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Elucidation of the molecular basis of gene-for-gene
interactions between disease-resistance (R) genes and
pathogen avirulence (avr) genes has been a Holy Grail
of plant pathology for the past decade. Recent studies
of the R-avr interaction between RRS1-R and popP2 by
Laurent Deslandes et al. provide new insights and sug-
gest a direct physical association of the encoded pro-
teins in support of a simplistic receptor-ligand model.
However, careful consideration of the experimental
findings reveals that they could also be explained by
molecular linker proteins that mediate formation of a
PopP2 and RRS1-R uniting complex.

Half a century ago, Harold Flor’s historical landmark
publication revealed that the interaction between flax and
flax rust is governed by single resistance (R) genes in the
plant and complementary avirulence (avr) genes in the
pathogen [1]. Based on this strictly genetic model of gene-
for-gene resistance, many scientists envisaged R proteins
as receptors that specifically bind to a matching Avr ligand
to activate the defense machinery of the plant [2]. Isolation
of more than 40 R genes [3] has revealed that most encode
proteins with a predicted nucleotide-binding (NB) site and
leucine-rich-repeats (LRRs). LRRs from other proteins
have been found to participate in protein—protein inter-
actions [4] and, thus, R protein structure is in agreement
with the postulated receptor—ligand model. Yet, until
recently, a direct interaction between an NB—LRR-type R
protein and a corresponding Avr effector had only been
shown for the rice Pi-ta protein and the matching AVR-
Pita protein from the fungal pathogen Magnaporthe grisea
[5]. Further empirical evidence for direct interaction of
NB-LRR-class R proteins and corresponding Avr proteins
is scarce, and this stimulated formulation of the guard
model, in which NB-LRR proteins act as guardians of
host proteins, which themselves are targeted by pathogen
Avr proteins (Box 1). Currently, molecular evidence in
favor of the receptor-ligand or the guard hypothesis is
limited to a few model systems and therefore which model
represents the more common mode of R protein action
remains uncertain.
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Structural features of PopP2, the RRS1-R Avr
component, imply interference with the SUMOylation
status of the proteome of the host

Recent findings about the Arabidopsis thaliana NB-LRR-
type R protein RRS1-R and its cognate Ralstonia solana-
cearum Avr protein PopP2 provide fresh insights into
the molecular principles that govern Avr—R interactions.
Like the majority of Arabidopsis NB—LRR proteins,
RRS1-R contains an N-terminal TIR (similarity to Toll
interleukin-1-receptor) domain. Yet, in addition to the
TIR-NB-LRR region, RRS1-R also contains a WRKY
transcription-factor-like region at its C-terminus, a fea-
ture unique among known R proteins. Laurent Deslandes
and colleagues [6] identified the RRS1-R Avr determinant
PopP2 by systematic knockout of R. solanacearum candi-
date type-III effectors [6]. PopP2 belongs to the Yopd/
AvrRxv family, a type-III effector class that is conserved
between mammalian and plant pathogens and that struc-
turally resembles the yeast ubiquitin-like protease 1
(Ulpl) [7]. Ulpl mediates proteolytic maturation or
removal of a small ubiquitin-related modifier (SUMO),
an ubiquitin-like tag that is attached to target proteins
post-translationally [8]. Various types of stresses induce
accumulation of SUMO conjugates in Arabidopsis [9] and
humans [10,11], suggesting that SUMO conjugation is a
phylogenetically conserved stress response. Given that
PopP2 belongs to a type-III effector family that is con-
served between plant and animal pathogens, it is tempting
to speculate that Ulpl-like bacterial type-III effectors act
antagonistically to SUMO modification systems of the host
to silence the intruder alert system.

In planta localization studies and Y2H data indicate
spatial interplay between RRS1-R and PopP2

Many molecular studies of bacterial Avr proteins have
uncovered eukaryotic targeting signals that mediate traf-
ficking to subcellular destinations within the host cell [12].
PopP2 contains a putative N-terminal nuclear localization
signal (NLS), a motif that binds to importin-a to facilitate
movement into the nucleus [13]. Tagging of PopP2 with the
fluorescent tracers GFP (green fluorescent protein) and
RFP (red fluorescent protein) facilitated subcellular
localization in planta and confirmed that PopP2 is
targeted to the nucleus of the host. In contrast to PopP2,
RFP- or GFP-tagged variants of the matching RRS1-R
protein were not detectable by fluorescence microscopy,
indicating that RRS1-R is either a low-abundance protein
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Box 1. History of the guard model
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R genes were originally defined as single loci that confer resistance to
otherwise susceptible plant genotypes [18]. This definition does not
imply any information about the structure or the function of R gene-
encoded proteins. Isolation of more than 40 R genes revealed that
the vast majority encodes nucleotide binding-leucine-rich repeat
(NB-LRR) proteins [3]. Because of their prevalence and their structure it
was postulated that NB-LRR-type R proteins determine recognition of
pathogen-derived Avr ligands by direct interaction [19].

However, the first Avr-R interaction was reported between
Pseudomonas syringae AvrPto and the matching tomato Pto kinase,
a structurally atypical R protein [20,21]. Notably, Pto-mediated
defense depends on the NB-LRR protein Prf [22], which inspired
the formulation of the guard hypothesis [23]. In this model, Pto
represents a component of basal plant defense, which is inactivated
upon binding to AvrPto, an effector protein that is injected into the
plant cell by the bacterial type-Ill secretion system (Figure 1). Thus,
the postulated primary function of AvrPto is in virulence rather than
avirulence, a hypothesis that has been confirmed for AvrPto and
many other bacterial avirulence proteins [24]. The NB-LRR protein
Prf is presumed to monitor (‘guard’) the virulence target Pto and to
activate the defense system upon detection of an AvrPto-Pto
complex. Recently, many variations of the guard model have been
proposed, all involving the R protein detecting Avr protein activity
rather than structure [24-26]. However, although conceptually
fascinating, the role of Prf as a receptor for Pto or an AvrPto—Pto
complex remains speculative, which has cast doubt on the
applicability of the guard model in the context of Pto-mediated
resistance [27]. However, corroborative evidence for the guard
concept has emerged from analysis of the Arabidopsis thaliana
RIN4 protein, which interacts with both the Arabidopsis NB-LRR-
type R protein RPM1 and the cognate P. syringae AvrRpm1 and AvrB
proteins [28]. Remarkably, RIN4 also associates with Arabidopsis
RPS2, an NB-LRR-class R protein that mediates perception of the

or that the conformation of the fusion protein prevents
chromophore visualization. Remarkably, RRS1-R—RFP
was traceable to the nucleus when coexpressed with a
nuclear-targeted PopP2—-GFP, indicating that PopP2
either induces RRS1-R accumulation or modifies its
conformation so that the fluorescent tag becomes visible.
By contrast, Deslandes et al. detected RRS1-R—RFP in
the cytoplasm when coexpressed with a GFP-labeled
NLS-deletion derivative of PopP2 (PopP2 ANLS), which
is also cytoplasmically localized [6].

Thus, in planta expression studies indicate that PopP2
has two distinct effects on RRS1-R. First, it facilitates,
by an as yet unknown mechanism, visualization of an
RRS1-R—-GFP fusion protein. Second, the nuclear-targeted
PopP2 and its cytoplasmically localized NLS deletion
derivative seem to guide co-expressed RRS1-R proteins to
the same cellular compartments, respectively. The spatial
interdependency of PopP2 and RRS1-R points to a direct
interaction between the proteins (Figure 1a). Indeed, Y2H
studies suggest that RRS1-R interacts physically with
PopP2 [6]. Thus, the molecular principles of the RRS1-R—
PopP2 interplay seem generally to resemble the inter-
action of the fungal AVR-Pita protein and its matching rice
NB-LRR-type R protein Pi-ta [5].

Interpreting the PopP2-RRS1-R interaction in the
framework of the guard model

As outlined above, the findings about RRS1-R and PopP2
point to a direct Avr—R interaction in support of the
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Figure I. The guard model in the conceptual framework of Pto- and RPM1-
mediated resistance. The Pseudomonas syringae type-lll secretion system
(TTS) injects different effector proteins (pink) into the plant cytoplasm. Once
inside the host, these effectors interact with a host target protein (green),
thereby suppressing the basal plant defense. The role of the NB-LRR protein
(blue) in this model is to ‘guard’ the Avr target protein. Abbreviations: LRR,
leucine-rich repeat domain; NB, nucleotide-binding site.

P. syringae AvrRpt2 effector [29,30]. Together these findings indicate
that the activity of the P. syringae effector suite and the Arabidopsis R
protein repertoire converges on a few pivotal host pathogenicity
targets (reviewed in Ref. [31]).

receptor—ligand model. However, do these experimental
findings justify rejection of the guard model for the
RRS1-R—PopP2 interaction? Y2H studies seem to provide
the most compelling evidence for a direct interaction
between RRS1-R and PopP2. However, spatial proximity
(not necessarily direct interaction) of bait and prey hybrid
proteins is sufficient to activate Y2H-based reporter
systems [14]. Thus, as emphasized by Deslandes and
colleagues [6], the RRS1-R and PopP2-dependent Y2H
reporter activation might be because of a conserved
eukaryotic protein that facilitates formation of an
RRS1-R and PopP2-containing complex in planta and in
yeast rather than a direct interaction between RRS1-R
and PopP2.

Are there obvious candidates for a molecular linker
between RRS1-R and PopP2 that are conserved between
Arabidopsis and yeast? PopP2 contains an NLS domain
and thus is likely to associate in planta with importin «,
which itself might be guarded by RRS1-R (Figure 1b).
Importin « and its yeast homolog, karyopherin are 56%
identical and thus karyopherin could potentially substi-
tute for importin o in a postulated function as an adaptor
between RRS1-R and PopP2. In support of this model,
the PopP2 NLS deletion derivative PopP2 ANLS, does not
trigger the RRS1-R-mediated defense reaction (L. Deslandes,
S. Genin and Y. Marco, pers. commun.). However, in planta
expression of PopP2 ANLS facilitates visualization of a
GFP-tagged RRS1-R protein that, when expressed on its
own is not traceable. Thus a PopP2 NLS-deletion
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Figure 1. Proposed biochemical models of the RRS1-R-PopP2 interaction. RRS1-R might perceive PopP2 by direct interaction (a). Alternatively, the interaction between
RRS1-R and PopP2 is mediated by SUMO (b) or importin « (c). Direct or indirect interaction of RRS1-R and PopP2 leads to nuclear import of RRS1-R and activation of
defense-related genes. Abbreviations: Impa, importin «; LRR, leucine-rich repeat domain; NB, nucleotide-binding site; NLS, nuclear localization signal; S, SUMO; TIR, hom-
ologous to Toll/interleukin-1-receptor; TTS, type-Ill secretion system; WRKY, WRKY DNA-binding domain.

derivative, which is probably incapable of binding impor-
tin o, has undoubtedly an effect (direct or indirect) on
RRS1-R. Hence, our model in which importin «a is simply
an NLS-dependent clamp between RRS1-R and PopP2
requires refinement to match this experimental finding.
Another protein that might bridge PopP2 and RRS1-R
can be deduced from homologies between PopP2 and the
Xanthomonas type-III effector XopD [15]. A recent study
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on XopD has shown that this bacterial -effector
deSUMOylates host proteins [16]. Thus, PopP2 might
also act as a SUMO isopeptidase that marks SUMO as a
potential virulence target of PopP2. In many cases, SUMO
conjugation has been shown to repress transcription
factor activity [17]. Thus, given that RRS1-R contains a
transcription factor-like WRKY domain it is tempting to
speculate that the activation of RRS1-R is triggered by
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PopP2-mediated deSUMOylation (Figure 1c). In accord-
ance with this idea, RRS1-R contains potential SUMO
target sites. Arabidopsis and yeast SUMO proteins share
significant sequence homology [9]. Thus, yeast SUMO
moieties that are potentially conjugated to RRS1-R might
serve as a PopP2 interaction site that mediates activation
of the Y2H reporter genes. However, there is a caveat to
this model. A PopP2 NLS deletion derivative does not
trigger RRS1-R governed resistance, although our model
implies that nuclear targeting of PopP2 is irrelevant to its
avirulence activity.

Taken together, the correct interpretation of the avail-
able experimental data on the RRS1-R—popP2 interaction
poses an intellectual challenge. Importin o and SUMO are
potential PopP2 virulence targets that might mediate
physical association with RRS1-R in planta and in yeast.
Alternatively RRS1-R and PopP2 might interact directly.
In our view, data for this gene-for-gene interaction are
presently consistent with either the receptor—ligand or the
guard model.

Acknowledgements

I am grateful to Peter Moffett, Jason Rudd, Nick Collins, Sebastian
Schornack and Daniela Biittner for inspiring discussions and helpful
comments on the manuscript. Work in the laboratory was supported by
grants of the Deutsche Forschungsgemeinschaft (SFB 363) and the
Kultusministerium of the Land Sachsen-Anhalt (3470A/902M).

References

1 Flor, H.H. (1956) The complementary genic systems in flax and flax
rust. Adv. Genet. 8, 29-54

2 Gabriel, D.W. and Rolfe, B.G. (1990) Working models of specific
recognition in plant—microbe interactions. Annu. Rev. Phytopathol.
28, 365-391

3 Hammond-Kosack, K. and Parker, J. (2003) Deciphering plant—
pathogen communication: fresh perspectives for molecular resistance
breeding. Curr. Opin. Biotechnol. 14, 177-193

4 Kobe, B. and Kajava, A.V. (2001) The leucine-rich repeat as a protein
recognition motif. Curr. Opin. Struct. Biol. 11, 725-732

5 Jia, Y. et al. (2000) Direct interaction of resistance gene and avirulence
gene products confers rice blast resistance. EMBO J. 19, 4004—-4014

6 Deslandes, L. et al. (2003) Physical interaction between RRS1-R, a
protein conferring resistance to bacterial wilt, and PopP2, a type III
effector targeted to the plant nucleus. Proc. Natl. Acad. Sci. U. S. A.
100, 80248029

7 Lahaye, T. and Bonas, U. (2001) Molecular secrets of bacterial type III
effector proteins. Trends Plant Sci. 6, 479-485

8 Orth, K. (2002) Function of the Yersinia effector Yopd. Curr. Opin.
Microbiol. 5, 38—43

9 Kurepa, J. et al. (2003) The small ubiquitin-like modifier (SUMO)
protein modification system in Arabidopsis. Accumulation of SUMO1
and -2 conjugates is increased by stress. J. Biol. Chem. 278, 6862—6872

10 Hong, Y. et al. (2001) Regulation of heat shock transcription factor 1

11

12

13

14

15

16

17

18

19

20

2

=

22

23

24

25

26

27

28

29

30

31

by stress-induced SUMO-1 modification. <. Biol. Chem. 276,
40263-40267

Saitoh, H. and Hinchey, J. (2000) Functional heterogeneity of small
ubiquitin-related protein modifiers SUMO-1 versus SUMO-2/3. J. Biol.
Chem. 275, 6252—6258

Kjemtrup, S. et al. (2000) Effector proteins of phytopathogenic
bacteria: bifunctional signals in virulence and host recognition.
Curr. Opin. Microbiol. 3, 73-78

Kuersten, S. et al. (2001) Nucleocytoplasmic transport: ran, beta and
beyond. Trends Cell Biol. 11, 497-503

Causier, B. and Davies, B. (2002) Analysing protein—protein inter-
actions with the yeast two-hybrid system. Plant Mol. Biol. 50,855—-870
Noél, L. et al. (2002) Two novel type Ill-secreted proteins of
Xanthomonas campestris pv. vesicatoria are encoded within the hrp
pathogenicity island. J. Bacteriol. 184, 1340—1348

Hotson, A. et al. (2003) Xanthomonas type III effector XopD targets
SUMO-conjugated proteins in planta. Mol. Microbiol. 50, 377—389
Gill, G. (2003) Post-translational modification by the small ubiquitin-
related modifier SUMO has big effects on transcription factor activity.
Curr. Opin. Genet. Dev. 13, 108—113

Biffen, R.H. (1905) Mendel’s laws of inheritance and wheat breeding.
oJ. Agric. Sci. 1, 1-48

Bent, A. (1996) Plant disease resistance genes: function meets
structure. Plant Cell 8, 1757-1771

Tang, X. et al. (1996) Initiation of plant disease resistance by physical
interaction of AvrPto and Pto kinase. Science 274, 2060—2063
Scofield, S.R. et al. (1996) Molecular basis of gene-for-gene specificity
in bacterial speck disease of tomato. Science 274, 2063—2065
Salmeron, J.M. et al. (1996) Tomato Prfis a member of the leucine-rich
repeat class of plant disease resistance genes and lies embedded within
the Pto kinase gene-cluster. Cell 86, 123—-133

Van der Biezen, E.A. and Jones, J.D.G. (1998) Plant disease-resistance
proteins and the gene-for-gene concept. Trends Biochem. Sci. 23,
454-456

Martin, G.B. et al. (2003) Understanding the functions of plant disease
resistance proteins. Annu. Rev. Plant Biol. 54, 23—61

Bonas, U. and Lahaye, T. (2002) Plant disease resistance triggered by
pathogen-derived molecules: refined models of specific recognition.
Curr. Opin. Microbiol. 5, 44—50

Dangl, J.L. and Jones, J.D.G. (2001) Plant pathogens and integrated
defence responses to infection. Nature 411, 826—-833

Bogdanove, A.J. (2002) Protein—protein interactions in pathogen
recognition by plants. Plant Mol. Biol. 50, 981-989

Mackey, D. et al. (2002) RIN4 interacts with Pseudomonas syringae
type III effector molecules and is required for RPM1-mediated
resistance in Arabidopsis. Cell 108, 743—-754

Axtell, M.J. and Staskawicz, B.J. (2003) Initiation of RPS2-specified
disease resistance in Arabidopsis is coupled to the AvrRpt2-directed
elimination of RIN4. Cell 112, 369377

Mackey, D. et al. (2003) Arabidopsis RIN4 is a target of the type III
virulence effector AvrRpt2 and modulates RPS2-mediated resistance.
Cell 112, 379-389

Ellis, J. and Dodds, P. (2003) Plant pathology: monitoring a pathogen-
targeted host protein. Curr. Biol. 13, R400—R402

1360-1385/%$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tplants.2003.11.002

Botany 2004

Alpine Diversity: Adapted to the Peaks
31July - 5 August 2004
Snowbird Resort, Salt Lake City, UT, USA
For more information, please see http://www.2004.botanyconference.org/

http://plants.trends.com


http://www.trends.com

	Illuminating the molecular basis of gene-for-gene resistance; &i;Arabidopsis thaliana RRS1&hyphen;R&/i; and its interaction wit
	Structural features of PopP2, the RRS1-R Avr component, imply interference with the SUMOylation status of the proteome of the h
	In planta localization studies and Y2H data indicate spatial interplay between RRS1-R and PopP2
	Interpreting the PopP2-RRS1-R interaction in the framework of the guard model
	Acknowledgements
	References


