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RESUME
L'étude des mécanismes moléculaires de résistance des plantes aux parasites constitue un des axes
majeurs de recherche, notamment chez des plantes modèles telles que la tomate, le tabac ou A.
thaliana. L'analyse des résultats obtenus chez ces espèces montre que, malgré leur diversité, les
plantes développent des réactions de résistance similaires.  Les recherches menées portent sur deux
axes principaux : les gènes de résistances qui permettent une reconnaissance spécifique du parasite
et les gènes de défense activés suite à cette reconnaissance. Dans cet article, les résultats obtenus
chez le tournesol dans ces domaines sont résumés et comparés à ceux obtenus chez quelques plantes
modèles.

SUMMARY
Understanding the mechanisms of resistance of  crops to pathogens is an important step that can
help breeders to prevent diseases by selecting the best genotypes which are less attacked by these
pathogens. During the last decades, enormous studies have been conducted to unravel the molecular
aspects of  plant resistance. These studies often involve only a limited number of crops so-called
model plants such as tomato, tobacco or Arabidopsis. thaliana , and pathogens as diverse as viruses,
bacteria and fungi. Although these plant pathogen systems cover a wide range of host/pathogen
interactions, they involve, in many cases, related genes and metabolic pathways indicating that
resistance to pathogens in different species is basically achieved through the same process.

When studying the molecular mechanisms of plant resistance to pathogens, one has to
answer two different but complementary sets of  questions :

Is the resistance heritable ? if so,  what is the structure and the function of the gene(s)
controlling this resistance ?

Which metabolic pathways and genes are involved in the resistance process ? Are they all
essential for resistance ?



The purpose of this paper is to summarise recent progress  in  the comprehension of
resistance of plants to pathogens, and how this can help understanding the resistance of sunflower to
some of its own pathogens.

INTRODUCTION
Although some diseases were described many decades ago, the molecular interactions

between sunflowers and microbes are still poorly understood. This is probably due to the lack of a
genetically well characterised disease, which would help, in the understanding of other diseases. In
tomato for example, studies on the diseases caused by Pseudomonas syringae or Cladosporium
fulvum accelerated research concerning other diseases, mainly by providing a set of useful
molecular probes. The same is true for the systems involving tobacco/TMV and Arabidopsis
thaliana and its parasites. However, we can take advantage of the knowledge available for these
systems in order to understand some of the molecular aspects of disease resistance in sunflower. A
careful examination of what has been achieved in other crops shows that almost all the systems
studied so far correspond to the gene for gene system as postulated first by Flor (1947). In this case,
races exist among the parasite population, host resistance is race-specific and the whole process of
resistance is determined in two steps :

Step 1 : the race of the parasite is recognised by the host through the interaction  between the
products of the avirulence gene in the parasite and the resistance gene in the host. This step is
assumed to be very brief.

Step 2 : The disease becomes established (susceptibility, compatibility) or there is rejection
of the parasite (resistance, incompatibility). During this step, a wide set of genes called defense or
stress related genes, are up-regulated or down-regulated depending on the metabolic pathway in
which they are involved. At present, almost 15% of the genes identified so far in the model plant
Arabidopsis thaliana belong to this family.

The two steps described above occur in any one plant cell but can also spread to the whole
plant through a systemic response.  The purpose of this paper is to summarise recent major results
concerning both the identification and the cloning of resistance genes in sunflower and avirulence in
genes in its parasites, and the identification of sunflower defence-related  genes regulated by
parasitic infection.

CLONING OF RESISTANCE GENES IN SUNFLOWERS
All the resistance genes cloned so far  are involved in a gene for gene system as described

by Flor (1947), except the resistance gene Hm1 in maize which codes a detoxifying enzyme leading
to the inactivation of the toxin produced by the fungus Cochliobolus carbonum (Johal and Briggs,
1992). These resistance genes are effective against a diverse set of parasites including viruses,
bacteria, nematodes and fungi. Table 1 gives a non-exhaustive list of resistance genes cloned in
plants and it is expected that the number of cloned genes will increase dramatically in the near
future.





Host R genes Parasites Avr genes References

Protein Kinase Class
Tomato Pto P. syringae AvrPto Martin et al., 1993

TIR-NBS-LRR Class
Tobacco N TMV Replicase ? Whitham et al., 1994
Flax L6 M. Lini ? Lawrence et al., 1995
Flax M M. Lini ? Anderson et al.,  1997
A. thaliana RPP5 P. parasitica AvrPphB Parker et al.,  1997

LZ-NBS-LRR Class
A. thaliana RPS2 P. Syringae AvrPt2 Bent et al.,  1994,

Mindrinos et al.,  1994
A. thaliana RPM1 P. Syringae AvrRpm1 Grant et al.,  1995
Tomato Prf P. Syringae ? Salmeron et al.,  1996
Tomato  I2 P. Syringae ? Ori et al.,  1997
A. thaliana RPP8 P. parasitica ? McDowell et al.,  1998

NBS-LRR Class
Lettuce DM3 B. Lactucae ? Meyers et al. 1998

LRR Class
Tomato Cf2 C. fulvum Avr2 Dixon et al.,  1996
Tomato Cf4 C. fulvum Avr4 Parniske et al.,  1997
Tomato Cf9 C. fulvum Avr9 Jones et al.,  1994
Beet Hs1pro1 H. schachtii ? Cai et al.,  1997

LRR-Kinase Class
Rice Xa21 X. campestris AvrXa21 Song et al.,  1995

Others
Barley Mlo E. gramini ? Büschges et al.,  1997
Rice Xa1 X. campetsris ? Yoshimura et al.,  1998

Table 1 : Classification of some plant resistance genes according to their structure. TIR :
domain with homology to Toll and Interleukin Receptor. NBS : Nucleotide Binding Site. LRR :
Leucin Rich Repeats. LZ : Leucin Zipper. Some Avirulence genes are unknown or yet to be cloned
and are noted ?. TMV : Tobacco Mosaic Virus.

How do the plant resistance genes function ?
Despite the cloning of several plant resistance genes, only limited data concerning their

mode of action is available. A complete examination of the structure of the resistance genes cloned
so far suggest that these genes may be involved in two different cellular functions : i) protein



phosphorylation involving the kinase domain within genes such as Pto or Xa21, ii) Protein-protein
interactions through the LRR (Leucin rich repeats) domains such as within  the Cf genes in tomato.
Up to date, the system most completely studied is that involving Pto and AvrPto in tomato.
According to Zhou et al., 1998, after infection of a tomato line carrying the resistance gene Pto by
an avirulent strain of Pseudomonas syringae carrying the avirulence gene AvrPto, the protein from
the fungus is translocated to the host cell  via the specialised type III secretion system, where it
binds to the Pto protein. The interaction between these proteins triggers a phosphorylation cascade
leading to the activation of defence genes such as Pathogenesis-Related proteins (PR). Binding of
AvrPto to Pto induces also a phosphorylation of a protein called Pti1 (Pto Interactor) which in turn
triggers an oxidative burst and host cell death (hypersensitive reaction). This was the first so far
demonstration of the activation of defence-related genes by a resistance gene. The demonstration at
least in vitro of the binding of other Avr proteins to their corresponding resistance genes failed for
many other systems, however, the gene-for-gene specificity of different alleles of flax rust
resistance genes is determined only by the LRR region suggesting that resistance genes code
receptors for direct or indirect products of pathogen avirulence genes.

Towards the cloning of resistance genes in sunflowers
It is obvious that almost all the resistance genes are not activated on infection by pathogens

and the cloning methods exploiting the differences of  gene transcripts such as differential screening
or substractive libraries can not be used to clone them. It is noteworthy that almost all the plant
resistance genes have been cloned using either transposon tagging or map-based cloning strategies.
Transposon tagging often involves the maize Dissociation (Ds) element and unfortunately this
technique is not applicable or available in sunflowers. In contrast, many genetic maps of cultivated
sunflower have been developed recently and can be used to help clone different resistance genes.
Several loci conferring resistance to a number of sunflower pathogens have been identified and
mapped using molecular markers that can serve as starting point for chromosome walking or
chromosomes landing to clone the corresponding genes.

Sunflower rust
Lawson et al. 1998 identified two RAPD markers linked at 0.0 cM and 11 cM to the RAdv

gene conferring resistance to most of the pathotype of Puccinia helianthi identified in Australia.
These authors developed two sequence-specific markers (SCAR) from the sequences of the RAPD
markers and proposed to use them in marker-assisted selection programs. The same markers can be
used to initiate the cloning of Radv gene. In addition, the loci containing Radv is likely to contain
other resistance genes such as R1 (Lawson et al. 1998), thus providing the opportunity to clone
several related genes.

Sunflower Downy mildew



To clone genes giving resistance to Plasmopara halstedii, many molecular markers have
now been identified and mapped to the genomic region containing the major locus Pl6 for
resistance to all the known races of P. halstedii (Mouzeyar et al., 1995 ; Roeckel-Drevet et al., 1996
; Vear et al., 1997). Thirteen PCR-based specific markers, corresponding to a genomic region of
about 3 cM and spanning the Pl6 locus, have been cloned and sequenced, they all belong to the
large family of NBS-LRR (Nucleotide Binding Site-Leucin Rich Repeats) plant resistance genes. In
addition, this result suggests that that the Pl genes are probably members of a large and complex
multigene family which may evolve by inequal crossing over and genetic (???). Furthermore, the
Pl6 locus seems more complex than expected and may contain more than one Pl gene. The next
step will be the screening of a sunflower large insert library to identify the different alleles
conferring resistance to five races of P. halstedii.

CLONING OF DEFENSE RELATED GENES IN SUNFLOWERS
Of the diseases affecting sunflowers, downy mildew has probably been the most studied.

However, when compared with other plant-pathogen systems such as tomato/P. syringae or
tobacco/TMV, very little is known about the sunflower/P. halstedii interactions and considerable
effort is still required to improve our understanding of the disease.

What we do know is that infection of sunflower seedlings by P. halstedii induces a set of
biochemical and molecular responses. For example, Cachinero et al (1996) observed an earlier
induction of bb-1,3-glucanase and chitinase isoenzymes, indicating that theses hydrolases may
inhibit the fungal growth within the host tissues. Mazeyrat et al (1999) showed later that chitinase
transcripts accumulate following infection of seedlings by P. halstedii. Together, these results
suggest that the induction of this hydrolase occurs at the transcriptional level.

Cloning of defence related genes can be very rapid and easy since almost all their
corresponding transcripts accumulate following infection; thus cloning methods such as differential
screening or substractive libraries can be used. We have for example used successfully the
Differential Display Reverse Transcriptase PCR technique to isolate genes induced specifically by
infection with P. halstedii. (Mazeyrat et al., 1998). One of the genes isolated shares homology with
genes induced by auxin, suggesting that the hormonal perturbations that affect infected seedlings
may also affect the regulation of some host genes.

CONCLUSIONS AND PROSPECTS
During the last decade, many important results have been obtained concerning the molecular

aspects of disease resistance in sunflowers, both on the localisation of genomic regions involved in
this resistance and on some genes and proteins accumulating following infection. However, the
discovery of novel genes and the understanding of the complete molecular mechanisms leading to
resistance of sunflower require the merging or the exchange of the tools available world wide.

To speed up the localisation and the cloning of resistance genes, molecular probes and
libraries are probably the most important tools that need to be exchanged between scientific teams.



Furthermore, this would lead ultimately to the development of a single and robust sunflower map
which would facilitate comparisons of results obtained in different laboratories.

REFERENCES

Bent AF, Kunkel BN, Dahlbeck D, Brown KL, Schmidt R, Giraudat J, Leung J, Staskawicz
BJ: RPS2 of Arabidopsis thaliana: a leucinerich repeat class of plant disease resistance genes.
Science 1994, 265: 1856-1860.

Büschges R, Hollricher K, Panstruga R, Simons G, Wolter M, Frijters A, vanDaelen R,
vanderLee T, Diergaarde P, Groenendijk J, Topsch S, Vos P, Salamini F, SchulzeLefert P: The
barley mlo gene: A novel control element of plant pathogen resistance. Cell 1997, 88: 695-705.

Cachinero J M, Cabello F, Jorrin J, Tena M. Induction of different chitinase and b-1,3-
glucanase isozymes in sunflower (Helianthus annuus L.) seedlings in response to infection by
Plasmopara halstedii. Eur J Plant Pathol 1996, 102 : 401-405

Cai D, Kleine M, Kifle S, Harloff HJ, Sandal NN, Marcker KA, Klein-Lankhorst RM,
Salentijn EMJ, Lange W, Stiekema WJ: Positional cloning of a gene of nematode resistance in
sugar beet. Science 1997, 275:832-834.

Dixon MS, Jones DA, Keddie JS, Thomas CM, Harrison K, Jones JDG: The tomato Cf-2
disease resistance locus comprises two functional genes encoding leucine-rich repeat proteins.
Cell 1996, 84: 451-459.

Ellis J G, Lawrence G J, Luck J E Dodds P N, Identification of regions in alleles of the
flax rust resistance gene L that determine differences in gene-for-gene specificity.. The Plant
Cell 1999, 9 : 495-506.

Flor HH: Current status of the gene-for-gene concept. Annu Rev Phytopathol 1971, 9:
275-296.

Grant MR, Godiard L, Straube E, Ashfield T, Lewald J, Sattler A, Innes RW, Dangl JL:
Structure of the Arabidopsis RPM1 gene enabling dual specificity disease resistance. Science
1995, 269: 843-846.

Johal GS , Briggs SP: Reductase activity encoded by the HM1 disease resistance gene in
maize. Science 1992, 258: 985-987.

Jones DA, Thomas CM, Hammond-Kosack KE, Balint-Kurti PJ, Jones JDG: Isolation of
the tomato Cf-9 gene for resistance to Cladosporium fulvum by transposon tagging. Science
1994, 266: 789-793.

Lawrence GJ, Finnegan EJ, Ayliffe MA, Ellis JG: The L6 gene for flax rust resistance is
related to the Arabidopsis bacterial resistance gene RPS2 and the tobacco viral resistance
gene N. Plant Cell 1995, 7: 1195-1206.



Lawson WR, Goulter K C, Henry R J, Kong G A, Kochman J K. Marker-assisted selection
for two rust resistance genes in sunflower Molecular Breeding 1998, 4 : 227-234.

Martin GB, Brommonschenkel SH, Chunwongse J, Frary A, Ganal MW, Spivey R, Wu T,
Earle ED, Tanksley SD: Map-based cloning of a protein kinase gene conferring disease
resistance in tomato. Science 1993, 262: 1432-1436.

Mazeyrat F, Mouzeyar S, Nicolas P, Tourvieille De Labrouhe D, Ledoigt G. Cloning,
sequence and characterization of a sunflower (Helianthus annuus L;) pathogen-induced gene
showing sequence homology with auxin-induced genes from plants. Plant Mol. Biol 1998, 38 :
899-903.

Mazeyrat F, Mouzeyar S, Courbou I, Badaoui S, Roeckel-Drevet P, Tourvieille D, Ledoigt
G. Accumulation of defense related transcript in sunflower hypocotyls (Helianthus annuus L.)
infected with Plasmopara halstedii. Eur. J. Plant Pathol 1999, 105 : 333-340

Mc Dowell JM, Dhandaydham M, Long TA, Aarts MGM, Goff S, Holub EB, Dangl JL:
Intragenic recombination and diversifying selection contribute to the evolution of downy
mildew resistance at the RPP8 locus of Arabidopsis. Plant Cell 1998, 10: 1861-1874.

Meyers BC, Shen KA, Rohani P, Gaut BS, Michelmore RW: Receptor-like genes in the
major resistance locus of lettuce are subject to divergent selection. Plant Cell 1998, 10: 1833-
1846.

Mindrinos M , Katagiri F , Yu G-L , Ausubel FM: The A. thaliana disease resistance gene
RPS2 encodes a protein containing a nucleotide-binding site and leucine-rich repeats. Cell
1994, 78: 1089-1099.

Mouzeyar S, Roeckel-Drevet P, Gentzbittel L Vear F, Philippon J, Tourvieille de Labrouhe
D, Vear F,  Nicolas P.. RFLP and RAPD mapping of the sunflower Pl1 locus for resistance to
Plasmopara halstedii race 1.. Theor. Appl. Genet. 1995, 91 : 733-737

Ori N, Eshed Y, Paran I, Presting G, Aviv D, Tanksley S, Zamir D, Fluhr R: The I2C
family from the wilt disease resistance locus I2 belongs to the nucleotide binding, leucine-rich
repeat superfamily of plant resistance genes. Plant Cell 1997, 9:521-532.

Parker JE, Coleman MJ, Szabo V, Frost LN, Schmidt R, van der Biezen EA, Moores T,
Dean C, Daniels MJ, Jones JDG: The Arabidopsis downy mildew resistance gene RPP5 shares
similarity to the toll and interleukin-1 receptors with N and L6. Plant Cell 1997, 9:879-94.

Parniske M, Hammond-Kosack KE, Golstein C, Thomas CM, Jones DA, Harrison K, Wulff
BB, Jones JD: Novel disease resistance specificities result from sequence exchange between
tandemly repeated genes at the Cf-4/9 locus of tomato. Cell 1997, 91: 821-32.

Roeckel-Drevet P, Gagne G, Mouzeyar S, , Gentzbittel L, Philippon J, Nicolas P,.
Tourvieille de Labrouhe D, Vear F. Colocation of downy mildew (Plasmopara halstedii)
resistance genes in sunflower (Helianthus annuus). Euphytica 1996, 91 : 225-228.



Salmeron JM, Oldroyd GE, Rommens CM, Scofield SR, Kim HS, Lavelle DT, Dahlbeck D,
Staskawicz BJ: Tomato Prf is a member of the leucine-rich repeat class of plant disease
resistance genes and lies embedded within the Pto kinase gene cluster. Cell 1996, 86:123-33.

Song W-Y, Wang G-L, Chen LL, Kim H-S, Pi L-Y, Holsten T, Gardner J, Wang B, Zhai W-
X, Zhu L-H, Fauquet C, Ronald P: A receptor kinase-like protein encoded by the rice disease
resistance gene, Xa21. Science 1995, 270: 1804-1806.

Vear F , Philippon J, Mouzeyar  S , Mestries E, Roeckel-Drevet P, Tourvieille de Labrouhe
D, Nicolas. The genetics of resistance to five races of downy mildew (Plasmopara halstedii) in
sunflower (Helianthus annuus). Theor. Appl. Genet 1997, 95 : 584-589.

Whitham S, Dinesh-Kumar SP, Choi D, Hehl R, Corr C, Baker B: The product of tobacco
mosaic virus resistance gene N: similarity to Toll and the interleukin-1 receptor. Cell 1994, 78:
1101-1115.

Yoshimura S, Yamanouchi U, Katayose Y, Toki S, Wang ZX, Kono I, Kurata N, Yano M,
Iwata N, Sasaki T: Expression of Xa1, a bacterial blight-resistance gene in rice, is induced by
bacterial inoculation. Proc Natl Acad Sci USA 1998, 95: 1663-1668.

Zhou J, Tang X, Frederick R, Martin G: Pathogen recognition and signal transduction by
the Pto kinase. J Plant Sci Res 1998, 111: 353-356.


