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Stellingen

Dat resistentie-eiwitten waarschijnlijk ‘op wacht’ staan bij het virulentiedoelwit van
een virulentiefactor is een logisch gevolg van naturlijke selectie.
Dit proefschrift.

Hoewel de grote onderlinge homologie van resistentiegenen uit verschillende
plantenfamilies anders doet vermoeden, zijn resistentiegenen meestal niet functioneel
tussen verschillende plantenfamilies overdraaghaar.

Dit proefschrift; Yai et al. (1999} Proc. Natl. Acad. Sci. USA 66, 14153-14159.

Omdat het ‘birth-and-death’ model vrijwel niets met het ‘trench-warfare' model te
maken heeft, is het onjuist deze begrippen als elkaars synoniemen te beschouwen.
Kamoun (2001} Curr. Opin. Piant Biol, 4, 295-300.

De termen ‘virulentiegen’ en ‘avirulentiegen’ duiden op verschilende functies, maar
betreffen verrassend genoeg vazk één en hetzelfde pgen. Deze terminologie is
verwarrend en zou herzien moeten worden.

Het zeer intensief onderzochte resistentiegen Pto is feitelijk geen resistentiegen.
Dit proefschrift; Van der Biezen & Jones (1998} Trends Biochem. Sci. 23, 454-456.

‘Boom-and-bust’ cyeli in de moderne tandbouw tonen aan dat een goed begrip van
de relatie ssen plant en pathogeen in naunrlijke populaties onmisbaar is bij de
ontwikkeling van duurzame landbouw.

Dit proefschrift; Zhu et al. (2000) Nature 406, 718-722.

Het bestaan van resistentiegenen in planten, mensen en insecten suggereert dat de
strijd tegen ziekteverwekkers reeds tang op dezelfde wijze geleverd wordt.
Aderem & Ulevitch (2000) Nature 406, 785-787; Inohara et al. (2001) J. Biol. Chem. 276, 2551-2554.

In de wetenschap is fantasie onmisbaar, maar deze voorspelt helaas zelden
de werkelijkheid.

Misverstanden over e-mails ontstaan door afwezigheid van intonatie en visueel contact.

Stellingen behorende bij het proefschrift van
Renier van der Hoorn getiteld:
The Cf-4 and Cf-9 resistance proteins of tomato:
molecular aspects of specificity and elicitor perception.
Te verdedigen op 31 oktober 2001.
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Chapter 1
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Chapter 1: General introduction and outline

General Introduction

Ever since the first crop was grown in the prehistoric Middle East, mankind reluctantly
learned that plant pathogens take their share. Sometimes & plant pathogen even destroyed the
entire crop, causing food shortage, starvation and decimation of the human population. The
hatile between the farmer and plant pathogens is already going on for several millennia and
many successful measures to protect crops have been taken. However, even today,
a quarter of all food production is lost due to pests and diseases. With a world population
exceeding 7 billion people, food supply has now become one of the biggest challenges facing
mankind. In the agriculture of today, chemicals are often successiully used to suppress pests
and diseases. However, most chemicals are no longer desired since they can seriously
threaten natural ecosystems. Therefore, the search for novel, more sustainable ways to protect
crops against pathogens is of great importance. Especially the exploitation of natural defence
mechanisms offers great opportunities in producing environmentally safe food of high quality.

Natural resistance of plants against pathogens

In addition to the presence of passive barriers, plants mount active defence responses upon
recognition of an attacking pathogen. The most common mechanism associated with active
plant defence is the hypersensitive response (HR), during which cells surrounding the
infection site quickly die. Active defence mechanisms also include the oxidative burst,
deposition of callose, accumulation of pathogenesis—related proteins, accumulation of
phytoalexins and many other responses (Hammond-Kosack and Jones, 1996).

The induction of active defence responses is preceded by recognition of the invading
pathogen. In many cases, recognition is based on the presence of matching dominant genes
in the plant and pathogen. This was first described for the pathosystem of flax and flax-rust
(Flor, 1942}, A plant with a resistance (®) gene will only recognise an invading pathogen
if this pathogen carries the matching avirulence (dzr) gene. Later, it has been suggested that
products of these two genes directly or indirectly interact, resulting in the induction of
defence responses (Keen, 1990). Understanding the mechanism of this gene-for-gene
recognition event is crucial for the full exploitation of resistance genes to protect crop
plants against pathogens.

The tomato-Cladosporium fulvum pathosystem

The interaction between tomate plants and the fungus Cladosporium fulvum is a well-
known model system to study gene-for-gene recognition events (Joosten and De Wit, 1999).
Cladosporium fulvum is a biotrophic fungus that causes leaf mould on tomato (Figure
1A). During its whole lifecycle, the fungus does not penetrate plant cells, but grows in the
extracellular space of tomato leaves (Figure 1B). As 2 result, al! communication between
the fungus and its host plant occur in the extracellular space. Tomato leaf mould has been a
serious threat for tomato growers and therefore several resistance genes, designated Gf
genes, have been introgressed from wild tomato relatives into cultivated tomato, such as the
cultivar MoneyMaker (MM) (Boukema et al., 1980). Gultivars like MM-Cf4 and MM-Cf} are
fully resistant to strains of C. fifosm that carry the Avr4 or Apr9) genes, respectively (Figure
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Chapter 1: General introducticn and outline

1C). Resistance is accompanied by the induction of an HR in the immediate vicinity of the
site where the fungus enters the plant (Figure 1D).

As with many new, gene-for-gene-based resistance genes that were introgressed into
crop plants, Gf resistance genes were eventually overcome by ‘new’ strains of the fungus.
For example, a strain designated ‘race 4’ appeared that was able to colonise MM-Cf4 tomato
plants. The availability of fungal strains of different races and near-isogenic MM tomate
lines with different Cf genes, has been instrumental to start basic research on the molecular
aspects of gene-for-gene-bhased avirulence and resistance in this particular pathosystem.

AVR4 and AVR9 avirulence proteins of Cledosporium fulvam
A major breakthrough in research on gene-for-gene recognition event was obtained with
the identification of products of Avr genes of the C. fidvuim, the so-called race-specific
elicitors, During growth of the fungus on a susceptible tomate plant, several fungal and
plant proteins are secreted into the extracellular spaces of tomato leaves. Washing fluids
collected from the extracellular spaces made it possible to identify these components
(De Wit et al., 1986). Injection of these apoplastic fluids into leaves of resistant plants
appeared sufficient to trigger HR (De Wit and Spikman, 1982). This bio-assay served as a
basis for the purification of the elicitors AVRY and AVR4, which are recognised by MM-Cf}
or MM-Cf4 tomato plants, respectively (De Wit et al., 1985, Scholtens-Toma and De Wit,
1988; Joosten et al., 1994). The elicitor proteins were (partially) sequenced and their
corresponding genes isolated by reverse genetics (Van Kan et al., 1991; Joosten et al.,
1994). Transformation of virulent fungal races with Avr4 or Avr9 rendered them avirulent
on MM-Cf4 or MM-Cf9 tomato, respectively (Joosten et al., 1994; Van den Ackerveken et
al, 1992). Thus, the Aerd and Aer9 genes are both required and sufficient to confer
avirulence of €. fulvum on MM-Cf4 or MM-CR) tomato plants, respectively. Races that
citcumvent Gf-4- and Gf-9-mediated resistance appeared to lack a functional avirulence
gene. The avr4 alleles present in strains virulent on MM-Cf4 plants contain mutations that
truncate or destabilise the AVR4 elicitor protein (Joosten et al., 1994 and 1997), whereas
the Avr9 gene is absent in strains that are virulent on MM-Cf0 plants (Van Kan et al., 1991).
Both Avr4 and Av#9 encode pre-pro-proteins that contain an N-terminal signal peptide
for extracellular targeting (Figure 2). Once secreted into the extracellular space, the pro-
proteins are further processed by fungal and/or plant proteases into mature proteins of 87
and 28 amino acids, respectively (Joosten et al., 1997; Van den Ackerveken et al., 1993).
AVR4 and AVRO contain eight and six cysteines, respectively, which are involved in disulfide
bridges that stabilise the elicitor proteins (Vervoort et al., 1997, Joosten et al.,, 1997).
The amino acid sequence of the two proteins shows no significant homology with known
proteins 2nd their role in virulence of the fungus remains unclear,

Cf-4 and Cf-9 resistance proteins

The ;f-9 resistance gene was cloned by transposon-tagging in the offspring of a cross
between MM-CF9 tomato and Azr9-transgenic tomato (Jones et al., 1994), Seedlings of this
cross normally die upon expression of both Aer9 and Gf-9 (Hammond-Kosack et al,,
1994), but survive if the Cf-9 gene is inactivated by a transposon. The Gf-4 gene has been
mapped on 2 locus that is allelic to ¢f~9 (Balint-Kurti et al., 1993) and was subsequently
isolated using map-based cloning (Thomas et al., 1997}, Transformation of MM-Cf0 tomato
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Chapter 1: General introduction and cutline

Figure 1. The compatible and incompatible interaction between tomato and Cladosporium futvum.

A Lower side of a leaf of a susceptible tomato plant, two weeks after inoculation with a virulent
strain of . fufvum (compatible interactian), )

B Schematic representation of a cross section of a susceptible leaf after inoculation with 2 virulent
strain of C. fulvum, The ‘runner’ hyphe has entered the leaf mesophyil through open stomata.
Puring colonisation of the ieaf, the mycetium remains confined to the extracellular space.

C Lower side of a leaf of a resistant tomato plant, two weeks after inoculation with an avirulent
strain of C. fubvum. .

D Schematic representation of a cross section of a leaf of a resistant plant after inoculation
with an avirulent strain of (. fulvum. The fungus is recognised as soon as a hyphe enters a
stoma. Recognition resuits in a hypersensitive response (indicated as dark cells) that
restricts further fungal growth.

11
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AVR4 AVRY

MHYTTLLLSTLLVGTALAQP  MKLSLLSVELALLIATTLPL
TNPPAKTPKRKAPKTQPYNP®  CWAAALPVGLGVGLDYENSS
KPQEVIDTKEMGPKDELYPN  [STRAFDBLGQEGREDFHEKLQ
PDSETTYIQSVPLDEVGNAK  [SVH
PVVKPEPKGLOWNDNVGKKW

[EDYPNLSTEPVKTPQPX PKX

GGVGGKKASVGHPGY

Figure 2, Amino acid sequence of the elicitor proteins (AVRs) encoded by the Avré and Avrg
avirulence genes of Cladosporium fulvum.
Underlined, signal peptide for extracellular targeting; bold, mature protein; boxed,
cysteine residues.

plants with Gf-4 or ¢f-9 resulted in plants that acquired the ability to recognise the AVR4
and AVRY proteins, respectively (Hammond-Kosack et al., 1998; Thomas et al,, 1997).
Also tobacco and porato planis transformed with the Gf-9 gene bhecame capable of
recognising AVR9, visualised by the development of specific necrosis upon injection of AVR9
(Hammond-Kosack et al., 1998).

The amino acid sequences of the proteins encoded by the Cf-4 and Cf-9 genes are
highly similar (Figure 3) (Jones et al., 1994; Thomas et al., 1997). Both proteins contain
a pufative signal peptide for extracellular targeting (A-domain), which is followed by a
cysteine-rich B-domain, a leucine-rich repeat (LRR) domain {C-domain), a D-domain
without conspicuous features, an acidic E-domain, a putative transmembrane domain
(F-domain) and a short, basic G-domain. The structure of the domains predicts that the Cf
proteins are anchored in the plasma membrane with domains B-E being extracytoplastnic
and the G-domain cytoplasmic. Consistent with this topology, the proteins contain a number
of putative glycosylation sites in the extracytoplasmic domain (Figure 3). Although a
location at the plasma membrane is expected for proteins that are involved in recognition
of extracellular AVR proteins, the G-domain contains a C-terminal dilysine motif (Kixx) that
can functicn as a signal for retrieval or retention of membrane proteins to the endoplasmic
reticulum (ER) (Teasdale and Jackson, 1996).

The largest part of the (f-4 and Cf-9 proteins consists of LRRs. Insight in the structure of
LRR domains has come from the crystal structure of ribonuclease inhibitors (Kobe and
Deisenhofer, 1993), which consist of 15 LRRs and specifically bind, and thereby inhibit,
ribonucleases (Kobe and Deisenhofer, 1994). Each LRR contains an xxIxlxx consensus that
is predicted to fold as a B-sheet, with the conserved leucines protruding in the hydrophobic
core of the protein, whereas the side chains of the adjacent amino acids (x} are solvent-
exposed (Figure 4). In multiple LRRS, the B-sheets are aligned in parallel and form a surface
that is decorated with solvent-exposed residues. It is this side of the protein that is expected
to interact specifically with other proteins (i.e. ligands or interactors). The fact that Cf-4 and
(f-9 differ predominantly at solvent-exposed positions (Figure 3} is consistent with this
theory. With their predicted structure, a role for Cf proteins as receptors for fungal ligands
can be expected. However, the predicted cyloplasmic domain of Cf proteins lacks known
signalling motifs that could transduce a signal to the cytoplasm upon AVR perception.
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[

Figure 3. Amino acid sequences of the proteins encoded by the {f-4 and {f-9 resistance genes
of tomato. Amino acid residues of Cf-4 and Cf-9 that are identical are shown in nermal script. Cf-
4- and Cf-9-specific residues are shown in bold at top and bottom line, respectively. Potential N-
glycasylation sites {NxS/T) in Cf-4 and Cf-9 are overlined and underlined, respectively. The box
indicates the varicus R-sheets {consensus xxLxlLxx), each of which contains five putative solvent-
exposed amino acid residues {x}. Domains (indicated on the left} are as follows: 5P, signal peptide
(A-domain); B, cysteine-rich demain; 1 to 27, LRRs (C-domain); D, domain without conspicuous
features; E, acidic domain; TM, putative transmembrane demain (F-domain); G, basic domain
representing the putative cytoplasmic tail with putative ER-retrieval signature (KKxx}.
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{hapter 1: General introduction and cutline

Figure 4. Proposed structure of a sectian of the LRR domain of (f proteins.
Each LRR module contains a motif that folds as an o-helix, and the xxLxLxx motif that folds
as a B-sheet. The leucine residues (L) form a hydrophobic core, whereas the side chains of the
flanking amino acid residues {x) are solvent-exposed. In multiple LRRs (three are shown),
the R-sheets are aligned in parallel and form a surface decorated with sclvent-exposed
residues that can interact specifically with a ligand.

With respect to their structure and predicted localisation, the Cf proteins are distinct
from other classes of R gene products that have been described so far (Table 1 and
Figure 5). Most classes of R genes encode proteins with 2 nucleotide-binding site (NBS)
and LRRs, and are predicted 10 reside in the cytoplasm, where they are likely involved
in direct of indirect interaction with ligands produced by the attacking pathogen that are
present in the host cytoplasm (De Wit, 1997; Van der Biezen and Jones, 1998).
The tomato Pto resistance gene is exceptional since it encodes a serine/threonine kinase
that lacks LRRs (Martin et al., 1993). However, Pio function depends on the presence
of Prf, which encodes an NBS-LRR protein (Salmeron et al., 1996). The Xa21 resistance
gene from rice encodes a transmembrane receptor with extracellular LRRs and a
cytoplasmic kinase {Song et al., 1995). R proteins like Hs1Pt%-! and Pi-ta have a
leucine-rich domain in which a typical LRR signature cannot be identified (Bryan et al.,
2000; Cai et al., 1997).

The f-4 and Cf-9 resistance genes of tomato are present at loci that consist of
clusters of homologous genes (Hcr9s: Homologues of Cladosporium fulvum resistance
gene €f-9). The ¢f-4 and ¢f-9 loci are allelic and each contains five Her9 genes,
of which Cf-4 represents Her9-41 and Cf-9 represents Her9-9C (Figure 6) (Parniske
etal., 1997) The Her9-4E gene, which is located on the Cf-4 locus directly downstream
of the Gf~4 gene, is also a functional Cf resistance gene that confers recognition of
fungal strains carrying the Azr4E gene (Takken et al., 1998 and 1999). At the Cf~9 locus
at least one additional & gene to €. fulvum, presumably Her9-98, is present (Parniske
et al., 1997; Laugé et al., 1998).

14
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Figure 5. Schematic representation of different classes of resistance proteins.
One R protein of each class is represented. LRRs, leucine-rich repeats; TIR, Toll/Interlewukin-
like receptor domain; LZ, leucine zipper; NBS, nucieotide-binding site; CC, coiled-cail
structure, For further details see Table I.

The Gf-4/9 clusters both map on the short arm of chromosome 1, at a locus called ‘Mifky
Way’. Additional Her9 genes map at the ‘Northern Lights’ {5 Her9s) and ‘Sowuthern Cross’
(2 Her9s) loci (Parniske et al., 1998) (Figure 6). Sequence analysis of the Her9 genes
revealed that they consist of sequence ‘patch works®, suggesting that they have evolved by
sequence exchange between homologous genes (Parniske et al., 1997 and 1999).

AVR9 binding studies

Biochemical interpretation of the gene-for-gene model predicts that AVR proteins directly
interact with R proteins. Consistent with this hypothesis, as described above, Avr4 and Avr9
of C. fulvum encode ligand-like extracellular proteins and the matching Cf resistance
genes encode receptorlike proteins, which are presumably located in the plasma
membrane of tomato cells. Along this line, experiments were designed to prove whether a

15



Chapter 1: General introduction and outline

Table1. Overview of cloned resistance genes.

P
pta pa oqe

Pto tomato £, syringae pv. tomato
Prf tomato P, syringae pv. tomoto
RPSZ Arabidopsis P. syringae pv. tomoto
RPMI Arabidopsis P. syringae pv. maculicola
RPSS Arabidopsis . syringae pv. phaseolicola
RPP8 Arabidopsis Pernospora parasitica
Mi tomato Meloidogyne incogmta
Macrosiphum euphorbia
Rx potato Potato Virus-X
Ru? potato Potato Virus-X
Gpa2 potato Gicbodera pallida
HRT Arabidopsis Turnip Crincle Virus
RPP13 Arabidopsis Peronospora parasitica
I2c tomato Fusarium oxysporum
iz tomato Fusarium oxysporum
Xal Tice X. oryzae pv. oryzoe
Sw-5 tomato tospovirus
Rp-1D maize Puccinia sorghi
Dm3 lettuce Bremia loctucae
Pib rice Magnaporthe grisea
8s2 pepper X. campestris pv. vesicatorig
{re3 wheat Heterodera avenae
Pi-ta rice Magnaporthe grisea
N tabacco Tebacco Mosaic Virus
RPP1 Arabidopsis Peronospora parasitica
L6 flax Melampsora lini
M flax Melampsora lini
RPPS Arabidopsis Peronospora parasitica
RPS4 Arabidopsis P. syringae pv. pisi
P flax Melampsora lini
RPP10 Arabidopsis Peronespora parasitica
RPP14 Arabidopsis Perongspora parasitica
Xa2l rice X. oryzae pv. oryzae
f-9 tomato Cladesporium fulvum
2 tomato Cladosporium fulvum
-4 tomato Cladosporium fulvum
-5 tomato Clgdesponium fulvum
Her9-4E tomato Ciadosponum fulvum
(18 tomato (Cladosponium fulvum
Hsirrot sugar beet Heterpdera schachtii
Mio1 barley Biumeria graminis
Mloé barley Blumeria graminis
RPW8 Arabidopsis Erysiphe cruciferarum

1 Resistance gene; 2 plant from which £ gene has been isolated; 3 pathogen towards which the
R gene is targeted; 4 domains within R proteins. LRR, leucine-rich repeat domain; LR, leucine-
rich domain; TIR, Toll/Interleukin-like receptor domain; LZ, leucine zipper; CC, coil-coiled
domain; NBS, nucleotide-binding site; PK, protein kinase; TM, transmembrane domain,
5 reference; ¢ matching avirulence gene (if cloned). Tabie has been updated until July 2001.
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reference’ cloned Awr®
PK Martin et al., 1993, Science 262, 1432 avifto
LZ-NBS-LRR Salmeron et al., Cell 86, 123 (1994) avrPto
LZ-NB5-LRR Bent et al,, Science 265, 1856 (1994) aviRpt2
Mindrinos et al., Cell 78, 1089 (1994)
LZ-NBS-LRR Grant et al., Science 269, 843 (1995) avrB/avrRpm?
17-NBS-LRR Warren et al., Plant Cell 10, 1439 (1998) avrRps5
LZ-NBS-LRR McDowell et al., Plant Cell 10, 1861 {1998)
LZ-NBS-LRR Milligan et al., Plant Cell 10, 1307 {1998)
Rossi et al., PNAS 95, 9750 (1998)
LZ-NBS-LRR Bendahmane et al., Plant Cell 11, 781 (1999) PUX-CP
LZ-NBS-LRR Bendahmane et al., Plant J. 21, 73 (2000}
LZ-NBS-LRR Van der Vossen et al., Plant J. 23, 567 (2000)
LZ-NBS-LRR Cooley et al., Plant Cell 12, 663 (260G) TP
LZ-NBS-LRR Bittner-Eddy et al., Plant J. 21, 177 {2000)
NBS-LRR 0ri et al., Plant Cell 9, 521 (1997)
NBS-LRR Simons et al., Plant Cell 10, 1055 {1998)
NBS-LRR Yoshimura et al., PNAS 95, 1663 (1998) aviXol
NBS-LRR Brommeonschenkel et al., MPMI 10, 1130 (2000)
NBS-LRR Collins et al., 1999, Plant Cell 11, 1365 (1999)
NBS-LRR Meyers et al,, Plant Cell 10, 1817 (1998)
NBS-LRR Wang et al., Plant J. 19, 55 (1999)
NBS-LRR Tai et al., PNAS 96, 1453 (1999) avrBs2
NBS-LRR Lagudah et al., Genome 40, 659 (1997}
NBS-LR Bryan et al., Plant Cell 12, 2633 {2000) AvrPita
TIR-NBS-LRR Whitham et al., Cell 78, 1101 (1594} TMV-heifcase
TIR-NBS-LRR Botella et al., Plant Cell 10, 1847 (1998)
TIR-NBS-LRR Lawrence et al., Plant Cell 7, 1195 {1995)
TIR-NBS-LRR Anderson et al., Plant Cell 9, 641 (1997)
TIR-NBS-LRR Parker et al,, Plant Cell 9, 879 (1997)
TIR-NBS-LRR Gassmann et al., Plant J. 20, 265 (1998) avrRps4
TIR-NBS-LRR Dodds et al., Plant Cell 13, 163 {2001)
TIR-NBS-LRR Botella et al., Plant Cell 10, 1847 (1998)
TIR-NBS-LRR Botella et al., Plant Cell 10, 1847 (1998)
LRR-TM-PK Song et ai., Science 270, 1804 (1995)
LRR-TM Jones et al., Science 266, 789 (1994) Avrg
LRR-TM™ Dixen et al., Cell 84, 451 (1996} AvrZ
LRR-TM Thomas et al., Plant Cell 9, 2209 (1997) Avrd
LRR-TM Dixon et al. Plant Cell 10, 1915 (1998)
LRR-TM Takken et al., Plant J. 14, 401 (1998) AvrsE
LRR-TM Van der Hoorn et al., this thesis, chapter 4 Avrg
LR-TM Cai et al., Science 275, 832 (1997)
CC-NBS-LRR Zhou et al., Plant Cell 13, 337 (2001}
(C-NBS-LRR Halterman et al., Plant J., 25, 335 (2001)
cC Xiao et al,, Science 291, 118 (2001)
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direct interaction indeed occurred between the AVR and Cf proteins. Binding studies with
radiolabeled AVRY showed the presence of a specific, high-affinity binding site (HABS) for
AVR9 in plasma membranes isolated from tomato {(Kooman-Gersmann et al., 1996).
However, this HABS was also present in tomato plants that lacked the Cf-9 gene. Thus, the
Gf-9 gene itself does not encode the HABS. The HABS is not only present in microsomal
fractions of all tomato genotypes tested, but was also detected in all solanaceous plants that
were tested and in a number of other plant species (Kooman-Gersmann et al., 1996).
However, no HABS was detected in plants such as Arabidopsis, lettuce and various Brassica
species (Kooman-Gersmann, 1998),

In addition, many experiments have been performed to obtain evidence that AVRY
directly interacts with Cf-9, maybe with low affinity. For this purpose, Gf-9 was expressed in
plants or insect and mammalian cell cultures, but in none of these cases, interaction with
AYR9 could be demonstrated (Luderer et al., 2001). Although it has not been possible to
prove that there is no interaction, it seems unlikely that AVRO directly interacts with Cf-9,
even with low affinity. This suggests that other components, like the HABS, are required in
the AVR9-Cf-9 receptor complex.

For the involvement of the HABS in AVRO perception in tomato containing the ¢f~9 gene
evidence, although indirect, has been obtained. It was found that different necrosis-
inducing activities of AVRQ mutant peptides, directly correlate with their affinity for the
HABS (Kcoman-Gersmann et al., 1998). In addition, ¢f~9-transgenic Arabidopsis, which
lacks the HABS, fails to respond to AVR9 (Kooman-Gersmann, 1998). Vice versa, for
tobacco, potato and tomato, that contain the HABS {(Kooman-Gersmann et al., 1996),
introduction of Gf-9 is sufficient to render these plants responsive towards AVRO
(Hammond-Kosack et al., 1998), These observations point to a crucial role for the HABS
in AYR9 recognition by MM-CO tomato plants and suggest that the HABS and Cf9 are
present in one active receptor complex (Joosten and De Wit, 1999).

Outline of the thesis

To examine the role of the various domains of Cf proteins in perception of AYR proteins of
C. fidvam in more detail, a fanctional, transient expression system was developed for the
Cf-4 and Cf-9 resistance genes. Chapter 2 describes such an expression system for
Cf genes, based on infiltration of tobacco leaves with Agrobacterium strains that carry
Cf genes on the T-DNA of binary plasmids (agroinfiltration). Established assays were
included to examine the reliability and versatility of the agroinfiltration assay. In addition,
agroinfiltation allowed comparison between Avr9/Gf-9- and Aer4/Cf~4-induced necrosis.
Finally, agroinfiltration was used to examine the function of Awr/Cf gene pairs in
heterologous plant species.

The agroinfiltration assay is an excellent expression system to study the effect of mutations
in ¢f genes. In chapter 3, agroinfiltration was used to determine specificity determinants in
Cf proteins by exchanging domains between Cf-4 and Cf-9 and subsequently examining the
effect of these mutations on specificity of perception of AVR proteins. The importance of
specific features in the B-domain and the number of LRRs was examined, as well as the role
of Cf-4- and Cf-9-specific amino acids. Specificity determinants in Cf-4 were identified,
allowing the construction of a Cf-9 mutant carrying the specificity determinants of Cf-4.
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Figure 6. Map position and physical structure of Acr9 gene clusters,
On the left, a schematic genetic map of the short arm of tomato chromosome 1 is shown,
depicting the position of three Her9 loci (Northem Lights (NL), Mitky Way (MW) and Southern
Cross (5C)) relative to each other, Open arrows indicate the positien and transcriptienal polarity
of the Her9 (pseudo) genes. Figure is adapted from Parniske et al. (1999).

To learn more about the flexibility of specificity determinants of Cf-9 proteins, we examined
the molecular variation of Cf-9 in natural populations of Lycopersicon pimprineilifolium
(). from which the €f-9 locus has been introgressed into cultivated tomato (chapter 4).
Also the spread and frequency of AVRY recognition in this population was determined.
Genes conferring AVRY recognition from plants of different geographical regions were
characterised in detail, and their frequency and polymorphism were determined.

Having examined their specificity determinants, we subsequently focused on other
motifs in Cf proteins. The presence of a dilysine motif in the G-domain of (-9 (KKRY)
suggests that the protein resides in the endoplasmic reticulum. In chapter 5 we examined
the effect of mutations in the KKRY motif on the function of Cf-9. The presented data explain
the data presented by two previous publications.

As it is likely that both the high-affinily binding site (HABS) for AVR9 and the Cf-9
protein reside in the plasma membrane and may be present in the same receptor
complex, it is essential to isolate the HABS in order to get more insight in the molecular
mechanism of specific AVRO perception. In chapter 6, a procedure is described that
allows solubilisation of the HABS without affecting its AVR9-binding activity. This
procedure may become an important tool to study the AVRD receptor complex at the
biochemical level,

In the final chapter (chapter 7), the experimental data presented in the previous
chapters are discussed in a broader context. The role of additional host factors in Avr protein
perception in other gene-for-gene interactions is reviewed and explained from an evolutionary
point of view. This chapter also predicts future directions in research on plant-pathogen
interactions and provides new directions for crop protection in modern agriculture.
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Agroinfiltration Is a Versatile Tool That Facilitates Comparative
Analyses of Avr9/Cf-9-Induced and Avr4/Cf-4-Induced Necrosis

Renier A. L. van der Hoorn, Franck Laurent, Ronelle Roth,
and Pierre ]. G. M. de Wit

Abstract

The avirulence genes Avr9 and Arré from the fungal tomato pathogen
Cladosporium fulvum encode extracellular proteins that elicit a hypersensitive
response when injected into leaves of tomato plants carrying the matching
resistance genes, Cf-9 and Cf-4, respectively. We successfully expressed both
Avr9 and Aer4 genes in tobacco with the Agrobacterium transient transformation
assay (agroinfiltration). In addition, we expressed the matching resistance
genes, Cf-9 and Cf-4, through agroinfiltration. By combining transient ¢f gene
expression with either transgenic plants expressing one of the gene partners,
Potato Virus X (PVX}-mediated Aor gene expression, or clicitor injections, we
demonstrated that agroinfiltration is a reliable and versatile tool to study Avr/Cf-
mediated recognition. Significantly, agroinfiltration can be used to quantify and
compare Av#/Cf-induced responses. Comparison of different Avr/Cf-interactions
within one tobacco leaf showed that Avr9/Cf-9-induced necrosis developed
slower than necrosis induced by Avr4/Cf-4. Quantitative analysis demonstrated
that this temporal difference was due to a difference in Aer gene activities.
Transient expression of matching Avr/Cf gene pairs in a number of plant families
indicated that the signal transduction pathway required for Avr/Cf-induced
responses is conserved within solanaceous species. Most non-solanaceous
species did not develop specific Az#/Cf-induced responses. However,
co-expression of the Avr4/Cf-4 gene pair in lettuce resulted in necrosis,
providing the first proof that a resistance (R) gene can function in a
different plant family.

Introduction
Co-evolution between plants and pathogens has enabled plants to develop effective
surveillance systems to recognise pathogens and mount defence responses. Defence
responses are diverse and usually include a hypersensitive response (HR) where tissue
surrounding the infection site becomes necrotic (Hammond-Kosack and Jones, 1990).
The plant surveillance system has a genetic basis, involving dominant resistance (R)
genes that confer the ability to recognise invading pathogens carrying matching
avirulence {der) genes. Tremendous efforts in the past decade have resulted in the
cloning of many R and Avr genes.

R gene products can be broadly classified into two groups based on their predicted
cellular location (De Wit, 1997; Jones and Jones, 1997; Parker and Coleman, 1997},
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The first and largest group of R proteins is cytoplasmic and the members often contain
leucine-rich repeats (LRRs) and nucleotide binding sites (NBSs). Members of this group
have been cloned from flax {e.g., I genes), lettuce (Dm genes), Arabidopsis (e.g., RPP
genes), several solanaceous species (e.g., N, M, Gba, Bs2), and monocots (Ya/ and Cre3)
(reviewed by Van der Biezen and Jones, 1998). The Pto gene, which encodes a serine-
threonine kinase, is the only cytoplasmic R protein within this group that lacks LRRs and
NBSs. The second and smaller group of R genes encodes putative plasma membrane-
anchored proteins. They ali carry extracellular LRR domains and members of this group
have been cloned from rice {(Xa21), sugar beet (HsfPro-1), and tomato (e.g., Cf-9 and
Gf-4) (Cai et al., 1997; Jones and Jones, 1997).

Proteins that are encoded by Avr genes share less common features (Culver et al,,
1991; Laugé and De Wit, 1998; Van den Ackerveken and Bonas, 1997). Their predicted
cellular location often fits with that of their matching £ gene product. For example, the Apr9
and Avrd genes from the biotrophic leaf mold fungus Cladosporium fulvum encode
elicitor proteins that are secreted into the tomato leaf apoplast. Injection of these elicitor
proteins into extracellular leaf spaces of tomato plants that carry 2 matching Cf gene is
sullicient to trigger an HR (Joosten and De Wit, 1999). In contrast, viral and bacterial AVR
proteins only elicit an HR when produced in the host cytoplasm and not when injected into
leaves (Bonas and Van den Ackerveken, 1997). The latter proteins possibly interact with ®
gene products in the host cytoplasm, as was shown for the AvrPto and Pto proteins (Scofield
et al., 1996; Tang et al., 1996).

To improve our understanding of Az#/Cf interactions at the molecular level, transient
expression with Potato virus X (PVX; Chapman et al., 1992) has been employed to study the
effects of mutations in Azr9 and Azr4 genes (Joosten et al., 1997; Kooman-Gersmann et al.,
1997). However, transient expression of Cf genes through PVX is constrained by the size of
the inserted gene that is allowed in the recombinant virus. In contrast to PVX
Agrobacterium can accommodate large genes and has 2 broad host range (Bundock and
Hooykazs, 1998). Transient expression of genes through infiltration of Agrobacterium
cultures into leaf tissue (agroinfiltration) is a quick and easy method to study genes of
interest {Kapila et al., 1997; Rossi et 4l., 1993).

In this report, we demonstrate that 40r9 and Avrd, as well as their large matching £
genes Gf-9 and Gf-4, respectively, can be successfully expressed by agroinfiltration.
We show that agroinfiltration can be combined with either transgenic planis expressing
one of the matching gene partners, PYX-mediated Av+ gene expression, or injection of
elicitor protein. In addition, we used agroinfiltration for quantitative analysis and
comparison of different Aer/Cf-induced responses in tobacco and other plant species.
Although initial results indicated that Aer9/Cf-9-induced necrosis developed slower than
that induced by Avr4/Cf-4, we demonstrate that this temporal difference is due to
differences in Aer gene activities. Transient expression of matching gene pariners in a
number of plant species revealed that the signal transduction pathway required for
Avr/Cf-induced responses is conserved within solanaceous species. Most non-
solanaceous species did not show specific Avr/Gf~induced responses, with the exception
of lettuce, in which necrosis was induced by co-expression of the Aer4/Cf-4 gene pair.
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Figure 1. Schematic representation of the T-DNAs present on the five binary plasmids used in
this study.
Each binary plasmid is named after the gene that is present on the T-DNA, The B-glucurenidase
(gus) gene is interrupted by an intron, which excludes Agrobacterium-derived gus expression
(Vancanneyt et al., 1990). Avr9 and Avré are fused to the tobacco pathogenesis-related PR1a
signal sequence to ensure extracellular targeting. Symbols: black boxes, ORFs; open boxes,
untranslated regions; open arrows, promoters; black triangles, T-DNA borders. Abbreviations:
Gus, gene encoding B-glucuronidase; 1, intron; Awrg, ORF encoding 28 amine acid mature AVR9
protein; Avr4, ORF encoding 86 amino acid mature AVR4 protein; 55, signal sequence from
tobacco pathogenesis-reiated PR1a gene; (f9, ORF encoding wild-type (f-9; (f4, ORF
encoding wild-type Cf-4; 355, Cauliflower Mosaic Virus (CaMV} 355 promoter; T, omega
Tobacco Mosaic Virus (TMV) leader; PI, petato proteinase inhibitor-II polyadenylation region;
RB, right border of T-DNA; LB, left border of T-DNA; NptIl, neomycin-phosphotransferase II.

Results

Transient expression of Avr and Cf genes in tobacco

As tobacco can be transformed easily and Gf-9 transgenic tobacco was found to respond
with an HR upon injection with AVRO protein (Hammond-Kosack et al., 1998), we used
Gf-9 transgenic tobacco to transiently express the Azr9 gene through agroinfiliration. When
young, fully expanded leaves were infiltrated with Agrobacterium carrying pAve9 (Figure 1),
the entire infiltrated area became necrotic (Figure 24). Leaf tissue started to collapse at
1-day post infiltration (dpi} and had developed into a vellow-brown sector by 7 dpi.
In wild-type tobacco no necrosis occurred upon transient Avrd expression (Figure 2B).
Similarly, transient expression of A4 resulied in necrotic sectors in Gf~4 transgenic
tobacco but not in wild-type tobacco (data not shown). A major advantage of
agroinfiltration is that the T-DNA can accommodate large genes such as the 2.6-kb open
reading frame (ORF) of the Gf-9 resistance gene. Transient expression of Cf-9 in Awr9
transgenic tohacco (Hammond-Kosack et al., 1994) resulted in necrosis (Figure 2C), while
no necrotic responses were induced in wild-type tobacco (Figure 2B). Together, these
results demonstrate that genes that encode the extracellular elicitors AVRO or AVR4 and the
large, extracellular, membrane-anchored Cf-9 protein can be successfully expressed in
tobacco through agroinfiltration.

Both Aer9 and Avr4 have been transiently expressed through the PVX expression system
(Hammond-Kosack et al., 1995; Joosten et al.,, 1997). To test whether transient ¢f gene
expression through agroinfiltration can be combined with PVX-mediated Aer gene
expression, wild-type tobacco plants were inoculated with PVX::4er9, PVX:Aprd, or wild-
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type PVX. Two weeks after P¥X inoculation, Agrobacterium carrying pCf9 or pCf4 (Figure
1) was infiltrated into leaves that showed clear mosaic symptoms. Necrosis only appeared
in sectors where matching gene pairs were expressed (Figure 2D). This indicates that
agroinfiltration of both Gf~9 and Gf-4 genes can successfully be combined with PVX-
mediated expression of the matching Avr gene.

Elicitor peptides AVR9 and AVR4 were originally purified from apoplastic fluids (AFs)
isolated from compatible C. falvsism-tomato interactions (Scholtens-Toma and De Wit, 1988;
Joosten et al,. 1994). In addition to these proteins, AFs contain many other fungal elicitor
proteins. To test the specificity of tobacco leaves that transiently express Gf-9 or ¢f-4 for
AVRY and AVR4 detection, respectively, crude AFs were injected 1 day after agroinfiltration of
wild-type tobacco with pCf9 or p(f4. Necrotic responses were only detected in leaf sectors
that were injected with AFs containing a matching elicitor (Figure 2E), indicating that
tobacco tissue that transiently expresses Gf genes has the same specificity for recogrition of
AVR proteins as tomato genotypes containing the native Gf genes.

Moneymaker-Cfy (MM-Cf9) tomato leaves are very sensitive to injection of AVRY elicitor
protein, as concentrations of AVR9 as low as 300 nM result in 2 clear necrotic response
(Kooman-Gersmann et al., 1998). When tobacco leaves that transiently express the Gf-9
gene were injected with a concentration series of AVR9 peptide, concentrations as low as
10 oM resulted in a clear necrotic response above background (Figure 2F). As expected,
only background responses developed in tissue that transiently expressed Gf~4 (Figure 2F).
This suggests that transient Cf-9 expression levels in tobacco are high enough to detect low
concentrations of AVRO.

Comparison of necrotic responses induced by transient expression of
Avr9/Cf-9 and Avré/Cf-4 gene pairs
To date, comparisons between Avr9/Cf-9- and Avrd/Cf-4-induced responses have not been
conclusive, due to developmental and/or genetic differences between plants that harbour
the different Cf genes. The ability to express Gf genes simultaneously in the same leaf tissue
enabled us for the first time to compare induced responses within the same leaf. Therefore,
Agrobacterium cultures carrying the pAvr and pCf plasmids were mixed in 2 1:1 ratio and
infiltrated into wild-type tobacco leaves. Necrosis only developed in leaf sectors that
expressed matching gene pairs (Figure 34). Clear differences between Avr9/Cf-9- and
Avrd/Cf-4-induced responses were ohserved. Tissue collapse induced by expression of the
Avrd/Gf-9 gene pair occurred 1 day later than that induced by the Avr#/Cf-4 gene pair
(Figure 3B). Typically, 42r9/Cf-9-induced necrosis only started to develop after the entire
Avrd/Cf-4-expressing area had collapsed. Although the patiern of tissue cotlapse was
identical, the Aor9/Cf-9-induced collapse was preceded by weak chlorosis. The colour of
the necrotic sector resulting from Azr9/Cf-9 co-expression gradually turned dark brown
{Figure 3A), suggesting that there was time for the accumulation of phenolic compounds.
Although the binary constructs used in this study were comparable, differences
observed in the speed of necrotic responses could be caused by differences in activities of
the pAvr or pCf plasmids upon agroinfiltration. We therefore quantified responses induced
upon infiltration of a dilution series of Agrobacterium carrving pAvr and pCt (Figures 3C
and 3D). To exclude differences between culture densities, cultures of equal density that
carry matching pAvr and pCf plasmids were mixed in different ratios. The percentage of
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Figure 2. Transient expression of Avr and {f genes in tobacco leaves. Agrobacterium carrying
pGUSH (G}, pAwr9 (A2), pCfe (C9), or pCfé {C4) was infiltrated into young, fully expanded
leaves of 6-week-old tebacco plants, Photographs were taken at 7 days post infiltration {dpi).

A Transient expression of the B-glucuronidase (gus) gene and Avrg in (f-9 transgenic tobacco.

B Transient expression of Avrg, gus, and Cf9 in wild-type tobacco.

€ Transient expression of gus and (f-9 in Avrg transgenic tobacco.

D Transient {f gene expression in Potato Virus X (PYX)-inoculated, wild-type tobacco plants.
Two weeks post inocutation, cultures of Agrobacterium carrying pCf9 ar pCfé were infiltrated
inte youny, fully expanded leaves that showed mosaic symptoms caused by PVX.

E Injection of apoplastic fluids {AFs), isolated from different compatibie (. fulvum-tomato
interactions into tobacco leaves at 1 dpi with Agrobacterium containing pCfd or pCfé. AFs
were isolated from tomato cultivar Moneymaker CfO inoculated with C. fulvum race 2.4.5.9.11
(MM-Cf0/race 2.4.5.9.11) (lacks AVRO and AVR4, first panel), MM-(f5/race 2.5.9 {lacks AVR9,
second panel), MM-Cfé/race 2.4.8,11 (lacks AVR4, third panel}, and MM-CfO/race 5 (contains
both AVR9 and AVR4, fourth panel).

F Injection of a concentration series of AYR9 protein, performed at 1 dpi with Agrobacterium
containing pCf9 {left leaf half) or pCf4 (right leaf half) into wild-type tobacco leaves.
Photograph was taken at 7 dpi.

infiltrated leaf area that had become necrotic at 7 dpi was measured and plotted against the
percentage of Agrobacterium cultures that carry pAvr and pCf. The percentage of the culture
containing pCf that induced 50% necrosis (NC3%) of the infiltrated leaf area was calculated
from two independent experiments. NC0 values for pCf9 were 1.86 and 3,74%,
respectively, whereas NC30 values for pCf4 were calculated as 1.38 and 4.92%, respectively
(Figure 3C). This indicates that pCf9 and pCf4 have comparable activities. NC30 values for
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pAvrd and pAvrd were calculated as 2.56 + 0.88% and 0.27 + 0.12%, respectively (n = 4,
Figure 3D), indicating that pAvr9) has a 10-fold lower activity, compared with pAvr4.
Significantly, at concentrations corresponding to these NC3 values no difference in timing
between Avr)/Cf9- and Avrd/Cf-4-induced necrosis was observed (data nmot shown).
These data indicate that the temporal differences in necrotic responses induced by Avr9/Ct-9
and Ave4/Cf-4 gene pairs when cultures were mixed in a 1:1 ratio are caused by differences
in activities hetween pAvr plasmids upon agroinfiltration.

Transient expression of matching Avr/Cf gene pairs in different plant families
The extensive homology between R gene products suggests that signal transduction
cascades that lead to disease resistance are highly conserved between plant families.
To examine whether species other than tobacco and tomato have the signal transduction
components that are required for Avr/Cf-induced responses, we transiently co-expressed
matching gene pairs in a number of different plant species. Transient expression of the
B-glucuronidase (gus) gene served as an indication of the transformation efficiency and the
level of gene expression. Specific responses that were induced by co-expressing matching
gene pairs were compared with aspecific responses induced by gus expression and by
co-expressing non-matching gene pairs.

Some plant species were difficult to infiltrate (e.g., soybean, rice, and maize) whereas
others showed very low levels of GUS staining (e.g., sugar beet, broad bean, and Brussels
sprouts) (data not shown). Plant species that showed severe background responses
included tomato, potato, cucumber, and pepper (data not shown). Therefore,
agroinfiliration in these plant species remains to be optimised.

Plant species that showed significant GUS staining and low background responses are
shown in Table 1. All tobacco cultivars tested showed a strong necrotic response within the
entire infiltrated area upon co-expression of matching gene pairs, while aspecific responses
remained negligible. As with tobacco cv. Petite Havana SR1, transient co-expression of the
Avr9/Cf-9 gene pair in other tobacco cultivars always resulted in a more dark brown
necrotic sector than co-expression of the Avr4/Cf-4 gene pair. Nicotiana bentbamiana
and N, plumbaginifolia showed specific chlorotic responses, often with a necrotic centre,
In N. clevelandii, specific necrotic responses were only visible at the site of infiltration,
whereas GUS staining was also present at more distal sites. In N. glutinosa, specific
necrosis developed within 7 days, whereas aspecific necrosis developed later. In Petunia,
a specific chlorotic response developed with both gene pairs. The observation that all
solanaceous species that were tested showed necrotic or chlorotic responses upon
co-expression of Aor9/Gf-9 and Avr4/Gf-4 suggests that components that are required for
Avr/Cf-induced responses are conserved within this family.

Transient expression of Avr/Cf gene pairs in the non-solanaceous species Arabidopsis,
radish, lupine, pea, and flax did not induce any chlorotic or necrotic responses (Table 1),
even though significant GUS staining and low aspecific responses were observed (Figure
44). In lettuce, which showed clear GUS staining and low aspecific responses, a necrotic
response was induced upon co-expression of the Avr4/Cf-4 gene pair, whereas expression
of Avr4 and Cf-4 in non-matching combinations with Gf-9 and Avr9, respectively, did not
induce necrosis (Figure 4B}. Surprisingly, co-expression of the Apr/Cf-9 gene pair in
lettuce did not result in necrosis under the conditions tested.
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