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Introduction 1

l. Introduction

I.1. The phytopathogenic fungus Fusarium graminearum

The phytopathogenic fungus Fusarium graminearum Schwabe (teleomorph
Gibberella zeae (Schwein.) Petch) is a necrotrophic, filamentous ascomycete,
which causes Fusarium head blight (FHB), one of the most destructive crop
diseases (Figure 1 A). F. graminearum is a broad host range pathogen that
infects many crop plants, especially wheat (Tritcum aestivum L.), barley
(Hordeum vulgare L.), and maize (Zea mays L.) (Desjardins et al., 1996;

McMullen et al., 1997), on which it causes cob rot (Figure 1 B).

A control  F.g.wt B control F.g.wt

Figure 1. Symptoms of F. graminearum infection on cereals.

A. Inoculation of two central spikelets with F .graminearum wild-type conidia (F.g. wt) causes
typical symptoms of FHB. Kernels represent the yield of an infected and control spike 3 weeks
post infection.

B. Inoculation of maize ears was performed by injecting a F. graminearum wild-type (F.g. wt)
conidial suspension into the silk channel. Figure shows the typical symptoms of cob rot 5 weeks

post infection.
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Assessments in nine US states showed losses of about 870 million US-dollars to
FHB on wheat and barley from 1998 to 2000 (Nganje et al., 2001). Additionally,
this crop disease is a growing threat to the world-wide food supply due to
outbreaks in Asia, Canada, Europe, and South America (Dubin et al., 1997). The
fungus causes direct yield losses because of sterility of the florets and shriveled,
light test-weight kernels (Figure 1A). Furthermore, infected grain is often
contaminated by trichothecenes and estrogenic mycotoxins (McMullen et al.,
1997) that are hazardous to animals and humans and provoke indirect health
damages (Marasas et al., 1984). Therefore, several countries have adopted or
intend to legislate advisory limits to ensure minimum levels for the most important
mycotoxins deoxynivalenol (DON) and zearalanone (ZEA) (Ishii, 1983; D’Mello
and MacDonald, 1997) in retail products for human consumption and in animal
feeds (van Egmond, 1989; Pricket et al., 2000). In the USA, an economically
important part of the crop is rejected by the industry because of DON
contamination.

Despite the economic importance, little is known about the molecular basis of
F. graminearum infections. Generally, fungal pathogens secrete various
extracellular enzymes hypothesized to be involved in virulence (Wanjiru et al.,
2002). Positive effects were shown for pectinolytic enzymes from Aspergillus
flavus (Shieh et al., 1997), Botrytis cinerea (ten Have et al., 1998), and Claviceps
purpurea (Oeser et al., 2002). The disruption of genes encoding these enzymes
resulted in the reduction of virulence in the respective fungi. The precise role of

most other extracellular enzymes is still controversial (Scott-Craig et al., 1990;
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Stahl and Schafer, 1992; Rogers et al., 1994; Stahl et al., 1994; Wu et al., 1997;
Wegener et al,, 1999). Among secreted enzymes, triacyl-glycerol lipases (EC
3.1.1.3) form an extensive family, and catalyze both the hydrolysis and the
synthesis of ester bonds. The biological function of lipases is the hydrolytic
decomposition of triacyl-glycerols into glycerol and free fatty acids (FFA) (Figure
2). In nature, lipases are ubiquitous (Borgstrdbm and Brockman, 1984), having
been found in animals, plants, fungi, and bacteria (Mukherjee and Hills, 1994;
Jaeger and Reetz, 1998). Due to their high regio- and enantiospecificity, lipases
are an important group of biocatalysts in organic chemistry (Jaeger and Reetz,

1998) and have many industrial applications (Schmid and Verger, 1998).

.d:i/\/\-/\ OH
4 O
[ ¥ 3 HED f—— 15 I 3 0
D‘j\'/-\/\/\ I
Triacylghyoerol Glyoerol Fatly acid

Figure 2. Catalytic action of lipases.
Triacylglycerol can be hydrolyzed into glycerol and free fatty acids (FFA). The reverse reaction

esterifies glycerol and FFA into triacylglycerol (after Jaeger and Reetz, 1998).

Little is known about the influence of lipases during infection of plants by fungi.
Intracellular lipases were shown to be involved in appressoria formation by
Magnaporthe grisea (Thines et al., 2000). The first evidence of involvement of
secreted lipases in plant infection came from Commeénil et al. (1995, 1998, 1999).
They showed that supplementation of conidial suspensions with polyclonal

antibodies against an extracellular lipase of Botrytis cinerea suppressed lesion
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formation on detached tomato leaves. Nasser Eddine et al. (2001) reported a
secreted lipase of the pea pathogen Nectria haematococca MP VI, which was
expressed during host infection. However, there is as yet no report of direct

evidence that any secreted lipase contributes to fungal virulence.

1.2. Role of plant callose synthesis during fungal penetration

Even though many fundamental processes in plant science have been elucidated
on a molecular level, some are still controversially discussed. This includes basic
aspects of the involvement of callose in plant developmental processes. In this
regard, particular attention has been focused on the formation of callosic
papillae, the apparent cell wall thickenings of plants, as a response to microbial
attack. At first glance, this seems astonishing, since papillae were discovered on
plant cell walls at sites of fungal penetration by deBary over 140 years ago.
Mangin reported in 1895 that callose, a (1,3)-8-glucan (Figure 3) with some (1,6)-

branches (Aspinall and Kessler, 1957), commonly occurred in papillae.

Figure 3. Chemical structure of callose.

Callose is a (1,3)-B-glucan composed of glucose units linked via (1,3)-glycosidic linkages. As a

result, the polymer is arranged in a helix.
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Since then, examinations (Aist and Williams, 1971; Sargent et al. 1973; Mercer et
al. 1974, Sherwood and Vance, 1976; Mims et al. 2000) have identified callose
as the most common chemical constituent in papillae. Since papillae are not
regarded as a defense reaction that can completely stop the pathogen, they are
thought to act as a physical barrier to slow pathogen growth (reviewed by Stone
and Clarke, 1992). The host plant can gain time for initiation of defense reactions
that require gene activation and expression. As a result, the plant could initiate
hypersensitive reactions, synthesis of phytoalexins and pathogenesis-related
(PR) proteins (Lamb and Dixon, 1997; Brown et al., 1998). However, a general
role of callose in the penetration process can be questioned since callosic
papillae correlate with penetration failure, but not with successful fungal
establishment (Aist, 1976). Thus, even though the involvement of callose in plant
defense has been investigated for well over a century, its precise function during
microbial attack has not been demonstrated unequivocally. Apart from microbial
stress, the local deposition of callose is induced by abiotic stress and wounding.
During normal growth conditions, callose is deposited at the cell plate,
plasmodesmatal canals, root hair and spiral thickenings in tracheids, sieve plates
of phloem elements as well as around pollen mother cells, in pollen grains and in
pollen tubes (Stone and Clarke, 1992; Kauss, 1996; Ryals et al., 1996; Donofrio
and Delaney, 2001; Jacobs et al., 2003). Due to the central importance of callose
deposition in several key plant processes, many efforts have been made to purify
and characterize callose synthases and their corresponding genes from plants

(Meikle et al., 1991; Schlupmann et al., 1993; Dhugga and Ray, 1994; Bulone et
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al., 1995; Kudlicka et al., 1995; Kudlicka and Brown, 1997; McCormack et al.,
1997; Turner et al., 1998; Him et al.,, 2001; Jacobs et al., 2003). Even though
purification of active callose synthase to homogeneity has not been achieved, the
molecular mass and subunit composition of this enzyme could be determined.
First results from partially purified callose synthase preparations have shown a
composition of six to nine major polypeptides ranging in size from 25 to 92 kD
(Kamat et al, 1992; Wasserman et al., 1992; Dhugga and Ray, 1994;
McCormack et al., 1997). The presumptive catalytic subunit has been reported to
have a molecular mass between 32 and 57 kD (Read and Delmer, 1987; Frost et
al., 1990; Delmer et al., 1991; Li and Brown, 1993; Gibeaut and Carpita, 1994).
Newer results of preparations have shown that the callose synthase activity is
associated with ~200-kD polypeptides (Turner et al., 1998; Hong et al., 2001; Li
et al., 2003).

General difficulties in preparation have arisen from the suggested structure of the
enzyme. Callose synthase is likely to be a multisubunit and membrane-
associated enzyme complex (Verma and Hong, 2001, Figure 4). Detergents that
are normally used for extraction are regarded to dissociate the enzyme complex,
resulting in a loss of activity. The purification of active callose synthase to
homogeneity has not been achieved. Therefore, callose synthase activity could
not be directly linked with an amino acid or nucleotide sequence. Despite these
difficulties, the family of glucan synthase-like (GSL) genes in higher plants has
been identified as presumably encoding for callose synthases (Cui et al., 2001;

Hong et al., 2001; Doblin et al., 2001; Ostergaard et al., 2002).
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Figure 4. Hypothetical model of the callose synthase complex.

Transmembrane domains and hydrophilic loop interact with Rho-like protein of plants (Rop),
annexin (ANN), UDP-glucose transferase (UGT), and sucrose synthase (SuSy). G, potential N-
linked gylcosylation sites; CP, cAMP- and cGMP-dependent phosphorylation sites; TP, potential
tyrosine phosphorylation sites; PRD, proline-rich domain (after Verma and Hong, 2001).

The hypothesized function of GSL genes is supported by homology with the
yeast FKS genes, which are believed to be involved in callose synthesis
(Douglas et al., 1994; Cabib et al., 2001; Dijkgraaf et al., 2002). Additionally, the
size of these genes correlates with the molecular mass of ~200-kD catalytic
subunit of putative callose synthases. Finally, Li et al. (2003) showed that the
amino acid sequence predicted from a GSL gene in barley (HvGSL1) correlates
with the amino acid sequence of an active (1,3)-B-glucan synthase fraction.
HvGSL1 is expressed at relatively high levels in early developing grain, florets,
coleoptiles, and roots, but not in leaves infected with a fungal pathogen.
However, most details about regulation and function of GSL genes in plants are
known from Arabidopsis. Twelve GSL genes have been identified in Arabidopsis

(Richmond and Somerville, 2000; Verma and Hong, 2001) and the function of
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five genes has been characterized so far. AtGSL6 (referred to as CalS1 by Hong
et al., 2001) encodes a callose synthase catalytic subunit with a high cell plate-
specificity. Additionally, transcript levels for this gene increased slightly after
inoculation of leaves with Blumeria graminis spores (Jacobs et al., 2003). Under
these conditions, an increase in expression was also observed for AtGSL5 and
AtGSL11. Moreover, AtGSL5 as well as AtGSL1 were shown to play an essential
and redundant role in plant and pollen development and in fertility (Enns et al.,
2005). A detailed expression profile is available for AtGSL2 (referred to as CalS5
by Dong et al., 2005). It was mainly expressed in the anthers but also detected in
vascular bundles of diverse tissues. The encoded glucan synthase is required for
exine formation during microgametogenesis and for pollen viability.

In terms of plant defense, the AtGSL5 encoded callose synthase is required for
papillary callose formation and is involved in the regulation of the salicylic acid
pathway (Jacobs et al., 2003; Nishimura et al. 2003). Interestingly, the growth of
several normally virulent powdery mildew species and of Perenospora parasitica
was ceased in gs/5 plants, even though callose was absent in papillae or
haustorial complexes. Similar results in pmr4 plants (Nishimura et al. 2003) have
raised the question whether the commonly model of callose contributing to

resistance needs to be reevaluated.
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1.3. Aims of this study

The work described here was initiated in an attempt to analyze interactions of the
pathosystem Triticum aestivum — Fusarium graminearum. This system was
chosen because Fusarium head blight (FHB) of wheat, caused by
F. graminearum, is one of the most destructive crop diseases (McMullen et al.,
1997). Therefore, any new insight into this pathosystem might support the
development of new strategies against FHB.

Due to the limited knowledge of a possible involvement of secreted lipases during
fungal infection of plants, the first aim was to clone a lipase-encoding gene from
F. graminearum. The subsequent characterization aimed to include the
transcriptional regulation of the lipase gene in culture and in planta. The
generation of lipase-deficient mutant strains was to be performed in an attempt to
examine a putative involvement in fungal virulence. To achieve this, a vector-
construct including an internal fragment of the lipase gene was to be used in a
transformation-mediated gene disruption. The homologous integration of the
disruption-construct via a single-crossover event should result in a dysfunction of
the lipase. A role for this lipase in the virulence of F. graminearum to wheat and
maize was to be examined in plant infection assays.

In general, the precise function of callose during microbial attack has not been
demonstrated unequivocally. Therefore, the second aim of this work was to
examine if callose synthesis is involved in plant defense as response to fungal
penetration in the pathosystem T. aestivum — F. graminearum. Because almost

nothing was known about the GSL gene regulation and callose synthase activity
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in wheat, a comprehensive view on organ-specific callose synthesis in wheat was
performed during normal growing conditions. These studies included quantitative
real-time PCR for expression analysis since this method enables the
determination of expression differences between tissues as well as the absolute
expression level of individual GSL genes. The expression results were to be
correlated with enzyme activity, amount of produced callose and callose
deposition in the examined organs.

These studies were then followed by the examination of wheat heads infected by
F. graminearum wild type, a lipase-deficient mutant, and the barley-leaf pathogen
Pyrenophora teres to induce non-host reactions. The idea of an active role of
callose in wheat defense against fungal penetration was tested by comparing
GSL gene expression, callose synthase activity and callose deposition at
different stages of wheat head infection. A putative repression mechanism of
callose synthesis during successful fungal penetration was developed and tested
in vitro and in planta, supported by the generation of GFP-tagged

F. graminearum strains.
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Il. Experimental Procedures

Il.1. Materials

Unless noted otherwise, restriction enzymes and other DNA-modifying enzymes
were purchased from Fermentas (St. Leon Roth, Germany), with the exception of
Taq polymerase, which was supplied by Eppendorf (Hamburg, Germany).
Chemicals used in various media were obtained from Biomol (Hamburg,
Germany), Merck (Darmstadt, Germany), Roth (Karlsruhe, Germany), Serva

(Heidelberg, Germany), and Sigma-Aldrich (Steinheim, Germany).

Il.2. Microbial strains and culture conditions

The Escherichia coli strain TOP10F’ (Invitrogen, Carlsbad, CA, USA) was used
for propagation of cDNA and genomic sequences. Heterologous gene expression
was performed by using the Pichia pastoris strain KM71 (arg4 his4 aox1::ARG4)
(Invitrogen) and the pGAPZa A expression vector (Invitrogen), including the GAP
promoter for constitutive, high level expression in P. pastoris in the presence of
glucose (Waterham et al., 1997). The Fusarium graminearum strain 8/1 was
obtained from T. Miedaner (Miedaner et al., 2000) and maintained on SNA agar
plates (Nirenberg, 1981) at 28°C. Induction of conidiation was performed by
placing a mycelium plug on SNA-plates and incubating them for 2 weeks at 18°C
under near-UV light (TLD 36 W-08; Philips, Eindhoven, The Netherlands) and
white light (TL 40 W-33 RS; Philips) with a 12-h photoperiod. Permanent cultures
were prepared as conidia suspensions in water and stored at —70°C. The
Pyrenophora teres strain 15A was provided by B. J. Steffenson (Weiland et al.,

1999).
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11.3. Primers

Table 1. Primers used in PCR reactions. (F) Forward primer; (R) Reverse primer.

A. Conventionel PCR

Identification Sequence (5' — 3') Description

GSP-lipase ~ TCGAATTCACYGGYCACTCYCTCGGYGGYGC fnecﬂﬁ”erated primer on lipase

FGL1F ATGCGTCTCCTGTCACTCCTC complete ORF of lipase gene
FGL1 from F.

FGL1R TCATACTATGATGAGCGG graminearum

FGL1F-int CGGCGCCGCAGCATACT .

) internal fragment of FGL1

FGL1R-int GGGTCCTTGGCGTTCGT

FGL1-5Eco GAATTCATGCGTCTCCTGTCACTCCTC complete FGL1 ORF+

FGL1-3Xba TCTAGAGATACTATGATGAGCGG restriction sites

FGL1-KO5'  GGCGCCATCATCATTCCTATAACAAACATC  internal FGL1 fragment for

FGL1-KO3' GGCGCCGGCACTCCTGTATCTTCTCCTA cloning of KO-construct

B-TubF TGCTGTTCTGGTCGATCTTG internal fragment of B-tubulin

B-TubR GACGGAAGTTTGGACGTTG gene as control

B. Quantitative real-time PCR

Identification  Sequence (5' — 3') Accession no.?

TaUbigF GACCCTCACCGGCAAGACCATC X56601

TaUbigR GTTCACCAAAGCTGCTCCACACCA

TaGSL2F

a TATTGCGGTGTATCTGCTTTCCTG TaGSL24+4°
TaGSL2R CAACCGCGACCGACCTG
TaGSL3F
GCGTGCTGGTTTATGGCTTCTC TaGSL3+7+16+17+20°
TaGSL3R CGGGTGGCTCGGTCCTTCT
TaGSL8F
TTGGGCTTAATCAGATCGCACTAT TaGSL8+11418°

TaGSL8R GCAACCTCCAGCCCTTTCACAA

TaGSL10F GTGGGGACAGAGCGAGAACA b
TaGSL10

TaGSL10R GGTATGACATGAATCCAGCAAGTG

TaGSL12F TGCATGCCTTATTGGATTTACAGACT b
TaGSL12+21

TaGSL12R CATCCAGCAACTCAAAACTACAAGC

TaGSL19F GCTGCGCCTCCTGATCTACCAAT b
TaGSL19

TaGSL19R GGCCCTATCTTACGGAGCACAGC

TaGSL22F GATTTCTTCCGGATGCTCTCA CA682267°

TaGSL22R TCTCGGCGAATTTCTTGTGCTC CD886203°
CD886204°

TaGSL23F TGGTGGGAGATAGAGCAGGAG CA484126°

TaGSL23R AAGGGGAACCATGACAGGACAGTA CK153351°
CK153351°

4Sequence data primer design is based on.

bCon’[ig assembled from sequences as indicated at http://cellwall.stanford.edu/



Experimental Procedures 13

I1.4. Cloning of the lipase cDNA and lipase gene

Total RNA from fungal cultures was isolated with the Invisorb Spin Plant-RNA
Mini Kit (Invitek, Berlin, Germany) and the synthesis of cDNAs was performed
with the GeneRacer Kit (Invitrogen) according to manufacturer’s instructions. The
amplification of 3’ ends of lipase cDNAs was conducted with the GeneRacer 3’
Primer (Invitrogen) and the gene-specific degenerated primer GSP-lipase. In
order to design the primer GSP-lipase, the conserved motif characteristics of
lipases [LIV]-Xx-[LIVFY]-[LIVMST]-G-[HYWV]-S-x-G-[GSTAC] (PROSITE
Consensus pattern, http://ca.expasy.org/cgi-bin/nicedoc.pl?PDOC00110) were
used. A PCR with GSP and GeneRacer 3 Nested Primer was performed
according to proposed cycling parameters of the GeneRacer Kit manual. This
reaction produced a major 700-bp fragment, which was cloned in the pGEM-T
vector (0 GEM-T Vector System |, Promega, Madison, WI, USA). For identification
of the 5’ end of the gene, the GeneRacer 5’ primer and a FGL1 specific reverse
primer (FGL1R-int) were used to amplify an 800-bp fragment with an overlapping
region to the previous identified 3’ end fragment. Based upon the resulting
sequence information, two primers were designed for amplification of the whole
lipase ORF and genomic gene sequence, respectively (FGL1F, FGL1R).
Genomic DNA, which was used as a template for amplification of the lipase gene,
was isolated according to manufacturer’s instructions of the Nucleo Spin Plant Kit

(Macherey-Nagel, Diren, Germany).
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I.5. Expression analysis by RT-PCR

In order to study the expression of the FGL1 gene in culture and in planta, RNA
was isolated with the Invisorb Spin Plant-RNA Mini Kit (Invitek). For RT-PCR
SuperScript || Rnase H Reverse Transcriptase (Invitrogen) was used according
to manufacturer’s instructions. The resulting single stranded cDNA was thereafter
used as a template in PCR reactions to test FGL1 transcription in different
samples. The PCR reaction was carried out with FGL17-specific primers FGL1R-
int and FGL1F-int. The cycler program consisted of an initial denaturation step for
3 min at 94°C, followed by 30 cycles of denaturation at 94°C for 30 s, annealing
at 57°C for 30 s, and extension at 72°C for 1 min. The final elongation step was
performed at 72°C for 10 min. The level of constitutively expressed B-tubulin

mMRNA served as reference (B-TubF, B-TubR).

For expression analysis in planta, infected spikes of wheat were collected and
frozen in liquid nitrogen for subsequent RNA isolation.

To examine FGL1-disruption on transcriptional level, RNA was isolated from
F. graminearum wild type and Afgl1 strain 3 i) from a wheat germ oil-induced in
vitro culture after 12 h and ii) from wheat spikes 2 weeks post infection.

FGL1 non-disruption after transformation with pWT-FGL1 and FGL1 disruption
after transformation with pKO-FGL1 was also examined at transcriptional level.
RNA was isolated from F. graminearum wild type, GFP-tagged wild type-like
strains (wt-GFP-1/-2), lipase-deficient strain Afgl1-2 and GFP-tagged lipase-

deficient strains (Afgl1-GFP-1/-2) from wheat germ oil-induced in vitro culture
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after 12 h. Detection of FGL 1-transcripts was performed in an RT-PCR approach

as indicated above.

Il.6. Expression analysis by quantitative real-time PCR

To study the expression of GSL genes in wheat (TaGSL), RNA was isolated with
the Invisorb Spin Plant-RNA Mini Kit (Invitek). Samples were collected from
spike, leaf blade and stem 7 d after anthesis (Zadoks stages 7.5-7.9; Zadoks et
al., 1974) and frozen in liquid nitrogen for subsequent RNA isolation. For RT-
PCR, RevertAid M-MuLV Reverse Transcriptase (Fermentas) was used
according to manufacturer’s instructions. The resulting single stranded cDNA was
thereafter used as a template in quantitative real-time PCR (qPCR) reactions.
The single stranded cDNA was normalized, depending on the level of
constitutively expressed ubiquitin gene (Trevaskis et al., 2003). gPCR reactions
were carried out with gene specific primers (Table 1 B) using the Platinum SYBR
Green qPCR SuperMix-UDG (Invitrogen) in a volume of 25 pl. Quantification of
gene-expression was performed with gene specific cDNA fragments of a known
concentration. gPCR reactions were carried out in a iCycler Thermal Cycler (Bio-
Rad, Hercules, CA, USA). The PCR program was as follows: incubation for 2 min
at 50°C, then 2 min at 95°C, followed by 60 cycles of denaturation at 94 °C for 30
s, annealing at 60°C for 30 s and extension at 72°C for 40 s, followed by melting
curve analysis to check specificity of fragment amplification. All measurements
were repeated twice with eight replicates each. Amplified fragments were

analyzed by sequencing.
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To study the expression of GSL genes in wheat during infection, samples were
collected from spikes inoculated with conidia from F. graminearum wild type,
lipase-deficient F. graminearum strain Afgl1-2 and P. teres wild type 1 d, 3d, 7 d,
and 14 d post inoculation (dpi). Uninoculated spikes served as a reference. For
RNA isolation, only directly inoculated spikelets and intermediary rachis parts
were used. All subsequent procedures for RNA isolation and gPCR were

performed as described above, including the primer used in gPCR reactions.

I1.7. Detection of extracellular lipolytic activity

Pre-cultures from various F. graminearum strains were started with 10° conidia in
100 ml YPD medium (1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % (w/v) D(+)-
glucose) and incubated for 2 d at 28°C and 150 rpm. The mycelium was washed
twice with double-distilled water and transferred into flasks with 50 ml water
supplemented with 2 % (v/v) of different vegetable oils or without oil. Samples
were taken every 2 hours in a period of 12 h. Lipolytic activity of the samples’
supernatants was measured with a lipase assay using para-nitrophenyl palmitate
(PNPP, Sigma, St. Louis, MO, USA) as substrate (Winkler and Stuckmann,
1979). 20 pl of the supernatants were mixed with 200 pl of the reaction buffer
(2 mM pNPP, 0.1 % (v/v) Triton X-100, 0.1 % (w/v) gum arabicum, 50 mM bis-
tris-propan HCI pH 8.0). The assay was carried out in 96-well microtiter plates at
37°C. The para-nitrophenol (pNP) amount was determined photometrically at 405
nm after 60 min. Lipolytic activity was calculated using pNP as a standard. One

unit (U) is equivalent to 1 nmol of pNPP hydrolyzed per minute. Total protein
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concentration of the samples was determined in a Bradford assay (Bio-Rad). All

measurements were repeated twice with four replicates each.

I1.8. Heterologous expression of the FGL1 gene in Pichia pastoris

Heterologous gene expression was performed by using Pichia pastoris strain
KM71 and pGAPZa A expression vector (Invitrogen). Initially, the ORF of the
FGL1 gene, including the stop codon, was amplified by PCR with
oligonucleotides FGL1-5'Eco and FGL1-3'Xba, providing synthetic EcoRIl and
Xbal restriction sites at 5" and 3’ ends, respectively. cDNA from a wheat germ oil-
induced F. graminearum culture served as a template. The 1.1 kb PCR product
was then directionally cloned into EcoRI/Xbal site of P. pastoris expression
vector pGAPZa A. Electrocompetent cells of P. pastoris were transformed with
30 ug of linearized vector by using Electroporator Il (Invitrogen) according to
manufacturer’s instructions. Positive clones were selected on YPDS plates (YPD
medium + 1 M sorbitol, 2 % (w/v) agar) containing 30 pug/ml zeocin (Invitrogen)
for dominant selection. Sequencing was performed to verify integration of the
FGL1-gene into the P. pastoris genome. To determine extracellular lipase activity
of positive P. pastoris clones, they were incubated at 30°C and 150 rpm in YPD
medium, samples were taken after 5 d, centrifuged, and supernatants were
subsequently assayed for lipase activity using the lipase assay as described
above. For the analysis of inhibitory effects, lipolytic active culture supernatants
were supplemented with ebelactone B (Sigma) in a concentration range of 0.075
to 0.45 mM dissolved in ethanol. Lipase activities were measured in the indicated

assay with pNPP as substrate.
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11.9. Transformation-mediated gene disruption

To generate a construct for disruption of the FGL1 gene, an internal fragment of
the lipase gene was amplified by PCR using FGL1-KO5' and FGL1-KO3* as
primers, and genomic DNA of F. graminearum as a template. The resulting 939-
bp fragment was cloned into the fungal transformation vector pAN7-1 containing
the hygromycin-resistance gene hph as a selective marker (Punt et al.,, 1987).
The resulting disruption construct pKO-FGL1 was linearized at the unique BstX]
restriction site, which is located in the FGL1 insert to enhance efficiency of
integration via single crossover event (Banks and Taylor, 1988; Reichard et al.,
2000) and to reduce occurrence of tandem repeats (ltoh and Scott, 1997).
Transformation was carried out according to Royer et al. (1995) with 30 ug of the
linearized construct and protoplasts of F. graminearum wild-type strain 8/1
(Jenczmionka et al., 2003).

To generate GFP-tagged wild type-like strains, a fragment of the FGL1 lipase
gene was amplified by PCR using FGL1-KO5* and FGL1-3’Xba as primers and
genomic DNA of F. graminearum as a template. The resulting 1072-bp fragment
contained a 5’-deletion but the full 3’-end and was cloned into the into fungal
transformation vector pAN7-1. The resulting construct pWT-FGL1 was linearized
at the unique BstXl restriction site, which is located in the FGL1 insert. The
generation of a GFP-tagged lipase-deficient strain was performed with the
disruption construct pKO-FGL1 (described above). The GFP-harboring plasmid
pIGPAPA (Horwitz et al., 1999) was linearized within the amp" cassette using the

restriction enzyme Cail to induce homologous integration into the amp” cassette
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of pWT-FGL1 and pKO-FGL1, respectively. Co-transformation was carried out
according to Maier et al. (2005) with 30 ug of each linearized construct (pWT-
FGL1 + pIGPAPA and pWT-FGL1 + pIGPAPA, respectively).

The received mutants were cultivated on CM-plates containing 100 pg/ml
hygromycin B (Duchefa, Haarlem, The Netherlands). Transformants were tested
by Southern hybridization for insertion of disruption construct due to homologous

recombination.

1.10. Southern blot analysis

Genomic DNA from various F. graminearum strains was digested with restriction
enzymes, separated on a 0.8 % agarose/TBE gel and blotted onto a Hybond NX
membrane (Amersham Biosciences, Little Chalfont, UK). A DIG (digoxygenin)-
labeled (Roche, Mannheim, Germany) DNA probe was used for overnight-
hybridization at 68°C. Hybridization and washing of the blots were performed
according to the manufacturer’s instructions. Integration of pWT-FGL1 and pKO-
FGL1, respectively, into the F. graminearum genome was tested by using a
FGL 1-specific probe and integration of pIGPAPA into the backbone of the FGL1-

constructs by hybridization with a GFP-specific probe on the same membrane.

Il.11. Plant infection and pathogenicity tests on wheat

Wheat plants of cultivars Nandu (Lochow-Petkus, Bergen-Wohlde, Germany) and
Batis (Strube, Séllingen, Germany) were planted in soil at 21°C, approximately
70 % humidity, and a photoperiod of 16 h (10000 Ix) per day. Infection was

performed at plants growing for three months until anthesis (approximately 6 to 7
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weeks after germination; Zadoks stages 6.5-6.9; Zadoks et al., 1974). A single
spike was inoculated within the palea and lemma of two basal florets of two
central spikelets with a droplet of 10 pl water containing 200 conidia of
F. graminearum and P. teres, respectively (modified after Pritsch et al., 2001).
The inoculated spikes were enclosed in small plastic bags during the first 3 days
to ensure a high humidity for infection and to prevent a cross contamination of
different F. graminearum isolates. The inoculated plants were incubated in a
growth chamber at 21°C with a 16 h photoperiod (10000 Ix). Infection of wheat
spikes was monitored up to three weeks post inoculation. To detect the
involvement of FGL1 in pathogenicity, inoculations were carried out with: conidia
of wild-type strain, five independent Afgl1 strains, and two independent ectopic

strains. As negative control, spikes were inoculated with pure water.

To examine an influence of ebelactone B, inoculation of a spikelet was performed
with a 10 pl-droplet of 200 wild-type strain conidia supplemented with 3.3 pl
ebelactone B dissolved in ethanol (concentration: 5 mg/ml) reaching a final

concentration of 2 mM.

To detect a possible impact of FFA on wheat infection, 2 ul of ethanol-dissolved
FFA (concentration: 3.2 mM) and pure ethanol as control were added 3 dpi to
each of the wt-GFP-1 and Afgl1-GFP-1 inoculated florets of the wheat cultivar

Nandu.
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I.12. Plant infection and pathogenicity tests on maize

Seeds from the maize inbred line A188 (Green and Philips, 1975) were grown in
a green house (temperature: 26°C — 30°C, humidity: 70 % - 85 %, natural daily
photoperiod with additional artificial light when required), in order to detect an
involvement of FGL1 during maize infection. After growth of approximately four
months, plants were infected 6 d after silks emerged. Before inoculation, silks
were manually pollinated to ensure optimal pollination. Individual plants were
inoculated by injecting conidia suspensions into the silk channel of primary ears
using a syringe and cannula (Reid et al., 1995). Plant infection was performed
with 4 ml of conidial suspension at a concentration of 8 x 10° conidia per ml of
F. graminearum wild type, three previously confirmed Afgl1 strains, and an
ectopic strain. As a negative control, ears were inoculated with 4 ml of water. The
inoculated ears were enclosed in plastic bags during the first 3 days and
inoculated plants were cultivated under the same conditions as described for

growing. Infection of maize cobs was monitored five weeks post inoculation.

I.13. Membrane preparation

All isolation procedures were carried out at 4°C. 200 mg of the same grounded
tissue as used for RNA isolation was homogenized with the ultrasonic processor
UP 200H (Dr. Hielscher GmbH, Teltow, Germany) in 3.5 ml 50 mM Tris/HCI, pH
7.3, containing 1 mM DTT, 5 mM EDTA, 25 uM PMSF (phenylmethylsulfonyl
fluoride; Sigma) (modified after Shedletzky et al., 1997). The homogenate was
centrifuged for 5 min at 12,000 x g. Subsequently, the supernatant was

centrifuged for 1 h at 100,000 x g. The membrane pellet was resuspended in 500
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ul 50 mM Tris/HCI, pH 7.3. Membranes were immediately used in the (1,3)-8-
glucan synthase assay. Total protein concentration of the samples was
determined in a Bradford assay (Bio-Rad).

Additionally, a possible impact of free fatty acids (FFA) on (1,3)-B-glucan
synthase activity was examined for the wheat cultivars Nandu and Batis.
Membranes were prepared from uninoculated spikes 7 d after anthesis (Zadoks

stages 7.5-7.9; Zadoks et al., 1974), as described above.

I1.14. (1,3)-B-glucan synthase assay

(1,3)-B-glucan synthase activity was measured in a fluorescence assay.
Reactions were carried out in 96-well microtiter plates with modifications to
Shedletzky et al. (1997). 20 ul of the resuspended membranes (protein content: 2
— 2.5 ug) were incubated with 70 pl reaction buffer (50 mM Tris/HCI, pH 7.3, 0.02
% digitonin (Sigma) , 2 mM CaCl,, 20 mM cellobiose, 0.5 mM uridine 5’-
diphosphoglucose (UDP-glucose; Sigma)) for 1 h at 25°C. The addition of 10 pl
10 N NaOH terminated the reactions. The (1,3)-8-glucan (callose) produced was
solubilized by shaking the microtiter plate at 80°C for 30 min.

To examine a possible impact of free fatty acids (FFA) on (1,3)-B-glucan
synthase activity for the wheat cultivars Nandu and Batis, reaction wells of
microtiter-plates were supplemented with 2 ul of ethanol-dissolved FFA of a
defined concentration (final concentrations: 0.7, 7, 17.5, 35, 70, 700 uM) and
pure ethanol as control. FFA: stearic acid [18:0] (Merck), oleic acid [18:1]

(Sigma), linoleic acid [18:2] (Sigma), y-linolenic acid [18:3] (Sigma).
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I1.15. Callose extraction

Callose was extracted from 50 mg of the same tissue as used for RNA isolation.
The tissue was soaked for 5 min in 1.2 ml ethanol by shaking at 50°C. After
centrifugation (5 min, 400 x g, room temperature) the pellet was washed twice in
600 ul ethanol and centrifuged (5 min, 400 x g). To solubilize callose, the washed
pellet was incubated for 15 min at 80°C in 200 ul 1 N NaOH under shaking
conditions (modified after Kéhle et al., 1985). Aliquots of 10 pl of this solution

were used for callose determination in 96-well microtiter plates.

I1.16. Callose determination

Extracted callose from both glucan synthase assay and callose extraction was
determined by addition of 200 ul and 120 pl, respectively, of the aniline blue mix
(Shedletzky et al., 1997). After incubation at 50°C for 30 min and subsequently at
room temperature for 30 min under shaking conditions, fluorescence was
quantified with a fluorescence plate reader Fluoroskan Il (Labsystems, Helsinki,
Finland) using an excitation wavelength of 355 nm and an emission wavelength
of 460 nm. Standard curves were generated with (1,3)-B-glucan form Euglena
gracilis (Sigma-Aldrich). Defined amounts of this glucan were dissolved by
heating 30 min at 80°C in 1 N NaOH. Standard samples used in glucan synthase
assay contained the same components as the reaction mixtures. All
measurements were repeated twice with six replicates each. Amounts of callose

were expressed as E. gracilis glucan-equivalents.
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1.17. NADH oxidase activity assay

The NADH oxidase activity assay was carried out in 96-well microtiter plates.
Reaction was initiated by addition of 130 ul NADH-containing reaction buffer (50
mM Tris/HCI, pH 7.3, 150 uM NADH, 1 mM KCN; modified from Chueh et al.,
1997) to 20 pl of prepared membranes (protein content: 2 — 2.5 ug). Immediately
after addition, the absorbance was measured at 355 nm with a fluorescence
plate reader Fluoroskan Il (Labsystems, Helsinki, Finland). Decrease in the
absorbance was measured after 10 min. NADH oxidase activity was calculated
from changes in absorbance and indicated as percentage of oxidized NADH per

10 min and pg protein.

11.18. Microscopic analyses

Freshly cut tissue from wheat spike, leaf blade, and stem was stained for 1 min in
a solution containing 1 % (w/v) aniline blue and 1 % (v/v) acetic acid.
Subsequently, tissues were transferred into glycerol for 2 h for washing out
excessive dye (Braune et al,, 1983). Tissues were examined by epifluorescent
illumination (365 nm excitation filter, 395 nm chromatic beam splitter, 397 nm
barrier filter) using an Axioskop microscope (Zeiss, Germany).

Localization of callose depositions was additionally carried out with a stereo
microscope Leica MZ6 (Wetzlar, Germany) from freshly cut, uninoculated wheat
spikes as well as spikes inoculated with F. graminearum wild-type, Afgl1-2 and
P. teres wild type 1, 3, 7, and 14 dpi. Staining procedures were performed as

described above.
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Freshly cut wheat spikes inoculated with GFP-tagged F. graminearum strains
(wt-GFP-1 and Afgl1-GFP-1) were examined with a stereo fluorescence
microscope Leica MZ FLIIl. The filter set was the Leica GFP2 filter set

(excitations 480/40 nm, barrier filter 510 nm).

I1.19. Accession numbers

Sequence data of lipase gene FGL1 from F. graminearum and ubiquitin as well
as TaGSL genes from wheat cultivar Nandu have been deposited with the
EMBL/DDBJ/GenBank data libraries under the following Accession No.:
AY292529 (FGL1), DQ086482 (TaUbiq), DQ086483 - DQ086490 (TaGSL2, 3, 8,

10, 12, 19, 22, 23).
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lll. Results

lll.1. Cloning and sequence analysis of the lipase gene FGL7 from
F. graminearum
Wheat germ oil was the best inducer of extracellular lipolytic activity for

F. graminearum in comparison to other oils tested (Figure 5).
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Figure 5. Induction of extracellular lipolytic activity of F. graminearum cultures using
different vegetable oils.

Supernatant samples were taken after 4 and 12 h and lipolytic activities were measured with the
pNPP lipase-assay. Error bars indicate the confidence interval with probability of error of a = 0.05.
Measurements were repeated twice with four replicates each.

cDNA derived from a wheat germ oil-induced F. graminearum culture served as a
template for RACE-PCR. Two fragments were amplified, one from the 5" and the
other from the 3’-end of a putative lipase. An ORF of 1056 bp was deduced from
the sequence of both fragments. Primers designed from the ORF were used to
generate the complete genomic lipase-encoding gene. The sequence of this

gene, designated FGL1, revealed two apparent introns of 52 bp and 58 bp at
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positions 91 and 257, respectively. The deduced protein consists of 352 amino
acids with an N-terminal stretch of 15 hydrophobic amino acid residues
corresponding to a signal peptide. Searches done using the FGL1 amino acid
sequence as a query (Figure 6) showed highest similarity to lipases of
N. haematococca (65.2 %) and Fusarium heterosporum (66.2 %). High-
stringency Southern blot analysis of genomic DNA revealed that FGL1 is present

as a single copy in the genome (Figure 11 A).
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Figure 6. Phylogenetic tree of secreted fungal lipases.

F. graminearum (GeneBank Accession No. AY292529), F. heterosporum (S77816),
N. haematococca (AJ271094), Thermomyces lanuginosus (059952), Penicillium camemberti
(D90315), Neurospora crassa (AL513444), Rhizomucor miehei (A02536), cutinase from
N. haematococca (FSOCUTA M29759). The proteins were aligned using ClustalW Method
(Thompson et al., 1994).
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lll.2. Expression of FGL1 in culture and in planta

FGL1 transcription was detected in the presence of wheat germ oil (a putative
lipase substrate) but not if glucose was present in the medium (Figure 7 A).
Similarly, lipolytic activity was detected only from cultures grown in medium
containing water and wheat germ oil as the sole ingredients (Figure 7 B). During
host infection, FGL1 was expressed at all time points examined (Figure 8). No

FGL1 transcripts were detected in uninoculated control plants.
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Figure 7. Expression analysis of FGL1 and lipolytic activity of F. graminearum
supernatants under different culture conditions.

A. PCR amplification with FGL1-specific primers. Template cDNA was generated from isolated
RNA of F. graminearum wild-type cultures. Cultures were incubated for 4 h at 28°C and 150 rpm
in media containing H,O (1), H,O + 2 % wheat germ oil (2), H,O + 1 % glucose (3), and H,O +
1 % glucose + 2 % wheat germ oil (4). Genomic F. graminearum DNA was used as a control (c).
B-tubulin-specific primers (B-tub) were used as expression control.

B. Lipolytic activity of culture supernatants was measured with the pNPP lipase-assay. Error bars
indicate confidence interval with probability of error of a = 0.05. Measurements were repeated
twice with four replicates each.
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B-tub
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Figure 8. Expression analysis of FGL1 during infection of wheat.

PCR amplification with FGL7-specific primers. cDNA generated from isolated RNA of wheat
spikes infected with F. graminearum wild-type 1 d post inoculation (dpi) (1), 3 dpi (2), 7 dpi (3), 14
dpi. (4), and cDNA from uninfected wheat spikes (negative control) (5) served as template.
Genomic F. graminearum DNA (including 58 bp intron DNA) used as a control (c). B-tubulin-

specific primers (B-tub) were used as expression control.

lll.3. Inhibition of FGL1 produced in a heterologous host

The identity of the FGL1 gene product as a lipase was verified by expressing
FGL1 in Pichia pastoris strain KM71. The supernatant of the recombinant colony
revealed high lipolytic activity as compared to colonies expressing only the vector
pGAPZa A (Figure 9). The known lipase inhibitor ebelactone B reduced secreted

lipase activity almost completely at a concentration of 0.45 mM (Figure 9).
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lll.4. FGL1 inhibition in planta

Inhibition of FGL1 by ebelactone B suggested that ebelactone B might influence
host plant infection. To examine this, wheat spikelets were inoculated with a
suspension of F. graminearum conidia supplemented with ebelactone B. Since
ebelactone B was dissolved in ethanol, control plants were inoculated with a
conidial suspension supplemented with an equivalent volume of ethanol.
Additionally, the effect of 2 mM ebelactone B without conidia was also tested on
control plants. Three weeks post infection, spikes inoculated with conidia only
were totally bleached. Infection by conidia supplemented with ebelactone B was
restricted to the inoculated spikelets (Figure 10). The remaining parts of these
spikes revealed no symptoms of bleaching and were as healthy as spikes of
control plants. Ethanol-supplemented wild-type conidia caused complete
bleaching just like conidia alone (Figure 10). Conidial germination was not

affected by 2 mM ebelactone B (data not shown).

4_
Figure 9. Inhibition of F. graminearum lipase FGL1 by ebelactone B.

Lipolytic activity was measured in YPD-culture supernatants of P. pastoris strain KM71 harboring
expression plasmid as a control (0GAPZa A) and of P. pastoris with heterologous expression of
FGL1 gene (pGAP-FGL1) using pNPP lipase assay. Cultures were incubated for 5 d at 30°C and
150 rpm. Error bars indicate confidence interval with probability of error of a = 0.05.

Measurements were repeated twice with four replicates each.
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Figure 10. Effect of ebelactone B on F. graminearum infection of wheat (cv. Nandu).

Two central spikelets were inoculated with 20 pl of water (control; ¢), 400 wild-type conidia
without supplementation (1), 20ul of ebelactone B dissolved in ethanol (concentration: 2 mM)
without conidia (2), 400 wild-type conidia supplemented with same volume of ethanol (3) as in (4),
and 400 wild-type conidia supplemented with ebelactone B dissolved in ethanol (concentration: 2
mM) (4). Arrows indicate inoculation sites. Figure shows spikes 3 weeks post infection.
Pathogenicity tests were repeated nine-times.

llI.5. F. graminearum transformation and characterization of secreted lipase
activity of Afgl1 strains

To determine extracellular lipase activity of FGL1 in culture and during host plant
infection, FGL1 was disrupted via transformation. Fifty F. graminearum
transformants were analyzed by PCR. The complete FGL1 gene could not be
amplified in 40 out of 50 transformants. After single conidiation, high-stringency
Southern blot analysis of genomic DNA of seven randomly chosen transformants
showed homologous integration of the disruption construct in five of them; vector

integration in the remaining two transformants was ectopic (Figure 11 A).
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FGL 1-gene disruption was analyzed at the transcriptional level by isolating RNA
i) from in vitro cultures and ii) from wheat spikes infected by F. graminearum wild
type and strain Afgl1-3. No FGL 1-transcripts were amplified from cDNA of strain
Afgl1-3, whereas cDNA of the wild-type strain revealed a product of the expected
size (Figure 11 B and C).

Extracellular lipase activity of the five Afgl1 strains and the two ectopic strains
was analyzed during growth in liquid cultures supplemented with different carbon
sources and was compared to that of the F. graminearum wild-type strain.
Lipolytic activity was not detected in supernatants of the Afgl/1 strains, or in those
of the wild-type and ectopic strains, when cultures were supplemented with
glucose or glucose plus wheat germ oil. In water, slight lipolytic activity was
detected, but only for the wild-type and the ectopic strains after 12 h (data not
shown). In contrast, lipase activity of the wild-type and two ectopic strains was
highly induced by wheat germ oil as a single carbon source, whereas the five
Afgl1 strains had reduced extracellular lipase activity (Figure 12). The Afgl1
strains had increased lipolytic activity after 12 h, reaching nearly 30 % of wild-
type activity. There were no significant differences in extracellular lipase activities
among the five Afgl1 strains. Lipolytic activities of the ectopic strains were similar
to those of wild-type, except for late stage cultures, which had activity reduced
nearly 30 % after 10 h and 16 % after 12 h of incubation.

To confirm that no undetected mutations impaired mycelial growth of the
transformants, the wild-type, Afgl1 strains, and ectopic strains were transferred to

CM, YPD, and SNA media. No differences in growth among these strains were
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observed. Additionally, neither conidial development nor germination of the Afgl1

and the ectopic strains deviated from wild type on SNA medium (data not

shown).
Afgl1 ect 1 2 3 ¢
21226 bp — gy 12220 bp
DL REE L —  —
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Figure 11. Analysis of F. graminearum wild-type and mutant strains via Southern blot and
FGL1 gene expression.

A. Genomic DNA of F. graminearum wild type (wt), Afgl1 strains (Afgl1-1/-2/-3/-4/-5), and ectopic
transformants (ect1/2) was restricted with Kpnl. Hybridization was performed with DIG-labeled
internal fragment of FGLT gene. Fragment sizes were determined with Dig-labeled DNA
Molecular Weight Marker Il (Roche, Mannheim, Germany) (M1) and Lambda Mix Marker, 19
(MBI-Fermentas, St. Leon-Rot, Germany) (M2). Relevant fragment sizes of Lambda Mix Marker,
19 derived from agarose gel photo-measuring. The detected shift of Afgl/7 strains confirmed single
homologous integration of disruption construct.

B. cDNA generated from isolated RNA of wheat germ oil induced in vitro cultures after 12 h.

C. cDNA generated from isolated RNA of wheat spikes 2 weeks post infection.

Cultures and spikes were inoculated with conidia of F. graminearum wild-type (1) and Afgl/1 strain
3 (2). Water control and water inoculated wheat spikes, respectively, served as negative control
(3). Genomic F. graminearum wild-type DNA (c) was used as positive control. PCR amplification
was performed with FGL 7-specific primers comprising complete FGL1-ORF(FGL1) and B-tubulin-

specific primers (B-tub) as expression control.



Results 34

»
(5]
!

(U/pg total protein)
N w
N W ;

specific liplytic activity
”

-

o
o

time of incubation (h)

Figure 12. Extracellular lipolytic activity of F. graminearum wild type (wt), Afgl1 strains (1-
5), and ectopic strains (ect1/2) after induction by wheat germ oil.

Cultures were incubated in water supplemented with 2 % wheat germ oil at 28°C and 150 rpm.
During a time range of 12 h samples were taken every 2 h. Lipolytic activity was measured with
pNPP lipase-assay. Error bars indicate confidence interval with probability of error of a = 0.05.

Measurements were repeated twice with four replicates each.

lll.6. Plant infection with Afgl/1 strains

To determine if FGL1 is involved in pathogenicity, wheat spikes were infected
with conidia from the five Afgl1 strains, the wild-type, and the two ectopic strains.
Three weeks post inoculation, spikes infected with all five Afgl1 strains had
drastically reduced symptoms compared to wild-type infected spikes. There were
no significant differences among these strains (Table 2). Spikes inoculated with
wild-type conidia were totally bleached except for the spikelets at the lower end
of the spike. Similar results were obtained for the ectopic strains. However, the
average percentage of infection of the ectopic strains was significantly reduced
compared to the wild type (Table 2). In contrast to wild-type infection, only

directly inoculated and adjacent spikelets were bleached during Afgl/1 strain
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infection (Figure 13). Apart from bleached spikelets, the remaining parts of the
spike were not affected and did not differ in appearance compared to
uninoculated spikes. This pattern of symptoms was similar to the ebelactone B-
supplemented wild-type infection (Figure 10). To gain a more detailed picture of
the infection pattern of the Afgl1 strains, kernels were removed from spikes three
weeks post infection. The rachis of the wild-type infected spikes was completely
bleached. Almost no symptoms of bleaching were detectable at the rachis of
spikes infected with the Afgl1 strains. As a result, the rachis was comparable to
one of uninfected spikes (Figure 14). Slight bleaching of the rachis of the spikes
infected with the Afgl1 strains was only observed directly adjacent to the

inoculated spikelets when spikelets grew close together (Figure 14).

Afgl1 ectopic
c wt 1 2 3 4 5 1 2

Figure 13.
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Moreover, these results correlated to kernel quality. Kernels removed from
bleached spikelets were completely shriveled and bleached or not even
developed. Hence, wild-type infected spikes contained no unaffected kernels.
Even kernels at the lower end of the spike had a shriveled surface and were
reduced in size compared to kernels removed from uninfected spikes. In contrast,
kernels of unbleached spikelets of spikes infected with the Afgl/1 strains were not
reduced in size and showed no signs of a shriveled surface. The quality of these
kernels was comparable to that of uninfected spikes. They represented the
majority of the harvested kernels of spikes infected with the Afgl1 strains.
Reduced quality was limited to kernels harvested from inoculated spikelets and
adjacent spikelets, which had symptoms similar to those of wild-type infected

kernels (Figure 14).

4_
Figure 13. Infection of wheat spikes (cv. Nandu) with F. graminearum wild-type, Afgl1

strains, and ectopic strains.

Two central spikelets were each inoculated with 10 pul of water (control, ¢), 200 wild-type conidia
(wt), 200 conidia of each Afglt1 strain (Afgl1-1/-2/-3/-4/-5), and 200 conidia of ectopic strains
(ectopic 1/2). Arrows indicate inoculation site. Figure shows spikes 3 weeks post infection.

Pathogenicity tests were repeated fifteen-times for every strain.
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Figure 14. Spike stem appearance and kernel quality after infection of wheat spikes (cv.
Nandu) with F. graminearum wild-type and Afgl1 strain 3.

Inoculation of two central spikelets each performed with 10 ul of water as control, 200 wild-type
conidia, and 200 conidia of Afgl1 strain 3 (Afgl1-3). Kernels represent the original position at the
spike before harvesting and the yield of one spike 3 weeks post infection. Arrows indicate
inoculation site. Parallel samples were obtained from replicates of the same attempt.

Pathogenicity tests were repeated fifteen times for every strain.

Longitudinal sections of inoculated wheat spikelets and adjacent stem regions
showed the extent of bleached and necrotic tissue (Figure 15). Both the
inoculated and the adjacent spikelet of the wild-type infected spike were
completely bleached and necrotic. The same symptoms were observed for the
rachis. Bleached and necrotic tissue of spikes infected with Afgl/1 strains was
limited to the directly inoculated spikelet and adjacent parts of the stem.

Additionally, a barrier-like zone of firm dark tissue was formed at the transition
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zone of the rachilla and the rachis. The upper adjacent spikelet and rachis region

were comparable to those of uninfected spikes (Figure 15).

control

Figure 15. External view and longitudinal section of wheat spikelets (cv. Nandu) and
adjacent rachis region of F. graminearum wild-type and Afgl1 strain 3 infection.

A. External view of wheat spikes comprising inoculated and adjacent spikelets.

B. Longitudinal section of same spike segment as shown in column A.

C. 3-times magnified view of the section as shown in B, comprising transition zone of rachilla and
rachis of inoculated spikelets and adjacent rachis segment.

D. Analogous to C, comprising the spikelet next to inoculated spikelet.

Uninfected wheat spikes (control), F. graminearum wild-type infected spikelets (wt), and Afg/1
strain 3 infected spikelets (Afgl1-3) were compared 3 weeks post infection. Arrow indicates
formation of a barrier at transition zone of rachilla and rachis of the spikelet infected with strain
Afgl1-3.
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Afgl1 strains had reduced virulence on maize as well as wheat. Wild-type and
ectopic strains caused completely rotten cobs. In contrast, cobs infected by Afgl1
strains showed only minor symptoms; there was normal kernel development on

uninfected cob parts (Figure 16).

Figure 16. Infection of maize ears with F. graminearum wild-type, Afgl1 strains 1, 2, and 3,
and ectopic strain ect1.

Inoculation of ears was performed by injecting 4 ml of conidial suspension (8 x 10° conidia x mI™)
of wild-type (wt), Afgl1 strains 1, 2, and 3 (Afgl1-1/-2/-3), and ectopic strain (ect1) into the silk
channel. As a control (c), 4 ml of water were injected. Figure shows cobs 5 weeks post infection
Pathogenicity tests were repeated ten-times for each strain.
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Disease severity on cobs, estimated visually by the rating method of Reid et al.
(1995), was greatly reduced on maize inoculated with Afgl1 strains (a rating of 3
indicating 4 — 10 % infection), whereas wild-type and ectopic strains had ratings
of almost 7 (76 — 100 % infection) (Table 2). No significant differences among the

three Afgl1 strains were observed.

Table 2. Virulence of F. graminearum strains to wheat (cv. Nandu) and maize.

Wheat Maize

Treatment? Percentage of infection® Rating®
Mean Conf. Int.° Mean Conf. Int.

Water control 0.0 - 1.0 -
Wild-type 94.1 4.8 6.7 0.3
Afgl1-1' 12.8 2.7° 3.2 0.7°
Afgl1-2' 12.6 1.7° 2.5 0.7°
Afgl1-3' 12.3 3.4° 3.2 0.9°
Afgl1-4' 12,5 2.7° n.t.” -
Afgl1-5' 13.0 3.3° n.t." -
ect1? 62.0 19.3 6.8 0.3
ect2’ 60.9 15.1 n.t.” .

®Repeat experiments gave similar results.

®|nfection referred to partially or completely bleached spikelets observed 3 weeks post infection.
Spikelets showing minor symptoms (tiny yellow or brown spots) were not counted. Results are
the average of 15 inoculated wheat heads (14-22 spikelets per head) inoculated with 400 conidia.
°Disease severity estimated visually by the rating method of Reid et al. (1995) observed 5 weeks
post infection.

Ratings ranged from 1.0 (0 % infection) to 7.0 (76 — 100 % infection). Results are the average of
10 maize ears inoculated with 3.2 x 10° conidia.

dConfidence interval with probability of error of a = 0.05.

®Significantly different from wild-type and ectopic strains at P < 0.05.

fHomologous integration of disruption construct.

9Ectopic integration of disruption construct.

"Not tested.
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lll.7. Phylogenetic analysis of (1,3)-4-glucan synthases

A phylogenetic tree was generated by the alignment of sequences of putative
(1,3)-p-glucan synthases, encoded by GSL genes, from Triticum aestivum
(TaGSL), Hordeum vulgare (HvGSL), Zea mays (ZmGSL), Oryza sativa (OsGSL)
and Arabidopsis thaliana (AtGSL) (Figure 17). All sequences were obtained from
the cell wall database at Stanford University (http://cellwall.stanford.edu/).
Analysis of TaGSL sequences from this database revealed redundancy of these
data. Even though 21 different TaGSL genes were specified in the database,
only eight TaGSL genes could be identified as being to be definitely different and
appropriate for the generation of phylogenetic tree and subsequent expression
analysis. TaGSL2 was composed of database data from TaGSL2 and 4, TaGSL3
from TaGSL3, 7, 16, 17 and 20, TaGSL8 from TaGSL8, 11 and 18, and
TaGSL12 from TaGSL12 and 21. TaGSL10 and 19 showed no homology to
other sequence data. Sequences for TaGSL22 and 23 were constructed from
singleton sequence data of the database. It was not possible to amplify
fragments via PCR reaction using primer based on sequence data of TaGSL1.
Further sequence data could not be identified as definitely independent TaGSL
genes or were not suitable for expression analysis. Similar to TaGSL genes, the
number of GSL genes, suitable for the alignment, was reduced for barley (8 out
of 10) and maize (9 out of 17).

In general, full sequence is only known for a limited number of callose synthases.
Therefore, the phylogenetic tree is based on the alignment of regions, which

were found in all sequences. In a first step, known amino acid sequences were



Results 42

aligned with the CLUSTL V method. Subsequently, amino acid sequences were
restricted to the active domain and/or the C-terminal end, because these regions
were present in all sequences. The final alignment was performed with the
CLUSTL W method to generate the phylogenetic tree. As a result, TaGSL10, 22
and 23 form a group with low homology to other glucan synthases. Especially
TaGSL19 reveals highest divergence amongst all other analyzed enzymes,
resulting in the formation of single branch emerging from the tree’s root. Apart
from these wheat glucan synthases, only OsGSL11 from rice shows a low level
of homology compared to other enzymes. In contrast to other rice synthases,
OsGSL11 is not assembled in a subgroup with other enzymes. In general, further
analyzed glucan synthases from wheat reveal high homology to synthases from
barley and maize. Interestingly, glucan synthases from A. thaliana predominantly
form their own subgroups (e.g. AtGSL3, 6, 9 and 12). Jacobs et al. (2003) have
reported that the GSL genes AtGSL1 and 5, AtGSL3 and 6 and AtGSL7 and 11
are closely related. These homology are exactly reproduced by our alignment

(Figure 17); thus proving the credibility of the phylogenetic tree.
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Figure 17. Phylogenetic tree of putative (1,3)-4glucan synthases from Triticum aestivum
(TaGSL), Hordeum vulgare (HvGSL), Zea mays (ZmGSL), Oryza sativa (OsGSL) and
Arabidopsis thaliana (AtGSL).

Amino acid sequences were obtained from the cell wall database at Stanford University
(http://cellwall.stanford.edu/). Alignments were performed at first with the CLUSTL V method.
After limitation of sequences to active domain and/or the C-terminal end, the alignments were re-
performed with the CLUSTL W method (Thompson et al., 1994).
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lll.8. Organ specific expression analysis of TaGSL genes

cDNA used as template in quantitative real-time PCR (gPCR) reactions was
generated from RNA from wheat spike, leaf blade and stem. To ensure that
wheat plants were at the same developmental stage, samples were collected 7
days after anthesis, equivalent to Zadoks stages 7.5-7.9 (Zadoks et al., 1974).
Expression of ubiquitin (TaUbiq) was used as reference (Trevaskis et al., 2003)
in gPCR.

gPCR analysis revealed organ specific expression of TaGSL genes as well as
high differences in expression levels of individual TaGSL genes within the same
tissue, ranging from 2 x 10° to 40 mol TaGSL per mol TaUbiq (Figure 18).
Regarding organ specificity, TaGSL3, 10 and 22 were predominantly expressed
in one organ. Highest organ specificity was detected for TaGSL3. In the spike,
TaGSL3 was expressed at a level of 0.16 mol per mol TaUbiq, whereas
expression was reduced nearly 90 % in the stem. Almost no TaGSL3 expression
was detectable in leaf blade tissue. TaGSL10 revealed high specificity for the
stem. The expression in the stem was over three-fold higher than in spike or leaf
blade tissue.

In contrast to TaGSL3 and 10, TaGSL22 was predominantly expressed in the
leaf blade. Spike and stem tissue had expression reduced 40 % for this gene.
TaGSL12, 19 and 23 showed nearly the same expression level in both leaf blade
and stem, but a significantly lower expression in spike tissue. Only two out of
eight analyzed TaGSL genes revealed no significant organ-specific expression,

TaGSL2 and 8. While most expression levels (TaGSL2, 3. 10, 12, 23) ranged
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from 0.02 to 0.2 mol TaGSL per mol TaUbig, strong deviation at this level was
determined for TaGSL8 (40 mol TaGSL8/mol TaUbiqg) and TaGSL22 (2x10™° mol
TaGSL22/mol TaUbiq). TaGSL19 was expressed at a level of 1.5 to 3.5 mol per

mol TaUbiq.

—
Figure 18. Expression of TaGSL genes in wheat spike, leaf blade and stem tissue (cv.

Nandu).

RNA used for cDNA generation was isolated from tissue 7 d after anthesis. Expression of genes
was analyzed in quantitative real-time PCR reactions. All cDNA samples were normalized against
ubiquitin (TaUbiq) expression. All measurements were repeated twice with eight replicates each.
Error bars indicate a confidence interval with a probability of error of a = 0.05. Scale unit for all
diagrams is mol TaGSL per mol TaUbig.
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lll.9. Organ-specific callose concentration, callose synthase activity and
callose deposition

(1,3)-p-glucan synthase activity of spike membranes was over four times higher
than of leaf blade membranes and 2.5 times higher than of stem membranes
(Figure 19 B). In general, enzyme activity correlated with the total amount of
callose extracted from analyzed tissue. A more than three times higher amount
was determined in spike tissue than in stem tissue, whereas total callose in leaf
blade tissue was only reduced by 20 % compared to spike tissue (Figure 19 A).
After staining with aniline blue, the sections of wheat tissue revealed different
patterns of callose deposition. Whereas stem sections showed high callose
deposition only in vascular bundles (Figure 19 H), high amounts of callose were
deposited in vascular bundles as well as adaxial mesophyll and hypodermal
sclerenchyma cells of leaf blade tissue (Figure 19 G). In general, callose was not
detected in chlorenchyma. In contrast to stem and leaf blade, the amount of
callose deposition in the spike depended on the position of the section.
Intermediary rachis sections revealed only low amounts of callose. Similar to
stem sections, callose deposition was restricted to vascular bundles (Figure 19
E). Very high amounts of callose were detected in the transition zone of the
spike’s rachis and rachilla (Figure 19 D and F). Depositions of callose were
mainly found in vascular bundles close to the central cavity and adjacent
sclerenchymatic cells. Longitudinal sections showed that strong callose
depositions were restricted to the transition zone of the spike’s rachis and rachilla

where fibers of fluorescent callose were observed (Figure 19 F).
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4_
Figure 19. Determination of callose concentration and callose synthase activity in wheat

tissue and detection of callose depositions in wheat tissue sections (cv. Nandu).

A, B. Spike-, leaf blade- and stem-tissue samples were collected from 6 independent wheat
plants 7 d after anthesis.

A. Callose concentration of different tissues was determined after rinsing with ethanol and NaOH
extraction.

B. (1,3)-B-glucan synthase activity of membranes isolated from spike, leaf blade and stem tissue
was assayed using UDP-glucose as substrate.

All measurements were repeated twice with six replicates each. Error bars indicate the
confidence interval with a probability of error of a = 0.05. Repeat experiments gave similar
results.

C. Position of cross sections D and E at the wheat spike.

D-H. Sections of wheat tissue (7 d after anthesis) were stained with aniline blue to locate callose
depositions by epifluorescent illumination. Three sections were made from the wheat spike: a
cross (D) and a longitudinal (F) section of the transition zone of rachilla and rachis and a cross
section of an intermediary rachis part (E). Two further cross sections were made from leaf blade
(G) and stem (H). Selected pictures are representative for callose deposition 7 d after anthesis
after examining at least 15 sections for each tissue region.

ll.10. Callose deposition, concentration and synthase activity in wheat
spikes during infection

Wheat spikes of the susceptible cultivar Nandu were inoculated with F.
graminearum wild type, the lipase-deficient F. graminearum strain Afgl1-2 and
the barley-leaf pathogen P. teres to induce non-host specific reaction of wheat.
Sections of the transition zone of rachilla and rachis of directly inoculated
spikelets were stained with aniline blue to observe callose depositions. There
were no visible differences between control and inoculated spikes 1 and 3 dpi
(Figure 20 A). During the next stages of infection, which were monitored 7 and 14

dpi, changes in control spikes were not detected. Infection with F. graminearum
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wild type resulted in increased necrotic plant tissue. Callose depositions were
poorly detectable at 7 dpi, but not at 14 dpi. Necrotic plant tissue was also
observed during infection with Afgl1-2, but was limited to the directly inoculated
spikelet and adjacent rachis region. Aniline blue staining resulted in detection of
callose at all monitored time points of infection. The infection of wheat spikes with
the non-host P. teres resulted in small areas of necrotic lemma tissue of directly
inoculated florets (Figure 20 B). The sections of the transition zone did not show
any indication of necrotic tissue. An increase in callose deposition at this region
of the spike was detected at 7 and in particular at 14 dpi (Figure 20 A). Intense
callose deposition was also visible at areas of necrotic tissue of the palea of
inoculated florets (Figure 20 C). These observations corresponded to the callose
concentration of tissue from directly inoculated spiklets and adjacent rachis
tissue. Almost no change in callose concentration was measured for control
spikes, whereas a slight decrease in callose concentration was observed during
Afgl1-2 infection. F. graminearum wild-type infection led to a constant decrease
in callose concentration, resulting in the absence of callose 14 dpi. A significant
increase in callose concentration was detectable only during P. teres infection.
From 7 to 14 dpi, the callose concentration nearly doubled (Figure 20 D). The
observed differences in callose concentration during infections also
corresponded to the detected callose synthase activities of isolated membranes
from the same tissue as previously used. Again, a constant decrease in callose
synthase activity was measured during F. graminearum wild-type infection with

only 20 % residual activity of the initial activity 7 and 14 dpi. In comparison to
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control spikes, an induction of callose synthase activity was determined for both
Afgl1-2 and P. teres infection (Figure 20 E). Unlike callose synthase activity, the
NADH oxidase activity of the isolated membranes did not differ between control

and infected spikes (Figure 20 F).
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4_
Figure 20. Callose deposition, concentration and synthase activity in the wheat spike (cv.

Nandu) after infection.

A. Sections from inoculated wheat spikes comprising the transition zone of rachilla and rachis of
a directly inoculated spikelet 1, 3, 7 and 14 days post-inoculation (dpi) with F. graminearum wild
type (F.g wt), a lipase-deficient mutant strain (F.g. Afgl1-2) and P. teres wild type (P.t. wt).
Uninoculated spikes served as control. Sections were stained with aniline blue to localize callose
depositions (blue color) and examined with a stereo microscope. Selected pictures are
representative for callose depositions for each infection type at each examined time point after
monitoring at least 10 sections. Scale bar is equal to 1 mm.

B. External view on infected wheat spikes at the point of inoculation 14 dpi.

C. Microscopic examination of P.t. wt infected wheat palea at necrotic areas 14 dpi. Section was
stained with aniline blue to localize callose depositions (blue color). Scale bar is equal to 10 pm.
D. Callose concentration in tissue from directly inoculated wheat spikelets and intermediary rachis
region 1, 3, 7 and 14 dpi. Spikelets were inoculated with F.g wt, F.g. Afgl1-2 and P.t. wt.
Uninoculated spikes served as control. Callose was extracted with 1 N NaOH. Amount of callose
was quantified after addition of aniline blue-containing buffer in a plate assay with a fluorescence
plate reader.

E. (1,3)-B-glucan (callose) synthase activity of membranes isolated from the same tissue as
indicated in (D). Activity was measured in a plate assay using UDP-glucose as substrate.
Produced callose was quantified as described in (D).

F. NADH oxidase activity of same isolated membranes as used for callose synthase activity (E).
Activity was measured in a plate assay. Changes in absorbance were quantified with a
fluorescence plate reader.

All measurements (D-F) were repeated twice with eight replicates each. Error bars indicate a

confidence interval with a probability of error of a = 0.05.

lll.11. Glucan synthase-like gene expression in wheat spikes during
infection

The expression of eight glucan synthase-like (TaGSL) genes during infection of
wheat was determined via quantitative real-time PCR in the same spike tissue as
used for callose synthase activity. In general, a constant decrease in expression

was detectable for all TaGSL genes, except TaGSL22 revealing the lowest
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expression level of all examined genes. Among the three infection approaches,
only slight deviations were determined. A significantly higher expression was
mainly detected in control spikes 3 dpi for TaGSL2, 3, 8 and 19. The expression
of TaGSL2 and 3 was significantly lower due to F. graminearum infection 7 dpi. A
significant induction of TaGSL expression due to infection was only observed for
TaGSL10 during Afgl1-2 infection from 3 to 7 dpi (Figure 21). For this gene,
transcripts were not detectable at 14 dpi, except for P. teres infection, which still
showed expression. Additionally, the expression level of the TaGSL genes not
only varied during progression of infection and regular development respectively,
but also in comparison to different genes at same monitored time point. For
instance, the expression level ranged from 2x10-5 (TaGSL2) to 70) mol

(TaGSL8) TaGSL transcripts per mol TaUbiq transcripts 1 dpi (Figure 21).

—>
Figure 21. Expression analysis of glucan synthase-like genes (TaGSL) in wheat spikes (cv.

Nandu).

RNA was isolated from directly inoculated spikelets and intermediary rachis region 1, 3, 7 and 14
days post inoculation (dpi) with F. graminearum wild type (F.g. wt), lipase-deficient F.
graminearum strain Afgl1-2 and P. teres wild type (P.t. wt). Uninoculated spikes served as
control. Generated single-stranded cDNA was used as template in quantitative real-time PCR
reactions. All cDNA samples were normalized against ubiquitin (TaUbig) expression. All
measurements were repeated twice with eight replicates each. Error bars indicate a confidence
interval with a probability of error of a = 0.05. Scale unit for all diagrams is mol TaGSL per mol
TaUbigq.



Results

54

TaGSL2 —&— control
0.1 4 —{—F.g. wt
008 1 ——F.g. Afgl1-2 08
—O—P.t. wt
0.06 A 0.6
0.04 - 0.4
0.02 - 0.2
0 0
1dpi  3dpi 7dpi 14 dpi
—_ TaGSLS8 08 ~
0.25
60 -
0.2
40 - 0.15
0.1
20 A
0.05
0 : . 0
1dpi  3dpi 7dpi 14 dpi
TaGSL12
0.16 - 10
012 1 8
6
0.08 -
4
0.04 - 5
0 T T 0
1dpi  3dpi 7dpi 14dpi
—— TaGSL22 o1 -
6x10° 0.08
5x10°°
4x10° 0.06
3X10-5‘ 004
2x10°*
1x10°* M
O T T 0

1 dpi

Figure 21.

3 dpi

7 dpi

14 dpi

TaGSL3
1dpi 3 dpi 7dpi 14 dpi
TaGSL10
1dpi 3dpi 7dpi 14 dpi
) TaGSL19
1dpi 3 dpi 7dpi 14 dpi

TaGSL23

J

1 dpi

3dpi  7dpi 14 dpi



Results 55

lll.12. Differences in type Il resistance against F. graminearum infection and
in inhibition of callose synthase due to free fatty acid application of the
wheat cultivars Nandu and Batis

To determine a possible involvement of callose synthase in type Il resistance of
wheat, two cultivars were chosen that greatly differed in their susceptibility to
F. graminearum infection due to point inoculation of spikelets (Figure 22 A). Type
Il resistance refers to the spread of the pathogen within a host (Schroeder and
Christensen, 1963). 21 dpi, the spike of the susceptible cultivar Nandu, was
almost completely bleached, whereas only directly inoculated and adjacent
spikelets of the more resistant cultivar Batis were bleached (Figure 22 B). These
differences in type Il resistance corresponded to the measured callose
concentration and synthase activity of tissue from directly inoculated spikelets
and adjacent rachis region 14 d after F. graminearum infection. In control spikes,
callose concentration and synthase activity was almost equal in both cultivars. In
contrast to this, callose was almost not detectable in tissue from cultivar Nandu,
whereas callose remained in Batis tissue, but reduced 80 % in comparison to the
control (Figure 22 C). Additionally, the residual callose synthase activity was also
twice as high in Batis as in Nandu (Figure 22 D). To examine possible differences
in susceptibility of callose synthase against free fatty acid (FFA) application,
membranes were isolated from uninoculated wheat spikes of both cultivars at
Zadoks stages 7.5-7.9 (Zadoks et al., 1974). In general, the addition of ethanol to
the membranes (as control for ethanol-dissolved FFA application) did not

influence the callose synthase activity significantly. A slightly higher activity
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(~10%) was detected for Batis than for Nandu (Figure 22 E). The addition of
stearic acid (18:0) affected callose synthase activity in none of the cultivars at the
applied concentrations ranging from 0.7 to 700 uM. An inhibitory effect of
unsaturated FFA-application was detected for both cultivars. However, inhibition
was observed in Nandu also at the lower FFA concentration of 0.7 and 7 M,
whereas activity in Batis was not significantly reduced at these concentrations
(Figure 22 E). At a concentration of 17.5 uM of unsaturated FFA, the activity was
only reduced 25 % for Batis, but almost 80 % for Nandu. Complete inhibition of
callose synthase activity due to application of linoleic and linolenic acid
(polyunsaturated FFA: PUFA) was observed at a concentration 35 uM for Nandu.
At this concentration, a residual activity of almost 30 % was detected for Batis.
Activity was completely inhibited at a PUFA concentration of 70 pM. The
inhibitory effect of the monounsaturated oleic acid (18:1) was not as strong as the
polyunsaturated FFA. At concentrations of complete activity inhibition due to
PUFA application, residual callose synthase activity was still detectable in oleic

acid-supplemented approaches.
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Figure 22. Susceptibility against F. graminearum infection and callose synthase activity of

the wheat cultivars Nandu and Batis after addition of free fatty acids (FFA).

A. Table indicating the susceptibility of the wheat cultivars Nandu and Batis against F.
graminearum infection (F.g. wt). Repeat experiments gave similar results (a). Infection referred to
partially or completely bleached spikelets observed 3 weeks post-infection. Spikelets showing
minor symptoms (tiny yellow or brown spots) were not counted. Results are the average of 15
inoculated wheat heads (16-24 spikelets per head) inoculated with 400 conidia (b). Confidence
interval with probability of error of a = 0.05 (c).

B. Two central spikelets were each inoculated with 10 pl of water (c) and 200 F. graminearum
wild-type conidia (F.g. wt). Arrows indicate inoculation site. Figure shows spikes 3 weeks post-
infection.

C. Callose concentration in tissue from directly inoculated wheat spikelets and intermediary rachis
region 14 dpi. Spikelets were inoculated with F.g wt. Uninoculated spikes served as control.

D. (1,3)-B-glucan (callose) synthase activity of membranes isolated from the same tissue as
indicated in C.

E. (1,3)-B-glucan (callose) synthase activity of membranes isolated from untreated spikes of
wheat cultivars Nandu and Batis 7 d after anthesis (Zadoks stages 7.5-7.9 (Zadoks et al., 1974)).
FFA dissolved in ethanol was added to the membranes reaching final concentrations of 0.7, 7,
17.5, 35, 70 and 700 uM in the reaction buffer. FFA: stearic acid (18:0), oleic acid (18:1), linoleic
acid (18:2), linolenic acid (18:3).

C-E. Callose was quantified as indicated in Figure 1; all measurements were repeated twice with
eight replicates each. Error bars indicate a confidence interval with a probability of error of a =
0.05.

lll.13. Differences in infection progress and restoration of virulence of a
lipase-deficient F. graminearum mutant due to FFA application in planta

The results of the in vitro callose synthase activity assay showed the inhibitory
effect of unsaturated FFA. To examine a similar effect in planta, FFA of a
concentration of 3.2 mM were added to previously inoculated wheat spikelets.
The generation of a GFP-tagged wild type-like (wt-GFP-1) and a lipase-deficient

strain (Afgl1-GFP-1) (Figure 23) made it possible to monitor differences in the
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infection progress of the different strains with and without addition of FFA. The
GFP-tagged strains wt-GFP-1 and Afgl1-GFP-1 used were significantly different
from F. graminearum wild type and untagged lipase-deficient strain Afgl1-2
(Figure 12) respectively; neither in their lipolytic traits (Figure 23) in culture nor in
virulence (Table 3). The addition of ethanol and ethanol-dissolved FFA to control
spikes did not show any effect. Similarly, the wt-GFP-1 infection was also not
affected. A significant difference was detected neither in percentage of infection
nor in general rachis colonization and colonization severity (Table 3). In contrast
to the wild type-like strain, the addition of unsaturated FFA partly restored the
virulence of the lipase-deficient strain Afgl1-GFP-1. Whereas inoculation without
subsequent addition of FFA resulted in 20 % of infected spikelets, the addition of
unsaturated FFA increased infection to 50 %. Bleached spikelets were mainly
found above the point of inoculation showing the same pattern of symptoms as
wild-type infected spikes (Figure 24 A). The addition of the saturated stearic acid
did not increase infection significantly (Table 3). These results corresponded to
the in vitro assay, in which callose synthase activity was strongly inhibited only by
unsaturated FFA. However, a slight effect was shown for stearic acid resulting in
an increased percentage of rachis colonization as compared to Afgl1-GFP-1

infection without addition of FFA.
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Figure 23. Schematic overview of possible cross-over events during transformation and
characterization of resulting GFP-tagged F. graminearum strains.

A. For homologous integration of the constructs pKO-FGL1 and respectively pWT-FGL1 into the
FGL1 gene, a single cross-over event has to occur. An additional homologous integration of the
second vector, which provides the green fluorescent protein (gfp)-cassette (pIGPAPA), into the
first construct requires a second cross-over events. As a result, the FGL1 gene is disrupted after
integration of pKO-FGL1 since both fragments, FGL7’ and FGL1”, contain deletions. The
integration of pWT-FGL1 results in a wild type-like genotype since only fragment FGL1’ has a
deletion. The resulting shift of the genomic locus can be detected by Southern blot analysis and
the appropriate choice of restriction enzymes (see C).

B. cDNA generated from isolated RNA of mycelium from F. graminearum wild type (1), wt-GFP-1
and -2 (2 and 3), lipase-deficient strain Afgl1-2 (4) and Afgl1-GFP-1 and -2 (5 and 6). For
induction of FGLT transcription, mycelium was incubated for 12 h at 28°C in H,0 supplemented
with 2 % wheat germ oil. Genomic F. graminearum wild-type DNA was used as control (c). PCR
amplification was performed with FGL 1-specific primers and B-tubulin-specific primers (B8-tub) as

expression control.
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Figure 23.

C. Genomic DNA of F. graminearum wild-type (wt), GFP-tagged wild type-like strains (wt-GFP-1/-
2), lipase-deficient strain (Afgl1-2) and GFP-tagged Afgl1-strains (Afgl1-GFP-1/-2) was restricted
with PfRR3Il. Hybridization was performed with a DIG-labeled internal fragment of the FGL7 gene.
The detected shift of GFP-tagged strains confirmed homologous integration of pKO-FGL1 and
pWT-FGL1, respectively. Homologous integration of pIGPAPA into the first construct was
confirmed by gfp-specific probing (data not shown).

D. Extracellular lipolytic activity of F. graminearum wild-type (wt), lipase-deficient strain Afgl1-2
and GFP-tagged strains (wt-GFP-1/-2 and Afgl1-GFP-1/-2) after induction by wheat germ oil.
Cultures were incubated in water supplemented with 2 % wheat germ oil at 28°C and 150 rpm.
During a time range of 12 h, samples were taken every 2 h. Lipolytic activity was measured with
pNPP lipase-assay. Error bars indicate confidence interval with probability of error of a = 0.05.

Measurements were repeated twice with six replicates each.

Sections comprising the transition zone of rachilla and rachis of directly
inoculated spikelets revealed the differences in infection progress of wt-GFP-1
and Afgl1-GFP-1 with and without addition of unsaturated FFA. During wild-type
infection, mycelium had already entered the transition zone 3 dpi and completely
colonized the rachis adjacent to the inoculated spikelet 7 dpi. The spread of the
mycelium continued in same strength, resulting in almost complete colonization
of spike 14 dpi (Figure 24 B). In contrast to this, the lipase-deficient mutant was
not able to spread through the rachis. 3 dpi, mycelium was only detected in the
inoculated spikelet. The further spread of the mycelium was stopped at the
transition zone. Therefore, only single hyphae were detectable in the rachis
directly adjacent to the site of inoculation 7 and 14 dpi, without further growth to
other parts of the spike (Figure 24 B). The effect of the addition of unsaturated

FFA 3 dpi to Afgl1-GFP-1 infected spikelets was clearly visible at 7 dpi. The



Results 62

mycelium of the lipase-deficient mutant spread through the transition zone and
colonized the adjacent rachis region. In the progress of infection, almost all parts
of the spike above inoculation site were colonized and bleached. Spikelets below
the site of inoculation were generally not infected, even though the rachis was
mainly colonized at this part of the spike. Longitudinal sections from this region
revealed that the mycelium was prevented from entering the spikelets (Figure 24
D). In general, the severity of rachis colonization due to Afgl1-GFP-1 inoculation
with addition of unsaturated FFA was significantly lower than of wt-GFP-1

infected spikes (Table 3).

Table 3. Differences in virulence of GFP-tagged F. graminearum strains to wheat (cv.
Nandu) due to addition of free fatty acids (FFA).

Treatment? Percentage of infection” Percentage of c ol?r?;[zig?i :r]: ;ngf}tyd
Mean Conf. Int.®  rachis colonization® Mean Conf. Int.®
EtOH control 0.0 - - - -
18:0 control 0.0 - - - -
18:1 control 0.0 - - - -
18:2 control 0.0 - - - -
18:3 control 0.0 - - - -
wt-GFP-1 81.8 10.2' 100 2.7 0.3
wt-GFP-1+ EtOH 88.2 11.2' 100 2.9 0.2
wt-GFP-1 + 18:0 86.5 9.5 100 2.8 0.3
wt-GFP-1 + 18:1 84.9 10.0' 100 2.8 0.3
wt-GFP-1 + 18:2 82.8 10.2' 100 2.9 0.2
wt-GFP-1 + 18:3 81.5 10.2' 100 2.9 0.2
Afgl1-GFP-1 22.1 9.8° 45.0 0.7 0.3°
Afgl1-GFP-1 + EtOH 20.5 7.6° 39.1 0.5 0.3°
Afgl1-GFP-1 + 18:0 31.2 10.3" 60.0 1.1 0.5
Afgl1-GFP-1 + 18:1 51.2 12.8" 73.7 1.6 0.5
Afgl1-GFP-1 + 18:2 51.8 11.5¢ 90.0 1.9 0.4

Afgl1-GFP-1 + 18:3 49.6 13.8¢ 85.0 1.9 0.4
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Table 3.

Wheat spikelets were inoculated with the GFP-tagged wild type-like F. graminearum strain wt-
GFP-1 and the lipase-deficient strain Afgl1-GFP-1. A part of infected spikes was treated with FFA.
4 pl of ethanol-dissolved FFA (concentration: 3.2 mM) and pure ethanol as control (EtOH) were
added 3 dpi to each of the previously inoculated spikelets; FFA: stearic acid (18:0), oleic acid
(18:1), linoleic acid (18:2), linolenic acid (18:3).

®Repeat experiments gave similar results.

®Infection referred to partially or completely bleached spikelets observed 3 weeks post-infection.
Spikelets showing minor symptoms (tiny yellow or brown spots) were not counted. Results are
the average of 10 (control and wild type-GFP) and 20 (Afgl1-GFP) wheat heads (16-22 spikelets
per head), respectively, inoculated with 400 conidia.

°Percentage of all inoculations, in which GFP-tagged F. graminearum mycelium was detectable in
rachis tissue located between two inoculated spikelets.

Colonization severity estimated visually by rating the green fluorescence of GFP-tagged
F. graminearum mycelium in rachis tissue located between two inoculated spikelets 3 weeks
post-infection (see Figure 20E). Ratings ranged from 0 (no green fluorescence) to 3 (complete
green fluorescence in all tissue parts). Results are the average of 10 (wild type-GFP) and 20
(Afgl1-GFP) wheat heads, respectively, inoculated with 400 conidia.

®Confidence interval with probability of error of a = 0.05.

fSignificantly different from Afgl1-GFP strain with and without addition of FFA, no significant
differences among approaches with or without addition of FFA at P < 0.05.

9Significantly different from Afgl1-GFP strain with addition of unsaturated FFA, no significant
differences between the approach with or without addition of ethanol at P < 0.05.

"Infection significantly different from Afgl1-GFP strain with addition of unsaturated FFA, but not
significantly different from Afgl1-GFP without addition of FFA at P < 0.05.

'Rachis colonization severity significantly different from Afgl1-GFP strain neither with addition of
unsaturated FFA nor without addition of FFA at P < 0.05.

kSignificantly different from wild type-GFP and Afgl1-GFP without addition of FFA, no significant

differences among approaches with addition of different unsaturated FFA at P < 0.05.
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In contrast to the later stages of infection, no differences were observed between
wild-type and Afgl1 infection 1 dpi. Conidia predominantly germinated on pollen-
covered stigma of the floret’s pistil and hyphae grew in direction to the ovary

(Figure 24 C).

—>
Figure 24. Infection progress in wheat spikes (cv. Nandu) inoculated with GFP-tagged

F. graminearum strains.

A. Two central spikelets were each inoculated with 10 pl of water (c) and 200 conidia of the GFP-
tagged wild type-like F. graminearum strain wt-GFP-1 and the lipase-deficient strain Afgl1-GFP-1.
4 pl of ethanol-dissolved FFA (concentration: 3.2 mM) and pure ethanol as control (EtOH) were
added to each of previously inoculated spikelets 3 dpi (compare Table 1). Arrows indicate
inoculation site. Pathogenicity tests were repeated ten-times for strain wt-GFP-1 and twenty-times
for strain Afgl1-GFP-1. Spikes are representative for severity of each infection type 21 dpi. F.g.
wt-GFP-1-inoculated spike is representative for infection with and without addition of FFA (no
differences, compare Table 1). FFA: stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2),
linolenic acid (18:3).

B. Sections comprising the transition zone of the rachilla and rachis of directly inoculated
spikelets as described in (A) were examined with a stereo fluorescence microscope. Pictures are
representative for the infection progress in spikelets inoculated with wt-GFP-1 (no differences
with and without addition of FFA) and with Afgl1-GFP-1 Changes in infection progress due to
addition of unsaturated FFA to Afgl1-GFP-1 infected spikelets are represented by the pictures of
infection after addition of linolenic acid (18:3).

C. Isolated stigmas and pistil from floret 1 dpi. Hyphae grow from pollen on stigmas in direction to
the ovary. No differences between the wild type-like strain wt-GFP-1 and the lipase-deficient
strain were observed at this stage of infection. Scale bars are equal to 40 um.

D. Rachis section below the site of inoculation with adjacent uninfected spikelet 21 dpi (compare
A). Picture is representative for spikes inoculated with strain Afgl1-GFP-1 and addition of
unsaturated FFA 3 dpi.

E. Sections of colonized rachis tissue located between two inoculated spikelets 21 dpi. Pictures
represent different degrees of colonization severity, which is estimated visually by rating green
fluorescence of GFP-tagged mycelium (see Table 1).

(B, D, E) Scale bars are equal to 1 mm.
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IV. Discussion

IV.1. Characterization of the secreted lipase FGL1

It was determined that the level of extracellular lipolytic activity depends heavily
on the oil used for induction. Similar results were shown for the pathogenic fungi
Candida rugosa and Fusarium solani (Lakshmi et al., 1999; Maia et al., 2001).
Both fungi also revealed varying lipolytic activities depending on the oil used for
induction. Hence, the composition of esterified fatty acids in oil could determine
the ability to induce lipolytic activity in the fungus. Therefore, different oils should
generally be tested to optimize induction of lipolytic activity. For F. graminearum,
wheat germ oil was the best inducing oil (Figure 5). Nevertheless, further work
will reveal whether a highly inducing oil also constitutes a preferred substrate for
a secreted lipase.

The genome of the F. graminearum strain PH-1 (FGSC 9075, NRRL 31084) has
been sequenced and published in 2003 by the Whitehead Institute, Center for
Genome Research (Cambridge, USA). The sequence of the FGL1 lipase gene
described in this study differs in the sequence of nucleotides resulting in a
different amino acid sequence at position 274 and at the C-terminal end. These
differences may be due to the different F. graminearum strain used in this work.
Even though all lipase sequences used for in silico comparisons belong to the
Rhizomucor lipase family, only those lipases originating from fungi taxonomically
close to F. graminearum (e.Q., F. heterosporum) have high (66.2 %) similarity to
FGL1. This supports reports of low conservation in this class of enzymes (Jaeger

etal., 1994).
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Results from in vitro expression analysis of FGL1 indicated that the lipase gene is
inducible by suitable substrates and is not expressed constitutively as FGL1-
transcripts were only detected in a medium supplemented with wheat germ oil as
sole carbon source (Figure 7). The repression of the FGL1 gene in media
supplemented with glucose can be explained by the metabolic process known as
catabolite or glucose repression, which is described for plant pathogenic fungi
(Tudzynski et al., 2000; Gomez-Gomez et al., 2002). In addition, the absence of
any carbon source in the medium prevented the expression of FGL1 (Figure 7).
To activate transcription of FGL1, the presence of an appropriate substrate is
needed. The release of hydrolysis products, diacylglycerol or FFA, could result in
signal transduction inside the cell. This has been reported for lipases (Shimada et
al., 1992) and other inducible genes (Kolattukudy et al., 1991; Schenk et al.,
2003). Nevertheless, this raises the question of whether putative hydrolysis
products are provided by FGL1 itself or other secreted hydrolyzing enzymes
when the fungus encounters an appropriate substrate. The first case would
require low level constitutive expression of FGL1 that could not be detected.
Involvement of other hydrolyzing enzymes in FGL1 expression cannot be
excluded, since the F. graminearum Afgl1 strains revealed remaining lipolytic

activity of their supernatants (Figure 12).

IV.2. Importance of the secreted lipase FGL1 to virulence
Due to heterologous gene expression in P. pastoris, it was possible to establish

the functional identity of the FGL1 gene and to determine the inhibitory effect of
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ebelactone B on FGL1 (Figure 9). Inhibition of lipases by ebelactone B has been
reported by Umezawa et al. (1980) and Koller et al. (1990). Wheat infections with
F. graminearum wild-type conidia supplemented with ebelactone B revealed a
large reduction in virulence (Figure 10). Reduced virulence due to ebelactone B
application has also been previously reported for the plant pathogenic fungi
Pyrenopeziza brassicae (Davies et al., 2000), Erysiphe graminis (Francis et al.,
1996), and Rhizoctonia solani (Chun et al., 1995). Since ebelactone B is
described as a general serine esterase inhibitor (Umezawa et al., 1980), the
decision whether the detected phenotype resulted from inhibition of the single
enzyme FGL1 or from inhibition of a combination of hydrolytic enzymes secreted
by F. graminearum during infection could only be solved by gene deletion
experiments.

Wheat infections using Afgl1 strains gave the same result as when ebelactone B
was applied (compare Figure 10 and 13). Hence, the impact of ebelactone B on
plant infection by F. graminearum can be explained by its inhibition of secreted
lipase FGL1. In contrast to data from Comménil et al. (1995, 1998, 1999) and
Berto et al. (1999), indicating a putative role of lipases during early stages of
host-pathogen interactions, the secreted lipase FGL1 from F. graminearum
seems to be essential in later stages of invasive growth. The fungus spreads by
systemic growth through the rachis from one spikelet to another (Kang and
Buchenauer, 1999; Ribichich et al., 2000; Wanjiru et al., 2002) and colonizes
parenchymatous and vascular tissue (Kang and Buchenauer, 1999). In contrast

to the wild-type strain, the infections with the Afgl1 strains were restricted to the
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inoculated spikelets. In some cases, infection of the spikelet adjacent to the
inoculated spikelet without infection of the rachis was also observed (Figure 13).
This can be explained by direct penetration of the surface of the bracts,
especially at spikelets located close to each other. Similar observations have
been reported by Wanjiru et al. (2002). The general importance of the secreted
lipase was supported by infection of maize ears (Table 2). Ears infected by wild-
type conidia revealed strong symptoms of F. graminearum ear rot (Figure 16),
which is characterized by the growth of white to pinkish mold on silks, kernels,
rachis, and husks (Sutton, 1982). In contrast, symptoms of ear rot on maize ears
infected with Afgl1 strains were limited to small lesions on the rachis (Figure 16).
Thus, involvement of the secreted lipase during infection is equally important for
wheat and maize, the two most economically important hosts of F. graminearum.
To explain the reduced virulence of Afgl1 strains, FGL1 could be involved in
activation and expression of other enzymes responsible for the fast growth of
fungal hyphae. Activation could be initiated by the release of diacylglycerol or
free fatty acids due to hydrolysis of an appropriate substrate. The function of
diacylglycerol as a second messenger during infection was shown for the
phytopathogenic fungus Magnaporthe grisea, where it stimulates appressorium
formation on noninductive (hydrophilic) surfaces (Thines et al., 1997). In addition,
it can also restore appressorium formation to a Apth11 mutant (DeZwaan et al.,
1999). Moreover, Klose et al. (2004) hypothesize that lipid substrates of lipases
may be one of the signals that maintain and promote the filamentous growth of

the fungus in the host environment. The involvement of FGL1 even prior to
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hyphae reaching the transition zone of spikelet and spike spindle can be
deduced from expression analysis based on infected wheat spikes. Here, FGL1
gene expression was already activated 24 h after inoculation (Figure 8); thus, at
early stages of infection. However, further elucidation of the role of FGL1 as a

virulence factor also depends on the determination of its substrate.

IV.3. General importance of extracellular lipases

The first indications that secreted lipases might serve as virulence factors in plant
pathogenic fungi was shown for Botrytis cinerea (Commeénil et al, 1995, 1999).
Supplementation of B. cinerea conidia with anti-lipase polyclonal antiserum
suppressed their ability to penetrate intact plant tissue (Comménil et al., 1998).
Similar results were reported by Berto et al. (1999), who raised B. cinerea anti-
lipase antibodies against a lipase secreted by spores of Alternaria brassicicola.
Additionally, several studies on different plant pathogenic fungi revealed that the
application of serine esterase inhibitors, such as ebelactones and other
organophosphorus pesticides, could prevent infection of host plants (Maiti and
Kolattukudy, 1979; Koller et al., 1982; Chun et al, 1995; Koller et al., 1995;
Francis et al., 1996; Davies et al., 2000). It was assumed that the observed effect
resulted from inhibition of cutinolytic activity. Hence, cutinases were proposed to
be exclusively required for adherence to the plant cuticle, cuticular penetration,
and generation of triggering signals. Contrary to the postulated function of this
enzyme, disruption of cutinase genes in N. haematococca and other fungal

pathogens did not affect their ability to adhere to plant surfaces or to penetrate
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the host cuticle (Stahl and Schafer, 1992; Sweigard et al., 1992; Rogers et al.,
1994; Stahl et al., 1994; Crowhurst et al., 1997; van Kan et al., 1997). These
results imply that cutinase inhibition is not entirely responsible for reduced
virulence of plant pathogenic fungi. Two facts speak for a possible involvement of
lipases in the infection process of these fungi. First, in studies with applied serine
hydrolase inhibitors, the potential inhibition of lipases by the same compounds
was not considered. Second, the present results clearly show that secreted
lipases can be regarded as virulence factors of pathogenic fungi. The
combination of these results and previously published results of lipase inhibition
by antibodies would indicate that an involvement of secreted lipases in a broad

array of pathogenic fungi could be postulated.

IV.4. Papilla-like barrier formation associated with Afgl/1 infection

Dissection of Afgli-infected spikelets indicated the formation of a barrier at the
transition zone between rachilla and rachis of the wheat spike (Figure 15), where
fungal growth was almost stopped. Hence, this barrier seemed to be related to
the defense reaction of the plant. In general, this would include mechanisms of
cell wall modifications resulting in the rapid formation of papillae, which are local
appositions of dense material between the plasmalemma and the cell wall.
Moreover, cell wall thickening or deposition of amorphous material within the
vascular bundles of wheat can slow the growth of F. graminearum (Ribichich et
al., 2000). Histological studies on wheat indicate that the formation of these

barriers is fast and localized, and that the reaction of infected tissue is probably
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associated with the resistance to fungal infections in different wheat strains of
altered susceptibility (Ribichich et al., 2000). Both cell wall strengthening and
formation of papillae are not regarded as defense reactions that can completely
stop the pathogen. Instead, they are thought to slow pathogen growth to gain
time for the initiation of defense reactions that require gene activation and
expression. As a result, the plant can initiate hypersensitive reactions, synthesis
of phytoalexins and pathogenesis-related (PR) proteins (Lamb and Dixon, 1997).
Since papillae are described to be associated with callose deposition (Mangin,
1895; Heitefuss, 1997), the question was raised whether callose synthesis would
be involved in interactions of the pathosystem T. aestivum — F. graminearum.
This field of investigation was interesting because the role of callose in defense
reactions against fungal attack is still controversially discussed and a precise
function has not been demonstrated unequivocally, even though it is one of the

earliest observed reactions to pathogen penetration (deBary, 1863).

IV.5. Organ-specific GSL gene expression in wheat during normal growth

Prior to examining an active role of callose in fungal penetration in the
investigated pathosystem, it was necessary to get a general idea of callose
synthesis in wheat. Despite the great importance to agriculture and the basic role
of callose in plant development, only litle was known about the regulation of
callose synthesis in wheat. The results of this work prove that GSL genes are
differently expressed in organs of wheat. Thus, organ-specificity represents one

aspect of the relatively high number of GSL genes in higher plants. Additionally,
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the expression level is a further aspect used to discriminate between different
GSL genes. In this work, wheat plants at the Zadoks stages 7.5-7.9 (Zadoks et
al., 1974) were chosen for examination. These stages are normally reached 7
days after anthesis. The advantage of these Zadoks stages is that they are easily
identified helping to ensure a consistent developmental stage of the wheat
plants.

In wheat, TaGSL3 showed a very high organ specificity of expression. At the
developmental stage of the plant examined, it was almost exclusively expressed
in the spike (Figure 18). Phylogenetic analysis of the encoded enzyme fragment
revealed high homology to putative callose synthases in barley and maize
(Figure 17). Therefore, it would be interesting to examine whether the callose
synthase encoding genes, HvGSL6 and 7 and ZmGSL7, are also specifically
expressed in the spike and/or the ear. TaGSL10 is another gene that was
predominantly expressed in one organ: the stem. Interestingly, the encoded
enzyme showed almost no homology to known amino acid sequences of GSL
encoded callose synthases; neither from closely related plants, like barley, rice
and maize, nor from A. thaliana. Because of the organ-specific expression of
TaGSL3 and TaGSL10, an involvement in specialized callose synthesis by these
genes was hypothesized. TaGSL3 might contribute to callose formation in pollen
or pollen tubes; thus, it is almost exclusively expressed in the spike and not in the
other organs. An exclusive expression in specific spike tissues was shown
previously for NaGSL1 from Nicotiana alata (Doblin et al., 2001). Dong et al.

(2005) described a similar function for AtGSL2 (CalS5) from A. thaliana. In
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general, organ-specificity might be also linked with defense mechanisms, like
papillary callose formation against organ-specific pathogenic attack.
Nevertheless, subsequent transcription analyses have shown that neither
TaGSL3 nor TaGSL10 are involved in defense mechanisms of the wheat spike
after fungal infection. An induction of expression during fungal infection was not
observed (Figure 21). TaGSL22 transcripts were mainly detected in the leaf
blade and in significantly reduced amounts in the other tested organs. Similar to
TaGSL10, homology to known callose synthases from other plants was very
limited. At the examined stage of plant development (Zadoks stages 7.5-7.9), an
important involvement of TaGSL22 in callose synthesis can be questioned since
the expression level was dramatically lower than of all other TaGSL genes
(Figure 18). It would therefore be interesting to determine whether the TaGSL22
expression level increases at different developmental stages of the plant,
providing that it retains its high organ specificity. In contrast to TaGSL3, 10 and
22, TaGSL2 and 8 were almost equally expressed in each of the examined
organs. Combining the unspecific expression with the very high expression level
of TaGSL8, it can be hypothesized that the encoded callose synthase might be
involved in general callose synthesis processes, which do not depend on
external induction and which are essential for development in all examined
organs. These processes could include callose depositions at the cell plate,
plasmodesmatal canals, and spiral thickenings in tracheids (Stone and Clarke,
1992). However, TaGSL8 showed homology to the extensively characterized

callose synthase HvGSL2 in barley. Here, the nomenclature as indicated at
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http://cellwall.stanford.edu/ was chosen. This sequence is identical to HvGSL1
published by Li et al. (2003). Unlike TaGSL8, HvGSL2 was differently expressed
in leaf blade, stem and floret tissue. Therefore, a putative connection between
sequence homology and organ-specific expression has to be questioned.
However, it has to be considered that the developmental stage of the barley plant
cannot be directly compared to the stage of the wheat plants that were
examined. Additionally, the present results reveal that even within a plant species
it is not possible to correlate organ-specific expression profiles with high
homology. Although TaGSL12, 19 and 23 showed an almost identical expression
pattern and a similar expression level (especially TaGSL12 and 23, Figure 2),
they are phylogenetically distantly related (Figure17). Hence, predicting a
putative function of TaGSL2 due to homology to AtGSL5 (Figure 17), (one of the
best characterized callose synthases; Jacobs et al., 2003; Nishimura et al.,
2003), might be deceptive. Nevertheless, only detailed organ-specific expression
analysis of GSL genes in closely related plants like wheat and barley could

elucidate any correlation of expression profile and sequence homology.

IV.6. Organ-specific callose synthesis in wheat during normal growth

Another interesting aspect of our results is the different callose synthase activity
of the examined organs. Highest activity was detected in spike tissue whereas
activity was reduced almost 70 % in leaf blade and stem tissue (Figure 19 B).
Considering TaGSL gene expression, TaGSL3 might be responsible for the

higher enzyme activity of the spike. TaGSL3 was almost exclusively expressed in
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spike tissue (Figure 17). In contrast to a putative involvement of TaGSL3, the
contribution of TaGSL10 to callose synthase activity in stem tissue seems to be
low. Even though TaGSL10 was found to be predominantly expressed in stem
tissues, callose synthase activity was not significantly increased as compared to
leaf blade tissue (Figure 19 B). Nevertheless, a putative involvement of still
unknown callose synthases encoded by TaGSL genes in wheat cannot be
excluded. However, predicting a high number of further TaGSL genes due to
comparison with identified GSL genes from related plants like barley, rice and
maize is not convincing. Despite the high number of putative GSL gene
fragments (http:/cellwall.stanford.edu/), the number of significantly different GSL
genes for barley was reduced from 10 to 8, for maize from 17 to 9 and
additionally, for wheat from 21 to 8. This was necessary since redundant and
ambiguous sequence data was found in the database. In addition, it was not
possible to amplify any unknown TaGSL genes from either full-length cDNA,
which represented different developmental stages and biotic stress, or from
genomic DNA. Thus, expression of further TaGSL genes might be low or induced
only during specific developmental stages, including response to environmental
conditions. In general, the data suggest that callose synthesis is highly regulated
by a combination of GSL genes. There is a number of genes that might be
involved in general developmental processes for the whole plant. The hypothesis
is that GSL genes revealing a relatively high and non-specific expression

contribute to these processes. Additionally, specifically expressed GSL genes
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regulate the complex callose synthesis in each organ, which are induced during

differential developmental stages or in respond to environmental conditions.

IV.7. Organ-specific callose deposition in wheat during normal growth

In contrast to spike and stem tissue, showing a correlation of callose synthase
activity and callose concentration, a relatively low enzyme activity but high
callose concentration was detected in the leaf blade (compare Figure 19 A and
B). Therefore, synthesis and subsequent deposition of callose might occur during
early developmental stages of the leaf blade. Generally, the aniline blue staining
of tissue sections revealed callose depositions mainly at vascular bundles (Stone
and Clarke, 1992). In leaf blade tissue, callose depositions were also detected in
adaxial mesophyll and hypodermal sclerenchyma cells. This contributes to the
higher total amount of callose in leaf blade tissue compared to stem tissue.
Interestingly, the callose concentration of the spike did not increase as strongly
as compared to the leaf blade (Figure 19 A); even though massive callose
depositions were located in the spike (Figure 19D and E). However, these
depositions were restricted to the transition zone of the rachilla and rachis.
Intermediary rachis sections showed callose deposition only at vascular bundles
(Figure 19 F); therefore reducing the total callose concentration of spike tissue.
The heterogeneous pattern of callose deposition in the spike, which is contrary to
the relatively homogeneous ones in the leaf blade and the stem, suggests a

higher complexity of callose synthase regulation than in other organs.
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This experimental combination of gene expression, enzyme activity and product
determination as well as product localization facilitates a comprehensive
overview of organ-specific callose regulation for the first time in the wheat plant.
Nevertheless, to elucidate callose synthesis and regulation in detail, it is essential
to downregulate and/or overexpress specific GSL genes. This has been done in
A. thaliana by using the method of RNA silencing (Jacobs et al., 2003), which
constitutes an appropriate tool for many plants in general (Kooter, et al., 1999;

Matzke et al., 2001; Baulcombe, 2004; Wang and Metzlaff, 2005).

IV.8. Suppression of wheat callose synthesis during infection

Following organ-specific callose synthesis regulation at normal growth stage,
callose concentration, callose synthase activity and GSL gene expression during
wheat spike infection was compared. Wheat spikes were inoculated with
F. graminearum wild type and a lipase-deficient mutant (Afgl1-2). Whereas wild-
type infection resulted in complete Fusarium head blight (FHB) of the susceptible
wheat cultivar Nandu, a strong type Il resistance (Schroeder and Christensen,
1963) was established after infection with Afgl1-2. Type Il resistance refers to the
spread of the pathogen within a host. This infection was accompanied by papilla-
like barrier formation, as described previously. To induce non-host specific
defense reactions, wheat spikes were additionally inoculated with the barley-leaf
pathogen P. teres. As a result, callose synthase activity correlated with progress
and severity of infection. Induction of callose synthase activity was only detected

during Afgl1-2 and P. teres infection (Figure 20 E) and correlated with the
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occurrence of readily visible infection symptoms on the wheat head (7 dpi with
Afgl1 and 14 dpi with P. teres, Figure 20 B). In contrast, a constant loss of callose
synthase activity was detected during F. graminearum wild-type infection (Figure
20 E). The inhibition of callose synthase cannot be attributed to a general
degradation of the plasma membrane since activity of the membrane-associated
NADH oxidase was not effected (Figure 20 F). Furthermore, the expression of
the Tri5 gene was analyzed. This gene encodes a trichodiene synthase that is
decisive for the synthesis of the mycotoxin deoxynivalenol (DON). DON was
identified as the first virulence trait of F. graminearum required for successful
infection of wheat (Proctor et al, 1995; Desjardins et al., 1996). A putative
involvement of DON might be suggested from similar phenotypes of DON-
nonproducing strains and the Afgl1 strain; both do not cause disease spread in
wheat spikes (Bai et al., 2001; Figure 13 A). However, a constant induction of the
Tri5 gene was detected in the Afgl1 strain that was not observed in
F. graminearum wild type during wheat head infection. As a result, the
expression level of this lipase-deficient strain was five times higher than of wild
type 14 dpi. The Tri5 expression corresponded to amount of DON determined in
Afgli-infected wheat heads that was twice as high as wild type-infected 14 dpi
(unpublished data). Hence, the reduced virulence of Afgl/1 strains is not provoked
by a reduced DON production. This also indicates that DON does not contribute
to inhibition of callose synthase activity caused by F. graminearum wild type.
Moreover, these results contribute to early observations indicating that callosic

papillae may also exclude toxic material (Smith, 1900; Hanchey and Wheeler,
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1971; Skipp et al., 1974). This could explain that the relatively high amount of
DON produced by the Afgl1 strains has no effect on virulence because the

infection is associated with papillae formation.

IV.9. Putative regulation of callose synthesis during infection

The determination of the total amount of callose in spike tissue from the site of
inoculation revealed a correspondence to the callose synthase activity (compare
Figure 20 D and E), except for Afgl1 infection. Even though an induction of
callose synthase activity was detected, the total amount did not increase and was
slighter lower than in control spikes. This suggest a putative involvement of (1,3)-
B-glucanases secreted by the pathogen independently from lipase secretion.
Secreted fungal glucanaes during infection might also explain the rapid
degradation of callose during F. graminearum infection (Figure 20 D). The
annotated F. graminearum genome at the MIPS database (Munich Information
Center for Protein Sequences, http://mips.gsf.de/genre/proj/fusarium/) reveals the
possible existence of at least four endo-(1,3)-8-glucanases with a high probability
of secretion. An involvement of secreted glucanases in fungal pathogenicity was
already shown for mycoparasitic fungi (Kim et al., 2002; Amey et al., 2003).
Because callose synthase activity might be regulated by GSL gene expression
(Donofrio and Delaney, 2001), the expression of eight previously analysed GSL
genes during wheat head infection was quantified. Expression during F.
graminearum wild-type infection did not strongly deviate from Afgl/1 and P. teres

infection. Additionally, highest expression levels were detected for all infection
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types and control at early measured time points (Figure 21). These expression
results support the idea that callose synthase activity is not regulated by gene
expression but rather by subcellular control of preexisting enzymes as proposed
by Jacobs et al. (2003). Plant cells commonly respond to fungal penetration
(Blume et al., 2000; Grant et al., 2000) and wounding (Leon et al., 1998, 2001)
with a rapid increase in cytoplasmatic free Ca?' levels. Since membrane-
associated callose synthases in plants require Ca®* (Kauss et al., 1983) the
pathogen-induced increase in Ca?* concentrations constitutes a likely mechanism
to explain the increase in callose activity after fungal infection in our experiments.
However, neither the expression studies nor the suggested Ca?*-dependent
activation of synthase activity were suitable to explain callose synthase inhibition

caused by F. graminearum wild-type infection.

IV.10. Suppression of wheat callose synthesis caused by the secretion of
FGL1

Kauss and Jeblick (1986) showed the influence of free fatty acids (FFA) on
callose synthase activity of Glycine max. Similar to their results, it was
demonstrated here that the inhibition of wheat callose synthase activity can be
caused by the addition of unsaturated free fatty acids, whereas a saturated free
fatty acid failed to inhibit activity at tested concentrations (Figure 22 E). In
general, inhibition of activity was observed at the same range of FFA
concentration as reported by Kauss and Jeblick (1986). Since oleic, linoleic, and

linolenic acid constitute the main amount of the total unsaturated fatty acid
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composition in wheat (Davis et al., 1980; Barnes, 1982), they are most likely to
be released after lipid hydrolysis caused by the secretion of the F. graminearum
lipase FGL1. Therefore, they were chosen in these assays as well as stearic
acid, the corresponding saturated fatty acid. Moreover, in vitro data correlated
with in planta results. The addition of unsaturated FFA to previously inoculated
wheat spikelets significantly increased infection of the lipase-deficient strain. In
contrast to this, stearic acid did not affect infection (Table 3). Observations of the
infection progress of the GFP-tagged lipase-deficient strain Afgl1-GFP-1 revealed
the impact of the added unsaturated FFA. Unlike fungal growth without addition
of FFA, Afgl1-GFP-1 could pass the transition zone of rachilla and rachis and
colonize the rachis and spikelets above the site of inoculation (Figure 24 A and
B), but was still restricted from colonizing spikelets below the inoculation site
(Figure 24 D). Combining callose synthase activity during F. graminearum wild-
type and Afgl1 infection with the inhibitory effect of unsaturated FFA to callose
synthases, it can be concluded that: 1.) F. graminearum requires the secreted
lipase FGL1 to release FFA for inhibition of plant defense, resulting in successful
infection of the wheat head, and 2.) callose synthases and callose production
play an active role in type Il resistance of wheat. On this regard, Ribichich et al.,
(2000) also observed higher callose deposition in the rachis of the type Il
resistant wheat cultivar Sumai 3 than in a susceptible cultivar after
F. graminearum infection. The present conclusions are supported and extended
by additional results. Firstly, the growth of F. graminearum conidia after

germination was directed to the ovary of the floret (Figure 24 C), similar to the
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growth of Fusarium culmorum in inoculated wheat spikes (Kang and Buchenauer,
2000). The pistil is enriched in nutrients and in lipids. Furthermore, it is adjacent
to the transition zone of rachilla and rachis, where a strong papillae-like barrier
formation was observed during infection with Afgl1 strains. Hence, the
combination of lipids and the position of the pistil's ovary suggests a key function
in the inhibition of callose synthases and successful fungal establishment due to
an initial lipid hydrolysis. Secondly, callose synthase extracted from the wheat
cultivar Batis revealed a significantly higher resistance to unsaturated FFA than
the cultivar Nandu did (Figure 22 E). In combination with the previously
discussed involvement of callose synthase activity and FFA for the initiation of
plant resistance, the lower susceptibility to FFA can explain the higher callose
synthase activity of Batis 14 dpi (Figure 22 D). As a result, callose was still
present in Batis at this stage of infection whereas it was absent in Nandu (Figure
22 C). Therefore, it can be concluded that the increased type Il resistance of the
wheat cultivar Batis to F. graminearum wild-type infection (Figure 22A and B) is
directly associated with the susceptibility of callose synthases to unsaturated free

fatty acids.

IV.11. Model of type Il resistance to fungal infection in wheat

The results are summarized in a proposed model that can explain the correlation
of callose synthase activity, amount of produces callose and type Il resistance
(Figure 25). It would be appropriate to explain observations that callosic papillae

correlate with penetration failure (Figure 25 B and C), but not with successful
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fungal establishment (Figure 25 A). The model also refers to increased callose
formation that is more common in incompatible systems, for example involving
Phytophthora cinnamomi (Cabhill et al., 1989) or the wheat-P. teres system used
here. Especially in incompatible systems, the pathogen might not be able to
hydrolyze the lipids of the non-host or could not spread to lipid-rich tissue
resulting in a non-release of FFA and strong callose formation (Figure 25 C).
However, the model cannot explain the occurrence of callosic papillae without
impeding fungal penetration (Rodriguez-Galvez and Mendgen, 1995) or a
decreased fungal virulence in the absence of callosic papillae (Jacobs et al.,
2003; Nishimura et al. 2003). This indicates that each pathosystem might have
evolved specific interactions in terms of an active role of callose. Nevertheless,
this proposed model might be generally applicable to closely related species, like
grasses and cereals. Indication was given by chemical treatment of barley
(Bayles et al., 1990) and reed canarygrass (Vance and Sherwood, 1976), which
resulted in reduced papillae formation and increased susceptibility to fungal
penetration. Additionally, the proportion of hyphae encased by papillae that fail to
develop further is low in legumes (5-15 %), but high in grasses (70—-100 %)
(Politis, 1976; Sherwood and Vance, 1980). Therefore, the model should be seen
as a first step into understanding the active role of callose in fungal penetration,

especially in wheat and potentially in related species.
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Figure 25. Model of type Il resistance to fungal infection in wheat.

A. Susceptible wheat cultivar with callose synthases strongly inhibited by released free fatty acids
(FFA). Callose production is suppressed.

B. Resistent cultivar with callose synthases weakly inhibited by FFA. Callose is produced as a
response to fungal penetrstion.

C. Non-host / lipase-deficient pathogen infection without release of FFA and therefore no

inhibition of callose synthases. Callose production is highly induced.
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V. Summary

Fusarium graminearum is the causal agent of the Fusarium head blight (FHB)
and a destructive pathogen of cereals accounting for extreme grain yield losses
especially on wheat and maize. Like other fungal pathogens, F. graminearum
secretes various extracellular enzymes, which are hypothesized to be involved in
host infection. Extracellular lipolytic activity of F. graminearum was strongly
induced in culture by wheat germ oil; this made it possible to isolate, clone, and
characterize a gene (FGL7) which codes for a secreted lipase. Expression
analysis indicated that FGL7 is induced by lipid-containing substrates and
repressed by glucose. In planta, FGL1 transcription was detected one day post
infection of wheat spikes. The function of the FGL1 gene product was verified by
specifically demonstrating lipase activity after expression in a heterologous host.
Ebelactone B, a known lipase inhibitor, repressed the lipolytic activity of the
enzyme. Disease severity was strongly reduced when wild-type conidia were
supplemented with ebelactone B. Transformation-mediated disruption of FGL1
led to reduced extracellular lipolytic activity in culture and to reduced virulence to
both wheat and maize. Wheat infection with Afgl1 strains was associated with a
strong barrier formation in the spike, impeding the fungus from spreading further
(type Il resistance).

Callose ((1,3)-B-glucan) is a main component of papillae. These are barriers that
are considered to delay pathogenic spreading. The class of glucan synthase-like
(GSL) genes represents an appropriate target to analyze the regulation of callose

synthesis. The expression of eight GSL genes (TaGSL) was analyzed as well as
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callose synthase activity and total callose content in the stem, leaf blade and
spike of wheat. Organ-specific expression of six TaGSL genes and strong
differences in expression levels were detected by quantitative real-time PCR.
Differences were also determined in callose synthase activity and the total
amount of callose in the examined organs. Aniline blue staining in tissue sections
localized callose depositions. These data suggests that callose synthesis is
highly regulated by a combination of GSL genes, which are involved either in
general or organ-specific developmental processes.

Therefore, the callose content, callose synthase activity and GSL gene
expression were examined during fungal infection. Wheat spikes were inoculated
with F. graminearum wild type, a Afgl1 strain, and Pyrenophora teres to induce
non-host reactions. A strong inhibition of callose synthase activity was observed
during F. graminearum wild-type infection. Contrarily, enzyme activation was
induced during Afgl1 and P. teres infection. The addition of unsaturated free fatty
acids (FFA) to spikelets three days post inoculation significantly increased the
virulence of Afgl1. Thus, the release of FFA due to fungal lipase activity is
necessary for full infection the host plant. Differences in inhibition of callose
synthase activity by FFA of both a susceptible and a resistant wheat cultivar
contribute to type Il resistance in wheat. Thus, a model for type Il resistance to

fungal infection in wheat has been proposed in this study.
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VI. Zusammenfassung

Fusarium graminearum ist der Hauptverursacher von Ahrenfusariosen und zeigt
sein zerstérerisches Potential gegeniiber Getreide durch hohe Ernteverluste,
insbesondere bei Weizen und Mais. Wie auch andere pathogene Pilze sekretiert
F. graminearum zahlreiche extrazelluldre Enzyme, von denen vermutet wird, an
der Infektion der Wirtspflanze beteiligt zu sein. Die extrazellulare lipolytische
Aktivitat von F. graminearum wurde besonders stark durch Weizenkeimdl
induziert. Dies ermdglichte die Isolierung, Klonierung und Charakterisierung
eines Gens (FGL1), das eine sekretierte Lipase kodiert. Untersuchungen zeigten,
dass die Expression von FGL1 durch lipidhaltige Substrate induziert und durch
Glukose reprimiert wird. In planta wurden FGL1-Transkripte bereits einen Tag
nach der Infektion von Weizenahren nachgewiesen. Die Funktion des FGLT-
Genproduktes wurde durch die spezifische Lipaseaktivtitdt nach der Expression
in einem heterologen Wirt nachgewiesen. Neben einer Unterdrickung der
lipolytischen Aktivitdt der Lipase wurde auch der Krankheitsgrad auf
Weizendhren deutlich reduziert, wenn Wildtypkonidien zuvor mit dem bekannten
Lipaseinhibitor =~ Ebelacton B  versetzt wurden. Als Folge einer
transformationsvermittelten Disruption des FGL1-Gens wurden eine verminderte
extrazellulare lipolytische Aktivitat in KulturGberstdnden und eine reduzierte
Virulenz gegentber Weizen und Mais festgestellt. Die Infektion von Weizen mit
Afgl1-Stdmmen war mit der Bildung von Barrieren in der Ahre begleitet, die eine

weitere Ausbreitung des Pilzes (Typ llI-Resistenz) verhinderten.
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Callose ((1,3)-B-Glukan) ist die Hauptkomponente von Papillen, die als Barrieren
angesehen werden, um eine Ausbreitung des Pathogens zu verzdgern. Fir die
Analyse der Callosesynthese-Regulation eignet sich die Gruppe der
Glukansynthase-&hnlichen (glucan synthase-like, GSL) Gene. Hierzu wurde die
Expression von acht GSL-Genen (TaGSL) sowie die Callosesynthase-Aktivitat
und die Gesamt-Callosemenge im Stamm, der Blattscheide und der Ahre von
Weizen untersucht. Mit Hilfe der quantitativen real-time PCR wurden sowohl eine
organspezifische Expression von sechs TaGSL-Genen als auch starke
Unterschiede im Expressionsniveau nachgewiesen. Zudem unterschieden sich
die Callosesynthase-Aktivitdt und Gesamt-Callosemenge in den untersuchten
Organen. Das Farben von Gewebeschnitten erméglichte das Lokalisieren von
Calloseanlagerungen. Diese Ergebnisse lassen darauf schlieBen, dass die
Callosesynthese durch die Kombination der verschiedenen GSL-Gene, die
entweder an generellen oder organspezifischen Entwicklungsprozessen beteiligt
sind, ein hochgradig regulierter Prozess ist.

Nachfolgend wurde die GSL-Genexpression, Callosesynthase-Aktivitdt und
Gesamt-Callosemenge wahrend der Pilzinfektion analysiert. Dazu wurden
Weizenahren mit F. graminearum Wildtyp, einem Afgl/1-Stamm und Pyrenophora
teres, zum Hervorrufen von Nicht-Wirtsreaktionen, inokuliert. Eine starke
Inhibierung der Callosesynthase-Aktivitdt wurde wéahrend der F. graminearum
Wildtyp-Infektion beobachtet. Im Gegensatz dazu wurde die Enzymaktivitat
wahrend der Afgl1- und P. teres-Infektion induziert. Die Zugabe von

ungesattigten freien Fettsauren (FFS) zu Ahrchen drei Tage nach der Inokulation
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fihrte zu einem Anstieg der Virulenz des Afgl1-Stammes. Daraus ergibt sich,
dass das Freisetzen von FFS durch die Lipaseaktivitat des Pilzes fiir eine volle
Infektion der Wirtspflanze notwendig ist. Die unterschiedlich starke Inhibierung
der Callosesynthase-Aktivitat durch FFS in einem anfalligen und einem
resistenten Weizenkultivar tragen zur Auspragung der Typ lI-Resistenz in Weizen
bei. Ein Model zur Typ IlI-Resistenz gegeniber einer pilzlichen Infektion in

Weizen fasst die erhaltenen Ergebnisse zusammen.
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