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In its simplicity and testability, Flor’s gene-for-gene hy-
pothesis has been a powerful driver in plant immunity re-
search for decades. Once the molecular underpinnings of 
gene-for-gene resistance had come into sharper focus, there 
was a reassessment of Flor’s hypothesis and a name change 
to effector-triggered immunity. As implied by the name 
change and exemplified by pioneering studies, plant immun-
ity is increasingly described in terms of protein rather than 
genetic interactions. This progress leads to a reinterpreta-
tion of old concepts of pathogen recognition and resistance 
signaling and, of course, opens up new questions. Here, we 
provide a brief historical overview of resistance gene func-
tion and how a new focus on protein interactions can lead 
to a deeper understanding of the logic of plant innate 
immunity signaling. 

Gene-for-gene. 
Despite the rapid adoption of the term “effector-triggered 

immunity” to replace “gene-for-gene resistance”, it is probably 
fair to say that the historic and visual image of the gene-for-
gene hypothesis is still with many of us. Gene-for-gene im-
plies a one-on-one relationship between a pathogen avirulence 
(avr) gene and a plant resistance gene. “Recognition” of the 
avr gene by the resistance gene was envisioned to trigger a 
classical signal-transduction cascade to effect plant resistance 
(Flor 1971). The gene-for-gene hypothesis is an undisputed 
success. Apart from providing a conceptual framework, it gave 
investigators the confidence to approach the black box of plant 
innate immunity with the powerful tools of genetics and mo-
lecular biology. Since the first cloning of an avr gene 
(Staskawicz et al. 1984) and of a resistance gene (Martin et al. 
1993), many gene-for-gene pairs have been characterized in a 
large variety of plant–pathogen combinations. 

Despite or perhaps because of the success of the gene-for-
gene hypothesis, it may be time to remind ourselves that Flor, 
before developing his hypothesis with its implied binary “re-
sistant/susceptible” classification, started off with a larger 
number of phenotype classes; for example (with descending 
level of resistance), “immune, resistant, semi-resistant, moder-
ately susceptible, and susceptible” (Flor 1942). It is a testament 

to Flor’s powers of observation and abstraction, not a criticism, 
that out of this he distilled the binary system that allowed a 
genetic approach to characterizing plant immunity. However, 
as in many fields of endeavor, it is looking at the gray areas 
where new insights can now be made. Many excellent reviews 
summarize our current understanding of effector-triggered 
immunity (ETI) and its interconnections with pathogen-associ-
ated molecular pattern-triggered immunity (PTI) (Bent and 
Mackey 2007; Chisholm et al. 2006; Dodds and Rathjen 2010; 
Jones and Dangl 2006; Maekawa et al. 2011), and we will not 
attempt to duplicate them here. Rather, we would like to pre-
sent an opinionated retrospective on gene-for-gene resistance 
and a conceptual framework for current research. Given the 
vast scope of the field, we had to be selective with examples, 
and we apologize for the many important contributions to the 
field that are not mentioned here. 

Genes-for-gene. 
A large part of the research effort in the field was geared to-

ward understanding resistance gene specificity. Gene-for-gene 
immediately suggested a receptor–ligand interaction as a rea-
sonable hypothesis. That things were not quite that simple was 
exemplified by the cloning of the Arabidopsis RPM1 re-
sistance gene, which recognizes the sequence-unrelated effec-
tors AvrRpm1 from Pseudomonas syringae pv. maculicola and 
AvrB from P. syringae pv. glycinea (Grant et al. 1995). How 
could one highly specific receptor interact with two different 
proteins? Based on the pioneering work of Dangl and col-
leagues, we now know that RPM1 recognizes not the structure 
of AvrB or AvrRpm1 but the function of these effectors medi-
ated by the mutually interacting protein RIN4 (Mackey et al. 
2002). RIN4 interacts with at least two additional bacterial 
effectors (Axtell and Staskawicz 2003; Mackey et al. 2003; 
Wilton et al. 2010) but only the interaction with AvrB or 
AvrRpm1 leads to phosphorylation of RIN4, which appears to 
be the signal to activate RPM1 (Liu et al. 2011). And, although 
the effectors have not been identified yet, the fact that the to-
mato Mi protein provides resistance to several species of root-
knot nematodes (Meloidogyne spp.) (Milligan et al. 1998), the 
aphid Macrosiphum euphorbiae (Rossi et al. 1998), and the 
whitefly Bemisia tabaci (Nombela et al. 2003) is a graphic ex-
ample of multispecific resistance proteins. 

Gene-for-genes. 
As for increased complexity on the plant side, several exam-

ples of dual resistance protein systems have been described in 
recent years. In the tobacco species Nicotiana benthamiana, 
the Tobacco mosaic virus Toll-interleukin-1 receptor nucleotide-
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binding leucine-rich repeat (TNL) resistance protein N requires 
the coiled-coil nucleotide-binding leucine-rich repeat (CNL) 
protein NRG1 for function (Peart et al. 2005). Similarly, the 
two linked Arabidopsis TNL resistance genes RPS4 and 
RRS1 are required for resistance to avirulent strains of the bac-
teria P. syringae and Ralstonia solanacearum and the fungal 
pathogen Colletotrichum higginsianum (Birker et al. 2009; 
Narusaka et al. 2009), and the two linked TNL genes RPP2A 
and RPP2B together provide resistance to the Hyaloperono-
spora arabidopsidis isolate Cala2 (Sinapidou et al. 2004). 
Therefore, this is probably more common than recognized. 
When identifying a resistance gene by mutagenesis or natural 
variation, genetics often identifies a single gene that is nonfunc-
tional or missing in the susceptible mutant or variety. Func-
tional genes in common in the resistant and susceptible plants 
are not recognized by this approach. 

However, these dual resistance gene systems, where resis-
tance is compromised in the absence of either resistance gene, 
are not the equivalent of RPM1 recognizing both AvrRpm1 
and AvrB. One example of diverse resistance proteins recog-
nizing the same effector was provided by the cloning of the 
soybean resistance gene Rpg1-b that recognizes AvrB (which, 
after all, had been isolated from P. syringae pv. glycinea). As it 
turned out, Rpg1-b and RPM1 are not orthologous genes. In 
effect, therefore, two different resistance genes recognize 
AvrB. Rpg1-b most likely guards a soybean RIN4 ortholog or 
RIN4-like protein, because Rpg1-b-mediated resistance to 
AvrB is compromised by AvrRpt2 (Ashfield et al. 2004). The 
AvrRpt2 protease cleaves several Arabidopsis proteins that 
share amino acid sequences with the RIN4 cleavage motif 
(Chisholm et al. 2005; Kim et al. 2005). Any one of these viru-
lence targets could be guarded by a resistance protein, and dif-
ferent plant species may convergently evolve recognition of a 
particular effector protein by guarding different virulence tar-
gets, similar to the convergent evolution of effectors exempli-
fied by avrRpm1 and avrB (McDowell 2004). 

Perhaps more straight-forward in terms of cross-talk is the 
situation described by Kim and associates (2009): even though 
there seems to be a clear specificity of RPM1 for AvrRpm1/ 
AvrB and of RPS2 for AvrRpt2, Kim and associates observed 
that rpm1 RPS2 plants are more resistant to bacteria express-
ing AvrRpm1 than rpm1 rps2 plants. In other words, RPS2 
provides some level of AvrRpm1 recognition, most likely be-
cause both RPM1 and RPS2 interact with the effector target 
RIN4. Although the plant is pretty good at distinguishing be-
tween RIN4 phosphorylation in response to the presence of 
AvrB/AvrRpm1 that triggers RPM1, and RIN4 cleavage by 
AvrRpt2 that triggers RPS2, this distinction is not perfect be-
cause these proteins reside in a common complex. 

Genes-for-genes. 
It is easy to extrapolate from observations made with RPM1, 

RPS2, and RIN4 to resistance proteins that show more overlap 
in their recognition specificity. We should expect that no re-
sistance protein displays absolute specificity, whether recogni-
tion occurs indirectly, as with RPM1 and RPS2, or directly, as 
with L6 (Dodds et al. 2006). Perhaps the gene-for-gene hypothe-
sis has led us to view ETI a bit too cleanly, reinforced by ge-
netics where pursuit of low-hanging fruit favors cloning of 
uniquely strong resistance gene specificities. It is perhaps time 
to go back to Flor’s original classifications, recognizing that 
some quantitative resistance may, in fact, constitute weaker re-
sistance gene specificities. But how do we sort this all out? 

It is becoming clear that genetics, as powerful as it has been 
to get the foot in the door, can only go so far in working out 
the molecular mechanisms of ETI. Instead, determining the 
immune interactome will provide a more direct way to de-

scribe molecular mechanisms of specificity and signaling. It is 
tempting to fit genetic data into schematic pathways with 
arrows that can be misleading. For example, based on the ob-
servation that mutations in NDR1 abolish resistance mediated 
by the three resistance genes RPM1, RPS2, and RPS5 (Century 
et al. 1995), it is natural to assume that NDR1 encodes a sig-
naling component that transduces the resistance signal from 
these resistance proteins. A very different model is proposed 
by findings that suggest NDR1 is a glycosylphosphatidyl ino-
sitol-modified protein anchored to the extracellular side of the 
plasma membrane that interacts with RIN4 via its cytoplasmi-
cally localized N-terminus (Coppinger et al. 2004; Day et al. 
2006). RIN4, in turn, interacts with RPS2 and RPM1 (Axtell 
and Staskawicz 2003; Mackey et al. 2003, 2002) and, interest-
ingly, the pathogen-associated molecular pattern recognition 
receptor FLS2 may be an additional component of this protein 
complex (Qi et al. 2011). NDR1, rather than a signaling inter-
mediate, appears to function as an adaptor protein that assures 
proper localization and assembly of an immune recognition 
complex that likely includes resistance proteins guarding basal 
immune receptors. Interestingly, NDR1 may have acquired this 
function because of its involvement in maintaining plasma 
membrane integrity, a cellular process likely to be targeted by 
pathogens (Knepper et al. 2011). 

Similarly, ENHANCED DISEASE SUSCEPTIBILITY1 
(EDS1) was proposed to encode a bona fide signaling compo-
nent based on genetics. EDS1 was originally identified in a 
screen for susceptible mutants to several isolates of H. arabi-
dopsidis (Parker et al. 1996) and is highly conserved in plants 
(Gao et al. 2010; Hu et al. 2005; Liu et al. 2002; Peart et al. 
2002). As the name implies, mutations in EDS1 reduce the basal 
level of plant resistance to virulent pathogens. Subsequently, 
EDS1 was also shown to be specifically required for immunity 
mediated by resistance proteins of the TNL class, whereas 
NDR1 was genetically necessary for resistance mediated by 
some CNL proteins (Aarts et al. 1998). EDS1 encodes a lipase-
like protein but the biochemical function (if any) is unknown 
(Falk et al. 1999; Wiermer et al. 2005). 

Because of the dependence of multiple TNL proteins on 
EDS1, it was again assumed that EDS1 constituted a common 
downstream signaling component for TNL proteins. Recently, 
however, it was shown that EDS1 is a direct target of at least 
two sequence-unrelated effectors, AvrRps4 and HopA1, and is 
guarded by the TNL proteins RPS4, RPS6, and SNC1 
(Bhattacharjee et al. 2011; Heidrich et al. 2011). The co-locali-
zation of both RPS4 and SNC1 with the effector target EDS1 
is likely to provide the basis for the observation that, in the ab-
sence of RPS4, SNC1 contributes to AvrRps4-triggered resis-
tance (Kim et al. 2010). 

Therefore, if both NDR1 and EDS1 are constituents of pro-
tein complexes with their respective class of resistance pro-
teins, can they still be considered “downstream” signaling 
components? And, is it even appropriate to talk about “up-
stream” and “downstream” within a complex, or within a sig-
naling module that upregulates itself in a circular feed-back 
loop, as does the EDS1 module (Rustérucci et al. 2001)? In 
essence, how is the wiring for effector-triggered signaling con-
figurated? 

Short-circuiting signaling. 
Ever since the isolation of the first resistance genes, elucida-

tion of downstream signaling pathways has been the focus of 
much research. Genetics, however, failed to deliver a linear 
arrangement of stepwise signaling components in ETI. Two 
major factors likely contribute to the difficulty in identifying 
signaling proteins in ETI: redundancy and a short signaling 
pathway. Redundancy is very common across evolutionary di-
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verged genomes. Signal transducers such as kinases, phospha-
tases, and transcription factors are often encoded by large gene 
families. In the yeast genome, nearly a third of gene families 
function in signal transduction (Kafri et al. 2009). Plants are 
not much different in composition of redundant signaling com-
ponents (Chory and Wu 2001; Cutler and McCourt 2005). 

In addition to gene redundancy, it is also more relevant to 
think of signaling webs rather than a linear signaling pathway, 
which can lead to robustness against single gene loss because 
of the network architecture (Salathé and Soyer 2008). Just as a 
spider web can overcome the loss of individual strands, robust 
signaling systems can mostly compensate for losses of single 
constituents or sectors. With its essential but also potentially 
deleterious function in protecting the plant from invaders, ETI 
signaling is a prime example of a process that needs to be 
embedded in a robust and well-controlled system that can 
withstand the loss of individual elements due to effector at-
tack. Indeed, the ETI response network recently was shown 
experimentally to possess a robust architecture (Tsuda et al. 
2009), and the characteristic features of such plant signal trans-
duction processes have been excellently outlined in several 
review articles (Katagiri and Tsuda 2010; Trewavas 2002). 

However, gene redundancy and network robustness cannot 
explain everything in ETI signaling, and is usually not an 
insurmountable problem. If no signaling intermediates can be 
identified, perhaps they simply do not exist. It is difficult to 
prove the absence of something but a number of short signal-
ing pathways have been characterized. The functioning of the 
glucocorticoid receptor (GR) in animals, a ligand-activated 
nuclear hormone receptor, is a classic example (Yudt and 
Cidlowski 2002). In addition to the ligand-binding domain, the 
GR itself also contains a DNA-binding domain. Conforma-
tional changes induced by ligand association promote nuclear 
uptake, binding to specific DNA elements, and promotion of 
target gene transactivation. Such a dual function of a receptor 
as a sensor and transducer protein obviates the need for signal-
ing intermediates. Closer to home, an example of a signaling 
process displaying both redundancy and short pathway length 
is phytochrome signaling. Light-dependent translocation of 
PhyA and PhyB to the nucleus promotes interaction and subse-
quent degradation of members of the PHYTOCHROME IN-
TERACTING FACTOR protein family, which repress photo-
morphogenesis (Leivar et al. 2009; Shen et al. 2008; Shen et 
al. 2007b). 

Could the robust and rapid nature of ETI defenses recruit 
guards or guardees as direct messengers? The presence of 
many effectors is first sensed in the cytoplasm, and a frequent 
result of ETI is transcriptional reprogramming of hundreds of 
genes (Caldo et al. 2004; Tao et al. 2003). Interestingly, an 
increasing number of resistance proteins have been shown to 
interact with transcription factors once activated. For example, 
the barley MLA10 resistance protein interacts with WRKY1 
and WRKY2 when activated by the powdery mildew effector 
AvrA10. Both WRKY proteins function as transcriptional 
repressors of PTI responses. Interaction of these WRKY pro-
teins with MLA10 inhibits transcriptional repression, hence 
activating immune responses (Shen et al. 2007a). Therefore, a 
nuclear pool of MLA10 is required for ETI defenses. An even 
more direct connection between signal reception and transcrip-
tional regulation may occur with Arabidopsis RRS1, a TNL 
resistance protein with a unique WRKY transcription factor-
type DNA-binding domain at the C-terminus. When activated 
by the corresponding effector PopP2, RRS1 relocalizes to the 
nucleus (Deslandes et al. 2003; Rivas 2011). However, it has 
not been established yet whether the RRS1 WRKY domain 
induces ETI genes, and the vast majority of resistance proteins 
do not contain known DNA-binding domains. 

Several resistance proteins in addition to MLA10 were 
found to be enriched or required in the nucleus following acti-
vation for mounting an effective ETI; for example, N, SNC1, 
and RPS4 (Burch-Smith et al. 2007; Cheng et al. 2009; 
Wirthmueller et al. 2007; Zhu et al. 2010a). In almost all of 
these cases, resistance proteins are located in both the cyto-
plasm and the nucleus at resting state. Effector-dependent acti-
vation results in changes in the equilibrium distribution of 
these proteins. Mutating potential nuclear localization sequences 
of RPS4 abolishes its function in AvrRps4-triggered immunity 
(Wirthmueller et al. 2007). Forced partitioning of barley 
MLA10 and tobacco N to the cytoplasm by fusions with nu-
clear exclusion sequences (NES) results in the loss of ETI re-
sponses to the corresponding elicitors AvrA10 and p50, re-
spectively (Burch-Smith et al. 2007; Shen et al. 2007a). These 
examples raise the possibility that, in at least some systems, an 
effector-induced alteration in the nucleo-cytoplasmic distribu-
tion of the resistance protein is necessary to trigger ETI re-
sponses. However, because these resistance proteins exist in 
multiple cellular pools even before elicitation, it has been diffi-
cult to prove that individual resistance protein molecules move 
to the nucleus. Nevertheless, a tight correlation between nu-
clear localization and activation of constitutive defenses was 
observed with the autoactivated resistance protein snc1-1 and 
intramolecular suppressor mutants of this protein (Zhu et al. 
2010a). 

Also, it does not have to be the resistance protein that relo-
calizes as a direct signal carrier. At least for one RIN4 guard, 
RPM1, activation and signaling does not require a change in 
localization away from the plasma membrane (Gao et al. 
2011). Conceptually, direct signaling by relocalization could 
also be achieved by an accessory protein of the resistasome 
guarded by a resistance protein. Excitingly, RIN4 fragments 
were recently shown to persist, and one of the fragments to 
change localization, after processing by AvrRpt2, the protease 
effector that triggers RPS2 via RIN4 cleavage (Afzal et al. 
2011). RIN4 cleavage was originally interpreted as inactivat-
ing and removing RIN4, because RPS2 is constitutively active 
in an rin4 null mutant. However, unlike full-length RIN4, 
which is tethered to the plasma membrane via C-terminal pal-
mitoylation, an active fragment of RIN4 is soluble and, there-
fore, has an altered localization after effector perception. In the 
case of RIN4, the AvrRpt2-generated fragments are potent 
suppressors of PTI but, in other cases, guardee fragments 
could be the activators of ETI. Interestingly, in the presence of 
wild-type RIN4, RPM1, and RPS2, modified RIN4 proteins 
that cannot attach to the plasma membrane are constitutive 
activators of ETI-type responses (Afzal et al. 2011). 

The recent identification of EDS1 as a direct target of at 
least two unrelated bacterial effectors may also necessitate a 
reevaluation of EDS1’s signaling role (Bhattacharjee et al. 2011; 
Heidrich et al. 2011). EDS1 has multiple interaction partners 
in several cellular compartments: it forms homo-dimers and 
hetero-dimers with PAD4 in the nucleus and cytoplasm (Feys 
et al. 2001), and ternary complexes with PAD4 and SAG101 in 
the nucleus (Zhu et al. 2011). An eds1 mutant is severely im-
paired in defenses to multiple virulent pathogens, implicating 
EDS1 as a central regulator of basal defenses. In this function, 
the EDS1-PAD4 complexes are essential (Rietz et al. 2011). 
However, EDS1 also has a central function in ETI specifically 
triggered by the TNL family of resistance proteins (Aarts et al. 
1998). This limited role of EDS1 in ETI may, in large part, be 
based on the physical association of distinct EDS1 pools with 
only the TNL family of resistance proteins such as RPS4, 
RPS6, and SNC1 (Bhattacharjee et al. 2011; Heidrich et al. 
2011; Kim et al. 2010); in essence, a guard–guardee relation-
ship between EDS1 and TNL proteins. Thus, distinct EDS1 
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complexes have defined roles in PTI and ETI. To complicate 
matters more, nuclear pools of not only the EDS1-interacting 
resistance proteins RPS4 and SNC1 but also of EDS1 itself 
have been implicated in ETI. The nuclear pool of EDS1 is 
increased during activated ETI, and reducing nuclear EDS1 
accumulation using NES fusions reduced ETI mediated by 
RPS4 and RPP4 (García et al. 2010). Therefore, EDS1 may 
provide an example for a defense protein that does double duty 
as a direct messenger in ETI. 

The signaling web. 
Whereas ETI signaling might be characterized by short and 

direct signaling, basal immunity and the resulting response to 
pathogens are characterized by a redundant web-like structure. 
Katagiri and Tsuda (2010) recently described this communica-
tion network, consisting of signaling sectors that channel in-
formation toward induction of plant defenses. PTI responses, 
according to these authors, are characterized by slow responses 
and by sector cooperativity, features that make PTI vulnerable 
to perturbation by pathogen effectors. However, effector-medi-
ated alterations are proposed to be less effective in preventing 
ETI because the signaling sectors are adapted to function in a 
compensatory mode, a property the authors called sector-
switching. For this switching to occur, signals through the pro-
posed sectors are likely integrated and interpreted at highly 
connected nodes, or hubs. Major hubs in plant systems have 
been described in several excellent reviews and can represent 
proteins of diverse functions such as cytoskeletal components 
and transcription factors (Dietz et al. 2010; Leivar and Quail 
2010; Nibau et al. 2006). 

Given this network structure, it would make sense for a 
pathogen to target hubs in its attempt to block plant immunity. 
This is what was recently found in a large-scale protein inter-

action study probing the Arabidopsis interactome with effec-
tors (Mukhtar et al. 2011). One such hub, PREFOLDIN6, is an 
interactor of EDS1, and is a direct target of several effectors 
(Mukhtar et al. 2011). In addition to sector switching, the ro-
bustness of ETI was proposed to derive from the speed with 
which defenses are triggered (Katagiri and Tsuda 2010). We 
propose that this is achieved by resistance proteins guarding 
hubs, or by resistance proteins directly intercepting effectors 
that target hubs, and relying on a short and direct signaling 
pathway. In this way, ETI jumps the gun and bypasses most of 
the signaling network to rapidly induce an assembly of sectors 
(Fig. 1). Such a direct signaling system has the added ad-
vantage of being less prone to interception and disruption by 
effectors. The difference between cooperative (PTI) and switch-
ing (ETI) sector modes may also be the result of signal strength: 
whereas a weak signal needs to be reinforced by the joined 
output of several sectors, a strong signal has enough energy to 
overflow into other sectors. It will be important to identify the 
molecular mechanisms of these different network behaviors. 

The importance of adaptor proteins  
in an interconnected signaling web. 

In such an interconnected web of protein interactions and 
booby-trapped hubs, what prevents random fluctuations and 
innocuous perturbations from triggering a full-blown response? 
An important safeguard is that the abundance of signaling-
competent resistance and defense proteins is carefully titrated 
with the help of co-chaperones and by regulating protein turn-
over (Cheng et al. 2011; Lu et al. 2011; Shirasu 2009). A re-
lated question is how resistance protein specificity in ETI is 
maintained if multiple effectors attack hubs like RIN4 or 
EDS1. A certain level of cross-talk is to be expected but, in 
general, the specificity of ETI is quite remarkable and provides 

Fig. 1. Schematic and simplified model of plant immune signaling. Left: Genetic model of a generic signal transduction cascade. Middle: Pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI) mediated by plasma membrane receptors that feed into a signaling web (top). Signals are 
transduced to cellular processing units (middle) that convert incoming signals into appropriate outputs such as transcriptional reprogramming or protein 
trafficking (bottom). Right: Effector-triggered immunity (ETI) mediated by resistance proteins (rectangles) bypasses signal transduction steps and directly
activates defenses. These resistance proteins guard hubs in the signal transduction or in the output network, or intercept effectors targeting such hubs (not 
shown). For clarity, only a single cellular process is shown in this simplified scheme. In reality, several interconnected processes would orchestrate the plant 
defense response, increasing the complexity of the web. 
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some protection against an inappropriate response to noise. As 
discussed above, in the case of RIN4, resistance protein speci-
ficity arises from markedly different modifications to RIN4 
caused by effectors that target this guardee. With a guardee 
like EDS1, an additional molecular basis of specificity may 
consist of guarding separate EDS1 subpools with different re-
sistance proteins. Effectors targeted to different cellular com-
partments would then trigger distinct resistance proteins. The 
specificity and distribution of resistance proteins would lead to 
a reduction in background noise emanating from any one com-
plex in the absence of pathogens. However, in a way, that only 
pushes the problem of specificity back one level. To under-
stand specificity of protein interactions in eukaryotes, one 
needs to consider the important function of adaptor proteins. 

The term “adaptor protein” was coined for scaffold proteins 
mainly in the animal innate immune system such as SLP-76, 
LAT, Dok, NLRC4, and others that regulate signaling by medi-
ating protein interactions at specific times and locations in the 
cell (Isakov 2008; Jordan et al. 2003; Kofoed and Vance 2011; 
Medeiros et al. 2007). Such adaptor proteins can positively 
regulate immune responses by assembling functional signal-
osomes, or negatively regulate them by, for example, seques-
tering proteins or stabilizing protein interactions that need to 
be disrupted for signaling to occur. The Arabidopsis immune 
regulator SRFR1 seems to fit the latter role, and led to the 
characterization of the EDS1 resistasome. SRFR1 is a tetratri-
copeptide repeat (TPR) containing protein that was initially 
identified as a negative regulator of TNL-specific plant defenses 
(Kim et al. 2010; Kwon et al. 2009). SRFR1 forms cytoplasmic 
complexes with the resistance protein co-chaperone SGT1; the 
TNL resistance proteins RPS4, SNC1, and RPS6; and EDS1 
(Bhattacharjee et al. 2011; Kim et al. 2010; Li et al. 2010). 
This diversity of SRFR1 interactors is suggestive of an adap-
tor-like function of SRFR1 although, to date, not all of these 
interactions have been shown to be direct. SRFR1 interaction 
with SGT1 may affect resistance protein accumulation (Li et 
al. 2010). However, it was also found that the effectors 
AvrRps4 and HopA1 directly target EDS1, the cognate resis-
tance proteins RPS4 and RPS6 guard EDS1, and the presence 
of effectors disrupts EDS1 interactions with RPS4 and RPS6 
(Bhattacharjee et al. 2011; Heidrich et al. 2011). Therefore, 
SRFR1 associations with these TNL proteins and with EDS1 
may influence resistance protein specificity by regulating how 
easily EDS1-TNL protein interactions are disrupted by effec-
tors (Bhattacharjee et al. 2011; Kim et al. 2010). This would 
explain why srfr1 mutants are able to mount a certain level of 
ETI to some effectors in the absence of the corresponding re-
sistance protein. 

Interestingly, it may be disordered regions in the SRFR1 
protein that help it maintain order in the ETI network. Interac-
tomics studies with eukaryotic organisms have identified dis-
ordered proteins as over-represented among protein interaction 
hubs (Gsponer et al. 2008; Haynes et al. 2006). Disordered do-
mains do not fold into defined rigid structures but adopt con-
formations that are constantly modulated to form diverse inter-
action interfaces, or only adopt a defined structure once the 
disordered domain interacts with a binding partner. For SRFR1, 
two disordered regions predicted by computational analysis, 
one between TPR repeats 2 and 3 and the other at the C termi-
nus, may enable SRFR1 to interact with multiple proteins. An-
other feature of disordered proteins is a phenomenon known as 
dosage sensitivity, meaning that they are deleterious to the host 
when overexpressed (Vavouri et al. 2009). When the steady 
state balance of these proteins is shifted by overexpression, the 
disordered domains are thought to engage in indiscriminate 
ectopic interactions, resulting in lethality. This process has 
been linked to several types of cancer and neurodegenerative 

diseases (Uversky et al. 2008). Therefore, it may be relevant to 
the function of SRFR1 that attempts to overexpress SRFR1, 
whether transiently or stably, failed repeatedly (S. Bhattacharjee 
and W. Gassmann, unpublished). 

In addition to the cytoplasmic complexes, a fraction of 
SRFR1-EDS1 complexes are located in the nucleus. This pool 
may further contribute to the nature of signaling by interacting 
with specific nuclear proteins. Interestingly, one of the SRFR1-
interacting resistance proteins, SNC1, was shown to interact 
with the transcriptional co-repressor TOPLESS-RELATED 1 
in the nucleus (Zhu et al. 2010b). As was pointed out previ-
ously (Katagiri and Tsuda 2010), ETI responses are, therefore, 
likely to be determined by multiple factors, among which are 
the strength and timing of effector sensing by the cognate resis-
tance protein, and alteration in the host protein interactome 
that these effectors cause. 

Conclusions. 
The last decades have provided us with a huge increase in 

our understanding of the plant innate immune system. As is of-
ten the case, this influx of information has necessitated a reas-
sessment of neat and orderly hypotheses that might fit select 
cases but do not capture the messiness of a live biological sys-
tem. One thing is certain: the complexity will increase. The 
challenge in the field will be to understand the spatial and tem-
poral dynamics of ETI protein interactions and activities, and 
how these processes are embedded in the wider underlying 
matrix of the plant innate immune system. We believe that un-
derstanding the function of adaptor proteins will be one im-
portant aspect in sorting this out. By regulating adaptor pro-
teins, the plant may have flexibility in fine-tuning the trigger 
point and specificity of ETI, thus optimizing resource alloca-
tion to the immune system. This would be a way to build some 
malleability into an immune system that has to rely on genet-
ically predetermined recognition specificities. From this angle, 
systemic acquired resistance could be viewed as a state of 
ramped-down immune specificity in response to previous 
pathogen attack, making the plant more likely to respond to 
any foreign elicitor for which it does not actually possess a 
highly specific receptor. Despite much progress, there is no 
end in sight in what we can learn from the plant innate im-
mune system. 
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