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Introduction

Summary

e Fusarium culmorum causes ear blight disease on cereal crops resulting in consid-
erable losses to grain yield, quality and safety. This fungus can also infect Arabidopsis
floral tissues. In this study, the Arabidopsis floral infection model was used to assess
the impact of five defence mutants on disease.

e Fusarium culmorum was spray inoculated onto the floral tissues of the mutants
eds1, Ims1, rar1, sgt1a and sgt1b involved in basal and resistance gene-mediated
defence to pathogens. Floral disease development was assessed quantitatively.

e Only the sgt7b mutant exhibited a significantly different interaction phenotype
compared with wild-type plants. The buds and flowers were more resistant to infection
and developed milder symptoms, but had wild-type levels of deoxynivalenol (DON)
mycotoxin. Microscopic studies indicated that to cause disease, F. culmorum
requires plant cells in the invaded tissues to be competent to activate both a cell
death response and a sustained oxidative burst. The sgt7a mutant exhibited a weak
trend towards greater disease resistance in the new silique tissues.

e This study highlights that the SGT1-mediated signalling cascade(s), which had
previously only been demonstrated to be required for Arabidopsis resistance
against biotrophic pathogens, is causally involved in F. culmorum disease symptom
development.

the most useable forms of resistance are polygenically inherited
and several major quantitative trait loci (QTL) have been

The ascomycete fungi Fusarium culmorum and Fusarium
graminearum (teleomorph Gibberella zeae) cause ear blight
disease, which is a global problem on wheat, maize, barley and
rye, reducing grain yield, quality and safety. This disease is also
referred to as head blight or head scab (Parry er al., 1995;
Goswami & Kistler, 2004). Fusarium species synthesize various
mycotoxins 7z planta, including the B-type sesquiterpenoid
epoxide trichothecenes, deoxynivalenol (DON), 3-acetyl DON,
15-acetyl DON and nivalenol, which are of particular concern
to human and animal health (Hohn ez a/., 1998). In wheat,
resistance to Fusarium is species nonspecific and no race
structure within a single Fusarium species has been shown to
exist (Bai & Shaner, 2004). Several types of host resistance
have been defined, the main ones experimentally verified are
Type 1 to primary infection and Type II to subsequent
colonization after infection (Mesterhdzy, 1995). Currently,
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defined. The 3BS QTL contributes to the Type II resistance
and detoxification of the DON mycotoxin (Waldron ez 4/.,
1999; Lemmens ez al., 2005). This QTL has recently been
Mendelized and is now referred to as the Fhb1 resistance locus
(Cuthbert ez al., 2006). Although the genetic basis of resistance
has been established, the molecular basis of resistance to
Fusarium ear blight in cereals remains poorly understood.

In plant defence, many functional plant resistance (R)-genes
have been identified and cloned as well as components of the
downstream defence signalling network underlying R-protein,
basal and nonhost resistance and those of importance to the
induction of systemic responses (Hammond-Kosack & Parker,
2003; Jones & Dangl, 2006; Hammond-Kosack & Kanyuka,
2007). Key defence signalling components include RAR1
(required for Mlai2 resistance) and SGT1 (suppressor of G2
allele of skpI). These proteins are involved in triggering various
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responses including production of reactive oxygen species
(ROS), localized programmed plant cell death (the hypersen-
sitive response (HR)) and the accumulation of salicylic acid
(SA) and antimicrobial pathogenesis-related (PR) proteins
(Hammond-Kosack & Parker, 2003). RAR1 and SGT1 are
required for the function of many R-proteins in both mono-
cotyledonous and dicotyledonous plants (Azevedo ez al., 2002;
Liu et al., 2002; Muskett ez al., 2002; Tor et al., 2002; Tornero
et al., 2002; Shirasu & Schulze-Lefert, 2003). They have also
been implicated in basal and nonhost resistance (Peart ez 4l.,
2002; Ham ez al., 2007; Noel ez al., 2007). In Arabidopsis
there are two SGT1 gene homologues, coding for the SGT1a
and SGT1b proteins which exhibit 87% homology (Austin
et al., 2002). SGT1b has been shown to have a role in defence
(Azevedo ez al., 2006). Heat shock protein 90 (HSP90) is able
to interact with SGT1 and RARI in barley and tobacco as
well as SGT1a, SGT1b and RAR1 in Arabidopsis to regulate
R-protein stability (Hubert ez /., 2003; Takahashi ez al.,
2003; Liu eral, 2004). Upstream of the SGT1/RAR1/
HSPI0 complex is the EDS1 (enhanced disease susceptibility 1)
protein which has some homology to lipases. In Arabidopsis,
EDS1 is required for the function of several R-proteins (Aarts
et al., 1998), basal resistance to virulent isolates of several
pathogens (Parker ez al., 1996; Aarts ez al., 1998; Xiao ez al.,
2005) and nonhost resistance to two biotrophic pathogens of
Brassica oleracea (Parker et al., 1996).

Plant pathogens are generally classified as biotrophs, which
derive nutrients from living host tissues, necrotrophs, which
derive nutrients from dead or dying cells, and hemibiotrophs,
which are initially in a biotrophic interaction that subsequently
becomes partially or completely necrotrophic (Agrios, 1997).
Host defence against biotrophic pathogens generally requires
R-proteins which rapidly trigger programmed cell death (PCD)
and activate the defence responses associated with the SA and
the NPR1 (nonexpresser of pathogenesis protein 1) signalling
pathway. Activation of the latter leads to the expression of
numerous defence-related genes, for example PR-1. By
contrast, necrotrophic pathogens benefit from host cell death,
and so are not limited by cell death and SA-dependent
defences. For effective defence against necrotrophs, functional
jasmonic acid (JA) and ethylene (ET) signalling pathways are
required and result in the expression of a different suite of
defence genes, for example PDFI1.2 (Thomma e al., 1998;
Hammond-Kosack & Parker, 2003; Glazebrook, 2005).

The floral tissues of Arabidopsis are susceptible to infection
by E culmorum and E graminearum (Urban et al., 2002;
Cuzick et al., 2008a,b). Following spore germination, a mass
of superficially colonizing hyphae develop, and then the
mycelium engulfs the entire floral tissue. Subsequently, tissue
penetration and colonization occurs which causes the formation
of a grey/brown necrotic area initially on petals and sepals and
eventually constriction of pedicel and upper stem tissues.
Deoxynivalenol mycotoxin production occurs in the infected
floral tissues. Parallel microscopic studies revealed that the

New Phytologist (2009) 181: 901-912
www.newphytologist.org

New
Phytologist

Fusarium hyphae initially advance through living host tissue
and cell death was only evident well behind the hyphal front.
Floral spray inoculation of 236 Arabidopsis ecotypes failed to
identify single genotypes exhibiting either enhanced resistance
or susceptibility to either Fusarium species (Urban ez al., 2002).
More recent studies have revealed that full disease can occur
in the absence of fungal DON mycotoxin production (Cuzick
et al., 2008b). Using the floral inoculation protocol devised
by Urban et 4l., (2002), it was revealed that floral tissues
of the esal mutant were significantly more susceptible to
E culmorum than the corresponding wild-type ecotype Col-0
(Van Hemelrijck et al., 2006). Previously, the esa mutant was
demonstrated to exhibit enhanced susceptibility to Alternaria
brassicicola and other necrotrophic fungal pathogens (Tierens
et al., 2002). The ESAI gene has not yet been isolated. By
contrast, over-expression of the Arabidopsis NPRI gene in
wheat led to a reduction of F graminearum disease levels in the
floral spikelets (Makandar ez 4/, 2006). In a recent study
exploring mutations in the SA, JA and ET defence signalling
pathways, we reported that the 7pr] mutant but not the sid2
mutant led to an increase in £ culmorum floral disease com-
pared with the Col-0 wild-type plants (Cuzick ez a/., 2008a).
This increased disease susceptibility also resulted in higher
levels of DON production. However, the effects of mutations
in the other two defence signalling pathways were found to be
either absent (JA/ET combined), absent/minimal (ET) or
inconclusive (JA). In the Arabidopsis root—Fusarium oxysporum
pathosystem, SA has been shown to be required to activate
both systemic acquired resistance as well as local root resistance
to this fungus. Also the SA, ET and JA signalling pathways
have been demonstrated to interact in a positive way to activate
resistance to this necrotrophic vascular invading pathogen.
While abscisic acid (ABA) signalling is thought to function in
plant resistance to F oxysporum, its precise role is currently
unclear (for review see Berrocal-Lobo & Molina, 2008).

To further understand the defence signalling pathways
involved in Fusarium floral disease of Arabidopsis, single gene
mutants of key defence signalling genes typically required for
R-protein and basal resistance to biotrophs were assessed for
their effect on the interaction outcome because the advancing
E culmorum hyphae grow through living plant dssue. Also,
little is known about the role of defence signalling proteins in
floral tissues, because they have generally been identified within
pathosystems involving leaves, roots or the stem base. In this
study, Arabidopsis defence mutants in the Landsberg erecta
(Ler-0) and Wassilewskija (Ws-2) genetic backgrounds were
investigated. The gene mutants investigated were eds1, rarl,
sgtla and sgr1b, which are known to be critical for defence
against biotrophic pathogens. The infection biology of
E culmorum in floral tissue is similar to the initial leaf infection
phase by the hemibiotrophic fungus Leptosphaeria maculans
which infects Brassica crops (Hammond & Lewis, 1986).
Therefore, the floral defence of the Arabidopsis /751 mutant,

which causes enhanced L. maculans susceptibility in leaves,
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was also assessed (Bohman ez al., 2004). This study has revealed
that the removal of the function of the plant defence-signalling
component SGT'1b, results in enhanced floral disease resistance
to F culmorum, although DON mycotoxin levels remain similar
to wild-type. The edsi, /msI and rarl mutants tested had no
discernable effect on the interaction outcome.

Materials and Methods

Arabidopsis germplasm, Fusarium culmorum, growth
and maintenance

Arabidopsis seed stocks Ler-eds1-2, Ler-sgt1b-1 and Ler-rar1-10
were a gift from Jane Parker (Max Planck Institute for Plant
Breeding, Germany), Ws-sgrla-1 seed was provided by Ken
Shirasu (Riken, Japan) and the Ler-/msI-1 seed was obtained
from Christina Dixelius (SLU, Sweden). Ws-2 and Ler-0 were
obtained from the Nottingham Arabidopsis Stock Centre, UK.
Plants were grown as described previously (Cuzick ez 4/., 2008b).

The F culmorum strain 98/11, was propagated and prepared for
plant inoculations as described previously (Cuzick ez 4/., 2008a).

Fusarium—-Arabidopsis floral inoculation and scoring

Floral spray inoculation of plants was done as described
previously (Cuzick ez al., 2008a,b). Each plant was sprayed
with approx. 500 000 conidia (0.5 ml of a 1 X 10° conidia ml™!
suspension in water). The numerical Fusarium—Arabidopsis
disease individual floral component (FAD-I value) scoring
system was used to assess macroscopic disease symptoms at 8 d
post inoculation (dpi). Apically wounded silique inoculations
were done as described previously (Cuzick et al., 2008b), by
placing a 2 pl droplet of inoculum consisting of approx. 2000
conidia for strain 98/11 on the wounded tip of each green
silique (¢. 10 mm length).

Trichothecene mycotoxin analysis

The commercially available Ridascreen Fast DON enzyme-
linked immunosorbent assay (ELISA) kit (R-Biopharm AG,
Darmstadt, Germany) was used to quantify DON mycotoxin
as described previously (Cuzick er al., 2008a). In each
experiment, floral tissue from six plants was pooled and each
experiment was done in triplicate.

Microscopy

Light, UV and scanning electron microscopy were done as
described previously (Cuzick ez al., 2008a,b).

Histochemical stains

Floral tissues were stained with lactophenol-trypan blue to
identify regions of cell death (Koch & Slusarenko, 1990).

© The Authors (2009)
Journal compilation © New Phytologist (2009)

Research 903

Samples were harvested into the stain and boiled for 1 min.
The chlorophyll was then cleared using 2.5 g ml™! chloral
hydrate solution, and finally the tissues were mounted in 70%
(v : v) glycerol for light microscopy.

Staining for hydrogen peroxide was done by immersing tissue
in an aqueous solution of 3,3’-diaminobenzidine (DAB)
(1 mg ml™" at pH 3.8) for 24 h (Thordal-Christensen et 4L,
1997). Staining for superoxide was done by immersing tissue
in a nitroblue tetrazolium (NBT) solution (1 mg ml™ dissolved
in 10 mM potassium phosphate buffer at pH 7.8 with 1 mm
sodium azide) for 1 h (Jabs et al., 1996). Stained tissues were
subsequently cleared of chlorophyll using 3 : 1 (v : v) ethanol—-
dichloromethane, 0.15% (w : v) trichloroacetic acid and stored
in 70% (v : v) glycerol before examination by light micro-
scopy. Water-only sprayed or F culmorum conidia inoculated
floral tissues were stained at 2, 4 and 7 dpi. Noninoculated
floral and leaf tissues were stained after 5 wk of plant growth.

Statistical analyses of Fusarium—Arabidopsis data

A total of 14 independent experiments, consisting of randomized
block designs, were done to compare F culmorum disease
severities between each Arabidopsis mutant and the corre-
sponding wild-type genotype (either Ler-0 or Ws-2). Each
genotype was tested in at least three independent experiments.
Statistical analysis was done separately for each genetic
background (Ler-0 or Ws-2) using GENSTAT 8.0 (Payne ez 4l.,
2005) as described previously (Cuzick ez al., 2008a).

Results

Relative transcript abundance in floral tissue for genes
implicated in basal and R-protein mediated resistance

In most studies, Arabidopsis defence gene activation has been
studied in root, stem base or leaf tissue, as part of the local or
systemic response to pathogen attack. To determine whether
the same defence signalling genes were also expressed in floral
tissues the Gene Atlas tool from GENEVESTIGATOR
(Zimmermann ez al., 2004) was queried for tissue specific
expression of EDS1, HSP90.1, HSP90.2, RARI, SGT1a and
SGT1b (see the Supporting Information, Fig. S1 and Text S1).
The LMSI gene has not yet been isolated. This
GENEVESTIGATOR analyses revealed that all the defence
signalling genes investigated within this study were expressed
in some Arabidopsis floral tissues.

Inoculation of five different defence mutants revealed
that sgt7b buds and flowers were more resistant to
F. culmorum infection

Arabidopsis defence signalling mutants previously implicated
in basal and R-protein mediated resistance were spray
inoculated with £ culmorum strain 98/11. Floral disease levels
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(h)

were assessed to determine whether disease levels were altered
between the single gene mutant eds!, lmsi, rarl, sgtlb and
the wild-type Ler-0 or sgrla and the wild-type Ws-2. The
assessments for disease phenotypes were divided into two
floral subcomponents: (1) unopened and opened flowers and
(2) new siliques that were fully open flowers at inoculation.
Although the entire plant received inoculum, all the genotypes
tested in the present study again only permitted disease
development in the floral tissue (Urban ez 4/, 2002). No
obvious differences were seen in plant heights, general stature
or floral morphology between any of the mutants and their
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Fig. 1 The sgt7b flowers exhibit less disease
caused by Fusarium culmorum than wild-type
Ler-0. (a,b) Wild-type (a) and sgt7b mutant
(b) Arabidopsis floral tissues spray-inoculated
with F. culmorum conidia and photographed
at 7 d post inoculation (dpi). Wild-type floral
tissues were covered with aerial mycelium;
most buds were drying out and had failed to
open. Lower levels of aerial mycelium were
visible on sgt7b floral tissues; buds generally
remained green (white arrow) and flowers
continued to open (yellow arrows). Bar,
1 mm. (c—f) Close-up of wild-type (c,e) and
sgt1b mutant (d,f) flower buds viewed under
light (c,d) or UV light (e,f) at 7 dpi. Under UV
light the chlorophyll present in the healthy
green tissues autofluoresced red, whereas
blue-green autofluorescence was visible from
the colonized tissues. More blue-green
autofluorescent regions were present on the
heavily diseased wild-type Ler-0 plants (e)
’ than the sgt7b mutant plants (f). Bar, 0.5 mm.
(g,h) Trypan blue stained representative buds
taken from either (c) or (d). Patches of dead
cells (black arrow) and fungal hyphae (yellow
arrow) were visible on the heavily colonised
wild-type buds (g). Bar, 0.2 mm.

corresponding wild-types before inoculation (data not shown).
The infection phenotypes of the four mutations in the Ler-0
background are reported first and the sgz/2 mutation which is
in the Ws-2 background is reported last.

Both the flowers and the new siliques of the eds1, /msI and
rarl Ler-0 background mutants all had wild-type levels of
disease. However, the flowers from the sg#/6 mutant plants
had significantly less disease than the Ler-0 wild-type flowers
whereas the sgzl5 siliques had an equivalent level of disease
(Table 1, Fig. 1). In the infected floral tissues the DON levels
were indistinguishable between the Ler-0 and the sgr/b
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Table 1 Fusarium culmorum disease formation on the floral tissue of various defence signalling mutants and the corresponding wild-type (wt)

ecotype

Tissue type Experimental design

Flowers New siliques Replication
Arabidopsis genotype Mean? SEMP P-value® Mean? SEM P-value Plantsd Experiments®
Ler-0 (wt)f 3.04 0.28 nas 1.70 0.12 na 135 11
eds1 3.55 0.34 ns" 1.84 0.23 ns 51 4
Ims1 2.87 0.39 ns 1.30 0.27 ns 36 3
rarl 3.41 0.30 ns 1.41 0.17 ns 75 7
sgt1b 2.07 0.31 <0.0001 1.28 0.17 ns 76 7
Ws-2 (wi)f 0.28 0.13 na 1.89 0.20 na 60 3
sgtia 0.27 0.13 ns 1.30 0.21 0.05 59 3

2Estimated mean disease values determined using mixed model analysis for flowers and new siliques.

bThe standard error of the mean.

‘Represents the disease comparison between the Arabidopsis mutant genotype and the wild-type (wt). A P-value < 0.05 is considered to be

statistically significant.
Total number of plants inoculated per Arabidopsis genotype.

®Number of experiments in which the Arabidopsis mutant genotype was tested against the corresponding wild-type background.

fDegrees of freedom for Ler-0 are 116 and for Ws-2 are 34.
8Not applicable.
PNot significant.

Table 2 Deoxynivalenol (DON) mycotoxin analysis of wild-type
Ler-0 (wt) or sgt71b mutant Arabidopsis floral tissue spray inoculated
with either Fusarium culmorum strain 98/11 or water

DON production (p.p.m.)?

Treatment wt sgt1b
F. culmorum inoculated® 29+1.9¢ 3.0+1.6
Water only <0.24 <0.2

2DON levels quantified by competitive enzyme-linked
immunosorbent assay (ELISA) and each p.p.m. value is based on plant
dry weight.

bConidial spray inoculation, the associated disease scores are given in
Table 1. Combined floral and upper stem tissues were harvested at
8 d post-inoculation.

Six plants were pooled, freeze dried, ground and analysed for the
presence of DON.

“Mean DON value + standard deviation obtained from three
experiments.

4DON value below the detection limit of 0.2 p.p.m.

mutant genotypes (Table 2). In addition, using a previously
published root DON sensitivity bioassay (Masuda et al., 2007),
no differences were found between sgz16 and wild-type seedlings
(see Fig. §2, Text S1).

Aerial mycelium was frequently visible on the flowers of
both Ler-0 and sgz16. With Ler-0 this was associated with the
drying of all the floral subcomponents, and by 8 dpi most of
the floral tissue appeared grey and sunken (Fig. 1a,c). Within
2-3 d constriction of the Ler-0 main stem was observed. By
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contrast, the inoculated sgz/4 floral tissue contained fully open
flowers, with healthy petals and anthers as well as numerous
unopened healthy green buds at different developmental stages.
Using the previously devised floral nomenclature (Smyth
et al., 1990) we considered younger buds to be at stage 9,
medium buds at stage 10 and older buds to be at stage 11-12.
Only towards the periphery of the sgz156 floral apex were a few
grey and dried-out flowers with light brown petals visible
(Fig. 1b,d). When viewed under UV light, healthy chlorophyll-
containing tissues autofluoresce red. In the diseased wild-type
buds this red autofluorescence was reduced and replaced
by blue-green autofluorescence (Fig. 1e). More blue-green
autofluorescence was present on the heavily diseased wild-type
Ler-0 plants than the sgz/6 mutant plants (Fig. le,f). Buds
were stained with trypan blue to visualize nonviable cells
(Koch & Slusarenko, 1990). The heavily diseased Ler-0 buds
stained an intense blue, with patches of cell death visible on
the sepals and an intensely stained region at the base of the
bud adjacent to the pedicel (Fig. 1g). The extensive surface
hyphae and the pollen within the anthers also stained blue. By
contrast the lightly diseased sgz/6 mutant buds exhibited very
low levels of trypan blue staining except at the apical tip of the
sepals adjacent to the tip of the nonprotruding stigma
(Fig. 1h). This latter staining pattern was also found in the
wild-type (Fig. 1g).

Scanning electron microscopy imaging of wild-type Ler-0
and sgzl6 mutant buds inoculated with only water revealed
that the outer surface of the sepals had long turgid epidermal
cells interspersed with smaller epidermal cells and stomata
(Fig. 2a,b). By contrast, analysis of the floral tissues at 7 dpi

New Phytologist (2009) 181: 901-912
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Fig. 2 Scanning electron micrographs of mock and Fusarium culmorum spray-inoculated wild-type and sgt7b mutant Arabidopsis floral tissue.
(a,b) Buds examined from mock-inoculated wild-type (a) and sgt7b mutant (b) Arabidopsis plants. The outer surface of the sepals of both
genotypes contain long epidermal cells, stomata and a fringe of smaller cells. Bar, 200 pm. (c,d) Representative images of buds examined from
wild-type (c) and sgt7b mutant (d) Arabidopsis plants 7 d after inoculation with F. culmorum conidia. The older wild-type buds were engulfed
in mycelium and the epidermal cell layer on the sepals had collapsed. By contrast the epidermal cells on the abaxial and adaxial sepals of the
sgt1b mutant buds were still turgid even while in contact with the relatively lower levels of mycelium. Bar, 200 um. (e,f) Close-up images from
(c and d, respectively). The sepals of the inoculated wild-type buds revealed extensive epidermal cell collapse, particularly the large epidermal
cells. While in the sgt7b mutant, hyphae were present in contact with the surface of the large epidermal cells, but minimal or no host cell collapse
was visible at this time. No conidia formation was visible on either genotype. Bar, 50 pm.

revealed that the older buds of the wild-type plants were  conidia formation was seen in the mycelium covering the
covered with £ culmorum mycelium and extensive cell collapse buds of either genotype (Fig. 2e and data not shown). The
was visible (Fig. 2c). The younger wild-type buds had less  older buds of the sgz76 mutant had less mycelium and most
mycelium and the long epidermal cells had collapsed. No  cells remained turgid, with the occasional partially collapsing
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Fig. 3 Disease progression into wild-type
stem tissue 13 d post-inoculation of Fusarium
culmorum conidia onto the cut surfaces of
apically wounded Arabidopsis siliques.
Viewed under light (a) or UV light (b). Similar
results were evident with the sgt7b mutant
(data not shown). The chemistry responsible
for the blue-green autofluorescence (b) is not
known. Bar, 0.2 mm.

long epidermal cell (Fig. 2d). The medium-aged and younger
buds had a small quantity of mycelium present compared
with the wild-type; however, the epidermal cells remained
turgid even when directly underneath the surface hyphae
(Fig. 2f).

Host cell death occurred in regions of pathogen colonization
as seen in images in Figs 1 and 2. The SGT1 protein was
recently shown to be required for the activation of a PCD
mechanism in tobacco leaves by the necrotrophic pathogen
Botrytis cinerea. This resulted in the release of nutrients
required for in planta B. cinerea growth (El Oirdi & Bouarab,
2007). Also, direct injection of DON mycotoxin into the
apoplastic spaces of healthy wheat leaves has recently been
shown to induce cell death within 24 h accompanied by DNA
laddering, which is a hallmark of PCD (Desmond et al.,
2008). To determine whether a similar PCD mechanism was
responsible for the extensive cell death occurring in the Fusarium—
Arabidopsis floral pathosystem, detected by the heightened
trypan blue stain, DNA was extracted from a time-course of
E culmorum-infected wild-type Ler-0 and sg#16 mutant plants.
However, over the selected time-course (days 0, 2, 5 and 8)
there was no evidence for the DNA laddering that is a hallmark
of PCD in other host—pathogen interactions (data not shown).
No cell death was seen in the floral tissues of healthy wild-type
or sgt1b mutant plants, when viewed under UV light. There-
fore, the sgzl6 mutation alone does not result in spontaneous
cell death in floral tissue (Fig. S3).

To explore in greater detail the differential response of the
bud/flower and silique tissues of the sgz/ b mutant to E culmorum
infection, single wounded green siliques (c. 10 mm long) were
droplet-inoculated with conidia (Cuzick ez a/., 2008b). Fusarium
culmorum was able to colonize the entire silique resulting in
dark-brown shrivelled seed engulfed with mycelium by 6 dpi
and disease symptoms were indistinguishable from the wild-type
Ler-0 (data not shown). The silique surface became brown
and a blue-green autofluorescent compound was visible where
the infected tissue was necrotic. The colour of the autofluo-
rescence was similar to that previously detected on the spray
inoculated wild-type buds (Fig. S4). By 10 dpi mycelial colo-
nization from the pedicel base into the main stem tissue was

evident in both sgz/6 and wild-type Ler-0 plants (Fig. 3). This

© The Authors (2009)
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additional data indicates that the effect of the sgz/4 mutation
on limiting £ culmorum disease development is restricted to
the buds and flowers. Biochemical experiments have indicated
that this autofluorescent compound is a novel phenolic which
appears to be of host origin (J. L. Ward ¢ a/., unpublished).
In the Ws-2 background, there were no significant differ-
ences in the disease levels occurring on sgzla and the wild-type
flowers. A trend towards less disease was observed in the sgrla
newly formed siliques, although this was not as obvious as the
effect of the sgz16 mutation in the Ler-0 flowers. Overall there
was less disease in the Ws-2 wild-type flowers than the Ler-0
wild-type flowers. This may be caused by differences in
inflorescence morphology; Ler-0 had shorter and more tightly
arranged inflorescences than Ws-2. Compact floral architecture

in Ler-0 was previously reported to enhance Fusarium disease
levels (Urban et al., 2002).

The sgt1b mutation does not affect F. culmorum-
induced accumulation of reactive oxygen species

The Arabidopsis sgz/6 mutant has previously been shown to
have a compromised oxidative burst upon pathogen infection
of leaves (Austin ef al., 2002; Tor et al., 2002). Therefore,
the tissue specific gene expression of genes involved in
ROS generation and scavenging was extracted from
GENEVESTIGATOR. This analysis confirmed that several
of the genes encoding ROS generating or scavenging capabilities
are highly expressed in floral tissue (Fig. S5, Text S1).

The floral dissue of the 5-wk-old Ler-0 and sgz1 Arabidopsis
plants just before inoculation was consistently found to contain
high levels of superoxide and hydrogen peroxide in specific
regions. The floral subcomponents, which had high ROS levels
included the stigma, sepals and the petals/sepals abscission
zone. By contrast, leaves taken from 5-wk-old noninoculated
Ler-0 and sg#16 plants that had grown in soil under nonsterile
conditions and were ready for floral spray inoculation had low
ROS levels except for occasional patches of staining for both
superoxide and hydrogen peroxide towards the leaf periphery
(Fig. S6). These patches of ROS indicate that at the time of
inoculation both genotypes had already responded similarly
to the standard growth room conditions.

New Phytologist (2009) 181: 901-912
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To determine whether an alteration in the reactive oxygen
species levels occurred post-£ culmorum inoculation, tissues
were stained at various time-points for ROS. Greater intensities
of ROS staining were observed in inoculated floral tissues
than in the water-only sprayed controls from 4 d onwards,
particularly in the green sepals, suggesting that a host oxidative
burst had occurred in response to the pathogen infection.
However, there were no obvious differences between the levels
of ROS staining in the wild-type Ler-0 and the sg#/6 mutant
post-inoculation. When the initial inoculations were done
using a 100 times lower initial spore concentration, although
the overall intensity of ROS staining was considerably lower,
no differences in ROS staining between the two genotypes
were observed. It was intriguing to observe that although a
differential response was seen between levels of blue-green
autofluorescence in inoculated wild-type Ler-0 and sgrlb
mutant buds at 7 dpi (Fig. le,f), this was not reflected with
either of the ROS stains.

Discussion

To gain further insights into the globally important Fusarium-
wheat interaction, the Fusarium—Arabidopsis floral pathosystem
(Urban ez al., 2002) was used to assess a suite of Arabidopsis
defence signalling mutants involved in basal and R protein-
mediated defence. The defensive role of these important gene
mutations has not previously been explored in the floral tissue
of any species. This study has identified that the buds and
flowers of the s¢#/b6 mutant were significantly more resistant
to infection and disease formation. This is the first time that a
sgtlb mutation has been reported to result in enhanced
pathogen resistance in Arabidopsis. The siliques of the sgz/4
mutant also revealed a trend towards increased disease
resistance. The infected sgz16 buds exhibited reduced epidermal
cell death, reduced blue-green autofluorescence and reduced
dehydration compared with the wild-type buds, but the
fusarium DON mycotoxin accumulated to similar concen-
trations in both infected sgz/6 and wild-type Ler-0 floral
tissues. By comparison mutations in edsI, rar! and /msI did
not alter the interaction outcome.

In Arabidopsis, the SGT1a and SGT16 genes are function-
ally redundant in the early stages of plant development, but
the double mutant is lethal (Azevedo et a/., 2006). Although
SGT1b has been documented to have a greater role in resistance
than SGT1a, both were induced upon pathogen inoculation
of leaves and were able to confer resistance once a certain protein
level was attained (Azevedo et al., 2006). Historically, SGT'16
has been reported to be required for R-protein mediated
defence in leaves of Arabidopsis to many pathogens including
the oomycete Hyaloperonospora parasitica (Tor et al., 2002)
and the powdery mildew fungus (Xiao ez 4/., 2005). Recently
SGTI1b has also been implicated in basal resistance to
H. parasitica in Arabidopsis (Noel ¢z al., 2007). The Arabidopsis
SGT1a gene but not the SGT16 gene is required for club root
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www.newphytologist.org

New
Phytologist

resistance in roots mediated by the RPBI gene (resistance to
Plasmodiophora brassicae) (J. Siemens, pers. comm.). By
contrast, in this study, we report a role in disease susceptibility
for SGT'16 in bud and flower tissues, but not siliques tissues,
and a trend for a similar role for SG714 in silique tissues but
not bud or flower tissues. This may be another example of
tissue-specific roles of the two SGT1 proteins in Arabidopsis,
although caution must be taken in interpretation of these
results because the single gene mutations were only available
in different ecotypes.

The E culmorum-infected sgrlb floral tissue, although
supporting less disease and less host cell death, had DON
levels equivalent to those present in the heavily diseased
Ler-0 wild-type floral tissue. This would suggest that per unit
biomass the fungus produced more DON in the sgz// mutant
interaction. We also conclude that normal DON accumulation
can occur in the absence of widespread plant cell death and
that host cell death per se is not the trigger for sustained DON
mycotoxin accumulation. In contrast to this discovery, we
recently demonstrated that the 7pr] and eds! 1 mutations in
the Col-0 background supported both greater levels of
E culmorum disease and DON accumulation than the Col-0
wild-type floral tissue. Although the different ecotype back-
grounds may be responsible for these contrasting results, it is
more likely that these specific mutations have a direct or indirect
effect on altering host—pathogen signalling pathways involved
in inducing and/or suppressing DON production and/or
degradation. Interestingly, £ graminearum strains engineered
by deletion of the 7775 gene to be non-DON producers retain
the ability to cause full disease symptoms on Arabidopsis floral
disease (Cuzick ez al., 2008b). The DON requirement for
E culmorum to cause disease on Arabidopsis is not known. In
this study, it is unclear whether DON is being made in the
surface aerial mycelium or in the penetrating hyphae in close
contact with the plant tissue. The use of a Fusarium reporter
strain harbouring the 7R/5 promoter fused to a suitable
reporter protein to monitor the onset of mycotoxin production
(Jansen et al., 2005) may help to further explore these inter-
esting observations.

Transient reduction in expression of the £DS! gene or the
single SGT1 gene in tobacco leaves by virus-induced gene
silencing (VIGS), resulted in reduced necrosis and enhanced
resistance to the necrotrophic pathogen B. cinerea (E1 Oirdi &
Bouarab, 2007). The authors concluded that activation of
these signalling genes triggered an HR-form of PCD that
enhanced B. cinerea colonization, whereas in the VIGS plants
the HR was not triggered and the plants exhibited significantly
reduced levels of disease. To further support their model, El
Oirdi & Bouarab (2007) generated stable transgenic tobacco
plants expressing the baculovirus anti-apoptotic protein p35 to
compromise the establishment of an HR. These transgenic
plants were also more resistant to B. cinerea than wild-type
plants. Although we report here that the sgz/6 mutation
causes increased resistance to a floral invading pathogen, to
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(a) Healthy floral tissues

Basal ROS

Fig. 4 Summary of the characteristic features
No autofluorescence

of healthy wild-type (WT) and sgt7b mutant
Arabidopsis floral tissue and the responses
induced in both genotypes following
Fusarium culmorum infection. (a) Healthy
water-only sprayed wild-type and sgt7b
mutant plants both produce moderate basal
levels of reactive oxygen species (ROS) in
specific floral regions, but do not exhibit
spontaneous cell death. (b) Fusarium
culmorum infections trigger the wild-type
flowers to undergo an oxidative burst, host

Infection induced

WT sgt1b

NN

Basal ROS
No autofluorescence

Live cells Live cells

(b) Fusarium culmorum infected buds and flowers

WT sgt1b

Infection induced

cell death, tissue dehydration and to ROS Equivalent ROS
accumulate blue-green autofluorescence and Autofluorescence Minimal autofluorescence
Cell death Minimal cell death

the DON mycotoxin. Collectively, this leads to
a high level of disease. By contrast, in the
sgt1b mutant, infection induces the oxidative
burst but only minimal accumulation of
autofluorescent material, minimal cell death
and no tissue dehydration. Collectively, this
culminates in reduced disease levels, but DON
mycotoxin levels remain wild-type.

date we have not found evidence for a PCD mechanism in the
Fusarium—Arabidopsis interaction. Unlike El Oirdi and
Bouarab’s study, lack of EDS1 function did not alter the
Fusarium disease outcome. Therefore, it may be informative
to test an Arabidopsis line expressing an anti-apoptotic protein
and evaluate the outcome on both Fusarium disease and
DON mycotoxin levels or evaluate specific cell types using a
more sensitive method to detect apoptosis such as TUNEL
(terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labelling) (Gavrieli ez al., 1992).

Although the plant defence signalling components RAR1
and SGT1b are able to interact and form a complex, the
requirements of each for gene-for-gene mediated resistance in
Arabidopsis to downy mildew conferred by RPP (resistance to
Peronospora parasitica) genes, has been uncoupled. Therefore,
the lack of differences in the floral disease outcome in the rarl
mutant is highly informative in dissecting the functional
requirements of the £ culmorum defence signalling pathway.

Figure 4 illustrates a comparison of the overall characteristics
of both Arabidopsis wild-type Ler-0 and sgz/6 mutant floral
tissue before and post £ culmorum infection. The major
differences include minimal blue-green autofluorescence,
minimal cell death and no tissue dehydration, which collectively
contribute to reduced disease levels in the sg#/6 mutant.
Curiously, no obvious differences were observed with the
ROS staining, possibly indicating that  culmorum triggers
different signalling networks from those conferred by R protein-
mediated resistance. The latter often triggers both an oxidative

© The Authors (2009)
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Tissue dehydration
DON mycotoxin

Disease

No tissue dehydration
Equivalent DON mycotoxin

Reduced disease

burst and cell death via SGT1. In plants two ROS-generating
mechanisms involving either plasma membrane NADPH
oxidases or cell wall peroxidases have now been well charac-
terized (Bolwell ez al., 2002, Torres et al., 2002). Potentially
pertinent to this study, is the observation that Arabidopsis
leaves infiltrated with an elicitor from £ oxysporum produced
high levels of ROS following the rapid activation of an apoplastic
peroxidase (Bindschedler ez al., 2006). It is plausible that in
the sgz1b mutant background, the host cells responding to the
presence of Fusarium hyphae were induced to generate ROS
by a different mechanism from that generating ROS in the
wild-type Ler-0 plants. Alternatively, the Fusarium infections
may have resulted in a reduction in the efficacy and/or the
levels of alternative oxidase enzyme in the mitochondria and
this led to elevated ROS levels arising from electron transport.
In cultured tobacco cells, this source of elevated ROS has been
demonstrated using an antisense approach (Maxwell ez al.,
1999).

This report has not included gene expression studies of
E culmorum infected or mock-control treated floral tissues in
wild-type or mutant plants because of the complexity of floral
tissues. Manual dissection of specific floral region of interest,
would have been extremely time-consuming, difficult and
resulted in severe wounding. As new techniques such as laser
capture microscopy (LCM) of plant tissues become available,
this approach may be more feasible for sampling a selection of
individual cells that can subsequently be used for gene expres-
sion studies (Ramsay ez /., 2006).
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The Fusarium—Arabidopsis floral pathosystem has proved
an invaluable tool to assess the impact of single gene muta-
tions on this interaction. Similar assessments in the Fusarium—
wheat pathosystem would be far more challenging, because
the generation of stable transgenics in hexaploid wheat is still
a time-consuming process. However, identification of candi-
date genes required for defence or susceptibility in the Fusarium—
Arabidopsis floral pathosystem are ideal targets to disrupt in
wheat and assess for altered disease outcomes. The SGT1,
RARI and HSP90 genes have each been transiently silenced in
wheat using VIGS and resulted in reduced resistance to a
fungal rust (Scofield ez a/., 2005). In the future, we plan to use
VIGS to silence SGT1 in hexaploid wheat floral tissue, with
the predicted outcome of reduced levels of Fusarium ear blight
disease while retaining DON mycotoxin production. Previously,
transgenic wheat lines overexpressing the Arabidopsis VPRI
gene were found to exhibit increased type II ear resistance to
E graminearum but DON levels were not reported (Makandar
et al., 2006). In the future a combination of VIGS and stable
transformants should yield useful functional information on
the signalling networks in wheat floral tssue and determine
whether there are further similarities and differences between
wheat and Arabidopsis.

Acknowledgements

We thank Ian Pearman and Julian Franklin for maintenance
of controlled environment facilities and Sarah Lee for technical
assistance. Salvador Gezan provided advice on experimental
design and completed the statistical analyses. Microscopy was
done in the Bioimaging facility at Rothamsted Research and
we thank Jean Devonshire for the scanning electron microscopy
images. Rothamsted Research receives grant-aided support
from the Biotechnology and Biological Sciences Research
Council (BBSRC) of the UK. This study was additionally
supported by a BBSRC responsive mode grant (BBS/B/
12261).

References

Aarts N, Metz M, Holub E, Staskawicz BJ, Daniels M], Parker JE. 1998.
Different requirements for EDSI and NDRI by disease resistance genes
define at least two R gene-mediated signaling pathways in Arabidopsis.
Proceedings of the National Academy of Sciences, USA 95: 10306—10311.

Agrios GN. 1997. Plant pathology. London, UK: Academic Press.

Austin M], Muskett P, Kahn K, Feys BJ, Jones JDG, Parker JE. 2002.
Regulatory role of SG71 in early R gene-mediated plant defenses. Science
295: 2077-2080.

Azevedo C, Betsuyaku S, Peart ], Takahashi A, Noel L, Sadanandom A,
Casais C, Parker J, Shirasu K. 2006. Role of SGT1 in resistance protein
accumulation in plant immunity. EMBO Journal 25: 2007-2016.

Azevedo C, Sadanandom A, Kitagawa K, Freialdenhoven A, Shirasu K,
Schulze-Lefert P. 2002. The RAR1 interactor SGT1, an essential
component of R gene-triggered disease resistance. Science 295:
2073-2076.

Bai G, Shaner G. 2004. Management and resistance in wheat and barley to
Fusarium head blight. Annual Review of Phytopathology 42: 135-161.

New Phytologist (2009) 181: 901-912
www.newphytologist.org

New
Phytologist

Berrocal-Lobo M, Molina A. 2008. Arabidopsis defense response against
Fusarium oxysporum. Trends in Plant Sciences 13: 145-150.

Bindschedler LV, Dewdney ], Blee KA, Stone JM, Asai T, Plotnikov J,
Denoux C, Hayes T, Gerrish C, Davies DR ez al. 2006. Peroxidase-
dependent apoplastic oxidative burst in Arabidopsis required for pathogen
resistance. Plant Journal 47: 851-863.

Bohman §, Staal J, Thomma B, Wang ML, Dixelius C. 2004.
Characterisation of an Arabidopsis—Leptosphaeria maculans pathosystem:
resistance partially requires camalexin biosynthesis and is independent of
salicylic acid, ethylene and jasmonic acid signalling. Plant Journal 37:
9-20.

Bolwell GP, Bindschedler LV, Blee KA, Butt VS, Davies DR, Gardner SL,
Gerrish C, Minibayeva E 2002. The apoplastic oxidative burst in response
to biotic stress in plants: a three-component system. Journal of
Experimental Botany 53; 1367-1376.

Cuthbert PA, Somers DJ, Thomas J, Cloutier S, Brule-Babel A. 2006. Fine
mapping Fhb1,a major gene controlling fusarium head blight resistance in
bread wheat (Triticum aestivum L.). Theoretical and Applied Genetics 112:
1465-1472.

Cuzick A, Lee S, Gezan S, Hammond-Kosack K. 2008a. NPR1 and EDS11
contribute to host resistance against Fusarium culmorum in Arabidopsis
buds and flowers. Molecular Plant Pathology. 9: 697-704.

Cuzick A, Urban M, Hammond-Kosack K. 2008b. Fusarium graminearum
gene deletion mutants 7apI and #:5 reveal similarities and differences in
the pathogenicity requirements to cause disease on Arabidopsis and wheat
floral tissue. New Phytologist 177: 990-1000.

Desmond O], Manners JM, Stephens AE, Maclean D], Schenk PM,
Gardiner DM, Munn AL, Kazan K. 2008. The Fusarium mycotoxin
deoxynivalenol elicits hydrogen peroxide production, programmed cell
death and defence responses in wheat. Molecular Plant Pathology 9:
435-445.

El Oirdi M, Bouarab K. 2007. Plant signalling components EDS1 and
SGT1 enhance disease caused by the necrotrophic pathogen Bosrytis
cinerea. New Phytologist 175: 131-139.

Gavrieli Y, Sherman Y, Bensasson SA. 1992. Identification of programmed
cell-death iz situ via specific labeling of nuclear-DNA fragmentation.
Journal of Cell Biology 119: 493-501.

Glazebrook J. 2005. Contrasting mechanisms of defense against biotrophic
and necrotrophic pathogens. Annual Review of Phytopathology 43: 205—
227.

Goswami RS, Kistler HC. 2004. Heading for disaster: Fusarium
graminearum on cereal crops. Molecular Plant Pathology 5: 515-525.

Ham JH, Kim MG, Lee SY, Mackey D. 2007. Layered basal defenses
underlie nonhost resistance of Arabidopsis to Pseudomonas syringae pv.
phaseolicola. Plant Journal 51: 604-616.

Hammond KE, Lewis BG. 1986. The timing and sequence of events leading
to stem canker disease in populations of Brassica napus var. oleifera in the
field. Plant Pathology 35: 551-564.

Hammond-Kosack KE, Kanyuka K 2007. Resistance genes (R genes) in
plants. In: Encyclopedia of life sciences. Chichester, UK: John Wiley
& Sons, 1-21.

Hammond-Kosack KE, Parker JE. 2003. Deciphering plant-pathogen
communication: fresh perspectives for molecular resistance breeding.
Current Opinion in Biotechnology 14: 177-193.

Hohn TM, McCormick SP, Alexander NJ, Desjardins AE, Proctor RH
1998. Function and biosynthesis of trichothecenes produced by Fusarium
species. In: Kohmoto K, Yoder OC, eds. Molecular genetics of host-specific
toxins in plant disease. Dordrecht, the Netherlands: Kluwer Academic,
17-24.

Hubert DA, Tornero P, Belkhadir Y, Krishna P, Takahashi A, Shirasu K,
Dangl JL. 2003. Cytosolic HSP90 associates with and modulates the
Arabidopsis RPM1 disease resistance protein. EMBO Journal 22:
5679-5689.

Jabs T, Dietrich RA, Dangl JL. 1996. Initiation of runaway cell death in an
Arabidopsis mutant by extracellular superoxide. Science 273: 1853-1856.

© The Authors (2009)
Journal compilation © New Phytologist (2009)



New
Phytologist

Jansen C, von Wettstein D, Schafer W, Kogel KH, Felk A, Maier FJ. 2005.
Infection patterns in barley and wheat spikes inoculated with wild-type
and trichodiene synthase gene disrupted Fusarium graminearum.
Proceedings of the National Academy of Sciences, USA 102:

16892-16897.

Jones JDG, Dangl JL. 2006. The plant immune system. Nature 444:
323-329.

Koch E, Slusarenko A. 1990. Arabidopsis is susceptible to infection by a
downy mildew fungus. Plant Cell 2: 437-445.

Lemmens M, Scholz U, Berthiller F, Dall’Asta C, Koutnik A, Schuhmacher
R, Adam G, Buerstmayr H, Mesterhazy A, Krska R ez al. 2005. The
ability to detoxify the mycotoxin deoxynivalenol colocalizes with a major
quantitative trait locus for Fusarium head blight resistance in wheat.
Molecular Plant—Microbe Interactions 18: 1318-1324.

Liu Y, Schiff M, Serino G, Deng XW, Dinesh-Kumar SP. 2002.

Role of SCF ubiquitin-ligase and the COP9 signalosome in the N
gene-mediated resistance response to Tobacco mosaic virus. Plant Cell 14:
1483-1496.

Liu YL, Burch-Smith T, Schiff M, Feng SH, Dinesh-Kumar SP. 2004.
Molecular chaperone HSP90 associates with resistance protein N
and its signaling proteins SGT1 and RAR1 to modulate an innate
immune response in plants. Journal of Biological Chemistry 279:
2101-2108.

Makandar R, Essig JS, Schapaugh MA, Trick HN, Shah J. 2006.
Genetically engineered resistance to Fusarium head blight in wheat by
expression of Arabidopsis NPR1. Molecular Plant—Microbe Interactions 19:
123-129.

Masuda D, Ishida M, Yamaguchi K, Yamaguchi I, Kimura M,

Nishiuchi T. 2007. Phytotoxic effects of trichothecenes on the growth
and morphology of Arabidopsis thaliana. Journal of Experimental Botany
58:1617-1626.

Maxwell DP, Wang Y, McIntosh L. 1999. The alternative oxidase lowers
mitochondrial reactive oxygen production in plant cells. Proceedings of the
National Academy of Sciences, USA 96: 8271-8276.

Mesterhdzy A. 1995. Types and components of resistance to Fusarium head
blight of wheat. Plant Breeding 114: 377-386.

Muskett PR, Kahn K, Austin M]J, Moisan L], Sadanandom A, Shirasu K,
Jones JDG, Parker JE. 2002. Arabidopsis RAR! exerts rate-limiting
control of R gene-mediated defenses against multiple pathogens.

Plant Cell 14: 979-992.

Noel LD, Cagna G, Stuttmann J, Wirthmuller L, Betsuyaku S, Witte CP,
Bhat R, Pochon N, Colby T, Parker JE. 2007. Interaction between SGT1
and cytosolic/nuclear HSC70 chaperones regulates Arabidopsis immune
responses. Plant Cell 19: 4061-4076.

Parker JE, Holub EB, Frost LN, Falk A, Gunn ND, Daniels MJ. 1996.
Characterization of eds1, a mutation in Arabidopsis suppressing resistance
to Peronospora parasitica specified by several different RPP genes. Plant Cell
8: 2033-2046.

Parry DW, Jenkinson P, McLeod L. 1995. Fusarium ear blight (scab) in
small grain cereals — a review. Plant Pathology 44: 207-238.

Payne RW, Harding SA, Murray DA, Soutar DM, Baird DB, Welham S],
Kane AF, Gilmour AR, Thompson R, Webster R ez al. 2005. The guide
t0 GENSTAT release 8, part 2: statistics. Oxford, UK: VSN International.

Peart JR, Lu R, Sadanandom A, Malcuit I, Moffett P, Brice DC, Schauser
L, Jaggard DA, Xiao S, Coleman MJ et al. 2002. Ubiquitin ligase-
associated protein SGT1 is required for host and nonhost disease resistance
in plants. Proceedings of the National Academy of Sciences, USA 99:
10865-10869.

Ramsay K, Jones MGK, Wang ZH. 2006. Laser capture microdissection: a
novel approach to microanalysis of plant—microbe interactions. Molecular
Plant Pathology 7: 429-435.

Scofield SR, Huang L, Brandt AS, Gill BS. 2005. Development of a
virus-induced gene-silencing system for hexaploid wheat and its use in
functional analysis of the Lr21-mediated leaf rust resistance pathway.

Plant Physiology 138: 2165-2173.

© The Authors (2009)
Journal compilation © New Phytologist (2009)

Research 911

Shirasu K, Schulze-Lefert P. 2003. Complex formation, promiscuity and
multi-functionality: protein interactions in disease-resistance pathways.
Trends in Plant Science 8: 252-258.

Smyth DR, Bowman JL, Meyerowitz EM. 1990. Early flower development
in Arabidopsis. Plant Cell 2: 755-767.

Takahashi A, Casais C, Ichimura K, Shirasu K. 2003. HSP90 interacts with
RARI and SGT1 and is essential for RPS2-mediated disease resistance in
Arabidopsis. Proceedings of the National Academy of Sciences, USA 100:
11777-11782.

Thomma B, Eggermont K, Penninckx I, Mauch-Mani B, Vogelsang R,
Cammue BPA, Broekaert WF. 1998. Separate jasmonate-dependent and
salicylate-dependent defense-response pathways in Arabidopsis are essential
for resistance to distinct microbial pathogens. Proceedings of the National
Academy of Sciences, USA 95: 15107-15111.

Thordal-Christensen H, Zhang Z, Wei Y, Collinge DB. 1997. Subcellular
localization of H, O, in plants. H,O, accumulation in papillae and
hypersensitive response during the barley—powdery mildew interaction.
Plant Journal 11: 1187-1194.

Tierens K, Thomma B, Bari RP, Garmier M, Eggermont K,

Brouwer M, Penninckx I, Broekaert WF, Cammue BPA. 2002.
Esal, an Arabidopsis mutant with enhanced susceptibility to a range of
necrotrophic fungal pathogens, shows a distorted induction of defense
responses by reactive oxygen generating compounds. Plant Journal 29:
131-140.

Tor M, Gordon P, Cuzick A, Eulgem T, Sinapidou E, Mert-Turk F, Can
C, Dangl JL, Holub EB. 2002. Arabidopsis SGT1b is required for defense
signaling conferred by several downy mildew resistance genes. Plant Cell
14: 993-1003.

Tornero P, Merritt P, Sadanandom A, Shirasu K, Innes RW, Dangl JL.
2002. RARI and NDRI contribute quantitatively to disease resistance in
Arabidopsis, and their relative contributions are dependent on the R gene
assayed. Plant Cell 14: 1005-1015.

Torres MA, Dangl JL, Jones JDG. 2002. Arabidopsis gp91phox
homologues, AtrbohD and AtrbohF are required for accumulation of
reactive oxygen intermediates in the plant defense response. Proceedings of
the National Academy of Sciences, USA 99: 517-522.

Urban M, Daniels S, Mott E, Hammond-Kosack K. 2002. Arabidopsis is
susceptible to the cereal ear blight fungal pathogens Fusarium graminearum
and Fusarium culmorum. Plant Journal 32: 961-973.

Van Hemelrijck W, Wouters PFW, Brouwer M, Windelinckx A, Goderis
IJWM, De Bolle MFC, Thomma BPHJ, Cammue BPA, Delaure SL.
2006. The Arabidopsis defense response mutant esz/ as a model to
discover novel resistance traits against Fusarium diseases. Plant Science
(Oxford) 171: 585-595.

‘Waldron BL, Moreno-Sevilla B, Anderson JA, Stack RW, Frohberg RC.
1999. RFLP mapping of QTL for Fusarium head blight resistance in
wheat. Crop Science 39: 805-811.

Xiao SY, Calis O, Patrick E, Zhang GG, Charoenwattana P, Muskett P,
Parker JE, Turner JG. 2005. The atypical resistance gene, RPWS, recruits
components of basal defence for powdery mildew resistance in
Arabidopsis. Plant Journal 42: 95-110.

Zimmermann P, Hirsch-Hoffmann M, Hennig L, Gruissem W. 2004.
GENEVESTIGATOR. Arabidopsis microarray database and analysis
toolbox. Plant Physiology 136: 2621-2632.

Supporting Information

Additional supporting information may be found in the
online version of this article.

Fig. S1 Arabidopsis microarray analysis of the tissue-specific
expression profiles of the selected defence signalling genes

EDS1, HSP90.1, HSP90.2, RARI, SGT1a and SGT1b.
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Fig. 82 Root inhibition of wild-type and sgzlé mutant
seedlings in the presence of DON mycotoxin.

Fig. S3 Healthy Arabidopsis wild-type Ler-0 and sgzié
mutant floral tissues were found not to contain patches of
spontaneous cell death when viewed under UV light.

Fig. S4 Photographs of Arabidopsis wild-type Ler-0 and
sgtlb mutant buds dissected from the floral apex 7 d after
spray inoculation with water or Fusarium culmorum conidia.

Fig. S5 Arabidopsis microarray analysis of the tissue specific
expression profiles of ten respiratory burst oxidase homologue
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(RBOH) genes, seven superoxide dismutases (SD), three
catalases (CAT) and nine peroxidases (PX).

Fig. S6 Healthy and Fusarium culmorum infected wild-type
Ler-0 and sgz/ b mutant Arabidopsis tissues stained for different
reactive oxygen species.

Text 81 Relative transcript abundance of selected Arabidopsis
genes in floral tissue using GENEVESTIGATOR and the
DON sensitivity root bioassay.
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