind DNA with high efficiency. Before hybridization, the

free amine groups on the slides were blocked to prevent nonspecific binding of labelled
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cDNA to the slide, which otherwise can deplete the probe and produce a high background

noise. To prevent non-specific binding, slides were incubated in a pre-hybridization

buffer containing 1% BSA for 45 min at 42 oC. For hybridization, the combined, labelled

cDNAs (5 pl) were mixed with hybridization solution (i00 pl) composed of 20:i:1:1

volume of DIG EasyHyb (Roche Diagnostics, Laval, Qc.), yeast tRNA (10 mg/ml),

salmon sperm DNA (10 mg/ml), and human Cot.i DNA (10 mg/ml). The combined

cDNAs were denatured at 65 oC for 2 min, centrifuged and cooled to 42 "C. The

hybridizafion mixture was then directly applied to the slide and the slide was immediately

covered with a cover slip (Hybrislip, Sigma, St. Louis, MO). The array was then carefully

placed in a CMT-GAPS hybridization chamber (Corning Inc. Life Sciences, Acton, MA)

and incubated in a 42"C water bath for 18 h. Cover slips were removed by submerging

the slides in foil covered Coplin jars containing i x SSC (Sodium Citrate). Slides were

then washed three times for 10 min each in dark plastic containers containing fresh 1 x

SSC. 0.1% SDS (Sodium Dodecyl Sulfate) in a 50 oC water bath. After washes, the slides

were rinsed by repeatedly plunging in 1X SSC at room temperature. Liquid was quickly

removed from the slide surface by spinning at 500 rpm for 5 minutes. All reactions and

hybridizations were carried out in light protected conditions and washes were performed

in minimum light.

Controls for cDNA labelling and hybridization

DNA microarrays are increasingly used for investigating gene expression to identify

gene signatures and biological pathways that correlate with specifìc responses in complex

traits. However, several steps involved in a microarray experiment may introduce



substantial variability in the quality of microarray-generated data. Moreover, low

hybridization specificity due to high nucleotide homology between gene family members

will result in cross hybridization during a microarray experiment. To address these

concerns, we used the SpotReport Alien oligo array validation system (Stratagene,

LaJolla, CA) containing ten exogenous alien mRNA spikes for validating microarray

data. An array of ten artificial, synthetic sequences (70-mers) with no homology to any

known plant or animal gene (Universal Control Alien Anay, Stratagene, La Jolla, CA)

were spotted on the slides along with the ESTs under investigation to serve as negative or

positive controls for labelling and hybridization efficiency. The system included a set of

DNA controls that had an average GC content of 52%o, no significant homology to any

known nucleic acids and low secondary structure. Additional negative controls were

provided by spotting salmon spenn DNA, human Cot-l DNA and 3X SSC buffer onto

microarrays. Up to ten exogenous, alien mRNAs were used as spiked RNA to provide

positive hybridization controls. An equimolar amount of a particular alien mRNA was

individually added to the Cy5 fungal-challenged and Cy3 water-control cDNA labelling

reactions. During hybridization, the conesponding spotted alien sequence was co-

hybridized with both of these labelled cDNAs. The expected yellow spots on the anay

provided a measure of dye incorporation and hybridization eff,rciency for the differently

labelled probes, as well as for the optimum normalization of data.
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Image acquisition, data collection and analysis

Using the GenePix 40008 AXON scanner and software (GenePix Pro 5, Axon

Instruments, Union City, CA), hybridized slides were scanned at 532 and 653 nm to

detect emission from Cy3 and Cy5, respectively. First, a preview scan (4O-micron

resolution) was performed to identify the main anay features in each slide. After

adjusting the scanned area on a preview image, the data scan was performed at 10

microns resolution. Photon multiplier (PMT) gain was adjusted to increase signal to noise

ratio while avoiding signal saturation. PMT gain was set between 500 and 900 so that the

fluorescent intensities from both channels were similar or very close. The obtained slide

images were processed with the software GenePix Pro 5 (Axon instruments, Inc., Union

City, CA) to determinehybridization signal intensities and to generate quality measures

for the hybridization at each arrayed element.

Background subtracted signal intensity ratios (TlC, Cy5lCy3) and related quality

parameters generated by GenePix were then imported into the software Acuity-3.1 (Axon

Instruments, Union City, CA) for further analysis. The expression ratios data were log

base 2 transformed and then normalized using the linear ratio-based normalization

method implernented in the software Acuity-3.1 . As outliers on a microarray can strongly

skew the global mean ratio, the data corresponding to ratios less than 0.1 or greater than

10 and any features flagged bad, absent or not found were excluded frorn the calculation

of normalization factors. The normalization factors were calculated and applied to

median signal intensities from two different dyes, so that the centre of the distribution of

ratios for the entire slide shifted to one. Using the data-filtering wizard in Acuity-3.1,

stringent conditions were applied to filter out spots with iow quality and less reliable data
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were removed from the dataset.

Log base 2 transformed and normalized ratios were used to produce graphical

displays of the dyes scatter plots and normalization histograms to examine the effect of

normalization on distribution of signal intensities from the two different dyes. In

addition, an M-A plot was produced and examined, where M: log (Cy5lcy3)

represented the log ratios of two dyes and A : (üog (Cy5) + log (Cy3)llz) is the average

logarithmic intensity. The M-A plot rotates the dyes scatter plot by 45 degrees and re-

scales the axes so that non-linear relationships between the log intensities become easily

visible (Dudoit et al., 2002b).

Significance analysis of microarays (SAM) program (hEplAUUry:

stat.stanford.edr-r/-tibs /SAN4/, Tusher et a1.,2001) was applied to log base 2-transformed

and normalized data to identiff elements in which the expression levels were

significantly altered in response to F. graminearum infection. Using expression data

derived from 5 biological replications, SAM analysis identified significant changes in

mean expression level relative to the standard deviation of repeated measurements for

each anayed element and through the evaluation of a percentage of elements that would

be identified by chance, called the false discovery rate (FDR). A value of delta (A)

corresponding to the least FDR was chosen as a threshold to determine genes with

significant changes in expression level between the control and the fungus-challenged

plants. The significant genes identified by SAM were further subjected to a gene filtering

process. Those showing a minimum of 1.5-fold change in signal intensity between the

fungus-challenged and the control plants in at least 3 out of 5 replications were

considered to have a significant response to F. gramineorum infection.
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The ESTs showing significant response to F. grominearum infection were further

analyzed to identify any organ specificity in response to the fungal infection. To

determine the extent of similarities among the examined organs regarding gene

expression patterns in response to F. graminearum infection, the linear correlations were

calculated using log-transformed expression data. To determine the significant

differences among the examined organs, ANOVA was performed on log base 2

transformed expression data for each EST at a threshold P-value of 0.01. For each EST

the expression data derived from 5 replicates of all 6 organs were analyzed based on a

completely randomized design (CRD). Organs were considered as different treatments

and the biologically repeated arrays were used as 5 replications. Principal Components

Analysis (PCA) of expression data was applied to visualize the organ-specific expression

pattern in response to F. gramineorum infection.

Sequencing the clones corresponding to the identified ESTs

To prepare cDNA clone inserts by PCR amplification first Luria Broth (LB) rnedium

was prepared by dissolving 25 grams of LB in I litre of deionised water which was then

autoclaved at 72loC for 15 min and stored at 4"C. Clones carrying DNA inserts

corresponding to the selected ESTs \ilere grown in the prepared liquid LB bacterial

medium by inoculating into 96 well plates containing 200 ¡rl of culture/ kanomycin (50

pglml) per well. Cultures were incubated for 16h at 37'C while being shaken vigorously

(250 r.p.m.) over-night in a shaking incubator. Following over-night incubation growth, 5

¡rl of propagated culture suspension was transferred into a 96 well Falcon U button plate

(BD Biosciences, Franklin Lakes, NJ) containing 95 pl of autoclaved MilliQ water.
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Microplates containing diluted culture were heated to 95 oC for 10 min in a laboratory

oven to lyse and release the plasmid clones. Prior to PCR reaction, the cellular debris was

removed by centrifugation of the plates at 3000 r.p.m for 3 min in a centrifuge equipped

with microtitre plate carriers. The PCR amplification of clone inserts was performed in

96 well reaction plates using 5 pl of culture supernatant of each clone in a 100-¡rl PCR

reaction. The PCR reactions contained the final concentration of 1X PCR buffer, 200 pM

each of dNTPs (Life Technologies Cat# 10297-018), 1.5 mM MgCl2 , 0.2 pM of Ml3

forward primer (GTAAAACGACGGCCAGT), 0.2 pM of Ml3 reverse primer

(GGAAACAGCTATGACCATG ) and 5 r-/100p1 of Taq DNA Polymerase (Life

Technologies Inc., Life Technologies Inc., Rockville, MD). The PCR reactions were

amplified in a Perkin Elmer 9700 Thermal Cycler (Gtobal Medical Instrumentation, Inc,

Ramsey, Minnesota) using the following cycling protocol:

95'C x 3 min Initial denaturation

95 oC x 30 sec Denaturation

52 "C x 30 sec Annealing

'72 "C x 2 min Extension

4 oC forever

x 30 cycles

The PCR reaction products \ /ere examined for size, specificity (single band) and

yield by l.4Yo agarose gel analysis in Tris-Borate-EDTA (TBE) buffer. The PCR

products were then purified using a QlAquick 96 PCR purification kit (Qiagen, Valencia,

CA) following the manufacturer's instructions. The purification was performed to

remove unincorporated nucleotides and excess primers, enzymes, and salts from the

reaction products. Following purification, size, the final yield and quality of purified
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products were verified by 7.4Yo agarose gel analysis in Tris-Borate-EDTA (TBE) buffer.

The Low DNA Mass Ladder (Invitrogen, Carlsbad, CA) and 100 bp DNA ladder were

included in this gel analysis to estimate the approximate mass and size of purified DNA

from each clone insert prior to sequencing. The Low DNA Mass Ladder is composed of

an equimolar mixture of six blunt-ended DNA fragments of 2000, 1200, 800, 400,200

and 100 bp. Electrophoresis of 4 ¡rl of the Low DNA Mass Ladder resulted in bands

containing 200, I20,80, 40, 20, and 10 ng of DNA, respectively.

Nucleotide sequences of the differentially-expressed ESTs were determined with an

ABI PRiSM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA) using the

BigDye Termination v3.I Cycle Sequencing kit. The mechanism is based on the dideoxy

method that takes advantage of the ability of DNA polymerase to incorporate analogues

,i

of nucleotide bases by using 2' ,3'-dideoxynucleotides (ddNTPs) as substrates. By

incorporation of a dideoxynucleotide at the 3' end of the growing chain, chain elongation

is terminated selectively at A, C, G, or T because the ddNTP lacks a 3'-hydroxyl group.

The BigDye Terminator kit from Applied Biosystems uses four different fluorescent dyes

to label ddNTPs, which are added sequentially to the primer through a cycle sequencing

reaction.

Based on a comparison of the relative intensity of Low DNA Mass Ladder and the

clone insert bands, a volume of DNA samples equal to approximately 200 ng per sample

DNA were transferred into new PCR plates. Separate plates were prepared for the sense

and anti-sense primers. Samples were then lyophilized using a Savant Speed Vac System

(Global Medical Instrumentation, Inc, Ramsey, Minnesota). The BigDye terminator

cyclic sequencing reaction (Applied Biosystem, Foster City, CA) was performed in a l0-
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pl reaction containing the following reaction mixture:

Reagent

Terminator ready reaction premix (2.5X)

BigDye sequencing buffer (5X)

Primer stock (0.8pmol)

DNA template

MilliQ Water

Final volume

M13 forward

96"C 5 min

96C 10 sec

55'C 10 sec x25

60"C 4 min

60'C 10 min

4"C forever

Quantify (pl)

1.0

1.5

2.0

200 ng

5.5

10

The sequencing reactions were performed in a Perkin Elmer 9700 Thermal Cycler

(Global Medical Instrumentation, Inc, Ramsey, Minnesota) using the following cycling

protocol:

M 13 Reverse

96oC 5 min

96"C 10 sec

50'C 5 sec x25

60'C 4 min

60'C 10 min

4"C forever

Subsequently, the cyclic sequencing product was purified by precipitating DNA with

ethanol following the manufacturer's instructions. This purification was necessary to

remove the unincorporated dye terminators before analyzingthe samples by

electrophoresis. Excess dye terminators in sequencing reactions may obscure data in the
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early part of the sequence and can interfere with base calling. The purified DNA samples

were then suspended in formamide (10 prl/well), denatured at95 "C for 5 min and placed

on ice until they were placed on the ABI PRISM 3100 Genetic Analyzer for sequencing.

Sequence annotation and functional classification

The obtained sequences were processed to eliminate low complexity sequences and

to trim the vector sequence using in-house software. To assign putative functions,

homology searches were conducted using the BLASTX program against GenBanK non-

redundant (nr) database Q.{CBI, National Center for Biotechnology Information, USA)

with default parameters. To determine if any of the identified ESTs originated from the

fungal genome, DNA sequences were also BLAST queried against the F. graminearum

genome database (http:¡¡wq¡w.broad.mit and the

COGEME fungal database (trttp:øcogeme.ex.ac. ). The cut-off value of l0-s

was used as a threshold for the expectation scores (E-vølue) and only homologies with an

E-vqlue less than the threshold were regarded as a significant match. The annotated ESTs

were assigned to different functional categories following the Munich Information Center

for Protein Sequences (MIPS; http://mips.esf.de) Functional Catalogue (FunCat) scheme

(Ruepp et a1.,2004).

Northern blot analysis

Northern blotting was used as an alternative technology to verify the microarray

results for a subset of selected genes. Five genes that were identified by microarray

analysis as differentially regulated in response to F. graminearum infection were
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randomly chosen and the changes in gene expression between the infected and control

plants were exalnined using northern blotting. To perform northern blot analysis, total

RNA isolated from dissected organs of both control and fungus-challenged plants were

electrophoretically separated by size in an agarose gel under denaturing conditions. For

each tissue,l0 ltg of total RNA was transferred to a positively charged nylon membrane

(Roche Diagnostics Canada, Laval, Qc) via capillary transfer. The transferred RNA was

then UV cross-linked to the membrane using the auto-crosslink feature on a calibrated

UV crosslinker instrument (Stratalinker 1800 UV Crosslinker; Stratagene, LaJolla, CA).

This feature provided an exposure of approximately 120 millijoules/cm2 on damp

membrane that resulted in efficient binding of RNA to the membrane.

DlG-labelled DNA probes were prepared with the PCR DIG probe synthesis kit

(Roche Diagnostics GmbH, Indianapolis, IN) using the cloned DNA inserts as template.

PCR reactions containing DIG-dUTP resulted in a highly-labeled, specific, and sensitive

hybridization probe. The efficiency of probe labeling reactions was determined by the

direct detection method. A series of dilutions were prepared from the DIG iabeled probe,

then spotted directly on a membrane and visualized with standard DIG detection

procedures. For comparison, known concentrations of a DlG-labeled control nucleic acid

also were spotted on the same membrane. Probes were considered to have reached their

full sensitivity when a signal was detected from the spot that contained 0.1 pg of labeled

probe.

Pre-hybrid ization and hybrid ization were p erform e d ac cording to the manufacturer' s

instructions. DlG-labelled DNAIRNA hybrids were identif,red through an enzyme-linked

immunoassay using an alkaline phosphatase-labelled anti-DIG antibody. Then,
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phosphatase activity was detected by a cherniluminescence reaction using CDP-Star

(Roche Diagnostics GmbH, Indianapolis, IN). CDP-Star is an ultra-sensitive chloro-

substituted 1,2-dioxetane chemiluminescent substrate for alkaline phosphatase which

exhibits extremely rapid light signal generation. The CDP-Srar produced light signal was

then recorded by exposing an X-ray film to the membrane.

Results and discussion

Suppressive subtractive hybridization (SSH) Iibrary

The suppressive subtractive hybridization (SSH) library was constructed by

subtracting the control cDNAs from the fungal-challenged cDNAs. This population of

subtracted cDNAs was enriched for low abundance transcripts and thus reduced the

number of redundant ESTs spotted on the arrays. ESTs were grouped into contigs using

the CAP3 assembly program (Huang and Madan,lggg) with a minimum match of 40 and

a minimum score of 90. Each EST in a contig is a transcript either from the same gene

(overlapping sequences) or from multiple paralogous members of a multigene family. For

the SSH library, 593 (4I%) singletons having only one EST sequence were found. The

majority of the remaining ESTs were present as 2 to 4 ESTs in a contig. These results

demonstrated that the constructed SSH library greatly reduced the large number of

redundant transcripts found in a typical cell.

Normalization and spot quality fïltering

The effects of normalization on expression data were visualized and verified by

producing the dyes scatter plot and normalization histogram. Here the dyes scatter plot
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(Figure 2.3) and the normalization histogram (Figure 2.4) are presented for the glumes as

an example. The uniform distribution of expression data indicated that the application of

the linear ratio based normalization method resulted in a satisfactory correction of

possible systematic effors and no obvious bias was detected in the microarray expression

data. Normalization was applied to the log-ratios of expression, shown as M : log2 R -

log2 G, (R & G corresponds to Cy5 and Cy3 dyes respectively).

4000 ffio 
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m0 r1æ0 1Ð00 læm 14@

Figure 2.3. The scatter plot of background subtracted signal intensity ratios of Cy3 (532
wavelength)lcys (635 wavelength) in tissues of glumes. Cyanine (Cy) dyes were used
for fluorescent labelling of probes with Cy3 for control samples and Cy5 for.F.
gr ami ne arum infected samples.

=
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The average log-intensity of each spot is shown as A: log 2 R + logz G that provides

a measure of the overall brightness of the spot. An M-A plot represents a scatter plot of

M-values against A-values that visualizes the relationship between dye-bias and signal

intensities. Plotting the average logarithmic intensity, also called M-A plot, verified the

absence of a major dye bias in normalized data (Figure 2.5). Subsequently, the

normalized and log base 2 transformed data were subjected to a stringent spot filtering

process that eliminated unreliable and poor quality data from the dataset.

Hnti+ *f lvl+rlirtT:s {ti35l53l'l,

Figure 2.4. Normalizationhistogram of log expression ratios for glume-array L
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Figure 2.5. M-A plot of normalized data (glume-array 1).

Identification of ESTs differentially expressed in response to F. grøminearum

infection

Analysis of gene expression data using SAM determined differentially-regulated

genes while also correcting for the family wise enor rate (FWER) due to multiple

comparisons. Application of SAM to log base 2 transformed, normalized data and

consideration of the A values corresponding to the least FDR generated through the

analysis, resulted in the detection of a total of 896 ESTs that responded significantly to F.

grominearum infection in the examined organs (Table 2.1).
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Table 2.1. Signifrcance Analysis of Microarrays (SAM) on gene expression data for
individual tissues.

t 90tl'percentile
b False discovery rate

Application of the SAM method that employs a type I error rate (a-level) correction

mechanism ensured the accuracy of the final number of genes found to be significant.

The SAM method has been the method of choice for many recent studies to analyze

microarray generated gene expression data. Ellmark et al. (2006) used SAM to analyze

gene expression data generated by an antibody microarray based technology. The SAM

produced delta values and FDRs were used to determine significant changes in gene

expression and to identiff disease-associated protein signatures. Haerty and Sing (2006)

applied the SAM analysis to identift genes showing significant changes in expression

considering a falsely significant call cut-off lower than 1 and a FDR lower than 0.05.

In this study, the SAM one-class analysis (Tusher et a1.,200I) identified genes that

showed a significant differential regulation in each F. graminearum-infected tissue. The

lowest FDR generated by SAM was used as the cut-off value to determine significant

genes. As a result, a falsely called significant cut-off value lower than I and aFDR (%)

Tissues No. of Genes
called

Delta
value Â

No. of Genes falsely called FDR (%)b

Median gothyo " Median gorho/o^

Glumes 258 1.97 0.14 0.57 0.05 0.22

Lemma '106 1.29 0.14 0.99 0.13 0.94

Palea 42 1.41 0.62 0.62 1.48 1.48

Anther 306 2.25 0.24 0.97 0.07 0.31

Ovary 122 4.36 0.25 0.50 0.20 0.41

Rachis o¿ '1.39 0.67 0.73 1.08 '1.19
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of 0.05, 0.138 and 1.148 were considered for glumes, lemma and palea respectively. The

cut-off value for the number of genes falsely called and FDR (Yo) were both set to less

than 1 in the anther and ovary tissues. In the rachis, significant genes were determined

with less than 1 falsely called genes and less than 1.081 FDR (%).

The correction methods used for the adjustment of type-I error rate during multiple

comparisons either control the family wise error rate (FWER) or the false discovery rate

(FDR). The FDR is the expected proportion of false positives among the categories found

to be significant. A FDR of 5Yo for example means that among all features called

significant, 5Yo are truly null on average. The very low cut-off values for the number of

genes falsely called significant and FDR (%) that were generated by the SAM analysis in

this study indicated the high level of consistency during the different stages involved in

microarray experiments. The application of the low FDR provided a higher level of

confidence that the identified genes are truly responsive to F. graminearum infection.

The ESTs identified as significant by SAM later were subjected to a gene filtering

process to identify genes in which changes in expression level were biologically

meaningful and reproducible. A 1.5-fold change in expression level was considered as a

cut-off value and ESTs with more than 1.5 fold change in expression level in at least 3

out of 5 replicated anay hybridizations were included in the final list of genes recognized

as having responded significantly to F. grantinearum infection. The combination of the

SAM analysis and fold change cut-off value resulted in the identihcation of differential

expressions that were more reproducible and biologically meaningful. The selection

criteria used for identifying differentially-expressed genes may affect the reproducibility

of microarray data, as well as the biological interpretation of the data. Sanoudou et al.
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(2006) applied a cut-off value of FDR that was detennined through the SAM analysis and

a fold change threshold of 1.5 together to identify significant changes in gene expression.

Studies that investigated the cross-platform comparability of microarray data have shown

that using fold-change ranking plus a non-stringent P-value cut-off increases the

reproducibility of rnicroarray data over different experiments and improves agreement of

the biological interpretation of the data (Guo et a1.,2006; Shi et a1.,2005).

In this study, the SAM analysis and gene filtering resulted in the identification of

250 ESTs whose transcript level showed a significant difference between water-control

and F. graminearum-inoculated organs. From the 5739 arrayed elements, 223 ESTs

(3.8%) were identified as being significantly up-regulated and 27 ESTs (0.47%) as down-

regulated (Table 2.2) in infected organs. Of the analyzed anayed elements, 93 ESTs were

identified as being significantly up-regulated and 2 ESTs as down-regulated in the floral

bract tissues of glume, lemma and palea (Table 2.3). The analysis indicated that

following inoculation by F. graminearum,5g ESTs were significantly induced andg

ESTs were repressed in infected tissue of anthers and the ovary (Table 2.4).In the rachis

tissue, 50 ESTs were identified as significantly up-regulated and 16 as down-regulated in

response to F. graminearum infection (Table 2.5). In general, there were fewer down-

regulated genes showing differential regulation in the infected tissues of the resistant line

93FH837. The majority of down-regulated responses to F. gramineorum infection were

not strong enough either to become statistically significant or to pass the gene filtering

process. Bernardo et al. (2004), who used a oDNA microarray to study the transcriptional

responses of wheat cultivars to F. graminearum infection, reported similar results.

During the first 24 ktr after inoculation with the pathogen, they reported more
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differentially induced genes than repressed genes in the resistant wheat genotypes.

Howevet, more signif,rcantly down-regulated genes were identified in treatments of 36 hr

and onward.

Table 2.2. Number of ESTs identified as differentially expressed in response to Fusarium
infection in each tissue based on SAM and the fold chan ff value.mtnearum mrectlon ln eacn ussue baseo on sA.M a cut-ol1 v

Tissues
No. of ESTs detected in each tissue

Up-regulated Down-regulated

Glumes 72 0

Lemma o 0

Palea 33 2

Anther 11 I
Ovary 48 0

Rachis 50 16

Total 223 27
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Table 2.3. Expressed sequence tags (ESTs) that were identified as differentially
expressed in floral bl:act trssues of w reat spikes infected by Fusarium tneorum

Clone lD " GenBank
b Tissues

' T/G Eexpression Rratios
Up-regulated Acc. No. Glumes Lemma Palea

Ta02 20 E03 F 8Q901288 (J 1.500 1.263 1.283
Ta02 20 G11 F 80901 31 0 G 1.566 1.387 1.247
Ta02 19 C05 F 8Q901408 b 1.782 1.673 1.682
Ta02 09 812 F 8Q901 892 G 1.613 1.604 1 .189
Ta02 09 D01 F 8Q901 900 G 2.014 '1.930 2.354
Ta02 02 Hl1 F 8Q902283 G 1.584 1.514 1.750
Ta02 12 E03 F DV799602 G 1.512 1.262 1.170
Ta02 12 H08 F DV799603 G 1.628 1.301 1.222
ra02 14 403 F DV799604 G 1.503 1.311 1.235
Ta02 15 401 F DV799605 b 1.460 1.297 1.209
Ta02 14 408 F DV799606 G 1.659 '1.656 1 .571
Ia02 14 A10 F DV799607 (J 1.607 1.132 1.962
Ta02 16 E12 F DV799612 (J 1.851 1.321 1.644
ra02 20 405 F DV79961 5 G 1.415 1.297 1.002

TaFHB 01 AO2 F DV799616 G 2.064 2.117 2.648
TaFHB 04 BO3 F DV799626 (J 1.608 1.777 1.535
TaFHB 04 BO2 F DV799627 G 1.448 1.265 1.215
TaFHB 02 DO8 F DV799635 G 2.021 1.555 1.996
TaFHB 05 E02 F DV799639 G 1.996 2.548 2.949
TaFHB 06 BO2 F DV799648 G 1.487 1.227 1.211

TaFHB 09 806 F DV799650 G 1.530 1.408 1.235
TaFHB 08 E09 F DV799654 G 1.430 1.229 1.171
TaFHB 09 E02 F DV799656 b 2.047 2.211 2.861
TaFHB 09 E06 F DV799657 G 1.827 2.193 2.836
TaFHB 10 410 F DV799661 (J 1.473 1.246 1.297
TaFHB 10 C10 F DV799663 G 1.641 1.551 1.737
TaFHB 11 DOz F DV799666 G 1.427 1.295 1.245
TaFHB 10 FO2 F DV799670 tt 1.654 1.399 1.204
TaFHB 13 F12 F DV799674 G 1.853 1.256 2.038
TaFHB 14 AO3 F DV799679 G 1.493 1.277 1.225
TaFHB '15 405 F DV799680 (J 1.455 1.217 1.121
TaFHB 14 A02 F DV799681 G 1.693 1.69'l 1.787
TaFHB 16 G11 F DV799686 þ 1.793 1.657 2.990
TaFHB '14 H03 F DV799688 (J 1.471 1.139 1.291
TaFHB 20 A0l R DV799689 G 1.509 1.250 1.238
TaFHB 20 A02 F DV79969'1 G 1.496 1.207 1.174
TaFHB 20 B02 F DV799692 Lr 1.465 1.415 1.527
TaFHB l9 C06 R DV799693 G 1.700 1.381 1.385
TaFHB 18 FO7 F DV799696 G 1.588 1.054 1.523
TaFHB 21 HO2 F DV799700 (J 1.848 1.188 t./oo

90



Table2 Continued froable'2.3. (Contr m þrevlous
Glone lD ^ GenBank b Tissues 'TlC expression ratios

Up-requlated Acc. No. Glumes Lemma Palea
TaFHB 25 A06 F DV799703 b 1.917 1.304 1.998

TaFHB 23 806 R DV799704 G 1.520 1.226 1 .195

TaFHB 24 C11 F DV799706 G 1.535 1.266 1.262

TaFHB 25 H02 F DV7997'16 LJ 1.914 1.531 1.874
TaFHB 32 806 F DV79971 8 lJ 1.764 1.169 1.088

TaFHB 28 C09 F DV799721 G 1.879 2.029 2.069
TaFHB 33 EO5 F DV799724 G 1.628 1.399 1.529
TaFHB 33 H02 F DV799726 G 1.910 1.391 3.078
TaFHB 36 D02 F DV799731 G 1.725 1.330 1.535

TaFHB 37 Ê07 F DV799732 Lf 1.454 1.278 1.164
TaFHB 52 Ái02 F DV799734 G 1.444 1.164 1.080

TaFHB 52 F12 F DV799738 G 2.105 2.248 1.206
TaFHB 50 H06 F DV799742 G 1.822 1.360 2.369
TaFHB 64 GO3 F DV799754 G 1.700 1.388 2.206
TaFHB 32 403 R DV799758 G 1.482 1.285 1.205
TaFHB 26 810 F DV799717 G 1.697 1.185 1.587

Ta02 17 402 F 8Q901 535 L 1.703 2.621 2.520
Ta02 05 406 F DV799600 L 1.446 1 .471 0.948

ÏaFHB 13 FO2 F DV799673 L 1.910 2.195 1.751
Ta02 15 405 F 8Q901689 P 1.581 1.934 1.852
Ta02 08 403 F 8Q902070 P 1.868 2.158 2.105
Ta02 15 C04 F DV799609 P 1.394 1.221 1.831

Ta02 16 C12 F DV79961 0 P 1 .'1 35 1.306 1.538
Ta02 16 D10 F DV79961 1 P 1.189 1.243 1.829

TaFHB 08 C01 F DV799652 P 1.425 0.905 1.837

TaFHB 09 F,11 F DV799658 P 1.913 1.604 2.690
TaFHB 12 DOs F DV799664 P 1.397 1.621 1.664
TaFHB 11 E09 F DV799667 P 1.704 2.011 2.408
TaFHB 12 H1O R DV799678 P 1.253 0.799 1.738
TaFHB 23 COs F DV799705 P 1.617 1.520 1.607
TaFHB 32 CO2 R DV799722 P 1.453 1.292 1.837
TaFHB 38 DO3 F DV799730 P 1.266 1.426 1.588
TaFHB 50 806 F DV799736 P 1.259 1.229 1.615

TaFHB 60 BO4 F DV799745 P 1.451 1.224 1.134
TaFHB 60 812 F DV799746 P 1.264 1.153 1.918

TaFHB 57 GO1 F DV799753 P 1.511 1.400 1.901

TaFHB 60 C03 F DV799748 G,P '1.558 1.526 1.835
TaFHB 57 H11 F DV799756 G,L 1.987 1.951 3.211
Ta02 15 804 F 8Q901 699 G,P 1.967 1.541 2.708
Ta02 05 C07 F 8Q902163 G,P 2.029 2.265 2.536
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able 2.3. (Continuer rom prevlous e

Clone lD " GenBank bTissues " T/C expression ratios
Up-requlated Acc. No. Glumes Lemma Palea

Ta02 02 D03 F 8Q902441 G,P 2.066 1.628 2.666
TaFHB 02 HOg F DV799645 G,P 2.012 1.666 2.596
TaFHB 07 EO4 F DV799655 G,P 1.887 2.220 2.216
TaFHB 33 EO1 F DV799723 G,P 1.586 1.472 1.643
TaFHB 28 H12 F DV799725 G,P 1.932 1.713 1.969

TaFHB 57 CO1 F DV799747 G,P 2.065 2.441 2.336
TaFHB 64 F02 F DV799751 G,P 1.800 2.305 2.387
TaFHB 60 H07 F DV799757 G,P 1.858 2.656 2.924
TaFHB 04 E10 F DV799638 P,L 2.138 2.054 2.560
TaFHB 03 C12 F DV799631 G,L,P 1.906 '1.586 2.034
TaFHB 07 809 F DV799647 G,L,P 2.176 2.163 2.180
TaFHB 11 F12 F DV799672 G,L,P r.980 2.628 3.078
TaFHB 17 C09 F DV799682 G,L,P 2.078 2.237 2.964
Down-reoulated
Ta02004 E10 DWg86535 P 1.127 1.076 0.778
Ta02012 E7 DWg86538 P 1.243 1.170 0.754

u GenBank accession numbers obtained for each EST deposited in the public databases of
the National Centre for Biotechnology Information (NCBI).

b Tissues in which differential regulation was detected: Glume (G), Lemma (L), Palea
(P).

'Expression ratio (T/C): Signal intensity ratio of treated (fungus-challenged) over the

. water control (average of 5 biological replications).
oThe P-value indicating the level of significance generated by the analysis of variance to
determine the significant differences among tissues.

P-value less than 0.05: significant at the level s : 0.05
P-value less than 0.01: significant at the level s : 0.01
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Table 2.4. Expressed sequence tags (ESTs) that were identif,red as differentially
expressed in tissues of anthers and the ovary of wheat spikes infected by Fusarium

ramtnearum.
Clone lD " GenBank oTissues 'T/C expres ;ion ratios

Uo-requlated Acc. No. Anthers Ovary
E3F8 NP1 9931 8 A 4.497 2.507

F4G6T7 NP1 95236 A 3.475 2.517
G1G7 NP174620 A 3.924 2.704
G3C1 NP1 95056 A 4.565 2.617

M3OF5 NP1 99463 A 3.331 2.177
TaFHB 05 H06 F DV799646 A 1.559 1.299
ÏaFHB 10 DO2 F DV799665 A 1.482 1 .153

TaFHB 18 G05 F DV799697 A 1.412 1.161
TaFHB '19 C06 R DV799693 A 1.772 1.406
TaFHB 24 C11 F DV799706 A 1.505 1.267

TaFHB 64 DO2 F DV799750 A 4.866 0.532
Ia02 01 E09 F DV799598 o 0.442 3.934
Ta02 03 803 F DV799597 o 1.208 3.498
Ta02 04 E04 F 8Q902384 o 0.546 2.847
Ta02 07 C04 F 8Q902021 o 0.366 3.950
Ta02 17 409 F 8Q901 542 o 1.901 3.643
Ia02 18 409 F DV799614 o 0.561 3.963
TaO2 20 805 F DV7996l I o 0.638 3.502
Ta02 20 F07 F BQ901 302 o 1.143 3.469

TaFHB 01 D07 F DV799620 o 0.365 3.472
TaFHB 01 D10 F DV799621 o 0.420 4.729
TaFHB 01 H09 F DV799623 o 0.517 4.052
TaFHB 02 405 F DV799624 o 0.459 3.951
TaFHB 02 DO2 F DV799634 o 0.395 3.953
TaFHB 02 D05 F DV799632 o 0.483 4.097
TaFHB 03íCOs F DV799629 o 0.502 3.235
TaFHB 03 CO6 F DV799630 o 0.527 3.515
TaFHB 03 DO4 F DV799636 o 0.424 4.063
TaFHB 03 E1O F DV799637 o 0.532 3.245
TaFHB 04 FO7 F DV799641 o 0.367 3.485
TaFHB 05 All F DV799625 o 0.530 2.931
TaFHB 05 806 F DV799628 o 0.555 4.147
TaFHB 05 F05 F DV799642 o 0.588 4.081
TaFHB 06 D07 F DV799653 o 0.528 5.031
TaFHB 08 G07 F DV799660 o 0.451 4.120
TaFHB 10 F06 F DV799671 o 0.502 3.661

TaFHB 10 GO8 F DV799676 o 0.502 4.196
TaFHB 11 F03 F DV799669 o 0.443 4.016
TaFHB 12 408 F DV799662 o 0.471 3.533
TaFHB 15 GO1 F DV799685 o 1.445 3.067
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able 2.4. (Continuer fiom previous
Glone lD u GenBank b

Tissues
" T/G expression ratios

Up-requlated Acc. No. Anthers Ovary
ÏaFHB 18 HO2 F DV799698 o 0.416 3.721

TaFHB 19 H1O F DV799699 o 1.849 4.215
TaFHB 22 F11 F DV799709 o 0.407 3.461
TaFHB 22 GO6 F DV799714 o 2.014 3.703
TaFHB 23 F10 R DV799711 o 0.563 3.830
TaFHB 23 GOg F DV79971 3 o 0.409 3.638
TaFHB 24 AO8 F DV799702 o 0.429 3.503
TaFHB 25 CO1 F DV799707 o 1.396 3.601

TaFHB 25 F11 F DV79971 0 o 0.416 3.410
TaFHB 25 HO7 F DV799715 o 0.533 4.308
TaFHB 26 C09 R DV799720 o 0.437 3.588
TaFHB 33 805 F DV799759 o 0.671 2.457
TaFHB 38 FO6 F DV799733 o 2.305 3.086
ïaFHB 39 C11 F DV799728 o 0.516 4.083
ïaFHB 50 GOB F DV799740 o 1.876 3.311
TaFHB 50 G'10 F DV799741 o 1.634 3.078
TaFHB 57 GO4 F DV799755 o 0.468 3.955
TaFHB 64 FO6 F DV799752 o 0.449 4.229
TaFHBO6O D12 F DV799749 o 0.622 4.102

Down-requlted
Ta02004 85 DW986532 A 0.731 0.993
Ta02OO4 C3 DWg86533 A 0.755 0.975
Ta02004 E10 DWg86535 A 0.721 0.799
Ta02004 F1 DWg86536 A 0.685 0.889
Ta02012 E7 DW986538 A 0.695 0.877
Ta02013 E4 DWg86529 A 0.670 0.939
Ta02019 G11 DWg86539 A 0.789 0.898
TaFH8008 E7 DWg86530 A 0.651 0.938
TaFHBO'13 A1 DWg86531 A 0.783 0.898

u GenBank accession numbers obtained for each EST deposited in the public databases of
the National Centre for Biotechnology Information (NCBÐ.

b Tissues in which differential regulation was detected: Anthers (A), Ovary (O).
"Expression ratio (T/C): Signal intensity ratio of treated (fungus-challenged) over the

, water control (average of 5 biological replications).
" The P-value indicating the level of significance generated by the analysis of variance to

determine the significant differences among tissues.
P-value less than 0.05: significant at the level s : 0.05
P-value less than 0.01: significant at the level a, : 0.01
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Table 2.5. Expressed sequence tags (ESTs) that were identified as differentially
expressed rn the rachrs of wheat soikes intected bv þ'usar tum gramtneorum.

Clone lD u GenBank oTissues 'T/G expression ratios
Up-requlated Acc. No. Rachis

TaFHB 64 DO2 F DV799750 R 2.213
TaFHB 03 C12 F DV799631 R 2.664
TaFHB 20 BO2 F DV799692 R 1.747

TaFHB 33 EOs F DV799724 R 1.995

1a02 02 H11 F 8Q902283 R 1.933

Ta02 19 C05 F 8Q901408 R 1.705
Ta02 16 D10 F DV79961 1 R 1.737

TaFHB 18 E10 F DV799695 R 3.967
TaFHB 08 812 F DV799649 R 1.899

TaFHB 13 G10 F DV799677 R 1.995
TaFHB 64 405 F DV799743 R 1.698

TaFHB 52 BO9 F DV799735 R 2.402
TaFHB 36 C08 F DV799729 R 1.826
TaFHB 22 AO4 F DV799701 R 1.701
TaFHB 20 D09 F DV799694 R 2.275
TaFHB 49 G12 F DV799739 R 1.629
TaFHB 57 AO4 F DV799744 R 1.552
TaFHB 06 F04 F DV799659 R 1.698

1a02 14 801 F DV799608 R 1.587

TaFHB 22 FO5 R DV799708 R 1.643
TaFHB 33 BO8 R DV79971 I R 1.646
TaFHB 49 EIO F DV799737 R 2.277
TaFHB 16 FO2 F DV799683 R 2.200
TaFHB 04 FO8 F DV799644 R 1.768
Ta02 18 E05 F DV799622 R 4.075

TaFHB 05 DO3 F DV799633 R 2.131
TaFHB 06 COl F DV799651 R 3.840
TaFHB 36 BO3 F DV799727 R 2.561
Ta02 01 c11 F DV799599 R 1.855

TaFHB 10 8.12 F DV799668 R 1.765
TaFHB 14 G11 F DV799684 R 1.751
TaFHB 06 F08 F DV799643 R 1.628
TaFHB 21 A07 R DV799690 R '1.897

Ta02 19 811 F DV799617 R 1.642
Ta02 17 G03 F 8Q901 590 R 1.6657

TaFHB 12 G01 F DV799675 R 4.170
Ta02 07 F06 F DV799601 R 4.000

TaFHB 01 812 F DV79961 I R 1.801

TaFHB 25 FO6 F DV799712 R 2.104
ïaFHB 03 F09 F DV799640 R 2.292
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a 2.5. (Contrnued tom Drevlous
Clone lD u GenBank bTissues " T/C expression ratios

Uo-requlated Acc. No. Rachis
TaFHB 17 G05 R DV799687 R 1.644
Ta02 17 G04 F DV799613 R '1.539

ïaFHB 23 C05 F DV799705 R 1.914
TaFHB 38 DO3 F DV799730 R 1.549
TaFHB 60 812 F DV799746 R 1.927

TaFHB 32 CO2 R DV799722 R 2.326
TaFHB 08 CO1 F DV799652 R 3.134
TaFHB 60 C03 F DV799748 R '1.964

Down-requlted
TaFHB013 A1 DWg86531 R 0.664
Ta02013 E4 DW986529 R 0.740

TaFHB008 E7 DWg86530 R 0.708
Ta02004 85 DWg86532 R 0.739
Ta02004 C3 DWg86533 R 0.832
Ta02004 F1 DW986536 R 0.683

Ta02019 G11 DWg86539 R 0.762
Ta02004 E10 DWg86535 R 0.744
Ta02012 E7 DWg86538 R 0.678
Ta020'10 A9 DWg86528 R 0.728
Ta02004 D5 DWg86534 R 0.738
Ta02007 F8 DWg86537 R 0.770

TaFHB020 E7 DWg86540 R 0.724
TaFHBO3S A2 DWg86541 R 0.754
ïaFHB050 E4 DWg86542 R 0.743
TaFHBOST A9 DWg86543 R 0.757

u GenBank accession numbers obtained for each EST deposited in the public databases of
the National Centre for Biotechnology Information O{CBI).

b Tissues in which differential regulation was detected: Rachis (R).
' Expression ratio (T/C): Signal intensity ratio of treated (fungus-challenged) over the

, water control (average of 5 biological replications).
" The P-value indicating the level of significance generated by the analysis of variance to

determine the significant differences among tissues.
P-value less than 0.05: significant at the level o : 0.05
P-value less than 0.01: significant at the level s : 0.01

ble
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Annotation and functional classification of differentially expressed genes

The sequence information for the ESTs representing genes that significantly

responded to F. gramineorum infection were determined and deposited in the publicly

available GenBank database G\fCBI) with provided accession numbers. The 250 ESTs

that were identif,red in tissues included 185 ESTs up-regulated and 16 ESTs down-

regulated in response to F. graminearum infection. Putative functions were assigned to

the ESTs based on homology searches. Sequences that produced hits with E- values

greater than 10-s were assigned unknown protein. The functional classifications of

annotated ESTs were determined following the Munich Information Center for Protein

Sequences (MIP S) Functional Catalogue (T able 2.6).

Genes encoding the pathogenesis-related (PR) proteins including the B-1,3-glucanase

(PR-2), chitinase (PR-3) and thaumatin-like proteins (PR-5) were induced in F.

graminearum infected tissues (Table 2.6; Cellular rescue, defense and virulence). B-1,3-

glucanases and chitinases are well-known pathogenesis-related proteins that have been

reported to be induced in response to a broad range of pathogens including fungi

(Leubner-M etzger and Meins, i 999; Neuhaus, I 999; Selitrennikoft 200 1 ; van Loon,

1999).Induction of chitinase is often associated with the induction of B-1,3-glucanases

and other PR proteins (Collinge et al., 1993). Anguelova-Merhar et al. (2001) reported a

rapid increase in the transcript level of B-1,3-glucanase in response to rust infection, with

a much greater induced level in a resistant cultivar than a susceptible one. A similar

observation was made in the resistant cultivar Sumai-3 following inoculation with F.

graminearum.In the resistant cultivar the maximum transcriptional level of both P-1,3-

glucanase and chitinase were reached at or before 24 h after inoculation, whereas this
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level of induction was not achieved in the susceptible genotype until 48 h or later after

inoculation (Li et al., 2001b). The signif,rcant induction of B-1,3-glucanases in response to

F. graminearum infection was also confirmed by 2-dimensional displays of proteins

extracted from infected wheat spikelets (Zhou et a1.,2005). In vitro experiments have

demonstrated the ability of chitinases and,B-1,3-glucanases to partially degrade the cell

walls and inhibit mycelial growth or spore germination of certain pathogenic fungi

(Anfoka and Buchen auer, 7997;Lawrence et al., 1996; Sela-Buurlage et al., 1993). The

antifungal activity of plant B-1,3-glucanases is thought to occur by hydrolyzing the

structural B -1,3-glucanpresent in the fungal cell wall, particularly at the hyphal apex of

filamentous molds where glucan is most exposed, resulting in a weakened cell wall and

consequent cell lysis and cell death (Selitrennikoff, 200 1). Chitinase and B- 1 ,3-glucanase

might also be involved in plant defense indirectly by releasing oligosaccharides such as

glucan and chitin or chitosan fragments frorn fungal cell walls that act as elicitors and

triggers defense responses (Ham et al, l99I; Kim and Hwang, 1997; Okinaka et al.,

1995; Shibuya and Minami,2001).

The significant increase in the level of transcripts encoding thaumatin-like proteins

(TLP) in infected glumes and anthers of the resistant line 93FHB37 indicated that TLPs

arc part of the wheat resistance reaction to F. gramineorum infection. Thaumatin-like

proteins have been reported to exhibit antifungal activity in vitro and some are shown to

have B-1,3-glucanase activity (Cheong et a1.,1997; Vigers et al., 1992). Thaumatin-like

proteins have been isolated from several plant species including cereals such as rice,

wheat and barley (Hejgaard et al.,1992; Huynh et al., 1992; Koiwa et al., 1997). In an

attempt to use genetic engineering to achieve an enhanced level of resistance to F.
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graminearum, Chen et al. (1999) introduced a rice TLP gene (tlp) into the spring wheat

cultivar Bobwhite by transformation. Transgenic plants expressing the tlp gene showed a

significant delay in developing FHB symptoms after inoculation with conidia of F.

graminearum in greenhouse trials. Mackintosh et aI. (2004) reported similar observations

indicating that over-expression of TLPs in wheat and barley transgenic lines resulted in

enhanced resistance towards FHB when compared to the untransformed control plants.

The results from a later study on transgenic plants suggested that the defense response

genes such as B-1,3-glucanase, chitinase and TLP might mostly contribute towards type

II resistance than type I resistance to FHB. Evaluation of transgenic plants co-expressing

a chitinase and B-1,3-glucanase gene combination, and a rice thaumatin-like protein gene

(tlp) under field conditions showed that none of the transgenic lines had resistance to

FHB in the field under conditions of strong pathogen pressure. This observation suggests

that these plants lacked effective resistance to initial infection or type I resistance (Anand

et a1.,2003).

The significant increase in the level of transcripts encoding proteins related to active

oxygen species (AOS) such as ascorbate peroxidase (AXP), monodehydroascorbate

reductase and metallothionein (MT) genes were detected (Table 2.6; Cellular rescue,

defense and virulence). The induced level of AOS-related genes indicated the induction

of an oxidative stress in response to F. gramineorum infection. In agreement with our

observation, Zhou et al. (2005) using two-dimensional displays of proteins, recently

identified several up-regulated proteins with antioxidant function and concluded that F.

graminearum infection triggers the induction of an oxidative burst of H2Oz in infected

wheat tissues. Putative plant peroxidases are known to contribute to the production of
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AOS such HzOz (Blee et al., 2007, Bolwell etalr,1995) and hydroxyl radicals (Chen and

Schopfer, 1999). Plant cells often produce AOS such as superoxide radicals (Oz-),

hydrogen peroxide (HzOz) and hydroxyl radicals (OH) as a first reaction to contact with

pathogens (Kauss et al., 1999). The induced level of AOS can exert detrimental effects on

both host and pathogen tissues by damaging membranes, proteins, chlorophyll, and

nucleic acids (Pryor,1997). Plant cells react to the noxious effects of AOS by timiting

their production and by AOS scavenging. Ascorbate peroxidase catalyzes the scavenging

of AOS and is part of the plant defence system against toxic oxygen intermediates

(Mittler, 2002). The enzyme monodehydroascorbate reductase is involved in rnaintaining

metabolites that are required for AOS- scavenging activity of AXP (Roxas et al., 2000).

The production of AOS in response to the various biotic and abiotic stresses is

reported to result in the induction of metallothionein (MTs) genes Q.{avabpour et al.,

2003), a group of small, cysteine-rich, metal-binding proteins that are commonly

expressed during different stress responses (Klaassen et a1.,1999). The induction of MT

genes was reported in mesophyll cells neighboring the infection site of an incompatible

plant pathogen interaction (Butt et al., 1998). MTs are known to play a role in metal

homeostasis (Cobbett and Goldsbrough, 2002). However, they have been shown to be

located in the nucleus suggesting a possible regulatory function for MT protein (Barth et

aL,2004).In this study, the significant induction of MTs was detected exclusively in the

lachis. Fungal growth through vascular bundles in the rachis and rachilla is considered

the principal mode of fungal spread within infected wheat spikes (Pritsch et aL.,2000;

Ribichich et al., 2000; Wanjiru et al., 2002). The examination of the extent of invasion of

rachis internodes during FHB infection has been suggested as a satisfactory parameter for
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the evaluation of the level of FHB resistance in wheat cultivars (Ban,1997). A recent

study indicated that the spread of F. graminearum through the parenchyma and vascular

tissues of the rachis was considerably slower in the resistant Sumai-3 than the susceptible

cultivar Roblin (Miller et a1.,2004). Similarly, time course studies revealed a marked

difference in the rate of fungal colonization of the rachilla and rachis tissues between the

susceptible and resistant cultivars infected by F. culmorum (Kang and Buchenauer,

2000c).

The level of transcripts encoding the heat shock protein (Hsp70) was significantly

increased in F. graminearum-challenged tissues (Table 2.6;Prctein fate (Folding,

modification, destination)). Synthesis of such proteins has been reported to increase after

various forms of abiotic and biotic stress (Lu et a1.,2003; Wang et a1.,2004). These

molecular chaperones function by helping in the folding of nascent polypeptide chains,

refolding ofdenatured proteins and prevention ofirreversible protein aggregation and

insolubilization (van Montfort et alr,2002). They increase the rate of folding and thus

increase the resistance of cells to biotic or abiotic stresses.

The data (Table 2.6) suggest that pathogen-induced, signal transduction pathways

play a role in the wheat response to F. graminearum infection. These include sequences

that show homology to the receptors of disease resistance (R) genes, proteins such as

phosphatidylinositol synthase that are involved in major signaling pathways, putative

receptor-like kinase proteins and sequences with the conserved domain of the WRKY

transcription factor super family. These signal transduction pathways have been shown to

be highly specif,rc for particular pathogen races. This result was surprising since the

wheat--P. graminearunt interaction is generally considered to be race non-specific (van
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Eeuwijk et al., 1995).

The majority of cloned R genes encode for cytoplasmic proteins with conserved

motifs including an N-terminal coiled-coil (CC) or Toll/Interleukin-1 receptor-like (TIR)

domain, a nucleotide binding site (NBS), and C-terminal, Leucine-rich repeats domains

(LRR) (McDowell and Woffenden, 2003; Martin et a1.,2003). The LRR motif is

involved in protein-protein or receptor-ligand interaction and its role in resistance

proteins is presumed to be that of direct or indirect recognition of the pathogen avirulence

gene products (Kobe and Deisenhofer,1994). The NBS-LRR class of R genes is

abundant in plants. For example, there are at least 200 different genes of this class in

Arabidopsis (Meyers et al., 1999). This class of genes has been shown to be inducible

upon fungal stress in rice (Shirn ef a1.,2004); although, in our study, they were only

induced in wheat anthers. Hart et al. (2005) reported several resistance genes encoding

proteins with NBS and LRR domains that were significantly up-regulated in Arabidopsis

cell cultures exposed to DON, a toxin produced by F. graminearum. Their findings

suggest that DON triggers a pathway which plays a primary role in the initiation of a

specific defense response.

Inoculation of wheat anthers by F. graminearum triggered the induction of a genes

encoding sequences carrying the conserved domain of the WRKY transcription factors.

The WRKY proteins are a super family of transcription factors involved in the signal

transduction pathways that are reported to be induced early upon pathogen attack. There

are up to 100 different members in Arabidopsls (Eulgem et a1., 2000). This class of

DNA-binding proteins recognizes the W-box of promoters of a large number of defense-

related genes that are unique to plants. A gene encoding a protein with the conserved
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domain of the WRKY transcription factors was significantly up-regulated exclusively in

the anthers of F. graminearum-challenged wheat spikes.

Induction of a putative receptor-like kinase protein in infected tissues suggested the

activation of pathogen-induced signal transduction pathways that may play a role during

wheat-F. graminearum interactions. A study on wheat near-isogenic lines carrying

different leaf rust resistance genes led to identification of a polymorphic DNA fragment

that encoded a receptorlike protein kinase and was mapped to the LrlO disease resistance

locus (Feuillet et al., 1997). The rice Xa2l gene that confers a high level of resistance to

Xanthomonas oryzae pv. oryzae race 6 encodes a receptor kinase-like protein that carries

both a leucine-rich repeat motif and a serine-threonine kinase-like domain, suggesting a

role in cell surface recognition of a pathogen ligand and subsequent activation of an

intracellular defense response (Song et al., 1995). Furthermore, the resistance gene Rpgl

that provides a durable protection against stem rust in barley encodes a receptor-like

kinase protein (Brueggeman et al., 2002). The significant induction of a gene encoding a

putative receptor-like kinase protein was detected in the infected glumes. Following the

infection by F. graminearum, the level of the transcript encoding the receptor-like kinase

protein was also increased in the other bract tissues lemma and the palea, but the most

significant increase was detected in the tissue of glumes.

A significant increase in the level of transcripts encoding an alpha-

mannosyltransferase-like protein that is known to be involved in glycosylphosphatidyl

inositol (GPÐ biosynthesis pathways was detected in infected anthers (Table 2.6; Protein

fate (Folding, modification, destination)). Glycosylphosphatidylinositol membrane

anchors are involved in post-translational modification of cell wall localized proteins. A
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plasma membrane is an organized system that serves as a structural and communication

interface with the extra cellular environment for exchange of information and substances.

In plant cells, signalling processes controlling responses to biotic and abiotic factors

occur inthe plasma membranes (Harvey et al.,2001). Furthermore, plasma membrane

enzyme complexes are involved in the synthesis and extrusion of cellulose microfibrils

into the cell wall. The plant's extracellular matrix is composed of polysaccharides,

proteins, and glycoprotein. The synthesis and organization of cellulose and xyloglucan

polymers largely determines the mechanical characteristics of the wall (Williamson et al.,

2002). The final destination of GPl-anchored proteins is the plasma membrane, where the

anchor allows hydrophilic polypeptides to stably associate with the extracellular face of

the membrane. GPl-anchored proteins (GAPs) have been implicated in many processes.

The study of mutations in five genes that were required for the accumulation of GAPs

suggested that these proteins play an important role in cell wall synthesis (Gillmor et al.,

2005). In plants, GAPs include a broad range of proteins present in the plasma membrane

including B- 1, 3 - glucanases, metalloproteases and aspartylproteases,

glycerophosphodiesterases, ph¡ocyanins, multi-copper oxidases, extensins, classic

arabinogalactan proteins, plasma membrane receptors, peptides, and lipid transfer-like

proteins (Borner eta1.,2002,2003; Sherrier etal.,1999). The study of mutants for genes

involved in GPI biosynthesis in Arabidopsls resulted in the identification of several genes

encoding GAPs that were expressed in pollen. Many identified candidate proteins were

homologous with proteins involved in cell wall synthesis and remodeling or intercellular

signaling and adhesion (Lalanne et a1.,2004).

Genes encoding a class of proteins called syntaxins, that are involved in regulating
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vesicle fusion with the target membrane as well as, genes encoding plasma membrane

intrinsic proteins, were significantly induced in response to F. graminearum infection

(Table 2.6; Cellular transport, transport facilitation and transport routes). Vesicle

trafficking is an essential function in all eukaryotic cells (Sanderfoot and Raikhel,1999;

Sanderfoot eta1.,2001). Syntaxins arc apart of a larger structural group of proteins

called soluble l/-ethyl malemide sensitive factor adaptor protein receptors (SNAREs), all

of which are membrane proteins that contain a conserved coiled-coil domain (called a

SNARE helix) proximal to a C-terminal transmembrane domain or lipid anchor.

Syntaxins are required on the target membrane for selection and fusion of vesicles. These

proteins are involved in regulating vesicle fusion with the target membrane and delivery

of the cargo into the lumen or limiting membrane of a particular organelle (Conceição et

al.,1997; Lukowitz et al., 1996).

The wheat Íesponse to F. gramineorum infection included changes in the translation

machinery (Tables 2.6; Protein Synthesis). Several ribosomal proteins (RPs) and

translation elongation factors (TEF-1) were identified with significantly induced level of

transcription in the fungus-challenged tissues. The significant induction of genes

encoding RPs and TEF-1 transcripts in infected tissues of the glume and palea indicated

that the FHB-resistant line 93FHB37 responses to F. graminearum infection included

considerable changes in the protein translation machinery in infected tissues.

Trichothecene toxins such as deoxynivalenol (DON) produced by the fungus are able to

block eukaryote peptidyl transferase activity at the initiation of elongation, thereby

inhibiting protein synthesis (Poppenberger et aL,2003). Kruger etal. (2002) reported

several ribosomal proteins (RPs) and translation elongation factors that were induced in
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wheat tissues following infection by F. grøminearum. Results from a later study showed

that ribosomal proteins are atargef for DON. Di and Tumer (2004) reported a wheat

transgenic line over-expressing ribosomal proteins, which resulted in increased resistance

to DON. In agreement with previous findings, we have identified several RPs and

translation elongation factors (TEF-1) that were signif,rcantly induced in the fungus-

challenged organs of glume, palea and rachis.

The fungal infection resulted in a significant increase in the level of polyphenol

oxidase in infected tissues (Table 2.6; Cellular rescue, defense and virulence).

Phenylpropanoid metabolism has been implicated in plant defenses against both biotic

and abiotic stresses (Dixon and Paiva, 1995). The enzymes cinnamate 4-hydroxylase

(C4H) and polyphenol oxidase were significantly induced in F. gramineorum challenged

tissues (Table 2.6;Metabolism, Cellular rescue, defense and virulence). The C4IJ enzyme

catalyzes the second reaction of the phenylpropanoid pathway, which gives rise to a wide

artay of important metabolites including lignin (Ro and Douglas, 2004). Lignin is a

complex of polyphenolic structures responsible for the thickening and strenglhening of

plant cell walls. Examination of the level of lignin content in wheat tissues infected by F.

culmorum showed that the accumulation of lignin was greater in resistant wheat cultivars

than in susceptible ones (Kang and Buchenauer,2000c). A rapid deposition of lignin into

plant cell walls as an early reaction to fungal attack provides an effective barrier to the

penetration and growth of many pathogenic fungi (Dushnicky et alr, 1998). The increased

level of transcripts encoding polyphenol oxidase provides fuither evidence of changes in

the content of phenolic compounds in the examined tissues following infection by F.

graminearum.These proteins catalyze the oxidation of phenols to quinines (Mayer and
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Harel, 1919).

A total number of 108 (50%) sequences represented novel transcripts of unknown

function for which BLAST searches yielded no homology in the databases (Table 2.6,

Unclassified Proteins). This result was very similar to Kruger et al. (2002) where 49%o of

the total FHB-induced, EST sequences were of unknown function. The BLAST search

against the F. graminearum genome and COGEME fungal databases showed that none of

the sequences identified as differentially-expressed during F. graminearum infection

originated from the fungal genomes. These fungal sequences were most likely of low

abundance as the RNA was isolated from plant organs just24 hr after inoculation with

the fungus.
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Table 2.6. Annotation and functional classification of expressed sequence tags (ESTs) that showed a differential regulation in
tissues of wheat spikes infected by Fusari

Up-requlated

Clone lD

TaFHB 18 E10 F

TaFHB 12 H1O R
TaFHB 08 812 F

TaFHB 13 G1O F

Ta02 14 408 F

uGenBank
n

TaFHB 12 DO1 F

Acc. No.

TaFHB 23 CO5 F

TaFHB 03 C12 F

DV799695

TaFHB 64 AO5 F

DV799678

oT¡ssues

TaFHB 52

DV799649

artunl sranxtnearum.

TaFHB 36 CO8 F

DV799677

TaFHB '14

DV799606
DV799664

R

Ta02 05 406 F

809

DV799705

P

Ta02 15 A01 F

DV799631

Metabolism

F

AO

R

1a02 15 A05 F

DV799743

Phosphatidylinositol sVnthase

TaFHB 22

J

R

DV799735

Methionine svnthase enzvme

F

G

TaFHB 20

DV799729

Methionine svnthase e

P

DV799679

R,P

Glvceraldehvde 3-ohosohate dehvdrooe

G,L,P,R

'Annotation

Glvceraldehvde 3-phosphate dehvdroqenase

E3F8

404

DV799600

Glvceraldehvde 3-phosphate dehvdroqenase

R

D09

DV799605

GlyceraldehVde 3-phosphate dehvdroqenase

F

R

TaFHB 49 G12 F

8Q901689

Glycera ldehyde-3-phosphate dehvd roqenase

F

R

TaFHB 57 AO4 F

DV799701

Dihvdroneopterin aldolase

G

TaFHB 04 BO3 F

DV799694

Dihydroneopterin aldolase

TaFHB 06

nzvm

" Blastx

Cinnamate-4-hvdroxvlase

L

CER I, putative

Lr

NP1 9931 B

e

Enerqv

P

Ubiquinol-cvtochrome c reductase. o

F

R

DV799739

04

Chlorophvll a/b-bindinq orotein WCAB Þrecursor

R

DV799744

Chlorophvll a/b-bindinq protein WCAB Þrecursor

F

DV799626

Photosvstem ll 10K orotein

DV799659

nase

A

" Species

Photosvstem ll 10K orote

Orvza sativa
Hordeum vulqare

Transcription
Transcription factor (WRlfi DNA -binding
domain)

Hordeum vulqare

R

Hordeum vulqare

R

Protein svnthesis

Hordeum vulqare

G

40S ribosomal protein S15A

Hordeum vuloare

R

40S ribosomal protein 515A

Hordeum vulqare

'E value

40S ribosomal orotein S25

Hordeum vulqare

40S ribosomal protein 25S

Oryza sativa

3e-34

utative

tn

Orvza sativa

1e-52

Gossvpium arboreum

5e-77

Oryza sativa

4e-62
1 e-84

Arabidopsis thaliana

3e-82

Triticum aestivum

3e-86

Triticum aestivum

2e-79

Triticum aestivum

5e-29

Triticum aestivum

5e-29
2e-05
1e-17

Arabidopsis thaliana

108

4e-12

Arabidoosis thaliana

9e-73

Arabidonsis thaliana

1e-76

Orvza sativa

7e-20

Oryza sativa

4e-18

8e-47

5e-61

2e-61

1e-18

1e-18



Table2.6able'2.6. (Contlnued fiom

Up-requlated

Clone lD

Ta02 14 801 F

TaFHB 20 BO2 F
TaFHB 33 EO5 F
TaFHB 26 810 F

TaFHB 33 EO1 F

" GenBank

Ta02 02 H11 F

Acc. No.

TaFHB 28 H12 F

TaFHB í0 C10 F

DV799608

TaFHB 2

US

DV799692

TaFHB 38 DO3 F

oT¡ssues

DV799724

Ta02 15 CO4 F

DV799717

TaFHB 60 812 F

0

DV799723

TaFHB 60 CO3 F

402

8Q902283

TaFHB 22 FOs R

R

DV799725

G.R

TaFHB 32

F

DV799663

þ

Protein svnthesis

DV799691

,R

605 ribosoma

G

TaFHB 50 B06 F

DV799730

G

605 ribosoma

TaFHB 60 BO4 F

DV799609

,P
G

60S ribosoma

c02

fao2 16 C12 F

DV799746

,R
G

605 ribosoma

Ta02 16 D10 F

DV799748

,P

605 ribosoma

R

TaFHB 33 BOB R

G

DV799708

" Annotation

60S ribosoma

prote

Ta02 12 H08 F

G

DV799722

R,P

R

prote

TaFHB 64 DO2 F

bosomal protein L13a

n Ll0

R

prote

P

DV799736

bosomal protein L13a

R,P

R

n 110

prote

DV799745

R,P,G

bosomal protein S10
E

F4G6T7

n 110

protein L10

DV7996'10

onqation factor 1 alpha-subun
E

n 110

TaFHB 49 E1O F

protein L10

R

o Blastx

DV79961 I

ongation factor 1 alpha-subun

R

TaFHB 19

E

,P

DV799719

onqation factor 1 alpha-subun
Elonqation factor

DV799603

Elongation factor 1 alpha-subunit (TEF

P

DV799750

Elongation factor 1 alpha-subun¡t (TEF1)

P

Protein fate (folding,

c06

P

P

Heat shock protein

NP1 95236

,R

R

Heat shock protein 70

DV799737

R

1a

Heat shock protein

" Species

G

DV799693

Solanum tuberosum

A,R

lpha-subunit (TEF1

Heat shock protein 70

Solanum tuberosum

Vacuolar sortinq receptor protein, putative

(TEF1)

Solanum tuberosum

Derl-like protein

(TEF1)

Solanum tuberosum

Atp

A

ITEFl )

modification, destination)

Solanum tuberosum

70

Cellu lar transport, transport facilitation and
transport routes

R

ha-man nosvltransferase-like

Solanum tuberosum

A

'E value

,G

Triticum aestivum

70

Plasma membrane intrinsic protein (water channel)

)

Triticum aestivum

ADP-ri bosylation factor

1

7e-71

)

Orvza sativa

Syntaxin of plants 52

7e-71

Hordeum vulqare

7e-7,.tr

Triticum aestivum

7e-71

Triticum aestivum

7e-71

Triticum aestivum

7e-71

Hordeum vulqare

1e-30

Hordeum vulqare

5e-23
1e-08

Oryza sativa

6e-62

Oryza sativa

9e47

Orvza sativa

4e-49

Oryza sativa

4e-84

Oryza sativa

109

3e-81

Zea mavs

5e-56

Orvza sativa

1e-42

Arabidopsis thaliana

1e-42

1e-42

Oryza sativa

1e-42

Oryza sativa

4e-83
5e-56
1e-44

4e-52
1e-50
2e-06



Table 2.6. (Continued from

Glone lD

Uo-requlated
TaFHB 16 FO2 F
TaFHB 04 FOB F
TaFHB 37 EO7 F

" GenBank

TaFHB 36

Acc. No.

TaFHB 32 806 F

Ta02 15 804 F

ous

TaFHB 05 E02 F

DV799683

TaFHB 13 F02 F

D02

DV799644

oT¡ssues

TaFHB 14

DV799732

F

Ta02 19 C05 F

Ta02 09 812 F

DV799731

TaFHB 21

DV79971 I

TaFHB 01

R

H03

8O901699

Cellular communication/signal transduction
mechanism

TaFHB 13

R

DV799639

F

TaFHB 64 GO3 F

t

DV799673

Leucine-rich repeat protein

TaFHB 02 D08 F

H

DV799688

02

Leucine-rich repeat

TaFHB 25 A06 F

G

A

8Q901408

02

Receptor-like kinase Xa21 -bindin

F

ÏaFHB 50 HO6 F

G

F1

8Q901892

G,P

Cellular rescue, defense and virulence

F

TaFHB 16 G11 F

2

DV799700

'Annotation

F

Beta-1 ,3-qlucanase

TaFHB 25 H02 F

G

DV799616

Beta-1 .3-qlucanase

TaFHB 04 E10 F

L

DV799674

Beta-1 .3-olucanase

TaFHB 02 H09 F

G

DV799754

b

Beta-1 ,3-qlucanase

TaFHB 07 BO9 F

DV799635

,R

pro

Ta02 05 C07 F

Beta-1 ,3-qlucanase

(J

DV799703

tein

Beta-1 .3-olucanase

TaFHB 33 H02 F

b

DV799742

'Blastx

Beta-1 .3-qlucanase

G

DV799686

Beta-1 .3-qlucanase

G

DV799716

Beta-1 ,3-qlucanase

(J

DV799638

Beta-1 ,3-qlucanase

q0

G

DV799645

Beta-1 .3-qlucanase

rot

G

DV799647

Beta-1,3-q

G

8Q902163

Beta-1,3-q

G

DV799726

Beta-1.3-o

Li

" Species

Beta-1.3-o

P,L

Oryza sativa

ucanase

G,P

class

G,L

Oryza sativa

ucanase

class

Orvza sativa

,P

ucanase

G,P

class

chit
ucanase

class

G

chi

Hordeum vuloare

nase

class

chit

Hordeum vulqare

'E value

nase

class

chitinase

Hordeum vulqare

nase

class

chitinase

Hordeum vulqare

2e-44

chitinase

Hordeum vulqare

2e-44

chitinase

Hordeum vuloare

2e-36

Hordeum vulqare
Hordeum vulqare

1e-09

Hordeum vulqare

2e-13

Hordeum vuloare

2e-27

Hordeum vulqare

4e-26

Hordeum vulqare

1e-26

Hordeum vulqare

Be-1 3

Hordeum vuloare

8e-1 3

Hordeum vulqare

Be-1 3

Triticum aestivum

110

8e-1 3

Triticum aestivum

8e-1 3

Triticum aestivum

8e-1 3

Triticum aestivum

8e-1 3

Triticum aestivum

8e-13

Triticum aestivum

9e-1 3

Triticum aestivum

9e-1 3

2e-26
4e-25
2e-26
2e-26
2e-26
4e-26
4e-26



able 2.6. (Continued from

Clone lD

Up-requlated
TaFHB 57 GOl F

TaFHB 09 EO6 F
Ta02 02 D03 F

TaFHB 17

TaFHB 09 F11 F

" GenBank

f a02 14 A10 F

Acc- No.

TaFHB 18 GO5 F

TaFHB 10

c09

DV799753

10us

-1a02 12 E03 F

DV799657

Ta02 18 E05 F

F

oT¡ssues

B,Q902441

ÏaFHB 05 DO3 F

DV799682

e

TaFHB 06 CO1 F

F

DV799658

02

TaFHB 36 803 F

DV799607

F

Ta02 20 E03 F

P

DV799697

G1G7

G

DV799670

G,P

Cellu

G3C1

DV799602

G

class

,L

M3OF5

DV799622

,P

class

ar rescue, defense and virulence

P

DV799633

class

Ta02 20 G11 F

G

DV799651

ch

class

Ta02 01 G11 F

A

DV799727

ch
tnase

Class I chitinase

G

ïaFHB 06

ch

tinase

8Q901288

'Annotation

Thaumatin-like protein TLP4

TaFHB 10 812 F

Lt

ch

trnase

NP'174620

Thaumatin-like protein TLP4

TaFHB 14 G11 F

R

NP1 95056

trnase

Ascorbate peroxidise

TaFHB 06 F08 F

R

NP1 99463

Monodehyd roascorbate red uctase

TaFHB 21 AO

802

R

Metal

Ta02 19 811 F

R

8Q901 31 0

Metal

F

G

" B¡astx

DV799599

Metal

othionein

A

DV799648

Metal

othionein

A

DV799668

othionein

Polvohenol oxidase

A

7R

DV799684

D

othionein

DV799643

sease resistance protein (CC-NBS-LRR class)
D

G

DV799690

sease resistance protein (CC-NBS-LRR class)
D

R

DV799617

sease resistance protein (TlR-NBS-LRR class)
Unclassified proteins

G

Hvpothetical orotein

'Species

R

Triticum aestivum

Hvpothetical orotein

R

Triticum aestivum

Expressed protein

R

Triticum aestivum

Unknown prote

R

Triticum aestivum

Unknown prote

R

Triticum aestivum

Unknown orote

Hordeum vulqare

Unknown prote

'E value

Hordeum vuloare

Unknown prote

Orvza sativa

4e-26

n

Oryza sativa

2e-26

n

Triticum aestivum

5e-26

n

Triticum aestivum

2e-26

n

Triticum aestivum

5e-26

n

Triticum aestivum

7e-20

Triticum aestivum

2e-18

Arabidopsis thaliana

1e-18

Arabidoosis thaliana

1e-11

Arabidoosis thaliana

2e-22
2e-22

Oryza sativa

2e-22

Seca/e cereale

2e-22

Oryza sativa

111

1e-14

Orvza sativa

1e-28

Orvza sativa

4e-29

Oryza sativa

6e-40

Oryza sativa
Oryza sativa

4e-10
9e-52
2e-09
1e-12
4e-57
2e-5O

6e-77
1e-74



able'2.6. (Continued from previousbl

Up-requlated

Clone lD

TaFHB 10

TaFHB 08 EO9 F
TaFHB 57 C01 F

TaFHB 64 FO2 F

TaFHB 08 CO1 F

A

" GenBank

10

TaFHB 09 EO2 F

Acc. No.

F

Ta02 09 D01 F
TaFHB 57 H11 F

DV799661

faFHB 14

DV799654

TaFHB 07

oT¡ssues

DV799747

Ta02 17 402 F

DV799751

TaFHB 11 E09

DV799652

TaFHB 11 F12 F

AO2

DV799656

Ta02 16 Ê12 F

G

E04

8Q901 900

F

Ia02 17 G03 F

Lt

DV799756

G

Unclassified proteins

F

Ta02 08 403 F

DV799681

,P
t

Unknown protein

TaFHB 12 GO1 F

DV799655

,P

F

Unknown protein

R,P

Ta02 07 F06 F

8Q901 535

Unknown protein

TaFHB 01

G

DV799667

Unknown orotein

TaFHB 25

G

DV799672

G,L

Unknown protein

TaFHB 04

DV799612

" Annotation

Unknown orotein

TaFHB 03 FOg F

G

8Q901 590

G,P

Unknown protein

TaFHB 08 G07 F

B

8Q902070

12

Unknown prote

TaFHB 05 All F

F

DV799675

L

06

Unknown orote

F

TaFHB 39 C11 F

BO

P

DV799601

G,L,P

F

Unknown prote

TaFHB 03 E1O F

2

DV799619

Unknown prote

F

t

" Blastx

DV799712

Unknown prote

R

DV799627

Unknown prote

P

DV799640

n

Unknown orote

R

DV799ô60

n

Unknown orote

R

DV799625

n

Unknown prote

R

n

DV799728

Unknown prote

R

DV799637

n

Unknown orote

G

n

Unknown prote

R

" Species

n

Unknown prote

o

n

Unknown protei

o

n

Unknown orotein

o

n

Unknown orotei

o

n

Unknown orotei

n

Unknown protei

'E value

n

Unknown protei

n

n

n

n

n

lt2



able 2.6. (Continued fiom

Clone ID

Up-requlated
Ta02 04 E04 F
TaFHB 04 FO7 F

TaFHB ô4 FO6 F

TaFHB 57

TaFHB 22 GO6 F

" GenBank

TaFHB 01 D07 F

Acc. No.

TaFHB 06 DO7 F
TaFHB 25 C01 F

G04

8Q902384

ous Dase

TaFHB 25 HO7 F

DV799641

TaFHB 02

F

DV799752

Tissues

ÏaFHB 25 F11 F

DV799755

TaFHB 26 C09 R

DV799714

TaFHB 38 F06 F

DV799620

o

TaFHB 10

AO

DV799653

TaFHB 01 D1O F

o

5

DV799707

Unclassified proteins

F

TaFHB 33

o

DV79971 5

Unknown protein

TaFHB 22 F11 F

o

DV799624

Unknown protein

TaFHB 05

o

G08

DV799710

Unknown protein

TaFHB 03 COs F

o

DV799720

Unknown protein

TaFHB 05 806 F

o

F

805

DV799733

Unknown protein

TaFHB 15 c01 F

o

" Annotation

DV799676

Unknown protein

F

TaFHB 11 F03 F

o

F

DV799621

05

Unknown prote

o

TaFHB 23 F1O R

DV799759

Unknown prote

F

TaFHB 12 AO8 F

o

DV799709

Unknown prote

Ta02 03 803 F

o

DV799642

Unknown prote

o

Ta02 20 F07 F

DV799629

Unknown prote

o Blastx

o

DV799628

Unknown prote

o

n

DV799685

Unknown protein

o

n

DV799669

Unknown protein

o

n

DV799711

Unknown protein

o

n

DV799662

Unknown protein

o

n

DV799597

Unknown protein

o

n

8Q901 302

Unknown protein

o

Unknown protein

'Species

o

Unknown protein

o

Unknown protein

o

Unknown protein

o

Unknown protein

o

Unknown protein

Unknown protein

'E value

Unknown protein
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able 2.6. (Continued frombl

Clone lD

Up-requlated
Ta02 18 409 F

TaFHB 50 c10 F

TaFHB'10
Ta02 17 409 F

TaFHB 02

" GenBank

ra02 01 E09 F

Acc. No.

TaFHB 50 c08 F

F06

TaFHBO6O D12 F

DV799614

ous

F

TaFHB 01

D02

DV799741

TaFHB 02 D05 F

oTissues

DV799671

F

TaFHB 19 H1O F

8Q901542

TaFHB 03 CO6 F

DV799634

TaFHB 03

H09

DV799598

Ta02 O7 C04 F

o

DV799740

F

TaFHB 23 c09 F

o

DV799749

Unclassified proteins

TaFHB 24

o

DV799623

Unknown protein

TaFHB 05 H06 F

D04

o

DV799632

TaFHB 17

Unknown prote

o

DV799699

Unknown pr^ote

TaFHB 60 H07 F

F

o

DV799630

TaFHB 18

Unknown prote

408

o

DV799636

Unknown prote

TaFHB 18 F07 F

o

8Q902021

"Annotation

F

Unknown protein

TaFHB I5 AO5 F

G05

o

DV799713

Unknown protei

TaFHB 20

o

n

DV799702

R

TaFHB 23 806 R

Unknown protei

H02

o

DV799646

n

Unknown protein

TaFHB 24 C11 F

o

DV799687

n

F

TaFHB 32

Unknown protein

o

DV799757

n

Unknown protein

AO

o Blastx

o

DV799698

Unknown protein

1

o

DV799696

n

R

Unknown protein

o

n

DV799680

Unknown protein

403

A

DV799689

Unknown protein

R

DV799704

G,P

R

Unknown protein

DV799706

Unknown prote

o

DV799758

Unknown prote

G

Unknown prote

" Species

G

Unknown protei

G

Unknown protein

(-]

A

Unknown protei

,G

n

Unknown protei

G

n

Unknown protein

n

Unknown protein

'E value

n

Unknown protein

n

n

TT4



Table2.6a e

Clone lD

Up-requlated
Ta02 14 403 F

ontrnued from previous

Ta02 17 G04 F

Ta02 20 405 F

Ta02 20 805 F

TaFHB 09

u GenBank

TaFHB 10 D02 F

Acc. No.

TaFHB 11 D02 F

TaFHB 28 COg F

DV799604

TaFHB 52

806

DV7996l 3

TaFHB 52 F12 F

oT¡ssues

DV799615

F

Down-requlated

DV799618

TaFHBO13 A

DV799650

AO

DV799665

2

Ta02O13 E4

G

DV799666

F

DV799721

R

Unclassified proteins

G

DV799734

1

Ta02010 A9

Unknown protein

o

DV799738

TaFHBOOB E7

Unknown protein

G

Unknown protein

A

DWg8653'1

Unknown protein

G

Ta02004 85
Ta02004 C3

Unknown protein

G

" Annotation

DWg86529

Unknown protein

fa02004 D5

G

Unknown protein

Ta02004 E10

G

Unknown protein

Ta02004 F1

DWg86528

A,R

Unknown orotein

Ta02007 FB

DWg86530

Unknown protein

A,R

Metabolism

o Blastx

DWg86532

Succinvl-CoA li

DWg86533

Energy

DWg86534

R

Liqht-harvestinq complex lla orotein

DWg86535

A

Gellular transport, transport facilitation
transport routes

,R

DWg86536
DWg86537

A

PIP aquaporin isoform

,R

qase

A,R

Mitochondrial phosphate translocator

'Species

Unclassified proteins

P,A,R
R

Unknown protein

A,R

Unknown protein

Unknown protein

R

Unknown protein

Unknown protein

Unknown protein

'E value

Oryza sativa

and
Hordeum vulqare

Hordeum vulqare
Zea mavs

7e-51

115

1e-44

Oryza sativa
Arabidopsis thaliana

9e-68
3e-08

2e-17
5e-16



able 2.6. lContinued from

Clone lD

Down-requlated
Ta02012 E7

Ta02019 G11

TaFHB020 E7

TaFHB038 A2

" GenBank

TaFHB050 E4

TaFH8057 A9

Acc. No.

u GenBank accession numbers obtained for each EST deposited in the public databases of the National Centre for
. Biotechnology Information (NCBI).
b Tiss,r"s in which differential regulation was detected: Glume (G), Lemm a (L),Palea (P), Anther (A), Ovary (O) and Rachis

(R).
'The 185 ESTs up-regulated and 16 ESTs down-regulated at 24h after Fusarium graminearum inoculation are listed by
functional classes according to the FunCat scheme.

d Blastx is a program that finãs similar protein to the target sequence. Blastx converts a nucleotide query sequence into protein
sequences in all 6 reading frames. The translated protein products are then compared against the NCBI protein databases.

'Species indicates the source organism for the annotated protein.
'The E-value is a measure of the reliability of the annotation and indicates the signihcance of the match.

o An E < e-s of an alignment means that that alignment is highly unique, and not due to error.
. An E ì e-6 means that the alignment might be strong, but more research is needed to verify.

DWg86538
DWg86539

ous page).

DWg86540

o T¡ssues

DWg86541
DWg86542
DWg86543

P,A,R
A,R

Unclassified proteins

R

Unknown prote

R

Unknown prote

R

Unknown orote

R

Unknown orote
Unknown prote

'Annotation

Unknown prote

n

n

n

n

n

" Blastx

n

'Species

Oryza sativa

'E value

4e-34

116



Contig assembly

The CAP3 assembly program was used to group ESTs into contigs with a minimum

match of 40 and a minimum score of 90. Of the 185 up-regulated ESTs, 51 (27Yo) were

found as singletons with only one EST. Of the remaining ESTs, 52 (25%) were found in

contigs with 4 or fewer ESTs. Contigs with five to fifteen ESTs (21%) were classified as

abundant gene transcripts. A single contig (DV799653) from the ovary contained an

abundant number of transcripts of unknown function having 43 (23 %) of the total

number of ESTs. Each EST in a contig represents a transcript either from the same gene

(overlapping sequences) or from multiple paralogous members of a multigene family.

This analysis revealed that the identified ESTs in fact originated from 7 5 up-regulated

and 16 down-regulated unigenes from all six organs showing a differential regulation in

response to F. graminearum infection (Table 2.7).Eachunigene represents a set of

transcript sequences that appear to come from the same transcription locus.

TTl



Table 2.7 . Functional classes of unigenes that showed a differential regulation in tissues
of wheat s es infected bv Fusarium sraminearum

GenBank
oTissues c Annotation

No. of Exoression

" Acc. No. o ESTs " ratio lTlC)
Up-requlated Metabolism

DV799695 R Phosphatidvlinositol svnthase 1 3.97
DV799649 P,R Methionine sVnthase 2 1.82
DV799705 G,P,R Glyceraldehvde 3-phosphate dehvdroqenase 4 1.77

DV799631
G,L,P,R

Cytosolic glyceraldehyde-3-phosphate
dehvdroqenase 1

2.05

DV799735 R Dihvdroneopterin aldolase, putative 2 2.05
DV799729 R Cinnam ate-4-hvd roxvlase 1 1.83
DV799679 Lf CER 1. outative 1 1.49

Energy
DV799600 L U biouinol-cvtochrome c reductase 1 1.47
8Q901 689 G,P Chlorophvll a-b bindinq orotein 3C-like 2 1.66
DV799694 R Photosvstem ll 10K orotein 1 2.28
DV799701 R Photosvstem ll oolvoeotide 1 17

Transcription

NP'199318
A Transcrlption factor (WRKY DNA -binding

domain) 1
4.5

Protein Synthesis
DV799739 R 40S ribosomal protein S15A 1 1.63
DV799744 R 40S ribosomal protein Sl5A 1 1.55
DV799626 G,R 40S ribosomal orotein 25S 2 1.61

DV799723 G,P, R 605 ribosomal orotein L10 6 1.69
DV799663 G,P Ribosomal protein L13a 2 1.63
DV799691 G Ribosomal protein S10 1 1.5

DV799746 P,R Elongation factor 1 alpha-subunit (TEF1 J 1.76
DV799748 G,P,R Elonqation factor 1 aloha-subun¡t ITEFl 3 1.86

Protein Fate (Folding, Modification, Destination)
DV79961 1 P,R Heat shock protein 70 4 1.57
DV79971 I R Vacuolar sortinq receotor orotein 1 1.65
DV799603 G Derl-like protein 1 1.63
DV799750 A,R Alpha-m an nosvltransferase-like 1 3.54

Cellular Transport, Transport Facilitation And Transport Routes

NP1 95236 A Plasma membrane intrinsic protein (water
channel) 1

3.47

DV799737 R AD P-ribosvlation factor 1 2.28
DV799693 G,A Svntaxin of plants 52 1 1.74

Cellular Comm unication/Siqnal Transduction Mechanism
DV799683 R Leucine-rich repeat protein 2 '1.98

DV799732 G Receptor-like kinase Xa21-bindinq prote¡n 3 1 1.45

Gell Rescue, Defense And Virulence

DV799703
G, L, P,

R Beta-1 ,3-q lucanase l5 1.89
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ab le 2.7 . jontinued from previous

GenBank
oTissues c Annotation

No. of Expression

" Acc, No. o Esrs " ratio lTlG)
Up-requlated Cell Rescue, Defense And Virulence

DV799682 G,L,P Class I chitinase 11 2.19
DV799658 P Class I chitinase 1 2.69
DV799607 G,A Thaumatin-like protein TLP4 2 1.51

DV799670 LJ Ascorbate peroxidise 1 1.65
DV799602 G Monodehvdroascorbate red uctase 1 1.51

DV799727 R Metallothionein 4 3.15
8Q901 288 G Polvphenol oxidase 1 1.5

NP1 74620
A Disease resistance protein (CC-NBS-LRR

class) 1 3.92

NP'195056
A

Disease resistance protein (CC-NBS-LRR
class)

1 4.56

NP1 99463
A

Disease resistance protein (TlR-NBS-LRR
class) 1 3.33

Unclassified Proteins
8Q901 31 0 G Hvoothetical orotein 1 1.57
DV799599 R Hvpothetical protein 1 1.86
DV799648 G Expressed protein 1 1.49
DV799668 R Unknown protein 1 1.77

DV799684 R Unknown orotein 1 1.75
DV799643 R Unknown orotein 1 1.63
DV799690 R Unknown protein 2 1.77
DV799661 (J Unknown protein 2 1.45
DV799655 G,L,P Unknown orotein 8 2.1

DV799672 G,L,P Unknown orotein 6 2.35
DV799675 R Unknown protein 2 4.09
DV799712 R Unknown protein 2 1.95
DV799640 R Unknown protein 2 2.19
DV799728 o Unknown orotein 3 3.71

DV799653 o Unknown protein 43 3.73
DV799646 A Unknown protein 1 1.56
DV799687 R Unknown protein 1 1.64
DV799757 G,P Unknown orotein 1 2.39
DV799698 o Unknown orotein 1 3.72
DV799696 L, Unknown protein 1 1.59
DV799680 G Unknown protein 1 1.46
DV799689 G Unknown protein 1 1.51

DV799704 G Unknown orotein 1 1.52
DV799706 G,A Unknown orotein 1 1.52
DV799758 G Unknown orotein 1 1.48
DV799604 G Unknown protein I 1.5
DV799613 R Unknown protein 1 1.54
DV7996'15 G Unknown orotein 1 1.42
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able 2.7. (Continued rom lous

GenBank
oTissues c Annotation

No. of Exoression
t Acc. No. o ESTs " ratio lTlCl

Up-req ¡lated Unclassified Proteins
DV79961 I o Unknown protein 1 3.5

DV799650 G Unknown protein 1 1.53

DV799665 A Unknown protein 1 1.48

DV799666 G Unknown orotein 1 1.43
DV799721 G Unknown orotein 1 1.88

DV799734 (J Unknown protein 1 144
DV799738 G Unknown orotein 1 2.11

Down-regulated
Metabolism

DW986531 A,R Succinvl-CoA lioase 1 0.72

Energy
DWg86529 A,R Liqhtharvestinq complex lla protein 1 0.71

Gellular Transport, Transport Facilitation Alrd Transport Routes
DWg86528 R PIP aouaoorin isoform 1 0.73
DWg86530 A,R Mitochondrial ohosohate translocator 1 0.68

Unclassified Proteins
DW986532 A,R Unknown protein 1 0.74
DWg86533 A Unknown orotein 1 0.76
DWg86534 R Unknown protein 1 0.74
DWg86535 P,A,R Unknown protein 1 0.75
DWg86536 A,R Unknown protein 1 0.68
DWg86537 R Unknown protein 1 0.77
DWg86538 P,A,R Unknown orotein 1 0.71
DW986539 A,R Unknown protein I 0.78
DWg86540 R Unknown protein 1 0.72
DWg86541 R Unknown protein 1 0.75
DWg86542 R Unknown orotein 1 0.74
DWg86543 R Unknown orotein 1 0.76

u GenBank accession numbers for unigenes. The GenBank accession number corresponds

. to just one of the ESTs representing the group.
o Tissues in which significant up-regulation was detected: Glume (G), Lemma (L), Palea

(P), Anther (A), Ovary (O), Rachis (R).
'The unigenes for which the transcript level was differentally significantly regulated at
24.

. h after fungal inoculation are listed by functional classes according to FunCat scheme.
o Number of EST components in each contig is listed.
'Expression ratio (T/C): Signal intensity ratio of treated (fungus-challenged) over the

water control (Average of the unigene over multiple detected tissues and 5 biological
replications).
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cDNA microarray controls

The universal control system (Stratagene,LaJoIIa, CA) implemented in array

construction provided an effective tool to validate microaray data. Hybridization across

the array was evaluated as uniform based on consistent signals from replicated spots.

Hybridization specificity was evaluated as satisfactory based on the lack of signal from

the negative controls of alien sequences, 3XSSC, human Cot-l DNA, and salmon spenn

DNA that were spotted on the arrays. Examination of the positive spiked labeled cDNAs

provides an indication of the effect of the normalization in correcting the possible

systematic errors due to differences in dye (Cy5lCy3) incorporation and hybridization

efficiencies. The yellow spots observed on the anay for the spiked elements verified the

eff,rcient normalization of data.

To verify microarray results with an alternative technology five up-regulated genes

were randomly selected and subjected to validation by northern analysis. Representative

RNA gel blots are shown in Figure 2.6.The relative intensity signals were depicted

visually. For the loading control, rRNA band intensities on gels stained with ethidium

bromide verified that equimolar amounts of total RNA for both F. graminearum

inoculated and water control samples had been loaded on the gel. The overall abundance

of transcripts for each of the genes analyzed was greater in samples inoculated with F.

graminearum than controls. These results were in agreement with the microanay data.
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Figure 2.6. Northern blot validation of microaray data for a selected number of ESTs up-
regulated in response to Fusarium grominearum infection.
The first f,rve lanes contained total RNA (1Opg) blotted from the water-controls: glumes
(G), lemma (L), palea (P), ovary (O) and rachis (R). The following five lanes contained
RNA from Fusariun graminearum challenged organs. The selected clones were: (A)
clone 8Q901699, B-1,3-glucanase; (B) clone DV799683, LRR, leucine rich repeat
protein; (C) clone DY799622, metallothionein; (D) clone DV799628, unknown and (E)
clone DV799757, unknown. Loading controls (F) showed rRNA band intensities of RNA
samples loaded onto gels and visualized on the Agilent 2100 Bioanalyzer.

Tissue-specifTc transcriptome analysis

Analysis of variance (ANOVA) on expression data for ESTs that responded

significantly to FHB infection revealed that the expression patterns for 360/o of these

ESTs differed significantly (o:0.01) among the examined organs (Table 2.8).
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Table 2.8. Analysis of variance on expression data for ESTs that responded significantly

to F. srominearum infection.neurum
GenBank u Expression Ratios ( T/C )

- ANOVA
Acc. No. Glumes Lemma Palea Anther Ovarv Rachis P-value
DV799695 1.039 0.816 1.326 0.692 0.695 3.967 <.0001

DV799678 1.253 0.799 1.738 1.237 1.057 2.244 0.045
DV799649 1.381 1 145 2.182 0.919 1.314 1.899 0.012
DV799677 1.331 1.558 1.463 2.679 0.653 4 00Ã 0.029
DV799606 1.659 1.656 I .571 0.584 0.684 1.889 0.001
DV799664 1.397 1.621 1.665 1.251 0.641 1.764 0.003
DV799705 1.617 1.520 1.607 1.509 0.623 1.914 0.004
DV799631 1.906 1.586 2.035 1.562 0.209 2.664 <.0001

DV799743 1.041 1.050 1.705 1.168 0.722 1.698 0.027
DV799735 1.080 1.036 1.583 1.091 1.339 2.402 0.512
DV799729 1 101 1.048 1.614 0.916 0.671 1.826 0.002
DV799679 1.493 1.277 1.225 1 .310 I .150 1.080 0.060
DV799600 1.446 1.471 0.948 0.930 0.658 1.150 0.001
DV799605 1.460 1.297 1.209 1.451 1.129 1.093 0.086
BQ90'1689 1.581 1.934 1.853 1.126 0.839 1.644 0.360
DV799701 1.243 1.462 1.215 0.602 0.787 1.701 0.002
DV799694 1.067 1.176 1 .471 0.643 0.888 2.275 0.000
N P1 9931 8 0.948 0.966 1.419 4.497 2.507 2.715 0.042
DV799739 1.194 1.321 1.255 0.750 0.698 1.629 <.0001

DV799744 1.418 1.300 1.125 0.936 0.857 1.552 0.004
DV799626 1.608 1.777 1.535 1.058 0.718 2.047 0.025
DV799659 1.524 1.471 1.431 1.410 1.242 1.698 0.662
DV799608 1.449 1.444 1.502 1.448 0.665 1.587 0.003
DV799692 1.465 1.415 1.528 1 .133 0.860 1.747 0.013
DV799724 1.628 1.399 1.530 1.527 0.958 1.995 0.003
DV799717 1.697 1.'185 1.587 0.797 1.179 1.845 0.005
DV799723 1.586 1.472 1.643 0.946 0.867 1.721 0.512
8Q902283 1.584 1.514 1.751 1.248 0.987 1.933 0.147
DV799725 1.932 1 .713 1.969 1.039 0.844 1.402 0.002
DV799663 1.641 1.551 1.737 2.368 1.299 1.646 0.514
DV799691 1.496 1.207 1.174 1.210 1 .150 1.134 0.224
DV799730 1.266 1.426 1.589 1.200 0.683 1.549 <.000'l
DV799609 1.394 1.221 1.832 2.061 0.811 1.876 0.044
DV799746 1.264 1.153 1.919 0.943 0.811 1.927 <.0001

DV799748 1.558 1.526 1.835 2.567 0.748 1.964 0.019
DV799708 1.469 1.421 1.538 0.717 0.523 1.643 <.0001

DV799722 1.453 1.292 1.838 1.697 0.660 2.326 0.000
DV799736 1.259 1.229 1.615 1.313 0.895 1.612 0.'1 19
DV799745 1.451 1.224 1.134 1.241 1.228 1.003 0.086
DV79961 0 1.135 1.306 1.538 0.871 0.877 1.324 0.003
DV7996'11 1.189 1.243 1.829 1.167 0.963 1.737 0.033
DV799719 1.210 1.347 1.236 1.352 0.997 1.646 0.164
DV799603 1.628 1.301 1.223 1.522 '1.518 1.103 0.057
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able 2.8. (Continued from orevious
a GenBank o Expression Ratios ( T/C ) 'ANovA
Acc. No. Glumes Lemma Palea Anther Ovarv Rachis P-value
DV799750 0.943 1.082 't .159 4.866 0.532 2.213 0.000
NP1 95236 0.940 0.966 1.423 3.475 2.517 1.492 0.001
DV799737 1.233 0.908 1 .616 1.294 0.631 2.277 0.001
DV799693 1.700 1.381 1.386 1.772 1.406 '1.359 0.285
DV799683 1.524 1.053 1.615 0.649 0.816 2.200 0.003
DV799644 1.464 1.296 1.436 0.966 1.080 1.768 0.01'1

DV799732 1.454 1.278 1.164 1.324 1.149 1.039 0.034
DV799731 1.725 1.330 1.535 1.123 1.325 0.956 0.132
DV799718 1.764 r.169 1.088 0.559 1.110 0.924 0.017
8Q901 699 1.967 1.541 2.709 0.644 2.052 2.562 0.007
DV799639 1.996 2.548 2.950 1.108 0.721 1.745 0.004
DV799673 1.910 2.195 1.751 0.651 1.559 1.242 0.241
DV799688 I .471 1.139 1.292 0.389 0.877 0.708 0.003
8Q901 408 1.782 1.673 1.682 1.400 0.567 1.705 0.008
8Q901 892 1.613 1.604 '1 .189 1.259 0.885 1.341 0.003
DV799700 1.848 1.188 t_/oo 0.367 0.715 0.877 <.0001
DV799616 2.064 2.117 2.648 1.640 1.607 2.552 0.373
DV799674 1.853 1.256 2.038 0.529 1.132 1.882 0.000
DV799754 1.700 1.388 2.206 1 .135 0.718 1.527 0.034
DV799635 2.021 1.555 1.997 0.656 1.067 1.354 0.902
DV799703 1.917 1.304 1.998 0.808 0.537 2.311 0.001
DV799742 1.822 1.360 2.369 0.775 1.819 1.755 0.059
DV799686 1.793 1.657 2.991 0.833 1.378 1.944 0.001
DV79971 6 1.914 1.531 1.875 0.955 1.020 1.684 0.213
DV799638 2.138 2.054 2.560 1.194 1.388 2.857 0.018
DV799645 2.012 1.666 2.596 1.250 1.664 2.035 0.038
DV799647 2.176 2.163 2.180 1.306 1.738 3.1 59 0.291
8Q902163 2.029 2.265 2.537 0.487 1.204 1.660 0.000
DV799726 1.910 1.391 3.078 1.135 0.961 1.768 0.512
DV799753 1.511 1.400 1.902 0.674 1.211 1.277 <.0001
DV799657 1.827 2.193 2.836 1.073 1.468 2.528 0.043
8Q902441 2.066 1.628 2.666 0.328 2.144 1.782 0.214
DV799682 2.078 2.237 2.965 0.940 1.971 3.275 0.006
DV799658 1.913 1.604 2.690 0.359 2.669 1.325 0.001
DV799607 1.607 1j32 1.963 1 .016 0.967 1.767 0.050
DV799697 1.318 1.309 1.120 1.412 1.161 1.140 0.240
DV799670 1.654 1.399 1.204 1.458 1.222 1.124 0.025
DV799602 1.512 1.262 1.170 1.424 1.213 1.206 0.1 06
DV799622 0.954 0.955 1.292 0.931 0.769 4.075 0.1 66
DV799633 1.079 1.094 1.095 0.966 0.997 2.131 0.002
DV799651 1.050 0.898 0.969 0.868 1.206 3.840 <.0001
DV799727 : 1.282 1.217 1.161 1.284 0.909 2.561 0.004
8Q901288 1.500 1.263 1.283 1.389 1 131 1.214 0.209
NP1 74620 0.915 0.971 1.404 3.924 2.704 2.005 0.001
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Table 2.8. (Contimued trom þrevrous
u GenBank o Expression Ratios ( T/C ) 'ANovA
Acc. No. Glumes Lemma Palea Anther Ovary Rachis P-value
NP1 95056 1.032 0.939 1.479 4.565 2.617 1.054 0.006
NP1 99463 0.948 0.989 1.377 3.331 2.177 1.032 0.001
8Q901 31 0 1.566 1.387 1.248 1.554 1.323 1.186 0.013
DV799599 0.973 '1 .139 1.208 0.658 0.248 '1.855 0.664
DV799648 1.487 1.227 1.211 1.371 1.306 1.113 0.131
DV799668 1.373 1.231 1.146 1.028 0.608 1.765 0.003
DV799684 0.975 0.795 0.864 0.644 0.636 1.751 0.015
DV799643 1.403 1.797 1.852 0.851 0.830 1.628 0.006
DV799690 1.162 1.050 1.149 0.625 0.964 1.897 0.001
DV7996'17 0.998 1.094 1.205 0.725 0.813 1.642 0.030
DV799661 1.473 1.246 1.297 1.379 1.187 1.104 0.102
DV799654 1.430 1.229 1.171 1.430 1.349 1.032 0.406
DV799747 2.065 2.441 2.337 1.142 1.697 4.563 0.004
DV79975'1 1.800 2.305 2.387 1.649 1.245 2.782 0.126
DV799652 1.425 0.905 1.838 1.494 0.979 3.1 34 0.008
DV799656 2.047 2.211 2.861 0.724 1.654 3.974 0.010
BQ90'1900 2.014 1.930 2.355 0.872 0.858 2.130 0.003

DV799756 1.987 1.95'l 3.212 0.776 2.236 2.624 0.054
DV799681 1.693 1.691 1.788 0.751 0.99'1 1.485 0.018
DV799655 1.887 2.220 2.216 1.191 0.814 1.982 0.002
8Q901 535 1.703 2.621 2.520 1.380 1.173 3.1 68 0.003
DV799667 1.704 2.011 2.409 0.331 0.748 1.241 <.0001

DV799672 1.980 2.628 3.078 1.194 1.737 2.803 0.111
DV799672 1.980 2.628 3.078 1.194 1.737 2.803 0.111
DV799612 1.851 1.321 1.645 1.137 1.592 1.897 0.209
8Q902070 1.868 2.158 2.106 0.615 0.785 1.504 0.002
DV799675 0.890 0.770 0.830 0.501 0.726 4.170 0.001
DV799601 0.844 0.728 0.779 0.1 96 0.565 4.000 <.0001

DV7996 1 I 1.351 1.306 1.470 0.933 0.995 '1.801 0.075
DV799712 1.230 0.857 1.201 0.700 0.780 2.104 0.006
DV799627 1.448 1.265 1.215 1.344 1.178 1.136 0.1 95
DV799640 1.046 1.045 1.030 0.783 0.658 2.292 <.0001
DV799660 0.540 1.973 0.505 0.451 4.120 0.508 0.084
DV799625 0.736 1.070 0.608 0.530 2.931 0.763 0.13'1

DV799728 0.655 1.703 0.523 0.5'16 4.083 0.627 0.045
DV799637 1.200 1.367 0.602 0.532 3.245 0.509 0.015
8Q902384 0.218 0.313 0.246 0.546 2.847 0.157 0.000
DV799641 0.671 1.196 0.438 0.367 3.485 0.494 0.125
DV799752 2.134 1.117 0.689 0.449 4.229 0.560 0.367
DV799755 0.659 0.740 0.665 0.468 3.955 0.379 0.052
DV799714 0.561 1.804 0.665 2.014 3.703 0.457 0.005
DV799620 0.568 0.829 0.522 0.365 3.472 0.786 0.518
DV799653 1.385 1.359 0.550 0.528 5.031 0.736 0.274
DV799707 0.609 1.325 0.555 1.396 3.601 0.442 0.003
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ab te 2.8. (Contrnued trom orevrous
a GenBank o Expression Ratios ( T/C ) 'ANovA
Acc. No. Glumes Lemma Palea Anther Ovarv Rachis P-value
DV799715 0.532 2.935 0.450 0.533 4.308 0.644 0.081
DV799624 0.532 1.538 0.515 0.459 3.951 0.508 0.078
DV799710 0.779 1.285 0.499 0.416 3.410 0.457 0.1 38
DV799720 0.798 0.969 0.652 0.437 3.588 0.723 0.055
DV799733 0.503 1.350 0.680 2.305 3.086 0.444 0.070
DV799676 0.605 1.112 0.521 0.502 4.196 0.711 0.1 06
DV799621 1.067 0.802 0.592 0.420 4.729 0.851 0.021
DV799759 1.255 1 .166 0.722 0.671 2.457 0.979 0.082
DV799709 0.755 0.757 0.557 0.407 3.461 0.502 0.050
DV799642 0.687 1.090 0.652 O.58B 4.081 1.639 0.102
DV799629 1.076 2.512 0.585 0.502 3.235 0.453 0.044
DV799628 0.815 1.114 0.639 0.555 4.147 0.836 0.096
DV799685 0.424 0.976 0.478 1.445 3.067 0.343 0.003
DV799669 0.626 0.818 0.600 0.443 4.016 0.896 0.093
DV799711 0.625 I 171 0.562 0.563 3.830 0.517 0.071
DV799662 0.601 1 .171 0.479 0.471 3.533 0.332 0.077
DV799597 0.323 0.526 0.280 1.208 3.498 0.443 0.212
8Q901 302 0.447 0.686 0.358 1.143 3.469 0.370 0.007
DV799614 1.054 1 .135 0.652 0.561 3.963 1.011 0.243
DV799741 0.823 1.176 0.715 1.634 3.078 0.801 0.019
DV799671 0.741 0.802 0.519 0.502 3.661 0.427 0.232
8Q901 542 0.474 0.755 0.601 1.901 3.643 0.241 0.006
DV799634 0.530 0.782 0.493 0.395 3.953 0.497 0.036
DV799598 0.680 0.779 0.547 0.442 3.934 0.365 0.021
DV799740 0.496 0.946 0.560 1.876 3.311 0.380 0.08'1

DV799749 0.665 1.482 0.586 0.622 4.102 0.886 0.144
DV799623 0.932 1.300 0.667 0.517 4.052 0.906 0.117
DV799632 1.0'10 1.323 0.514 0.483 4.097 0.711 0.063
DV799699 0.286 0.460 0.617 1.849 4.215 0.287 0.003
DV799630 1.067 1.499 0.596 0.527 3.515 0.647 0.1 1B

DV799636 1.019 1 .109 0.592 0.424 4.063 1 101 0.054
8Q902021 0.602 0.734 0.492 0.366 3.950 0.878 0.055
DV799713 0.445 0.976 0.426 0.409 3.638 0.377 0.200
DV799702 0.774 0.705 0.517 0.429 3.503 0.765 0.087
DV799646 1.503 1.293 1.302 1.559 1.299 1.103 0.083
DV799ô87 1.300 1.552 1 .169 1.286 0.761 1.644 0.022
DV799757 1.858 2.656 2.925 2.114 1.388 3.140 0.019
DV799698 0.614 0.643 0.537 0.416 3.721 0.501 0.036
DV799696 1.588 1.054 1.524 0.233 0.448 0.811 <.0001

DV799680 1.455 1.217 1.122 1.225 1.161 1.037 0.1 03
DV799689 1.509 1.250 1.238 '1.391 1.174 1.107 0.1 08
DV799704 1.520 1.226 1.195 1.407 1.126 1.028 0.024
DV799706 1.535 1.266 1.263 1.505 1.267 1.173 0j20
DV799758 1.482 1.285 1.205 1.402 '1 .183 1.074 0.013
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able 2.8. (Continued fiom previous
GenBank u Expression Ratios ( T/C ) 'ANovA

Acc. No. Glumes Lemma Palea Anther Ovarv Rachis P-value
DV799604 1.503 1.311 1.235 1.355 1.172 1.209 0.266
DV79961 3 0.895 1.205 0.923 0.947 0.775 1.539 0.244
DV79961 5 1.415 1.297 1.002 1.027 1.018 0.942 0.033
DV799618 0.931 1.043 0.642 0.638 3.502 1.033 0.298
DV799650 1.530 '1.408 1.235 1.404 1.304 1.083 0.164
DV799665 1.493 1.324 1.210 1.482 1.153 1.102 0.085
DV799666 1.427 1.295 1.246 1.525 1.279 1.501 0.890
DV799721 1.879 2.029 2.069 1.275 1.149 2.051 0.194
DV799734 1.444 1.164 1.080 1.170 1.186 0.959 0.037
DV799738 2.105 2.248 1.207 1.804 1.267 2.497 0.052
DWg86531 0.932 1.013 0.893 0.783 0.898 0.664 0.124
DW986529 1.219 1.139 0.836 0.670 0.939 0.740 0.004
DWg86528 1.245 1.134 0.888 0.910 0.893 0.728 0.025
DWg86530 1.164 1.172 0.790 0.651 0.938 0.708 0.002
DWg86532 '1 .189 1.008 0.847 0.731 0.993 0.739 0.006
DWg86533 1125 1.097 0.887 0.755 0.975 0.832 0.073
DWg86534 1.251 r .100 0.863 0.820 0.970 0.738 0.002
DWg86535 1.127 1.076 0.778 0.721 0.799 0.744 0.1 05
DWg86536 1.192 1.130 0.851 0.685 0.889 0.683 0.006
DWg86537 1.052 1.023 0.891 0.836 1.023 0.770 0.1 81

DWg86538 1.243 1.170 0.755 0.695 0.877 0.678 0.002
DWg86539 1.039 1.062 0.850 0.789 0.898 0.762 0.1 1B
DWg86540 1.184 1.093 0.934 0.859 1.088 0.724 0.020
DWg86541 1 .166 1.078 0.873 0.785 0.911 0.754 0.008
DW986542 1.034 1.029 0.936 0.795 0.990 0.743 0.037
DWg86543 1.216 1.029 0.868 0.836 1.090 0.757 0.028

u GenBank accession numbers for unigenes. The GenBank accession number corresponds

, to just one of the ESTs representing the group.
o Expression ratio (T/C): Signal intensity ratio of treated (fungus-challenged) over the

water control (Average of the unigene over multiple detected tissues and 5 biological
replications).
" The P-value indicating the level of significance generated by the analysis of variance
(ANOVA) to determine the significant differences among tissues.

P-value less than 0.05: significant at the level u : 0.05
P-value less than 0.01: signif,rcant at the level s : 0.01
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Principal Component Analysis (PCA) was used to visualize the transcriptome profile

of all 185 up-regulated ESTs among the six dissected organs. The analysis was designed

to define three components that accounted for most of the variance of the expression data.

Figure 2.7 represents the PCA projection of expression data using components 1 and 2

that together accounted for 72Yo of variance in the dataset. The distribution of the 185

EST patterns in relation to the PCA components strongly supported the existence of

significant variation among organs and generated a visual proof. The bract tissues of

lemma, palea and glume were visually grouped together with the rachis showing a close

relationship. The anther and ovary each showed unique transcriptome expression

pattems. Studying organ-specific expression of the Arabidopsrs genome, Ma et al. (2005)

showed that each organ or tissue type had a defining transcriptome expression pattern and

that the degree to which organs share expression profiles was highly correlated with the

biological relationship of the organ types. In our study, significantly different expression

profiles were obseled between the reproductive organs of anther and ovary and the

vegetative tissues glume, lemma, palea and rachis.
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Figure 2.7.Principal component analysis (PCA) projection of expression data for ESTs
differentially regulated in tissues infected by Fusarium graminearum.
Data are spanned according to principal components 1 & 2 that together accounted for
72Yo of the variation in the dataset. The angles between arrows pointing to different
tissues represent the linear correlations among tissue types. Genes with a similar
expression profiles are plotted close to each other and to the defined component, which
matches their expression.

Tissue specific gene expression patterns of ESTs responding to F. graminearum

infection were further reflected in the values of linear correlations among tissues (Table

2.9). Expression patterns in the three bract tissues, glume, lemma and palea were found to

be positively correlated, with the highest correlation between the glume and palea (r:

0.80, P < 0.0001). To a lesser degree, EST patterns in the rachis were also positively

correlated to the bract tissues. The anther EST pattern in general, showed no significant

correlation to other organs, but the ovary showed a significant negative correlation with
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all other organs. These results confirm the organ-specific structure observed in the PCA

analysis.

Table 2.9. Conelations of gene expression patterns among tissues of wheat spikes
noculated by þ-usarium pramineari tm

Tissues glumes Lemma Palea Anther Ovary

Lemma 0.67 **

Palea 0.81 ** 0.65 *'r

Anther 0.01n' -0.01n' 0.13 n'

Ovary -0.60* * -0.27** -0.57** -0.16*

Rachis 0.47** 0.3 5 ** 0.62** 0.1 5+ -0.55 * *

Not significant.
* Significant at a,:0.05.
** Significant atu : 0.01.

Differences among organs were also examined concerning number of unigenes that

were identified as differentially expressed during F. graminearum infection. Considering

the number of unigenes as a measure, we found that the glume, with 37 out of the totalT5

unigenes, was the most responsive to F. graminearum infection (Figure 2.8). The ovary

with only 4 unigenes was the least responsive. Glumes provide the first layer of

protection to the floral parts and are directly exposed to the macroconidia of F.

graminearum during spray inoculation. The rachis is also directly exposed to the fungus,

and with 31 unigenes detected, was the second most responsive organ. On the other hand,

the ovary is deeply embedded within the spike, and the spray inoculation method does

not result in immediate contact with the fungus. As revealed by several histopathological

studies monitoring the early events during FHB infection, the direct contact of the fungus

i30



with the inner surfaces of the lemma, glume and palea, and with the ovary, occur much

later during the progress of infection (Miller et a1., 2004). Therefore, the higher number

of F. graminearum-induced unigenes detected in organs such as the glume and rachis,

compared to the rest of the organs may, in part, be due to the fact that at 24 hr following

infection, the fungus penetration and contact with inner surfaces was probably limited.

Þ ",urn". þ tu,"" þ ouu"

@rc^

Figure 2.8. Percentage of unigenes identified in each tissue as differentially expressed in
response to Fusarium graminearunt infection.

The numbers of commonly up-regulated ESTs among the six organs are shown in

Table 2.10. The glume,lemma, palea, rachis, anther and ovary up-regulated exclusively

22,I,1,2I,7 and 4 unigenes, respectively. Shared unigenes were highest between the

glumes and palea (1 1), two tissues of similar biological function. The bract tissues also

shared a considerable number of up-regulated unigenes with the rachis. The biologically

distant anther shared only 3 unigenes with the glume, one with the rachis and none with
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the lemma and palea. The ovary had no shared unigenes with any of the other 5 organs.

The number of shared unigenes among three and four organs was low and no unigenes

were shared among all organs.

Table 2.10. Number of up-regulated unigenes; a) exclusive to specific tissues and b)
common to two out of the six tissues followins i lati with FusarirruçulaLron wLLn -rusartum gram

Tissues Glume Lemma Palea Anther Ovary Rachis

Glume 22u

Lemma 5b 1"

Palea 1l' 5b lu

Anther 1b
J 0b 0' 7u

Ovary 0b 0b 0b 0b 4u

Rachis 6b 2b 8u lb 0b 2lu

tnearum.

Many of the F. graminearum ùp-regulated genes identified in the present study were

also reported in previous studies, but the relationship of F. grantinearum-induced genes

to different tissues present in the wheat spike was unknown. Pathogenesis-related

proteins, aheat shock protein, resistance gene analogs and proteins involved inEzOz

oxidative burst, protein synthesis and the phenylpropanoid pathway were significantly

up-regulated in FHB-infected wheat tissues. Several genes showed significant increase

only in specific tissues. For instance, the induction of metallothionein and the WRKY

superfamily of transcription factors were exclusively up-regulated in the rachis and

anther respectively. These results demonstrated that a precise profiling of molecular

changes during the wheat-F. graminearum interaction requires the examination of

individual organs. Many of these tissue-specific genes, responding to FHB infection, may

not be detectable when the entire wheat spike is used as the biological sample.
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CHAPTER 3

MICROARRAY GENE EXPRESSION ANALYSIS OF FUSARIUM HEAD BLIGHT

RESISTACE IN SUMAI-3 AND TWO SUSCEPTIBLE NEAR ISOGENIC LINES
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Microarray gene expression analysis of Fusarium head blight resistance in Sumai-3 and

two susceptible NILs

Summary

Fusarium head blight predominantly caused by Fusarium graminearum (Schwabe) is

a destructive disease that poses a serious threat to wheat (Triticum aestivum L.)

production around the world. cDNA microarrays consisting of 6000 wheat ESTs were

used to investigate QTl-specific differential gene expression between the resistant

cultivar Sumai-3 and two susceptible NILs following inoculation with F. graminearum.

The significance analysis of microarrays (SAM) was used to identifu transcripts showing

significant changes in response to the fungal infection. Stringent conditions were

employed to reduce the false discovery rate. Genes showing a differential eepression

between the resistant Sumai-3 and the susceptible NILs were identified by performing

ANOVA on log-transformed expression data. A total of 56 ESTs representing 25

unigenes were identified as differentially expressed in response to -F. gramineørum

infection. Genes encoding pathogenesis-related (PR) proteins such as B-1,3-glucanase

(PR-2), chitinase (PR-3), wheatwins (PR4) and thaumatin-like proteins (TLp) (pR-5)

were significantly induced in infected tissues of both the resistant and the susceptible

genotypes. Infection by F. graminearumtriggered a negative regulatory effect on the

energy metabolism, suggesting an overall suppression of photosynthetic activity in the

infected plant tissues. Differences in gene expression between the resistant Sumai-3 and

the susceptible NILs were found to be mainly quantitative in nature. Exceptional

qualitative differences in gene expression between the resistant wheat cultivar Sumai-3
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and the susceptible NILs were found for a gene related to the phenylpropanoid pathway

and a gene of unknown function.

Introduction

Fusarium head blight (FHB) caused by Fusarium graminearum Schwabe

(teleomorph Gibberella zeae (Schwein.) Petch) is an important disease that causes

significant losses to yield and quality of wheat (Triticum aestivum L.) and other cereal

grains (Gilbert and Tekauz, 2000). Infected grain is often contaminated by mycotoxins

such as deoxynivalenol (DON) and zearalenone that have been linked to livestock feed

refusal and depression of the immune system, nausea, and vomiting in humans. Because

of the chemical and thermal stability of these toxins, they may be found in raw material

such as grain as well as in processed products such as flour and bread (Champeil et aI.,

2004; Trigo-Stockli et., 1996). The presence of fungal proteases in fusarium damaged

kernels (FDK) lowers the end use quality of bread wheat by affecting physical dough

properties and bread making characteristics (Dexter et al., 1996; Nightingale et al., 1999).

Cultural practices such as conservation tillage and reduced-till systems, favorable

environmental conditions and the low level of resistance among commercial wheat

cultivars are regarded as the principal factors that contributed to recent severe FHB

epidernics in North America (McMullen et aL.,1997). Host resistance is considered the

most effective and sustainable method of controlling FHB disease. Mesterházy (1995)

described five types of physiological resistance to FHB in wheat. Among them,

resistance to initial infection (type I) and resistance to spread ofinfection (type II) are

two major types (Browne et a1., 2005; Rudd et a1.,2001 Schroeder and Christensen

1963; van Ginkel et al., 1996). Resistance to initial infection by the fungus has not been
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well characterized, because it is highly influenced by environmental conditions.

However, resistance to fungal spread is recognized as a relatively stable measure of a

cultivar resistance and it is the most commonly assessed type of resistance in wheat

(Dubin et a1.,1997;Lil;- and Wang, 1990).

Resistance to FHB is complex and considered to be quantitatively governed by

numerous resistance genes located on different chromosomes (Jahoor et aL.,2004).

Sumai-3, a Chinese wheat cultivar, known to possess type II resistance and its derivatives

such as Ning 7840 are the most widely used sources for FHB resistance in wheat

breeding programs around the world (Bai and Shaner, 1994; V/ang and Miller, 1983).

Genetic studies indicated that three genes control FHB resistance in Sumai-3 (Bai et al.,

1989; Yao et al., 1997). However, in some studies only two genes were found

segregating in the examined populations (van Ginkel et al., 1996; Zhou et al., 1987).

Application of DNA marker analysis to dissect the resistance to FHB resulted in the

identification of chromosomal regions representing quantitative trait loci (QTLs) that

contribute to FHB resistance in Sumai-3. Waldron et al. (1999) studied a population

derived from the resistant cultivar Sumai-3 and the susceptible cultivar Stoa. Based on

restriction fragment length polymorphism (RFLP) marker analysis, five genomic regions

were identified in association with type II resistance to FHB including regions on

chromosomes 3BS (from Sumai-3) and2AL (from Stoa) that were assigned the gene

designations QFhs.ndsu-38 and QFhs.ndsu-2A,respectively. Anderson et al. (2001)

analyzed two Sumai-3 derived populations and identified QTL regions on ch¡omosomes

3BS, and 6B5 that were associated with FHB resistance. Buerstmayr et al. (2002)

reported three genomic regions that were associated with FHB resistance in a Sumai-3
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derived population. The most prominent effect was detected on 3BS, explaining up to

60Yo of the phenotypic variance for the type II FHB resistance. The major QTL locus

ffis.ndsu-3BS located on the distal end of the short arm of chromosome 3B has been

consistently detected in many studies involving wheat genotypes having a Sumai-3

genetic background (Anderson et al., 2001; Bai et a1.,1999; Buerstmayr et al., 2002;

'Waldron 
et al., 1999). Recently a fine genetic map of this QTL region was constructed

which spanned 6.3 cM. Based on replicated evaluations of homozygous recombinant

lines for type II resistance, QTL region ffis.ndsu-3BS, redesignated as FhbI, was placed

into a 1.2 cM marker interval flanked by markers STS3B-189 and 5T53B-206 (Liu et al.,

2006).

The knowledge of the presence of the major QTL locus on 3BS has been used to

develop isolines differing at this particular genomic region (Xu et al., 2002). Near

isogenic lines Q'JILs) provide valuable genetic stocks for the investigation of gene effects,

screening of molecular markers tightly linked with genes of interest, isolation of genes

and analysis of gene expression. Keyes and Sorrells (1989) used isogenic wheat lines to

investigate the effect of Rhtl and Rht2 semi-dwarf genes on hybrid vigour and agronomic

traits. Several studies reported comparisons between NILs and their recurrent parents to

identify molecular markers linked to pathogen resistance genes (Gold et al., 1999;

Procunier et al., 1995; Schachermayr et al., 1994). Sasaki et al. (2004) described isolation

and characterization of a wheat gene using NILs that differed in alurninium tolerance.

Botha et al. (2006) used NILs that differed in resistance to Russian Wheat Aphid (RWA)

to construct suppressive subtractive hybridization libraries. A selection of expressed

sequence tags (ESTs) from these libraries was used on a custom anay to study the
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expression profile of 256 candidate wheat sequences in plant defense against RWA.

Caldo et aI. (2004) compared NILs with contrasting Mla alleles to identifu genes showing

a differential regulation and to use the identified genes to discriminate incompatibitity

from compatibility. Using northern blot and RNA dot blot analyses Li et al. (2001a)

performed gene expression analysis between resistant and susceptible NILs and presented

molecular evidence for the differential expression of a pal gene (Wpalr1) during infection

by Puccinia graminis f . sp. tritici, the causal agent of stem rust in wheat.

Microarrays are capable of prof,rling changes in expression level of thousands of

genes simultaneously providing a global gene expression analysis at a particular time or
i

condition (Schena et al., 1995). cDNA microarrays have been used to study plant host

pathogen interaction systems. Using amaize DNA microarray representing 1,500 maize

genes, Baldwin et al. (1999) identified 117 genes that consistently showed altered

expression levels inmaize 6 h¡ after various treatments with the fungal pathogen

Cochliobolus carbonun. Nadimpalli et al. (2000) identified nearly 70 genes showing

two-fold or greater changes in mRNA abundance in the lesion mimic maize mutant.

Maleck et al. (2000) identified 413 ESTs that appeared to be associated with systemic

acquired resistance (SAR). Schenk et al. (2000) used a microamay containing2,375

Arøbif,opsis genes and identified 705 genes that were responsive to the fungal pathogen

Alternaria brassicicola or to the defense-activating signalling molecules salicylic acid,

methyl jasmonate or ethylene. Scheideler et al. (2002) used a cDNA microarray

representing 13,000 randomly chosen ESTs to monitor transcriptional changes in

Arabidopsis following infection with an avirulent strain of Pseudomonas syringae at

different tirne points. They detected significant changes in the steady state transcript
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levels of 680 genes 10 min after inoculation and, by 7 h, significant changes in the

expression pattern of 2,000 genes representin g marry cellular processes were identified.

Clarke and Rahman (2005) used oDNA microarrays to compare wheat NILs that differed

only in grain hardness characters.

In this study, we used microarray gene expression analysis to investigate differential

gene expression between FHB-resistant recurrent parent Sumai-3 and two susceptible

NILs differing on the 3BS and2AL QTL regions. Our objectives were to provide

genome-wide prof,rles of gene expression and to identiff differential regulation between

FHB-resistant Sumai-3 and the FHB-susceptible NILs.

Experimental proced ures

PIant material

The plant materials used in this study included the wheat resistant cultivar Sumai-3

and two susceptible NILs (kindly provided by Dr. Tomohiro Ban, CIMMYT, Mexico).

The susceptible NIL-3 and NIL-4 were derived from a cross between Sumai-3 and

Chuan980, a susceptible wheat cultivar, followed by seven generations of marker-

assisted backcrossing with the recurrent parent Sumai-3 and selection for FHB

susceptibility in each generation by artificial inoculation with F. graminearum. A

combination of DNA markers including simple sequence repeats (SSRs) and amplified

fragment length polymorphisms (AFLPs) were used to screen for DNA polymorphisms

between Sumai-3 and its susceptible NILs. Polymorphic markers were mapped using a

rnapping population of double haploid lines derived from a cross between Sumai-3 and

Gamenya a wheat cultivar susceptible to FHB. The analysis indicated 7 polymorphisms

between the susceptible NIL-3 and the resistant Sumai-3. Six of the seven polymorphic
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markers were mapped to chromosome 3BS where the major resistance QTLs have been

consistently detected in populations involving Sumai-3 or its derivatives. Two markers

were identified as polymorphic between the resistant Sumai-3 and the susceptible NIL-4

and were mapped to chromosomeZAL (Xu et a1., (2002).

Seeds were planted in 15 cm pots in soil (Sunshine Mix No. 4; www.sungro.com) at

arate of 1 plant per pot. Plants were grown in a controlled environment in a growth

cabinet with a i 6-h photoperiod and 18/15'C daylnight temperature. Mineral fertilization

was applied at arate of 6 gll every second week with Plant-Prod (20-20-20) all-purpose

fertilizer (Brampton, Ontario, Canada).

Preparation of inoculum and inoculation with ^E grøminearum

Monosporic isolate DAOM I92I32 of F. graminearum from the Canadian collection

of fungal cultures (designated DAOM) in Ottawa, Canadawas used throughout. To

prepare inoculum, the isolate was increased on carboxymethyl cellulose (CMC) medium

while aerating for 4-7 days (Gilbert and Woods, 2006). Spore counts were determined

with a hemacytometer prior to the inoculum preparation. For each use, inoculum of F.

graminearum was freshly prepared as 100 ml suspension with a standard dilution (5 x 104

macroconidia/ml plus Tween 20 (0.1 ml/l)). The main spike on each plant was spray-

inoculated at mid-anthesis (Zadoks growth stages 65-69; Zadoks et a1.,I974). Following

inoculation, plants were incubated for 24 h in a humidity chamber set at 2I-22oC with

I00% relative humidity. Control plants of the same genotypes were sprayed with water

containing Tween 20 (0.1 ml/l) and incubated under the same conditions. Twenty-four

hours after inoculation, sprayed spikes were halested and immediately placed in a 50 ml

tube containing liquid nitrogen and stored at -80'C until processed.
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Construction of cDNA microarrays

cDNA microarrays consisting of wheat ESTs derived from a suppressive

subtractive hybridization (SSH) library of wheat-F. graminearum interaction were used

throughout this study. Wheat line 93FHB37 resistant to FHB, derived from the cross

HY611(S),A{ing 8331(R) was used to construct the SSH library. This line carries three

QTLs mapped to chromosomes 3BS, 6B5 and 5AL that have been associated with

resistance to FHB (Procunier et al., 2000). This library contained enriched low abundance

transcripts which minimized the number of redundant ESTs spotted on the microarrays.

Briefly, water-control cDNAs were subtracted against fungal-challenged cDNAs and the

subtracted cDNAs were ligated into pGEM-T Easy T/A cloning vector (Promega,

Madison, WI). After transformation, amplification and purification of PCR inserts using

standard procedures, the cDNA products were printed (double spotted) on Corning GAPS

II glass slides (Corning Inc. Life Sciences, Acton, MA) with a high speed robotic system

(Microarray'Centre, UHN, Max Bell Research Centre, Toronto, ON, Canada). The

printed microarray consisted of 6000 elements representing wheat ESTs derived from

wheat-F.graminearum interaction SSH library. In addition, 65 Arabidopsis clones

carrying ESTs putatively related to plant disease resistance genes were obtained from the

Arabidopsis Biological Resource Center (Columbus, OH) and were spotted on the arrays.

RNA isolation

Total RNA was extracted from spikes of the fungus-challenged and water-control

plants using the TRIzol (Invitrogen Canada Inc., ON, CA) method. The isolated RNA

was then purified using RNeasy plant Midi kit columns (Qiagen, Valencia, CA)
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according to the protocol provided by the manufacturer. The initial concentration of

isolated RNA was determined by measuring the absorbance at260 nm (4266) in a

spectrophotometer. To ensure the high quality of starting RNA, the integrity and size

distribution of total RNA was examined through denaturing 7.2Yo formaldehyde agarose

gel electrophoresis and ethidium bromide staining. To determine the amount of RNA

required from each sample for oDNA labelling reaction and preparation of probes the

final quality and quantity of each RNA sample was determined by using the RNA 6000

Nano LabChip with the Agilent 2100 Bioanalyzer (Agilent Technologies Canada,

Mississauga, ON). An example of the analysis of RNA samples by the Agilent 2100

Bioanalyzer is presented in Figure 3.1.

Preparation of probes and cDNA labelling

Prior to the preparation of probes, total RNA isolated from three different plants

were pooled to reduce the level of biological variation among the samples. Five

independent pools of control and fungus-challenged RNA frorn each line were separately

prepared as biological replications to provide probes for five anay hybridizations.

Cyanine (Cy) dyes (Amersham Pharmacia Biotech, UK) were directly incorporated into

first strand oDNA synthesized from 10 pg of total RNA. The pooled RNA was labelled

using the fluorescent dyes cyanine-3 (Cy3-dCTP for control samples) and cyanine -5

(Cy5-dCTP for fungus-challenged samples). The pooled RNA was mixed with a reaction

volume containing the final concentration of 1X first strand PCR buffer (Invitrogen,

Carlsbad, CA), 10 mM DTT, 150 pM 5'- dT20 VN primer (where V is any of A, C, G,
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Figure 3.1. A group of RNA samples from Sumai-3 and near isogenic lines Q{ILs)
analyzed by RNA 6000 Nano LabChip with the Agilent 2100 Bioanalyzer to determine
the final quality and quantity of each RNA sample prior to the preparation of probes.

and N is any base), 500 ¡rM each of dATP, dGTP, and dTTP, 50 ¡rM dCTP, 25 pM Cy3

or cy5 dcrP, 0.5 ng spike control alien mRNA (stratagene, La Jolla, cA) and DEPC-

treated water up to a volume of 40 pl. The mixture was denatured at 65 "C for 10 min.

Superscript II reverse transcriptase (400 U) was added and cDNA synthesis was carried

out for 2hat42"C. Reactions were stopped by the addition of 5 pl of 50 mM EDTA.
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RNA was hydrolyzed by adding 2.0 p,l of 10 (M) NaOH for 20 minutes at 65 "C and the

reaction was neutralized by adding 4pl of 5M acetic acid. The fungal-challenged and

water control probes were then combined and precipitated at -20 "C by adding an equal

volume of isopropanol. The pellet was washed with cold70%o ethanol, briefly air dried

and dissolved in 5.0 pl nuclease-free water.

Microarray hybridizations

To prevent non-specific binding, the slide was incubated in pre-hybridization buffer

containing 1% BSA for 45 min at 42 "C. For hybridization, the combined labelled

cDNAs (5 pl) were mixed with hybddization solution (100 pl) composed of 20:1 :1

volume of DIG EasyHyb (Roche Diagnostics, Laval, Que.), yeast tRNA (10 mg/ml) and

salmon sperm DNA (10 mg/ml). The cornbined cDNAs were denatured at 65 "C for 2

min, centrifuged and cooled to 42 "C. The hybridizationmixture was directly applied to

the slide and the slide was immediately covered with a coverslip (Hybrislip, Sigma). The

array was then placed in a CMT-GAPS hybridization chamber (2551; Coming Inc. Life

Sciences, Acton, MA) and incubated in a 42"C water bath for 18 h. Cover slips were

removed by submerging the slides in foil covered Coplin jars containing lXSSC. Slides

were then washed three times for i 0 min each in plastic containers containing fresh

1XSSC. 0.1% SDS in a 50 "C water bath. After washes, the slides were rinsed by

repeatedly plunging in 1X SSC at room temperature. Liquid was quickly removed from

the slide surface by spinning at 500 rpm for 5 minutes. All reactions and hybridizations

were carried out in light protected conditions and washes were performed in minimum

light.
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Controls for cDNA labelling and hybriduation

Ananay of ten artificial, synthetic sequences (70-mers) with no homology to any

known plant or animal gene (Universal Control Alien Anay, Stratagene, La Jolla, CA)

was spotted on the slides to serve as negative or positive controls for labelling and

hybridizafion efficiency. Additional negative hybridization controls spotted on the array

were salmon spenn DNA, human Cot-i DNA and 3X SSC. Up to ten exogenous, alien

mRNAs were used as spiked RNA to provide positive hybridization controls. An

equimolar amount of a particular alien mRNA was individually added to the Cy5 fungat-

challenged and Cy3 water-control cDNA labelling reactions. The corresponding, spotted

alien sequence was co-hybridized with both of these labelled cDNAs. The expected

yellow spots on the array indicated the dye incorporation and hybridization efficiencies

of the differently labelled probes and normalization of the data.

Image acquisition, data collection and analysis

using the GenePix 40008 AXON scanner and software (GenPix Pro 5, Axon

Instruments, Union City, CA), hybridized slides were scanned with two wavelengths

conesponding to the dyes used. Signal intensity ratios (TIC, Cy5lCy3) for anayed

elements were then imported into the software Acuity-3.1 (Axon Instruments, Union

City, CA). The data were noûnalizedusing the linear ratio-based normalization method

implemented in the software so that the centre of the distribution of ratios shifted to 1.

Using the data filtering wizard in Acuity-3.1, stringent conditions were applied to filter

out spots with low quality and to remove the unreliable data from the dataset.

The significance analysis of microarrays (SAM) program (http://www-

stat.stanford.edu/-tibs/sAl\,{/, Tusher et a1.,200r) was applied to the log base 2-
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transformed, normalized data to identi$ elements in which the expression levels were

significantly altered in response to F. graminearum infection. Based on data from the 5

biological replications, SAM identified significant differences in mean expression levels.

This was based on the change in gene expression relative to the standard deviation of

repeated measurements for each anayed element and through the evaluation of a

percentage of elements that would be identif,red by chance, called the false discovery rate

(FDR). The SAM rnethod has been the method of choice for many recent studies to

analyze microarray generated gene expression data (Ellmark etaL.,2006; Haerly and

Sing, 2006).

Transcripts identified by SAM were further subjected to a gene filtering process.

Those showing a minimum 1.5-fold change in signal intensity between fungus-

challenged and control plants in at least 3 out of 5 replications were considered to have

responded significantly to -F. graminearum infection. The selection criteria used for

identifying differentially expressed genes can affect both the reproducibility of

microarray data and the biological interpretation of the data. Sanoudou et al. (2006)

applied a cut-off value of FDR that was determined through the SAM analysis together

with a fold change threshold of i.5 to identi$r significant changes in gene expression.

Several studies that investigated the cross-platform comparability of microaray data

have shown that using a fold-change ranking plus a non-stringent P-value cut-off

increases the reproducibility of microarray data over different experiments and improves

the agreement of the biological interpretation of the data (Guo et a1.,2006; Shi et al.,

200s).

Only ESTs that responded signif,rcantly to F. graminearum infection were fuither
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analyzed for determining the differential regulation between resistant Sumai-3 and the

susceptible NILs. Analysis of variance was performed considering 0.01 rate of type I

error as a threshold (o : 0.01) to determine significant differences in gene expression

between the resistant and susceptible lines. Lines were considered as different treatments

and log transformed expression data for each gene was analyzedbased completely

randomized design (CRD) with 5 replications. For those genes that showed a significant

treatment effect revealed by ANOVA, the log transformed mean signal intensity ratios

were compared by Tukey's robust and conservative multiple comparison procedure

(Steel and Torrie, 1980) to locate the mean differences. A hierarchical clustering method

was used to monitor gene expression patterns of the resistant Sumai and the susceptible

NILs following infection by F. graminearum.

Sequence analysis and annotation

Nucleotide sequences of the differentially expressed ESTs were determined on an

ABI PRISM 3100 Genetic Analyzer (Perkin Elmer Applied Biosystems, Foster City, CA)

using the BigDye Termination Cycle Sequencing kit following the procedure outlined in

the previous chapter. To assign putative functions, homology searches were conducted

using the BLASTX program against the GenBanK non-redundant (nr) database (NCBI,

National Center for Biotechnology Information, USA) with default parameters. To

determine if any of the identified ESTs originated from the fungal genome, DNA

sequences were also BLAST queried against the F. graminearum genome database

(http://www.broad.mit.edr/annotation/funei/fusarium) and the COGEME fungal database

(http://coeeme.ex.ac.uk/blast.html). The cut-off value of 10-5 was used as a threshold for

the expectation scores (E-value) and only homologies with an E-value less than the
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threshold were regarded as a significant match. The annotated ESTs were assigned to

different functional categories following the Munich Information Center for Protein

Sequences (MIPS; http://mips.gsf.de) Functional Catalogue (FunCat) scheme (Ruepp et

aL.,2004).

Greenhouse evaluation of Fusarium head blight resistance in Sumai-3 and two

susceptible near isogenic lines

To verify the response to FHB of the resistant Sumai-3 and its susceptible NILs an

experiment was performed in a controlled environment in the greenhouse. Genotypes

were evaluated with two methods of inoculation: spray (SI) and point (PI).

Seeds were planted in 15 cm pots in soil (Sunshine Mix No. 4; www.sunsro.com) at

arate of 1 plant per pot. Plants were grown in a controlled environment in the greenhouse

with20-22 "C daylnight ternperature. Mineral fertilization was applied at arate of 6 gll

every second week with Plant-Prod (20-20-20) all-purpose fertllizer (Brampton, Ontario,

Canada). Monosporic isolate DAOM 192132 of F. graminearum was used throughout.

Plants were inoculated at mid anthesis (Zadoks growth stages 65-69; Zadoks et al. 1974)

using freshly prepared inoculum of F. gramineerum with a standard dilution (5 x 104

macroconidia/ml plus Tween 20 (0.1 ml/l)). To point inoculate plants, 10 ¡il of the spore

suspension was placed into a single floret on both sides of the spike using a micropipette.

For spray inoculation between 2-3 ml of inoculum were sprayed on to the spike using a

hand held atomizer.

Inoculated plants were incubated in a humidity chamber with 100% relative

humidity for 24 h, and then were placed on the bench inside the greenhouse at 20-22"C.

To evaluate the level of FHB resistance for each of the three genotypes, Sumai-3, NIL-3
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and NIL-4, the number of infected spikelets was determined. In total 16 plants from each

genotype were examined 8 plants for each of the SI and PI inoculation methods. Disease

level was assessed at three time points on7, 14 and2l days after inoculation (dai).

Data obtained from this experiment were analyzed using the general linear model in

SAS statistical software (SAS Institute, Inc., Cary, NC) and mean comparisons were

conducted based on Tukey's multiple comparison procedure (Steel and Torrie, 1980) to

locate the specific mean differences.

Results and discussion

Greenhouse evaluation of Sumai-3 and NILs response to Fusarium grømineerum

infection

The reaction of Sumai-3 and the susceptible NILs to infection by F. graminearum

was evaluated in the greenhouse. Data analysis determined significant differences in the

level of susceptibility of each line (Table 3.1).

Table 3.1. The ANOVA of the number of infected spikelets in the resistant Sumai-3 and

the susceptible NILs after inoculation with Fusarium gramineorum.

Effect
Num
DF F Value Pr > F

Method
Genotype
Method*Genotype
Days
Method*Days
Genotype*Days
Method*Genotype*Days 4

Plant (Genotype*Method) 42
Plant*Days (Genotype*Method) 84

r 261.58 <.0001
2 44.61 <.0001
2 2r.39 <.0001
2 344.96 <.0001
2 131.84 <.0001
4 44.78 <.0001

tr.46 <.0001
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Two methods of inoculation: point inoculation and spray inoculation were compared.
The level of infection caused by spray inoculation was significantly higher than point
inoculation (Figure 3.2).

A ffiffi

R

Figure 3.2. The average number of infected spikelets caused by SI and PI methods in
different genotypes and over th¡ee time points. The letters A & B represent Tukey's
grouping that indicates a significant difference in the number of infected spikelets caused
by two inoculation methods.

Data show that the disease levels increased over time for all three genotypes. There

was a significant interaction in genotype response to disease progress at the observed

time points (genotypes x dai). Fewer infected spikelets were observed in Sumai-3 at each

assessment date (Figure 3.3).
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Figure 3.3. The progress of FHB infection over time (average number of infected
spikelets resulted from both PI and SI methods) in Sumai-3 and two susceptible near
isogenic lines Q.JILs).

A significant interaction of method x genotypes was detected indicating different

reaction of genotypes to F. graminearum infection resulted from methods of inoculation.

This result was not surprising as PI and SI target different types of resistance in wheat.

The level of infection caused by PI provides a measure of type II resistance based on the

spread of disease from the infection point, whereas the level of infection caused by SI

provides a measure of a combination of type II and type I resistance that indicates both

the number of initial infection loci and the further spread of disease from multiple

infection points.

The data clearly demonstrated that the level of resistance to F. graminearum in

Sumai-3 was significantly higher than in the susceptible NILs. A greater number of

infected spikelets were observed in NIL-4 than in NIL-3, although the differences were

4

2

0
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not found to be significant (Figure 3.4). Our findings are in agreement with the original

report on the development of the susceptible NILs (Xu et a1.,2002) and confirmed the

distinguishable difference between Sumai-3 and the susceptible NILs regarding their

reaction to F. graminearum infection.
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Sumai-3 NIL.3 NIL-4

Figure 3.4. The number of infected spikelets after inoculation with Fusarium
graminearum (avenge of PI and SI methods) in the resistant Sumai-3 and the susceptible
near isogenic lines $fILs). The letters A & B represent Tukey's grouping that indicates a
significant difference in the number of infected spikelets in different genotypes.
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IdentifTcation of ESTs differentially expressed in response to Fussrium

grøminearum infection

Analysis of microarray datausing the SAM method resulted in the identification of

264 ESTs that responded significantly to F. graminearum infection in Sumai-3 and the

two susceptible NILs (Table 3.2). A falsely significant call cut-off value lower than 1 and

FDRs (%) of 0.99, 1.54 and 0.16 were determined for the Sumai-3, NIL-3 and NIL-4

respectively. The FDR indicates the expected proportion of false positives among the

categories found to be significant. A FDR of 5%o for example means that among all

features called significant, 5Yo are truly null on average. Because of the high level of

consistency among biological and technical replications in this study, we were able to

apply low FDR for the identification of significant genes. Figure 3.5 presents a snapshot

of the SAM interactive plot that was generated based on the analysis of log transformed

expression data from Sumai-3. Similar interactive plots were used to set the FDR and

determine the list of significant genes for susceptible NILs.

Table 3.2. SAM analysis on gene expression data from the resistant Sumai-3 and two

susceptible near isogenic lines following inoculation by Fusarium graminearum.

o False discovery rate

Lines No. of Genes
called

Delta value

^

No. of Genes falsely called " FDR (%)
Median Median

Sumai'3 76 1.85 0.75 0.99

NIL-3
56 0.71 0.86 1.54

NIL-4
132 2.77 0.28 0.16
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Significant: 76

Median number of false positives: 0.75

False Discovery Rate (%): 0.99

q)

oo
U)
îto
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-oo

SAM Plotsheet

Expected Score

Figure 3.5. The SAM interactive plot for the analysis of expression data from Sumai-3.
This interactive plot was used to adjust Íhe delta (A) value to select the number of significant genes that are included or excluded in
the output and to settle on a value for A that corresponds to a low FDR. Red and green dots indicate genes that are identified as
significantly up-regulated or down-regulated respectively.

r54

Tail strength (%): 35.3
se (%):22.4



Gene filtering based on a 1.5 fold change in expression level in at least 3 out of 5

replications was applied to ESTs that were identified by the SAM analysis. This process resulted

in the identification of 56 ESTs whose transcript level showed a significant difference between

water-control and F. graminearum-inoculated plants. Of the 6,000 anayed elements, 29 ESTs

were identified as being signif,rcantly up-regulated and 27 ESTs as down-regulated in the

resistant lines Sumai-3 or the susceptible NILs (Table 3.3). In total 30 ESTs were identified in

Sumai-3 that significantly responded to F. graminearum infection including 29 up-regulated and

1 down-regulated. The number of down-regulated genes identified as significant was higher in

the susceptible NIL-4. The ESTs identified in the NIL-4 included 21 up-regulated and 30 down-

regulated. Numbers of ESTs identif,red as significant in NIL-3, included just 10 up-regulated

ESTs. Compared to Surnai-3, NIL-3 was moderately susceptibte to pathogen infection. The

fungus-challenged over control plants (T/C) gene expression ratios presented in Table 3.3

indicate that the expression levels for most of the ESTs listed were in fact changed in NIL-3

upon pathogen infection, but those changes in the expression level could not be recognized as

significant based on the criteria that were considered for the identification of significant changes

in this study.
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Table 3.3. Expressed sequence tags (ESTs) that responded significantly to Fusarium

graminearum infection in Sumai-3 and two susceptible NILs.

Clone lD " Detected Lines
bT/C Expression Ratios " ANoVA

Nit-4 NIL-3 Sumai F-Value Pr>F
Ta02008 A3 NIL- 4 N L-J Sumai 4.117 2.265 3.06 4.42 0.066
Ta02009 Dl NIL- 4 N L-3 Sumai 4.128 1.933 3.018 19.89 0.002
Ta02017 G3 NIL- 4 NIL-3 Sumai 3.222 1.899 2.487 3.76 0.087
TaFHBOO9 E2 NIL- 4 NIL-3 Sumai 3.731 2.127 2.715 16 16 0.002
TaFHBOO9 F1 1 NIL- 4 NIL-3 Sumai 2.096 1.885 4.703 6.93 0.028
TaFHBOI 1 F12 NIL- 4 N L-3 Sumai 5.23 3.367 3.687 1.06 0.390
TaFH8028 A1 NIL- 4 N t? Sumai 5.405 2.602 3.414 7.72 0.022
TaFH8030 E3 N L-4 N L-3 Sumai 4.433 2.265 3.184 7.08 0.017
TaFHB045 812 NIL- 4 NIL-3 Sumai 6.351 2.633 3.992 9.21 0.015
TaFHB045 D9 NIL- 4 NIL-3 Sumai 2.329 2.276 3.273 7.42 0.024
Ta02007 E5 N L-4 Sumai 2.044 1.435 2.45 6.86 0.028
Ta02010 C3 N L-4 Sumai 1.574 1.038 2.36 13.7 0.006
Ta02019 C5 N L-4 Sumai 1.652 1.112 2.569 6.67 0.030
TaFHB025 G1 NIL- 4 Sumai 1.719 1.583 2.999 7.89 0.021
TaFHB025 H2 NIL- 4 Sumai 1.732 1.357 2.208 6.37 0.022
TaFHB028 F4 N L-4 Sumai 2.229 1.499 4.701 4.71 0.045
TaFH8030 F7 NIL- 4 Suma 1.668 1.054 2.558 8.02 0.020
TaFHBO3O H5 N L-4 Suma 1.685 1.43 2.464 5.41 0.046
TaFHB039 D10 NIL- 4 Suma 1.672 1.172 4.498 16.49 0.004
TaFH8039 H12 N t-4 Suma 1.642 1.166 2.713 20.5 0.002
TaFHB049 AB NIL- 4 Sumai 1.9 1.321 2.3 4.51 0.049
TaFHB040 A1 Sumai 1.398 1.1 1.804 7.10 0.017
Ta02010 F5 Sumar 1.04 0.816 1.602 18.82 0.001
Ta020'14 810 Sumai 1.932 1.'185 2.105 1.03 0.401
Ta02015 B'10 Sumai 1.339 1.09 2.027 6.07 0.036
TaFHBOOI A2 Sumai 1.45 0.928 2.055 20.14 0.001
Ta020'18 A9 NIL- 4 Sumai 0.377 1.086 1.729 38.54 <.0001

TaFHB025 C1 NIL- 4 Sumai 0.45 1.627 1.711 5.29 0.034
TaFHBO3B 81 NIL- 4 Suma 0.369 1.038 1.63 43.75 <.0001

TaFHB039 F4 NIL- 4 Suma 0.532 0.727 0.629 6.08 0.036
1a020A2 F11 NIL- 4 0.571 0.852 0.777 3.70 0.090
Ta02002 FB NIL- 4 0.638 0.979 o.725 0.94 0.431
Ta02004 H2 NIL- 4 0.561 0.821 0.657 0.35 0.718
Ta02006 A1 1 NIL- 4 0.635 0.811 0.825 2.87 0.1 15

ïa02009 D3 NIL- 4 0.583 0.837 0.668 0.48 0.643
Ta02009 F11 NIL- 4 0.525 0.679 0.65 0.29 0.755
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Table 3.3. (Continued from the previous page.)

Clone lD " Detected Lines
¡ T/C Expression Ratios " ANoVA

Nil-4 NIL.3 Sumai F-Value Pr> F

ïa02010 D9 NIL- 4 0.557 0.733 0.725 4.57 0.062
Ta02013 E9 NIL- 4 0.569 0.762 0.726 2.48 0.164
Ta02015 C9 N L-4 0.629 0.781 0.843 3.13 0.099
Ta02017 810 N L-4 0.525 0.753 0.674 3.31 0.1 08
Ia0202O C11 NIL- 4 0.611 0.762 0.739 2.99 0.126
TaFH8007 C3 N L-4 0.546 0.801 0.685 1.70 0.260
TaFHBOOS A5 N L-4 0.452 0.709 0.702 5.25 0.048
TaFHBOI0 A5 N L-4 0.564 0.737 0.735 3.70 0.090
TaFHB012 D7 N L-4 0.602 0.866 0.721 3.78 0.087
TaFHBOI5 H4 N L-4 0.549 0.693 0.679 2.26 0.1 86
TaFHBO'19 D6 N L-4 0.5'19 0.751 0.657 0.98 0.430
TaFHBOI9 E7 N L-4 0.551 0.764 0.702 0.36 0.709
TaFHBO2I D1 NIL- 4 0.642 0.811 0.714 4.47 0.065
TaFHBO24 A3 NIL- 4 0.63 0.778 0.765 2.15 0.197
-laFHB027 D7 NIL- 4 0.52 0.752 0.709 4.28 0.070
TaFH8033 A6 NIL- 4 0.64 0.874 0.802 4.84 0.056
TaFH8038 E7 N L-4 0.545 0.744 0.745 3.29 0.1 08
TaFHB041 H11 N L-4 0.564 0.795 0.724 3.01 0.125
TaFH8050 D8 N L-4 0.533 0.793 0.695 4.29 0.070
TaFHBOSO G9 N L-4 0.565 0.839 0.729 4.32 0.069

u Line in which a differential regulation was detected: Names depicted in red font and green fonts
indicate that the corresponding EST has been identified as up-regulated and down-regulated
respectively.

b Expression ratio (T/C): Signal intensity ratio of treated (fungus-challenged) over the water
control.

" The F-values and P-value resulted from performing the analysis of vaiiance to determine
differential regulation between the resistant Sumai and the susceptible near isogenic lines

Q.{ILs).
P-value less than 0.05: significant at the level o, : 0.05
P-value less than 0.01: significant at the level o : 0.01
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Functional annotation and gene classes

The sequence information for ESTs representing genes that responded significantly to F.

graminearum infection in Sumai-3 and the susceptible NILs was determined. Putative functions

were assigned to EST transcripts based on the homology searches against the GenBank non-

redundant database using the BLASTX algorithm with the default parameters. The highest

similarity score was considered as the best match for the putative function of the corresponding

EST. The maximum probability threshold for a sequence match was set at 10 
-s. Sequence

similarity was considered signifi cant if E-value was equal or less than 10 
-5. 

Sequences that

produced hits with E-values more than 10-5 were assigned unknown protein. The annotated ESTs

were classified into different functional classes following the Munich Information Center for

Protein Sequences (MIPS; http://mips.gsf.de) Functional Catalogue (FunCat scheme) (Table 3.4).

The sequences for the ESTs that were identified in this study were deposited in the publicly

available GenBank EST database (NCBI) with provided accession numbers.

A significant induction of genes encoding PR such as B-1,3-glucanase (PR-2), chitinase (PR-

3), wheatwins (PR4) and thaumatin-like proteins (TLP) (PR-5) were detectyed following F.

graminearum infection (Table 3.4; Cellular rescue, defense and virulence). B-1,3-glucanases and

chitinases have antifungal activity and are shown to inhibit the growth of a variety of fungi

(Mauch et al., 1988). The antifungal activity of plant B -1,3-glucanases and chitinases may occur

by hydrolyzing the cell wall and the release of the fungal cell wall fragments, which may result

in a weakened cell wall, consequent cell lysis and cell death (Selitrennikoff, 2001). In addition,

the exposure of fungal pathogens to hydrolytic enzymes such as the p-1,3-glucanases and

chitinases may result in the release of cell wall fragments that contain oligosaccharides such as
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Clone lD " GenBank

TaFHB007 C3

TaFHB019 E7

TaFHBO19 D6

8L774254

o T/C Expression Ratios

Ta02009 F1 1

EL774243

EL774270

Ta02006 Al1

EL774276

TaFHB010

EL774275

TaFHBO2I-D1

EL774250

EL774251

Ta02017_810

8L774282

8L774245

8L774272

Ta020O2_F11

EL774278

EL774261

TaFHBO4I H11

phenylalanine ammonia-lyase (PAL)

8L774273

8L774256

light-harvesting chlorophyll a/b

TaFHB001 A2

8L774241

EL774303

ht-harvesting chlorophyll a/b protein precursor (LHCp

" Putat¡ve Function

lig ht-harvesting ch lorophyll a/b protein precu rsor (LH C p)

8L774297

light-harvesting chlorophyll a/b protein precursor (LHCp)
ht-harvesti!g chlorophyll a/b protein precursor (LHCp

8L774286

lig ht-harvesting ch lorophyll a/b protei n precursor (LH C p)

Metabolism

DV799616

Ribu losebisphosphate carboxylase/oxygenase

Ribu losebisphosphate carboxylase/oxygenase

Ribu losebisphosphate carboxylase/oxygenase

Ribu losebisphosphate carboxylase/oxygenase

Ribu losebisphosphate carboxylase/oxygenase

n precursor (LHCP)

Ribu losebisphosphate carboxylase/oxygenase

Ribu losebisphosphate carboxylase/oxygenase

Ribu losebisphosphate carboxylase/oxygenase

Ribu losebisphosphate carboxylase/oxygenase

Ribu losebisphosphate carboxylase/oxygenase

Beta-1 ,3-glucanase
Beta-1 ,3-qlucanase

Cellular rescue, defense and virulence
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Table 3.4. (Cable 3.4. (Contrnued fiom the previo

Clone lD

TaFHB040 A1

TaFHB039 D
Ta02019 C5

GenBank

Ta02010 C3

Acc. No.

Ta02015 810
TaFHB009 F1 1

10

8L774296

Ta02007 E5

o T/C Expression Ratios

EL774292

TaFHB025 G1

Lrs page

N¡I4

EL774264

TaFHBO25 H2

EL774252

TaFHB028 F4

EL774258

1.398

ïaFH8030 H5

NIL.3

DV799658

1.672

TaFHB045 D9

8L774247

1.652

TaFHB049 AB

8L774281

1.574

TaFHB028 A

1.'100

DV799716

1.339

Sumai

Ta02009 D1

1.172

8L774284

2.096

TaFHB009 E2

1.112

8L774287

2.044

TaFHBO4S 812

1.038

1.804

FL774299

1.719

Ta02014 810

1.090

4.498

1

EL774300

TaFHBO11 F

1.732

1.885

2.569

ÊL774283

2.229

TaFHB030 E3

1.435

2.360

8L774249

1.685

Beta-1 ,3-g lucanase

TaFHB039 H12

1.583

2.027

DV799656

2.329

Beta-1 ,3-glucanase

1.357

4.703

8L774298

1.900

Beta-1,3-glucanase

1.499

2.450

12

8L774257

5.405

Beta-1 ,3-glucanase

1.430

Gellular rescue, defense and virulence

2.999

DV799672

4.128

Beta-1 ,3-glucanase

2.276

" Putat¡ve Function

2.208

3.731

EL774285

Class

4.701

1.321

EL774295

6.351

Class

2.602

2.464

1.932

Class

1.933

3.273

chitinase

5.230

Class

2.127

2.300

chitinase

4.433

Class

2.633

chitinase

3.414

Class

1.642

1.185

3.018

chitinase

Class

3.367

2.715

chitinase

Class

2.265

3.992

chitinase

wPR4

1 .166

2.105

chitinase

wPR4

3.687

chitinase

wPR4

3.184

wPR4

2.713

wPR4

wPR4

wPR4

Thaumatin-like protein TLP4
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Table 3.4. (Uontrnued from the

Clone lD

TaFHBO39 F4

ïaFH8050 G9

ïaFHB038 E7

" GenBank

Ta02008 A3

Acc. No.

Ta02017 G3

TaFH8033 A6

EL774293

Ta02010 D9

b T/C Expression Ratios

EL774304

VIOUS

TaFHBO15 H4

8L774291

N¡14

Ta020'18 A9

8L774248

TaFHB025 C1

8L774262

0.532

TaFHBO3B 81

8L774288

NIL-3

0,565

ïa02002 F8

8L774253

0.545

TaO2015

8L774274

0.727

4.117

Ta02020 C11

DV799614

0.839

Sumai

3.222

TaFHB00B A5

DV799707

0.744

c9

0.640

TaFHB024 A3

8L774290

2.265

0.629

0.557

u GenBank accession numbers obtained for each EST deposited in the public databases of the National Centre for
, Biotechnology Information (lrICBI).
o Expression ratio (T/C): Signal intensity ratio of treated (fungus-challenged) over the water control.
'The ESTs identified as showing a differential regulation in respon se to Fusarium graminearltm infection are listed by
functional classes according to the FunCat scheme.

8L774242

1.899

0.729

0.549

8L774259

0.874

0.745

0.377

8L774265

0.733

3.060

0.450

ÊL774271

Expressed protein

0.693

0.369

2.487

8L774280

Expressed protein

1.086

0.802

0.638

Expressed protein

1.627

0.725

0.629

Unknown protein

1.038

0.611

0.679

Unknown protein

0.979

1.729

0.452

" Putat¡ve Function

Unknown protein

0.781

0.630

1 711

Unknown prote

o.762

1.630

Unclassified protei

Unknown prote

0.709

0.725

Unknown prote

0.778

0.843

Unknown prote

0.739

Unknown prote

0.702

Unknown protein

n

0.765

Unknown protein

n

ns

n

Unknown protein

n

Unknown protein

n

Unknown protein
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glucan and chitin or chitosan. These fungal cell wall fragments have been shown to

act as elicitors of subsequent defense responses including the induction of PR genes in a

variety of plants (Ham eta1.,1991; Mauch and Staehelin, 1989).

The significant induction of PR genes in response to F. graminearum infection in

this study was in agreement with previous reports. Li et al. (200ib) studied the response

of Sumai-3 and a susceptible mutant to F. gramineorum infection and reported induction

of B-1,3-glucanase and chitinase genes upon fungal infection. They found that the

accumulation of transcripts for these PR proteins \ /as more rapid in Sumai-3 than in its

susceptible mutant during the first 24h. Zhou et al. (2005) reported the significant

induction of B-1,3-glucanase in response to F. gramineorum infection by studying 2-

dimensional displays of proteins extracted from wheat spikelets following infection by F.

graminearum.Kong et al. (2005) described a class I chitinase in wheat that responded to

F. gr amine qrum infection.

We identified 7 ESTs encoding wPR-4 proteins that were significantly induced upon

infection by F. graminearum. Plant PR-4 genes belong to a multigene family that

differentially regulate during development or upon fungal infection. Pathogenesis-related

wPR-4 proteins are chitin-binding proteins that are shown to have antifungal activity

against many plant pathogens including F. culmorum and F. graminearum (Caruso et a1.,

1996; Friedrich et al., I99l; Hejgaard et a1.,1992; Selitrennikoff, 2001). The induction of

wPR-4 proteins in the resistant cultivar Sumai-3 following inoculation by F.

graminearum was in agreement with Pritsch et al. (2000). Several genes encoding wPR-4

proteins have been cloned and characteized in wheat (Bertini et a1.,2006).

Significant induction of TLP in the resistant cultivar Sumai-3 and the susceptible
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NILs in this study was in agreement with Pritsch et al. (2000), who compared the

expression of B-1,3-glucanase, chitinase, and two TLPs between Sumai-3 and the

susceptible cultivar Wheaton following spray inoculation with F. graminearum. They

reported that TLPs were induced earlier in the resistant cultivar Sumai-3 than in the

susceptible cultivar Wheaton. The antifungal activity of TLPs have been documented and

some are shown to have B-1,3-glucanase activity (Cheong et al., 1997;Yigers et al.,

1992). Evaluation of transgenic plants with enhanced levels of chitinase, B-1,3-glucanase,

and thaumatin-like proteins indicated the contribution of defense response genes to type

II resistance to FHB (Anand et a1.,2003; Chen et a1.,1999; Mackintosh, et a1.,2004). The

resistant cultivar Sumai-3 is known to possess type II resistance (Bai and Shaner, 1994;

Wang and Miller, 1988).

The reprogramming of cellular metabolism during plant pathogen interactions

involves not only positive, but also negative regulatory mechanisms. Genes identified as

significantly down-regulated mainly included genes encoding proteins that are involved

in energy metabolism in plants (Table 3.4; Energy). The apoprotein of the light-

harvesting chlorophyll a/b protein (LHCP) is a nucleus-synthesized, major integral

thylakoid membrane protein that is associated with plant photosystems (Jansson, 1999).

Genes encoding LHCP comprise a multigene family in various plants and are expressed

in a cell- or organ-specific pattern (Buetow et a1.,1988). The steady level of the

transcription of genes encoding ribulosebisphosphate carboxylase/oxygenase was

decreased in F. graminearum-infected plant tissues (Table 3.4; Energy).

Ribulosebisphosphate carboxylase/oxygenase is the enzyme that is responsible for the

photosynthetic fixation of CO2 in all photosynthetic organisms (Gurevitz et al., 1985).
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Because many of the different components of the photosynthetic apparatus are linked, a

reduction in the expression level of genes encoding light-harvesting chlor ophyIl. a/b

proteins and genes encoding ribulosebisphosphate carboxylase/oxygenase may lead to an

overall suppression of photosynthetic activity in plant tissues infected by F.

graminearum. The suppression of cellular pathways that enhance the production of

activated oxygen species (AOS) in the photosynthetic apparatus may be associated with

the plant defense response to oxidative stress. Prevention of the formation of AOS in

chloroplasts is likely to protect plant tissue from oxidative stress (Baier and Dietz, 2005;

Rizhsky et a1.,2002). However, it has also been shown that the over-reduction of

components of photosynthetic electron transport may in fact increase the production of

AOS in the chloroplast (Mateo et a1.,2004; Scharte et al., 2005).

Among ESTs that were identified as differentially regulated in response to F.

graminearum infection there were 16 ESTs that represented novel transcripts of unknown

function for which BLAST searches yielded no homology in the databases (Table 3.4,

Unclassified Proteins). The BLAST search against the F. grøminearum genome and,

COGEME fungal databases showed that none of the differentially-expressed transcripts

in this study originated from the F. graminearum genome. These fungal sequences were

most likely of low abundance as the RNA was isolated from infected plants just 24 hr

after inoculation with the fungus.

Contig assembly

The CAP3 assembly program was used to group redundant ESTs into contigs with a

minimum match of 40 and a minimum score of 90. Of the 56 differentially-regulated

164



ESTs, I I were found as singletons with only one EST. The remaining ESTs were

grouped into 14 contigs with more than one EST. Each EST in a contig represents a

transcript either from the same gene (overlapping sequences) or from multiple paralogous

members of a multigene family. The result from the contig assembly indicated that the 56

ESTs, represent 25 unigenes that show a differential regulation in response to F.

graminearum infection (Table 3.5). Each unigene indicates a set of transcript sequences

that appear to come from the same transcription locus.

Differential regulation between Sumai-3 and two susceptible NILs

Differences between the resistant Sumai-3 and the susceptible NILs were determined

by performing the ANOVA on the ESTs that were identified as responding significantly

to F. grantinearuminfection. Differences at the 0.01 rate of type I error (a : 0.01) were

considered significant. Significant differences were found in the level of gene expression

for genes encoding B-1,3-glucanase, wheatwin, thaumatin-like protein and genes of

unknown function (Table 3.3). The general gene expression patterns for the genes

showing significant differences between the resistant and susceptible lines are presented

in the Figure 3.6. The expression level of genes encoding B-1,3-glucanase were

significantly different among the examined lines. Tukey's mean comparisons indicate

that the expression level of B-1,3-glucanase in the resistant Sumai-3 and the susceptible

NIL-4 was significantly higher than in the susceptible NIL-3 (Figure 3.6-A).
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Table 3.5. Functional classes of unigenes identified in the resistant Sumai-3 and
ib e Nll-s as responded signiticantlv to Fusarium praminearum infection

" Putative Function o ESTs

Metabolism

phenylalanine ammonia-lyase (PAL) 1

Enerqy
light-harvestinq chlorophvll a/b protein precursor (LHCP) 4

liqht-harvestinq chlorophvll a/b protein precursor (LHCP) 1

lightharvestinq chlorophvll a/b protein precursor (LHCP) 1

Ribu losebisphosphate carboxvlase/oxvqenase 4

Ribu losebisphosphate carboxvlase/oxvoenase 6

Cellular rescue, defense and virulence
Beta-1 ,3-g lucanase 3

Beta-1 ,3-glucanase 2

Beta-1,3-glucanase 1

Beta-1 ,3-qlucanase 1

Class I chitinase 5

Class I chitinase 3

wPR4 2

wPR4 3

wPR4 2

Thaumatin-like protein TLP4 1

Unclassified proteins
Expressed protein 3

Unknown protein 2

Unknown protein .l

Unknown protein J

Unknown protein 1

Unknown protein 1

Unknown protein 1

Unknown protein 1

Unknown protein 1

u The 25 unigenes that responded significantly to F. graminearum infection24 hr after
inoculation are listed by functional classes according to the FunCat scheme.

bNumbers of EST components in each contig are listãd.
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Figure 3.6. Expression patterns of genes found to be significantly different between the
resistant Sumai-3 and the susceptible near isogenic lines QrlILs).
A) B-1,3-glucanase, B) Thaumatin-like protein, C) wheatwins and D) A gene of unknown
function. Numbers indicate the average expression ratios of the represented gene in
corresponding genotypes. The alphabetical classif,rcations within the brackets are based
on comparisons of means using Tukey's multiple comparison statistics. Different letters
indicate a significant difference among lines.

The DNA marker analysis reported by Xu et al. (2002) revealed that the susceptible

NIL-3 differs from Sumai-3 in the genomic region that is located on chromosome 3BS

(Figure 3.7). our observations suggest two possibilities: 1) genes encoding p-1,3-
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glucanase are located in the 3BS region ,2) regulatory genes that control the expression

level of genes encoding B-1,3-glucanase are located in the 3BS region. A recent study

based on the analysis of nulli-tetrasomic lines and genetic mapping revealed the presence

of a cluster of B-1,3-glucanase genes in the 3BL region of wheat (Li et al., 200ib). The

significant differences found in the expression level of B-i,3-glucanase genes between

the resistant Sumai-3 and the susceptible NILs therefore, may indicate the presence of

regulatory gene(s) on the 38S region that regulate the expression of B-1,3-glucanase

genes during wheat-F. graminearum interactions. The higher level of transcripts

encoding B-1,3-glucanase in Sumai-3 than in the susceptible NIL-4 is suggestive of the

contribution of B-1,3-glucanase in FHB resistance in Sumai-3.
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Figure 3.7. Chromosome locations of the molecular markers (green) that showed
polymorphism between Sumai-3 and the susceptible NILs.
NIL-3 has different band pattern from Sumai-3 at all of the seven polymorphic markers
on 3BS, while NILs-4 is different from Sumai 3 only at the AGA/CTAT304 marker on
chromosomeZAL (Xu et al. (2002).

A similar expression pattern was observed for the gene encoding thaumatin-like

protein. Mean comparisons revealed that following inoculation with F. graminearum the

level of transcripts encoding TLP in Sumai-3 was significantly higher than in either NIL-

L
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3 or NIL-4 (Figure 3.6-B). This findingmay suggest that the expression of the gene

encoding this particular isoform of TLP may also be associated with the 3BS region and

contribute to the resistance to F. graminearztm infection. It is known that the resistant

cultivar Sumai-3 posseses type II resistance that delays the spread of the fungus in

infected tissues (Bai and Shaner, 1994; Wang and Miller, 1988). The significantly higher

expression of the gene encoding TLP in Sumai-3 compared to the susceptible NILs is in

agreement with the previous reports that indicated the contribution of TLP to FHB

resistance by increasing the level of type II resistance in wheat (Chen et al., 1999;

Mackintosh et a1., 2004).

The expression level for genes encoding wPR4 was statistically different among the

resistant and susceptible lines. The expression level of wPR4 genes in Sumai-3 and NIL-

4 was significantly higher than in NIL-3. Genes encoding wPR4 were induced in both

resistant and susceptible lines upon infection with F. graminearum. However, the higher

level of induction of wPR4 genes in susceptible NIL-4 may suggest that the induction of

wPR4 gene is paft of general plant defenses and may not specifically contribute to the

resistance to F. graminearum infection (Figure 3.6-C).

In general our data indicate that differences between the resistant Sumai-3 and the

susceptible NILs regarding the expression of genes that respond to F. graminearum

infection are mainly of a quantitative nature. This conclusion is true for both genes that

were up-regulated or down-regulated during F. graminearum infection. The majority of

genes that were identified as induced or repressed in the resistant Sumai-3 showed the

same expression pattern in the susceptible NILs. Differences therefore were found only in

the magnitude of induction or repression of genes that were differentially regulated in
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response to F. graminearum infection.

The exception for the general gene expression pattern in this study was the

expression of a unigene encoding the enzyme phenylalanine ammonia-lyase (PAL) and a

unigene represented by three ESTs encoding a protein of unknown function (clones:

Ta02018_49; TaFHB025_CI; TaFHB038_81). The gene encoding PAL was

significantly induced in Sumai-3 following F. graminearum infection but no significant

changes occurred in the susceptible NILs. The enzyme PAL is an element of the

phenylpropanoid pathway. Phenylpropanoid metabolism has been implicated in plant

defense against both biotic and abiotic stresses. The pathway gives rise to a wide range of

important metabolites including lignin (Ro and Douglas, 2004; Dixon and Paiva, i995).

A higher lignin content in plant cell walls provides an effective barrier to the penetration

and growth of pathogenic fungi (Dushnicky et al., 1998). The study of pathogen

development and host responses in wheat spikes of resistant and susceptible cultivars

infected by FHB indicated an intense increase of lignin content in the host cell walls of

the resistant cultivars following infection (Kang and Buchenauer, 2000c). The qualitative

difference found for the level of activation of the phenylpropanoid pathway between the

resistant Sumai-3 and the susceptible NILs may suggest the specific contribution of the

products of the phenylpropanoid pathway to FHB resistance in wheat.

A qualitative difference between Sumai-3 and the susceptible NILs was observed for

the level of transcripts representing a unigene of unknown function. The transcript level

of this unigene was significantly increased in Sumai-3, but showed no significant change

in NIL-3 and was significantly down-regulated in NIL-4 (Figure 3.6-D). It was shown

that the susceptible NIL-4 is similar to the resistant Sumai-3 regarding the 38S genomic
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region and it is different from Sumai-3 only at two loci that are located on chromosome

2AL (Figur e 3 .7) (Xu et aI. 2002). The unique expression pattern of this unigene suggests

that its expression may not be related to the genomic regions on chromosomes 3BS or

2AL that were found to be polymorphic between the resistant Sumai-3 and the

susceptible NILs.

Expression profiies of Sumai-3 and the two NILs in response to F. graminearum

infection were compared based on hierarchical clustering of unigenes (Figure 3.8). In

agreement with our findings from the analysis of differential regulation among

genotypes, the clustering of the expression data also clearly demonstrates that the

majority of differences between Sumai-3 and the susceptible NILs were of a quantitative

nature. The clustering grouped the susceptible NIL-3 and NIL-4 in a different cluster

from Sumai-3 indicating different gene expression profiles (Figure 3.8).

This study revealed that F. graminearum infection caused the induction of a number

of pathogenesis-related (PR) proteins including B-1,3-glucanase (PR-2), chitinase (PR-3),

wheatwins (PR4) and thaumatin-like proteins (TLP) (PR-5) in infected tissues of both the

resistant and the susceptible genotypes. We found that wheat infection by F.

graminearum friggers negative regulatory mechanisms that affect the energy metabolism

in infected plants. The data suggest an overall suppression of photosynthetic activity in

plant tissues following infection by F. graminearum. Significant differences in gene

expression patterns were observed between Sumai-3 and the susceptible NILs. Such

differences were found to be mainly quantitative in nature for both up-regulated and

down-regulated genes. Only one unigene of unknown function was found to exhibit a

qualitative difference in expression pattern between the resistant and susceptible lines.
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Genes identified in this sfudy represent functional candidate genes that may play a role in

resistance to FHB.
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Figure 3.8. Hierarchical clustering of unigenes that were expressed differentially in
Sumai-3 and the susceptible NILs infected by Fusarium graminearum. Clustering
grouped the up-regulated and down-regulated genes indifferent clusters. Susceptible
NILs were grouped in a different cluster from the resistant Sumai-3. Visualization of
expression profiles confirmed that the majority of differences between the susceptible
NILs and the resistant Sumai-3 are quantitative in nature.
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CHAPTER 4

PREDICTED CHROMOSOME BIN MAP LOCATION OF \ryHEAT UNIGENES

DIFFERENTIALLY-EXPRESSED IN RESPONSE TO FUSARIUM

G RA M I N EAA T/M INFE C TION.
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Predicted chromosome bin map location of wheat unigenes, differentially expressed in

response to Fusarium graminearum Infection

Summary

Comparative mapping based on the conserved genome organization between wheat

and the model plant, rice, facilitated transferring structural genomic information between

these closely related grass species. In this study, the predicted in silico physical map

location of unigenes responsive to F. graminearum infection was determined based on

the existing micro-synteny between the wheat and rice genomes using in silico mapping

software. Unigenes encoding B-i,3-glucanase which are significantly induced in response

to F. gramineorum infection were coffectly positioned into deletion bins on the long arm

chromosome 3B of wheat. This study emphasizes the potential use of micro-synteny

between wheat and closely-related species in localizing unmapped wheat ESTs that arc

functionally associated with FHB resistance. The ESTs representing unigenes that

responded significantly to F. graminearum infection provided a source of functional

candidate genes for developing new and effective markers that are both physically and

functionally linked with FHB resistance in wheat.

Introduction

Application of restriction fragment length polymorphism (RFLP) analysis in plants

revealed that complementary DNA (cDNA) RI'LP probes can be cross-mapped in

different species to provide anchors that allow comparative genetic mapping and

comparison of genomes among different plant species. Comparative plant genetics using
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the same set of molecular markers for genetic mapping in different species has revealed

the conserved organizalion of genes within genomes over evolutionary periods (Gale and

Devos, 1998). Such studies have lead to the identification of colinear chromosome

segments between closely-related species and revealed close relationships between

genomes of almost all economically important grass species (Gale and Devos, 1998).

Genomic conservations are also reported between the Solanaceae crops (Bonierbale et

al., 1988; Gebhardt et al., 799I; Tanksley et a1.,1992), and between the Brassicd crops

and Arabidopszs (Acarkan et al., 2000; Lagercrantz andLydiate,lgg6;Lagercranfz,

1ee8).

The high degree of conserved gene sequences and application of molecular markers

derived from one species in genetic mapping of closely related species facilitated the

construction of comparative genetic maps in related species. The first construction of

comparative genetic maps in plants was performed in the Solanaceae (Bonierbale et al.,

1988; Gebhardt et al., l99I; Tanksley ef a1.,1992). Comparative genetic mapping in the

Brassicaceae family has revealed an almost complete conservation of genes for Brassica

species. The extensive genome colinearity at the genetic and molecular level permited the

efficient transfer of genetic data from the genome of model plants such as A. thaliana to

other species in the Brassicaceae family (Acarkan et al., 2000; Lagercrantz and,Lydiate,

1996; LageÍcrantz, 1 998).

Comparative genomics based on the comparative genetic mapping among grass

species in the Poaceae family is of particular importance. The family comprises a

number of economically important plants, such as wheat (Triticum aestivum L.), rice

(oryza sativaL.),maize (Zea mays L.), sorghum (Sorghum vulgare L.), barley (Hordeunt
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vulgore L.), rye (Secale cereale L.), and others. Members of the Poaceae family diverged

more than 60 million years ago. The Poaceae family includes a wide range of genome

sizes, varying from about 400 million base pairs (Mb) in rice to more than 16,000 Mb in

hexaploid wheat (Kellogg, 200I). However, studies have shown a significant degree of

genetic colinearity between grass species in the Poaceae family (Devos and Gale, 2000;

Moore et al., 1997; Druka et al., 2000).

Despite the economic importance of bread wheat, factors such as the large size and

complex allohexaploid organization of the genome have limited molecular investigation

and sequencing of large genomic fragments in this species (Arumuganathan and Earle,

r99l). The isolation, physical mapping and complete sequencing of large genomic

fragments in wheat became feasible after the development of large insert bacterial

arlificial chromosome (BAC) libraries from different wheat species (Ma et a1.,2000;

Cenci et al., 2003; Nilmalgoda et a1.,2003). The triplicate genetic material in common

wheat (4, B, and D genomes; Bennett and Leitch, 1995) enables it to tolerate the loss of

chromosome segments, arms or even whole chromosomes. This characteristic of

hexaploid wheat has been used to develop a wealth of aneuploid stocks. A complete

series of nullisomic-tetrasomic Q.JT), lines lacking a pair of chromosomes, and

ditelosomic (DT) lines (Sears, 1954,1966) have been developed that can be used to

determine the arm location of molecular markers (Anderson et al., 1992).In addition, 436

chromosome deletion lines are available for the 2l wheat chromosomes that can be used

for mapping DNA markers into chromosomal bins, regions delineated by neighboring

deletion breakpoints (Endo and Gill, 1996). These cytogenetic stocks have been

extensively used for large-scale physical mapping of DNA markers (Akhunov et al.,
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2003; Qi et al., 2003; Qi and Gill, 2001; Faris eta1.,2000; 'Weng 
et al., 2000). An EST is

a segment of a sequence from a cDNA clone complementary to an mRNA sequence that

represents segments of expressed genes. Physical mapping of wheat ESTs using the

available set of wheat aneuploids and deletion stocks provides a shortcut to gene

discovery and comparative genomics. The available cytogenetic resources have been

used to determine the gross physical location of Triticeae ESTs representing more than

5000 unigenes on wheat chromosomes by southern hybridization (Qi et a1.,2004).

The availability of DNA sequence information for the rice genome (Goff et al.,

2002; Yu et a1.,2002) along with the large number of wheat ESTs,

(http://wheat.pw.usda.gov/wEST), developed deletion bin maps, and molecular linkage

maps, allow the investigation of orthologous relationships between the wheat and rice

chromosomes. The available resources permit using.in silico mapping strategies as an

efficient tool to transfer genetic knowledge from rice to wheat that may help in the

identification of molecular markers and candidate genes that are responsible for complex

traits with economic impoftance.

Banks et al. (2004) described an in silico physical mapping software that exploits the

conserved genome organization between wheat and rice, by incorporating the available

genomic resources of wheat and rice in order to assign a gross physical location(s) into

chromosome bins for 22,626 representative wheat gene sequences. In this study we used

the in silico physical mapping software to assign a gross physical location(s) into

chromosome bins for the EST sequences representing unigenes that were differentially-

expressed in response fo F. gramineorunt infection.
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Experim ental Procedures

The CAP3 assembly program was used to group functionally identified ESTs into

contigs with a minimum match of 40 and a minimum score of 90 (Huang and Madan,

1999). The analysis was performed on257 ESTs including2}I ESTs and 56 ESTs that

responded significantly to F. graminearum infection in the resistant 93FHB37 wheat line

tissues and the Sumai-3 derived near isogenic lines respectively. The analysis revealed

that the examined ESTs represent 94 unigenes including contigs containing more than

one EST and singletons. Each unigene represented a set of transcript sequences that

appear to come from the same transcription locus.

Using the wheat in silico physical mapping software presented in the web-browser

(http://synteny.agr.gc.calsynten)¡2.0/synteny.html; Banks et aL.,2004), the predicted in

silico physical map locations were determined for a selected number of unigenes

responsive to F. gramineqrum. The EST sequences representing each unigene were used

with the BLAST search option, provided in the in silico physical mapping software, to

determine the in silico physical map location(s). The submitted EST consensus sequences

were compared to the predicted protein sequences from the rice genome. Subsequent

comparisons, in combination with the anchor sequences were used to assign an in silico

bin position to the submitted wheat ESTs. Anchors represent wheat EST sequences that

have been physically mapped into bins of the Chinese Spring deletion line series

(Akhunov et al., 2003) and have been aligned with the orthologous open reading frames

(ORFs) in the rice genome. Wheat ESTs having significant similarity to a rice ORF

(BLASTN, E-value of 0, sequence identity at least 80%o) are considered as orthologous

sequences (Banks et a1., 2004).
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Results and Discussion

The in silico physical mapping software uses the predicted protein sequences from

the rice genome in combination with the anchors that define the microsynteny between

rice and wheat genomes at a particular region to localize wheat ESTs. The software

therefore was not effective in predicting an in silico physical map position for ESTs that

that do not show homology with the rice genome and for ESTs that encode proteins of

unknown function. The predicted in silico physical map location for a number of

unigenes was determined (Table 4.1). The prediction of in silico physical map position

included the supporting information that indicates the rationals for the predicted position.

Here the results of in silico mapping for unigenes encoding B-1,3-glucanase are discussed

as an example.

Analysis of molecular responses to ,F. graminearum infection in different tissues of

resistant wheat line 93FHB37 and in Sumai-3 derived near-isogenic lines resulted in the

identificationof 22 EST sequences encoding PR protein B-1,3-glucanase that were

signif,rcantly induced upon F. graminearum infection. The EST sequences representing

unigenes encoding B-1,3-glucanase were submitted to the in silico physical mapping

software and were positioned into deletion bins located on the long arm of group 3 wheat

chromosomes (Table 4.i). The strongest mapping predicted the unigenes encoding B-1,3-

glucanase to be located in the deletion bin (38L7-0.63-1.00) on the 3BL chromosomal

region (Figure 4.1). This predicted position is supported by 30 wheat anchor sequences

that were mapped to the same wheat bin as the wheat EST consensus sequence, found in

the genomic region of rice immediately around the predicted position of the wheat ESTs

encoding B-1,3-glucanase. The rich number of anchors (30) in the predicted region
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indicated a high level of micro-colinearity between the wheat and rice genomes in this

region and therefore provided a high measure of confidence for the in silico positioning

of the wheat ESTs encoding B-1,3-glucanase to the 3BL chromosomal region. Li et al.

(2001b) identified two B-1,3-glucanase genes that were induced in response to F.

graminearum infection. Nulli-tetrasomic analysis assigned the B-i,3-glucanase genes to

the group 3 chromosomes of wheat. Genetic mapping using a population of wheat

recombinant inbred lines mapped B-1,3-glucanase genes to the 3BL and 3DL

chromosomal regions. The findings confirmed the presence of a cluster of B -1,3

glucanase genes on 3BL and 3DL regions (Li et al.,200Ib). In this study, the results

obtained ftom in silico mapping of F. graminearum wheat unigenes encoding B- 1 ,3 -

glucanase were in agreement with the outcomes of genetic and physical mapping of B-

1,3-glucanase genes by Li et al. (2001b).

Comparative genetic maps provide a framework of molecular markers facilitating

map-based prediction of the location of genes that are involved in controlling traits of

interest. Comparative mapping was successfully applied for the prediction of the bovine

chromosome location of about 60%o of cattle unigenes based on the human unigene

database and a bovine/human comparative map (Rebeiz and Lewin, 2000). Investigations

of the chromosome map location for sequence dafafrom ESTs among grass species show

that tlre map location for more than 60%o of ESTs can be predicted based on existing

comparative maps (Sorrells, 2000). The existing synteny between rice and wheat

genomes may be used to determine the tentative position of ESTs in silico based on the

orthology with sequences in the rice genome (La Rota and Sorrells, 2004). Comparative

mapping between rice and wheat was used for the identification of molecular markers for
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the grain protein content in wheat. The high level of colinearity between a2.7-cVregion

flanked by loci Xucw75 and Xucw67 on wheat chromosome 6B and a 350-kb

uninterrupted sequenced region in rice chromosome affn 25 was used to facilitate the

identification of molecular markers for the grain protein content locus Gpc- 68I onwheat

ch¡omosome 6B5. The small region encompassing the Gpc-6BI locus was analyzedby

RFLP mapping of wheat ESTs that were orthologous to sequences from rice chromosome

25. As a result, fìve putative genes for grain protein content were identified within a 0.3-

cM interval in wheat corresponding to a 64-kb region in rice (Distelfeld et a1.,2004).

Application of comparative mapping based on the synteny between the distal part of

wheat chromosome iBL to chromosome 5L of rice resulted in the identification of 14

new markers for the resistance gene Lr46, a gene for slow-rusting resistance to leaf rust

caused by Puccinia triticina in wheat. The development of these new markers facilitated

positional cloning of the Lr46 gene (Mateos-Hernandez et al., 2006).

Micro-colinear regions between the wheat and rice genomes were also used for

marker enrichment of a FHB resistance QTL region in wheat. Liu and Anderson (2003)

used the synteny between wheat chromosome 3B and rice chromosome 1S to identify

previously unmapped wheat ESTs located in a major FHB resistance QTL region on

chromosome 38S. The rice sequences covering the distal portion of chromosome 1S

were used as queries to identify previously unmapped wheat ESTs located in the QTL

region. Five sequence-tagged site (STS) markers were identified that flanked the QTL

region. However, EST sequences used by Liu and Anderson (2003) failed to identify

annotations with potential roles in resistance to FHB disease. Shen et al. (2006) used

wheat ESTs to identify sequences with similarity to known disease resistance genes that
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may map to the FHB associated QTLs regions. They found only one EST that contained

leucine repeats and mapped to the QTL region on the short arm of chromosome 38. The

factthat the selected EST originated from a Chinese Spring line that was susceptible to

FHB indicated that the selected EST may not encode the gene necessary for resistance to

FHB (Shen eta1.,2006).

The studies that have attempted to explore the synteny between rice and wheat

genomes to identiff gene(s) underlying major QTLs, so far have used wheat ESTs that

were not functionally related to FHB resistance in wheat (Liu and Anderson, 2003; Shen

et al., 2006). our study of gene expression response of wheat to F. graminearum

infection identified wheat ESTs representing unigenes that responded significantly to F.

graminearum infection. These ESTs therefore represent unigenes that arc functional

candidate genes with a potential role in wheat resistance to FHB. In this study, we

showed that comparative mapping between wheat and model plants such as rice can be

used to localize unmapped wheat ESTs that, based on gene expression analysis, are

functionally related to FHB resistance.

Exploring the synteny between wheat and closely related species in order to identify

genes involved in complex traits is not limited to the rice genom e. Brachypodium

distachyon, represents a new model plant for grass functional genomics. Brachypodium

distachyon contains a small genome size about 355 Mb and is more closely related to the

Triticeae (wheat, barley) than to the other cereals (Draper et a1.,200I). Comparative

mapping of ESTs representing unigenes that arc functionally involved in FHB resistance

has the potential to accelerate the identification of new and more effective markers.

These may reduce linkage drag associated with marker assisted selection of FHB
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resistant lines and may help in the pyramiding of different resistance loci for FHB

resistance in wheat. It may also be helpful for saturation mapping of FHB resistance

QTLs and therefore facilitate the cloning of gene(s) that are responsible for FHB

resistance.
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Table 4.1.
Fusariunt

Beta-1 ,3-glucanase

u rn x rurn r ne urum Inlecuon
The predicted in silico physical map

Class I chitinase

Putative function

wPR4

ineqrum infecti

Thaumatin-like protein TLP4

Metallothionein

Ascorbate peroxidise

Phenylalanine ammonia-lyase

Receptor-like kinase

Leucine-rich repeat protein

Unigene "

Transcription factor (WRKY)

Heat shock protein 70

location for a selected number of unigenes that responded significantly to

4

Methionine synthase

4

Strongest mapping b

Transcription factor

J

38L 7-0.63-1.00 (30).

Cin namate-4-hyd roxylase

1

68L 5-0.40-1.00 (2)

Monodehyd roascorbate red uctase

1

sAL 10-0.57-0.78 (3)

Phosphatidylinositol synthase

1

5AS 3-0.75-0.98 (10)

U biq uinol-cytochrome c reductase

1

oNumberofunigenes(contigs/singleton)founduS

'The wheat bin to which the EST(s) representing unigenes most strongly in silico mapped.
'The predicted location for the EST(s) that match the reported FHB qrrs
x The numbers within the bracts indicate the number of anchors that define the mapping of the EST(s) to the predicted
locations.

3DS 6-0.55-1.00 (15)

1

2AL 1-0.85 (25)

1

6DL 6-0.29-0.47 (24)

3AL,(20), 3DL(20).

1

68L 5-0.40-1.00 (30)

2AS(2)

I

Other predicted In silico map positions

3AL 3-0.42-0.78 (18)

1DL(2), 3DL(2), 5BL(2), 4BL(2), 4DL(2)

1

6BL 5-0.40-1 .00 (r 9)

5DS(5),5BS(4), 4DL(2)

1

sDL 5-0.76-1.00 (26)

3AS(14),3BS(5)

1

5AS 3-0.75-0.98 (10)

2DL(17), 2BL(1 4), 5AL(2), 7AS(2)

1

3DS 3-0.24-0.55 (16)

6AL(2 1 ), 6BL(7), 2DL(2), 2AL(2)

1

3DL2-0.27-0.81 (20)

6AL(30), 6DL(14), 1 DL(2), 4AL(2), 5D1(2), 7DS(2), 5BL(2)

1

sDL 1-0.60-0.74 (10)

3D

6A5 5-0.65-1.00 (15)

L(18), 38L(10), 1BL(2), 1DL(2), 4BL(2)

6DL(1 9), 6AL(1 3), 3BL(2)

5DL 5-0.76-1.00 (25)

5BL(22), 4AL(e), 5AL(8), lBL(z), 1 DS(2)

5DS(5),5BS(4), 4DL(2)

3BS(12),3AS(e)

3AL(1e), 3BL(1 1)

5B(5), 5AL(4), 4DS(3)

6BS(1 2), 6DS(6), 7DL(2)

5BL(20), 4AL(8), 5AL(8)
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Figure 4.1' A screenshot taken from the wheat in silico physical mapping software showing the result for the analysis of wheat
EST Ta0210-C3 (GenBank Accession numberÈL774252). The EST was used as a representative of a contig including 1l
ESTs that represented a unigene encoding for B-1,3-glucanase. A. Schematic of the wheat chromosome contãining the bin
3BL7-0-63-1.00 to which the EST was mapped. The bin containing the EST is coloured yellow. B. List of all possible bin
locations for the EST. Each row indicates one predicted location on the physical map that is presented by the n*" of the bin
where the EST is potentially positioned. The numbers within the brackets indicate the number of anchors that define the
mapping of the EST to the predicted location. C.-schematic of the rice chromosome containing the rice contig having a protein
with the best BLASTX match to the examined EST. A diagram of tiling of the BACs in the selected rice chromoro*" région
displayed. Yellow rice BACs contain anchors.
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Fusarium head blight caused by Fusørium graminesrum

Fusarium head blight (FHB) caused by Fusarium graminearum ts one of the most

important fungal diseases that infect wheat throughout the world. Under favorable

environmental conditions, the disease has the capacity to destroy a potentially high-

yielding crop within a few weeks from harvest (McMullen et al., 1997). Severe FHB

infection results in significant yield losses and damaged grain quality (Windels, 2000).

Downgraded quality measures such as unsatisfactory baking quality, loss of dough

functionality and loss of loaf volume potential in FHB infected wheat crops are in part

attributed to the presence of fungal proteases found in infected grain (Dexter et al., 1996;

Nightingale et al., 1999). Furthermore, the infected crops become contaminated with

fungus-produced mycotoxins such as DON that is known to inhibit protein biosynthesis

in eukaryotes (Rocha et al., 2005). Multiple adverse effects of F. graminearum produced

mycotoxins have been reported in animals and it is a cause of safety concern in human

(Bennett and Klich, 2003; Hall and Van Sanford, 2003). Using FHB-infected grain as

seed has been shown to result in poor germination and a poor stand of plants in the field

(Argyris et al., 2003; Gilbert et a1.,2003; Gilbert and Tekauz, 1995).

Data provided by the Canadian Plant Disease Survey show records of severe

outbreaks of FHB in Manitoba and indicate the periodic occurïence of FHB throughout

most of the wheat-growing areas of Canada (Sutton, T982). Fusarium graminearum is the

most prevalent Fusarium species associated with FHB disease in Canada (Gilbert and

Tekauz, 2000; 'Wong et al., 1992). Since the detection of F. graminearum inManitoba,

this species has spread across FHB infected wheat f,relds in Manitoba. Replacing other
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Fusarium species, F. graminearum is now the species that is most commonly found in

FHB-infected wheat samples from Manitoba (Canadian Grain Commission;

http ://20 5. 20 0. 8 9. 5 1 Æubs/fu sarium/history-e.htm).

Applying gene expression analysis to study Fusarium head blight resistance in

wheat

The lack of effective sources of genetic resistance among current wheat cultivars is

one of the rnajor factors that contributed to recent FHB epidemics in North America

(McMullen et al., 1997). There is significant genetic variation among wheat genotypes

concerning FHB resistance. Development of wheat cultivars with elevated level of

resistance to FHB is the most cost-effective approach to control FHB disease

(Buerstmayr et al., 1996; Mesterhâ2y,1983,1995). Because of the complex expression of

resistance of wheat to FHB, several types of resistance are defined in wheat (Schroeder

and Christensen, 1963; Mesterházy, L995). Type I (resistance to initial infection) and

type II (resistance to the spread of disease in infected tissues) are two commonly assessed

types of host plant resistance to F. graminearum infection (Liu and Wang, 1990; Dubin

et a1.,1997).

Genetic studies indicate that resistance to FHB in wheat is inherited as a quantitative

trait governed by polygenes on different ch¡omosomes (Bai and Shaner, 7994; Snijders

and van Eeuwijk, 1991). Genetic mapping using DNA markers resulted in the

identif,rcation of chromosomal regions representing QTLs that are associated with

resistance to FHB. A quantitative trait locus describes a chromosomal region containing
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one or more genes that are involved in the regulation of a polygenic trait. The reported

QTLs for resistance to FHB often span large regions on the genome and cover millions of

nucleotides (Buerstmayr et aL,1999; Fedak et al., 1998; Gervais et a1., 2003; Steiner et

a1.,2004; waldron et al., 1999;Yang et al., 2005; zbouet al., 2002). Recently two major

QTLs have been successfully fine mapped as a qualitative trait on 3BS (ffis.ndsu-JB,S,

redesignated as FhbI, Liu et a1.,2006) and 6B5 regions (named Fhb2, Cuthbert et al.,

2001).

Doerge (2002) noted that even in the event of successful identification of genes

underlying the QTLs associated with a complex trait, the subset of genes that contribute

to the variation of the trait will explain only a limited and disappointing percentage of the

total variation. A similar situation is true for resistance to FHB, of which each of the

identified QTLs has so far accounted for only a small percentage of total variation

(Steiner et alr,2004; Mardi et al., 2005; Shen et a1.,2003).

A close contact between a pathogen and the host plant can shift both proximal and

distal plant tissues to a physiological state of elevated defensiveness in ïesponse to the

pathogen invasion (Wan et a1.,2002). The gene expression profile, referring to the

collection of genes transcribed from genomic DNA, is a major determinant of cellular

phenotype and function. The knowledge of the nature of gene expression regulation and

biological pathways reveals the mechanism(s) by which biological systems respond to

environmental stimuli (Huang et a1.,2006). Gene expression analysis has been widely

applied to elucidate biological pathways that lead to a phenotype of interest (Lee et al.,

2006; Beßer et al., 2000). Analysis of gene expression profiles of wheat following
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inoculation with F. graminearum in this study provided information on the nature of

genes and biological pathways that are activated upon fungal infection.

Different methods have been used to detect and quanti$z gene expression. Methods

such as northem blot hybridisation (Alwine et al., 1977), ribonuclease protection assay

(Berk and sharp, 1977), and RT-PCR (Burleigh, 2001) are used to measure the

explession of parlicular genes. Other methods such as differential display reverse

transcription PCR (Liang and Pardee , 7992), serial analysis of gene expression, SAGE

(velculescu et alr, 1995) and DNA microarrays (Schena et a1.,1995) are capable of

measuring the expression of a broad-range of genes in parallel.

The ability to obtain information on the expression of many genes in parallel reveals

information that is beyond that of the individual genes and helps to clarify functional

pathways that lead to specific cellular responses to environmental stimuli. The available

genomic resources, including complete genome sequences and large sets of expressed

sequence tags (ESTs) from mrmerous organisms facilitated the development of

microarray technology that has provided an efficient tool for the analysis of gene

expression at the genome level (Schena et al., 1995; Lockhart et a1.,1996; Desprez et al.,

1998). Microarray technology has expanded our potential to examine complex traits such

as resistance to FHB in wheat and to unveil the underlying mechanism(s). Gene

expression analysis of wheat-F. graminearum interactions studies mRNA which
,

represents the working copies of the active sites of the genome and therefore is a

straightforward approach to the identifìcation of functional candidate genes for FHB

resistance. Microarray technology has been applied in several studies of gene expression
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analysis to discover the functional candidate genes related to complex traits (Tanaka et al.

2002; Winslow and Gao, 2005; Scutt et a1.,2003).

Microarrays are available in two major platforms, including oligonucleotides and

cDNA microarrays. In this study cDNA microarrays were used to perform a genome-

wide gene expression analysis of wheat response to F. graminearum infection. çDNA

microarrays are the most explored method developed for large scale profiling of gene

expression (Schena et al., 7995). cDNA microarray technology permits a greater degree

of flexibility in the choice of arrayed elements and therefore facilitates the development

of smaller, customized arrays for specific investigations. 'We 
used cDNA microarrays that

consisted of about 6000 wheat ESTs derived from a suppression subtraction hybridization

(SSH) library of wheat-F. graminearum interuction that provided an enriched source of

wheat ESTs representing genes differentially-expressed in response to F. graminearum

inoculation. The suppressive subtractive hybridization technique is a genome-wide

approach that generates an equalized representation ofdifferentially-expressed genes

irrespective of their relative abundance (Diatchenko et al., 1996). oDNA microarray

technology also helps to identiff new genes by permitting arraying and analyzing cDNAs

derived from clones without sequence information (Schulze and Downward, 2001). In

this study, clones of unknown sequences were amplified and printed on the constructed

arrays. As a result several genes of unknown function were identified. These unknown

genes represent novel genes that are potentially involved in FHB resistance in wheat. The

further advantage of cDNA microarrays includes the ability of labelling RNA from two

samples with different fluorescent dyes and co-hybridizing them to the same anay. This
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ability allows perfonning comparative studies between different conditions or between

genotypes with contrasting reactions to environmental stimuli such as pathogen invasion.

Pairing samples on the same array eliminates several sources of variation due for

example to differences in spot size that would otherwise contribute to the experimental

error (Yang4 and Speed, 2002).In this study, co-hybridization of RNA from control

plants (water-sprayed) and F. graminearum-inoculated plants to the same array enabled

us to perform a direct comparison of gene expression profiles between the control and the

fungus-challenged plants. The direct comparison of gene expression profiles eliminated

sources of variation due to atay characteristics and experimental conditions.

Consideration of the statistical principles of experimental design such as

randomization, replication and local control is essential for the best use of the available

resources and for avoiding biases at different stages of a microarray experiment.

Randomization of treatment assignments and random sampling of populations form the

physical basis for the validity of statistical tests (Fisher, 1951). The use of an adequate

number of technical and biological replications is necessary to ensure that both the

experimental and biological variation can be identified and estimated in the microarray

experiment. 0DNA microarrays used in this study consisted of wheat ESTs that were

double spotted to provide technical replications of the hybridization data for each spot.

Previous studies indicated that using fewer than five replicates may lead to poor results in

a statistical analysis, both in terms of apparent power and in stability (Pavlidis et al.,

2003).In addition to the technical replications in this study, five biological replications

were performed. Each experiment was analyzed based on the biologicaily repeated gene
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expression data derived from five independent pools of control (water-sprayed) and

fungus-challenged (F. graminearum-inoculated) RNA samples that were hybridized on

five independent alrays. The use of adequate biological and technical replications

provided quality control, increased precision and helped to draw valid conclusions.

Random and systematic errors both may contribute to errors in a microarray

experiment Qrladon and Shoemaker,2002). Application of both technical and biological

replications in this study helped to minimize random erïors that would otherwise

contribute to errors in measuringhybridization signal intensity from each spot. Uniform

conditions were applied at all stages to avoid systematic errors when performing the

microarray experiments. Further statistical conection such as normalization of data was

applied to correct for any systematic errors during experiments.

Cross-hybridization between sequences with a high nucleotide homology is also a

source of concern in microaray experiments (Flikkaetal.,2004; Wren eta1.,2002).To

address the concerns of cross hybridization,local positive and negative controls were

implemented to monitor the hybridization specificity during the microarray experiment.

A set of ten exogenous alien mRNAs was used along with the ESTs under investigation

to serve as positive or negative controls. Additional negative controls were provided by

printing salmon sperm DNA, human COT-1 DNA and 3xSSC buffer onto microarïays.

In order to identify genes that are differentially expressed between one or more pairs

of samples, different methods have been proposed for analyzing microarray generated

gene expression data. Many studies have used a fixed fold change cut-off value as a

threshold to infer differentially-expressed genes (Chu et al., 1998;DeRisi et al., 1997).
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However, such a method is not statistically efficient because of the systemic and

biological variation that may occur during a microarray experiment Qrladon and

shoemaker,2002; Novak eta1.,2002; Pritchard et aI.,2001). Identification of

differentially-expressed genes based on the statistical analysis includes multiple

comparisons of transcript level for thousands of genes and requires implementing a type I

ertor rate (o-level) correction method to ensure the accuracy of the final number of

categories found to be significant (Benjamini and Hochberg, 1995; Hsu, 1996).In this

study, we used Significance Analysis of Microarrays (SAM; Tusher et al., 2001) to

identiff wheat genes showing a differential expression in response to F. graminearum

infection. The SAM method identifies significant changes in mean expression level

relative to the standard deviation of repeated measurements for each arrayed element and

through the evaluation of a percentage of elements that would be identified by chance,

called the false discovery rate (FDR). A value of delta (A) corresponding to the least

FDR generated by SAM was chosen as a threshold to determine genes with a significant

change in expression level between the control and the fungus-challenged plants in each

experiment. The SAM method has been the method of choice for many recent studies to

analyze microarray-generated gene expression data (Ellmark et a1.,2006; Haerty and

Sing, 2006). To determine the final list of genes that were considered to be differentially

expressed in response to F. gramineqrt¿m infection, the ESTs identified by SAM were

fuither subjected to a gene filtering process. A minimum of 1.5 fold change in at least 3

out of 5 replications was applied as the cut-off value. Application of the combination of

the SAM analysis and fold change cut-off value in this study resulted in the identification
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of differential expressions that provided relevant biological interpretations and were easy

to reproduce using northern blotting as an alternative technology. Reproducibility and

biological interpretation of microanay data are affected by the selection criteria used for

the identification of differentially-expressed genes. Investigations on the cross-platform

comparability of microarray data have shown that using a combination of fold-change

ranking plus a non-stringent P-value cut-off increases the reproducibility of mic roarray

data derived from different experiments and improves agreement of the biological

interpretation of the data (Guo et a1.,2006; Shi et a1.,2005; Sanoudou et al., 2006).

Induction of PR genes in respons e to Fusarium graminearum infection

Microarray gene expression analysis of head tissues of the resistant wheat line

93FH837, spikes of the resistant cultivar Sumai-3 and two susceptible NILs following

inoculation with F. graminearum identifted genes that responded significantly to F.

graminearum infection. The analysis revealed that the wheat response to F. gramineorum

infection includes the significant induction of genes encoding pathogenesis-related (PR)

proteins such as B-1,3-glucanase (PR-2), chitinases (PR-3), wheatwins (pR4) and

thaumatin-like proteins (PR-5). These findings were in agreement with previous studies

that investigated wheat responses to F. gramineorum infection (Kong et al., 2005;Li et

al.,2}}rb;Pritsch et al., 2000 ; zhou et ar.,2005). It is shown that B-1,3-glucanases and

chitinases are able to partially degrade the cell walls and inhibit mycelial growth or spore

germination of certain pathogenic fungi (Sela-Buurlage et al., 7993;Lawrence et al.,

1996; Anfoka and Buchenauer,IggT). Evaluation of transgenic plants indicated that the
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enhanced level ofdefense response genes such as B-1,3-glucanase and chitinase

contribute to wheat resistance to FHB (Anand eta1.,2003). In this study, analysis of

differential regulation between Sumai-3 and two susceptible NILs in this study, indicated

that F. graminearum infection causes the induction of chitinase and B-1,3-glucanase

genes in both resistant and susceptible lines. However, the level of induction of B-1,3-

glucanase genes was significantly higher in Sumai-3 than in the susceptible NILs,

suggesting the contribution of B-1,3-glucanase genes in wheat resistance to F.

graminearum infection. Li et al. (200ib) compared Sumai-3 versus a mutant line

susceptible to F. graminearum and reported a similar observation. In the resistant Sumai-

3 the transcriptional level of both B-1,3-glucanase and chitinase reached their maximum

point at or before 24 h after inoculation, whereas this level of induction was not achieved

in the susceptible mutant until 48 h or later after inoculation (Li et al.,200Ib).

DNA marker analysis indicated that the susceptible NIL-3 differs from the resistant

Sumai-3 in the genomic region that is located on chromosome 3BS (Xu et a1.,2002).

Using in silico physical mapping software the F. graminearum-indtcedunigenes

encoding B-1,3-glucanase in this study were positioned to a predicted location in deletion

bin (3BL7-0.63-1.00) on the 3BL chromosome. The predicted location was in agreement

with the physical and genetic mapping of B-1,3-glucanase genes to the 3BL region (Li et

al., 2001b). Our findings suggest that the induction of B-1,3-glucanase genes during

wheat-F. graminearum interaction may be controlled by regulatory gene(s) located on the

major QTL on 3BS region.

Genes encoding wPR-4 proteins and thaumatin-like proteins (TLps) were
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significantly induced in wheat upon infection by F. graminearum. wPR-4 proteins are

chitin-binding proteins with antifungal activity against a wide variety of plant pathogens

including F, culmorum and F. grominearum (Caruso et al., 1996, 1999; Friedrich et al.,

l99I; Hejgaard et al., 1992; Selitrennikoff 2001). V/e detected the significant induction

of wPR-4 proteins in both Sumai-3 and the susceptible NILs. The higher level of

induction of wPR4 genes in the susceptible NILs in this study suggests a role in general

plant defense response and wPR4 genes may not specifically contribute to resistance of

wheat to F. gramineerum infection.

It is shown that TLPs exhibit antifungal activity in vitro and some are reported to

have p-glucanase activity (Cheong et a1.,7997; Vigers et al., 1992). Studies based on the

evaluation of transgenic plants with the enhanced level of transcriptional activity of the

genes encoding TLPs provided evidence that TLPs contribute to FHB resistance by

increasing the level of type II resistance (Anand et a1.,2003: chen et al., 1999;

Mackintosh et a1.,2004). Sumai-3 is known to possess type II resistance (Bai and Shaner,

1994). Our data showing a significantly higher level of induced TLPs in Sumai-3 than the

susceptible NILs also suggest that the induced level of TLPs may contribute to type II

resistance to FHB.

Oxidative stress induced by Fusørium gramineørum infection

Analysis of gene expression profiles from tissues of the resistance wheat line

93FHB37 revealed the induction of an oxidative stress response caused by F.

grantinearum infection in tissues of the glume and rachis. Genes encoding proteins
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related to active oxygen species (Aos) such as ascorbate peroxidase,

monodehydroascorbate reductase, and metallothionein were significantly induced. Using

two-dimensional displays of proteins, Zhouetal. (2005) identified several up-regulated

proteins with antioxidant function and concluded that F. graminearum infection triggers

the induction of an oxidative burst of H2Oz in infected wheat tissues. The production of

AOS such as superoxide radicals (Oz), hydrogen peroxide (HzOz) and hydroxyl radicals

(OH) often are triggered in plants as a first reaction to a contact with a pathogen (Kauss

et a1.,7999). Plant cells control the noxious effects of AOS by limiting their production

and by AOS scavenging (Mittler, 2002).

signal transduction pathways activated in infected wheat tissues

The induced level of sequences that show homology to the receptors of disease

resistance (R) genes, proteins such as phosphatidylinositol synthase that are involved in

major signaling pathways, a putative receptor-like kinase protein and sequences with the

conserved domain of the V/RKY transcription factor super family indicated that

pathogen-induced signal transduction pathways may play a role in the wheat-F.

graminearum interaction. Genes encoding proteins that contain LRR and NBS domains

were induced in anther tissue. Harl et al. (2005) reported that the exposure of Arabidopsis

cell cultures to DON, a toxin produced by F. gramineorum, resulted in the significant

induction of several resistance genes encoding proteins containing NBS and LRR

domains and suggested that DON triggers a pathway which plays a primary role in the

initiation of a specific defense response (Hart et a1.,2005). The significant induction of a
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putative receptor-like kinase protein in infected glume tissue provided additional

evidence for the induction of pathogen-induced signal transduction pathways during

wheat-F. graminearum interactions. Receptor-like kinase proteins have been related to

several genes such as LrlO in wheat (Feuillet et al., 1997), Xo2I inrice (Song et al.,

1995) and Rpglin barley (Brueggeman et a1.,2002) that are known to be responsible for

resistance to plant diseases. It is noted that receptor kinase-like proteins may play a role

in cell surface recognition of a pathogen ligand and subsequent activation of an

intracellular defense response (Song et al., 7995). Our data suggest that the response of

wheat to F. graminearum infection may involve activation of signal transduction

pathways that are known to be highly specific for particular pathogen races (Kobe and

Deisenhofer,1994). This finding is in contrast with the general belief that the wheat-F.

graminearum inleraction is race non-specific (van Eeuwijk et al., 1995).

Activation of the phenylpropanoid pathway upon ,F. gramíneørum inrection

we detected the significant induction of genes encoding enzymes such as

phenylalanine ammonia-lyase Qta[), cirnamate 4-hydroxylase (C4H) and polyphenol

oxidase that indicate the activation of the phenylpropanoid pathway in wheat tissues

following inoculation with F. graminearum. The phenylpropanoid pathway gives rise to a

wide array of important metabolites including lignin (Ro and Douglas, 2004;Dixon and

Paiva, 1995). Evaluation of the lignin content in resistant and susceptible wheat cultivars

after FHB infection indicated a significant increase in the lignin content of cell walls of

resistant cultivars (Kang and Buchenauer, 2000c). Higher lignin content in plant cell
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walls will provide an effective barrier to the penetration and growth of pathogenic fungi

(Dushnicky et al., 1998). We observed a significant increase in the level of transcripts

encoding polyphenol oxidase that provides evidence for changes in the content of

phenolic compounds in wheat tissues following infection by F. graminearum. Phenolic

compounds contribute to a plant response to pathogen infection by reinforcing the cell

walls and by forming a variety of antimicrobial compounds þhytoalexins) (Dixon ,2001;

Lozovaya et aL.,2004). Significant differences were observed in the expression level

transcripts encoding the enzyme phenylalanine ammonia-lyase (pAL). Following

inoculation by F. grantinearum, the level of PAL significantly increased in Sumai-3, but

showed no significant changes in the susceptible NILs. This finding suggests a potential

role for the products of the phenylpropanoid pathway in the resistance of wheat to FHB.

Changes in plant cell translation machinery in F. grøminesrum infected tissues

This study revealed that inoculation of wheat by F. graminearum affects the

translation machinery in host tissues by causing a significant induction of genes encoding

ribosomal proteins (RPs) and translation elongation factors (TEF-1). Kruger et al. (2002),

who identified several ribosomal proteins (RPs) and translation elongation factors that

were induced in wheat tissues infected by F. graminearum, reported similar observations.

Di and Tumer (2004) examined transgenic wheat lines with an enhanced level of

ribosomal proteins and concluded that over-expression of ribosomal proteins in wheat

tissues results in the increased level of resistance to DON. The F. graminearunt-produced,

mycotoxin DON inhibits eukaryotic peptidyl transferase activity atthe initiation of
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elongation and blocks protein synthesis in infected tissues (Poppenberger et aL.,2003).

Our data suggest that the induced level of several RPs and TEF-1 in infected tissues of

the resistant line 93FHB37 may serve to compensate for the inhibitory effect of DON on

protein synthesis.

Differential regulation between sumai-3 and two susceptible NILs

Analysis of differential gene expression between the resistant cultivar Sumai-3 and

two susceptible NILs revealed significant differences in the level of gene expression for

genes encoding B-1,3-glucanase, wheatwin, thaumatin-like protein and genes of unknown

frrnction. However, data indicate that differences between the resistant and susceptible

lines regarding the expression of genes responsive to F. graminearum infection are

mainly quantitative in nature. This conclusion was true for both genes that were up-

regulated or down-regulated during F. graminearum infection.

Qualitative differences found between Sumai-3 and the susceptible NILs included a

unigene of unknown function and a unigene encoding an element of the phenylpropanoid

pathway. Genes showing qualitative differences were significantly induced in the

resistant cultivar Sumai-3, but showed no change or down-regulation in the susceptible

NILs' Our data suggest that the regulation of genes showing a qualitative difference

between Sumai-3 and both the susceptible NILs may be unrelated to either the 3BS or

2AL chromosomal regions.
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Tissue specificity in response of wheat to F. grømineørum infection

In the present study analysis of gene expression prof,rles revealed significant

differences in the expression pattern of dissected tissues of the wheat head in response to

F. graminearum infection. Gene expression pattelns in the three bract tissues, glume,

lemma and palea were found to be positively correlated, with the highest correlation

between the glume and palea. Gene expression patterns in the rachis were also found to

be positively correlated to the bract tissues. However, anthers expressed a unique gene

expression pattem that showed no correlation to other tissues. The gene expression

pattern in the ovary showed a negative correlation with the rest of the floret. An

evaluation of the unigenes that were commonly identified in different tissues indicated

that a high number of unigenes were shared among the floral bracts or tissues of similar

biological function. The bract tissues also shared a considerable number of detected

unigenes with the rachis. The biologically distant tissue of the anthers shared only 3

unigenes with the glume, one with the rachis and none with the lemma and palea. The

ovary had shared no unigenes with any of the other tissues.

Differences among tissues were also reflected in the number of unigenes that were

identified in each tissue as differentially-expressed during F. graminearum infection. The

tissue of glume and ovary were found to be the most and the least responsive to the

fungal infection, respectively. As the outer tissue, the glume provides the first layer of

protection to the floral parts and is directly exposed to the macroconidia of F.

graminearum following spray inoculation. On the other hand, the ovary is deeply

embedded within the floret, and therefore the spray inoculation method does not result in
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immediate contact between the ovary and the fungus. Histopathological studies

monitoring the early events of F. graminearum infection indicated thaf a direct contact of

the fungus with the inner surfaces of the lemma, glume and palea, and with the ovary,

occurs much later during the process of infection (Miller et aL,2004). Therefore, the

higher number of unigenes responsive to F. gramineerum detected in tissues such as the

glume and rachis, compared to the rest of the floret may in part be due to differences

between a local and a distant reaction to pathogen infection. The tissue-specific analysis

of the wheat response to F. graminearum infection revealed that each organ had a

defining gene expression pattern and that the degree to which organ shared expression

profiles was highly correlated with the biological relationship of the organ types. In this

study, the reproductive organs of anther and ovary showed a more distinct gene

expression pattern compared to the vegetative organs of the glume, lemma, palea and

rachis.

Several genes were identified showing significant changes only in specific tissues.

For instance, the expression of methallothionein and the WRKY transcription factor were

exclusively up-regulated in the rachis and anther respectively. These results demonstrated

that aprecise profiling of molecular changes during the wheat-F. graminearum

interaction requires the examination of individual tissues. Many of these tissue-specific

genes responding to FHB infection may not be detectable when the entire wheat spike is

used as the biological sample.
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Concluding remarks

Gene expression analysis of the response of wheat to F. gramineart¿m infection

resulted in the identification of wheat ESTs representing unigenes that are functionally

involved in resistance to FHB. The analysis of gene expression profiles from individual

tissues revealed a considerable degree of tissue specificity in the response to F.

graminearum infection. Our data suggest that using the entire wheat spike as a biological

sample for gene expression analysis may not be representative of the individual tissues

that are present in the spike.

Studies have shown that the expression pattem of genes changes over time.

Performing a time course experiment based on the individual tissues will provide a moïe

comprehensive profile of the gene expression of wheat in response to F. gramineãrum

infection.

Many of genes that were identified in this study are representative of major

biological pathways that seem to be involved in resistance of wheat to FHB. The

knowledge of genes and biological pathways that arc activated upon F. graminearum

infection def,rnes targets for studies in genetic engineering that aim to improve the level

of FHB resistance in wheat by transforming specific genes. Such activities are already

underway. Genes encoding pathogenesis-related proteins B-1,3-glucanase and thaumatin-

like proteins have been a target for improvement of FHB resistance by plant

transformation. Engineered ribosomal protein is shown to confer DON tolerance in

susceptible background. The information on the genes responsive to F. graminearum and.

the biological pathways involved may also serve breeders in selecting wheat lines with a
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potentially higher level of resistance to FHB. A higher level of lignin or phenolic

compounds for example may be considered when selecting for FHB resistance.

The knowledge of functional candidate genes and biological pathways that are

activated in response to F. graminearum infection may be used to accelerate the process

of reducing the number of positional candidate genes in detected QTL regions for FHB

resistance. Furthermore, data derived from this study can be used to identi$r expression

profiling based biomarkers for FHB resistance in wheat. The subset of functional

candidate genes identified in the present study provided a valuable source for the

construction of customized cDNA microarrays that can be used for the analysis of

profiles of gene expression on a broad range of resistant and susceptible wheat

genotypes. Such a study will facilitate the identif,rcation of a molecular signature that can

accurately discriminate between susceptible and resistant wheat genotypes and therefore

can be used for marker assisted selection for FHB resistance in wheat.

Physical mapping of wheat ESTs representing functional candidate genes for

resistance to FHB using the available set of wheat aneuploids and deletion stocks may

plovide a short cut to the identification of genes involved in wheat resistance to FHB.

Mapping the selected ESTs has the potential to accelerate the identification of markers

that because of their functional link to FHB resistance may be more effective. Markers

developed based on functional candidate genes may also help in the fine mapping of FHB

QTLs and therefore facilitate the cloning of gene(s) that are responsible for FHB

resistance.
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