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patterns (PAMPs) by pattern-recognition 
receptors (PRRs). This defense response is 
called PAMP-triggered immunity or PTI 
(recently reviewed in ref. 1). Pathogens 
generally breach this line of defense by 
production of virulence factors (effector 
proteins). Some of these effectors can be 
recognized by “resistance” or R proteins, 
which trigger the activation of the second 
layer of defense, called effector-triggered 
immunity or ETI. Although quantita-
tively different, both ETI and PTI share 
many physiological responses, such as 
an oxidative burst, hormonal changes 
and transcriptional reprogramming.2,3 
Furthermore, genetic studies and pro-
teomics analyses revealed that many sig-
naling components are shared between 
PTI and ETI signaling (Fig. 1), which 
means that plants employ a limited set 
of signaling pathways to regulate their 
defense responses. As depicted in Figure 
1, signaling from either ETI or PTI recep-
tors activates mitogen-activated protein 
kinase (MAPK) cascades that phosphory-
late downstream transcription regulators 
controlling expression of ‘early’ defense 
genes. PTI/ETI-activated MAPK signal-
ing primarily involves MAPK signaling 
via the kinases MPK4 and MPK3/MPK6 
(recently reviewed in ref. 4). Known 
nuclear targets of these three kinases 
include many pivotal transcriptional regu-
lators of the plant defense response such 
as WRKY transcription factors, EIN3 and 
ERF104.5-8

Recent studies revealed that in non-
infected plants, expression of early 
defense genes is actively suppressed by 
various mechanisms (exemplified in  

Upon pathogen perception plant 
innate immune receptors activate 

various signaling pathways that trigger 
host defenses. PAMP-triggered defense 
signaling requires mitogen-activated 
protein kinase (MAPK) pathways, which 
modulate the activity of transcription 
factors through phosphorylation. Here, 
we highlight that the same transcription 
factors are also targets for conjugation by 
SUMO (Small ubiquitin-like modifier). 
SUMO conjugation determines recruit-
ment and activity of chromatin-modi-
fying enzymes, and thereby indirectly 
controls gene expression. SUMO conju-
gation is essential to suppress defense sig-
naling in non-infected plants. Resistance 
protein signaling and SUMO conjuga-
tion also converge at transcription com-
plexes. For example, the TIR-NB-LRR 
protein SNC1 interacts with histone 
deacetylase HDA19 and the transcrip-
tional co-repressor Topless-related 1; 
both are SUMO targets. We present a 
model in which SUMO conjugation can 
transform transcription activators into 
repressors, thereby preventing defense 
induction in the absence of a pathogen.

MAPK Signaling and SUMO  
Conjugation Converge  

at Transcription Complexes

To resist pathogens plants primarily rely 
on their innate immune system that 
enables them to recognize invaders and 
mount defense responses. Two layers can 
be distinguished in this immune system. 
The first is activated by perception of 
conserved pathogen-associated molecular 
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and SUMOylation converge to regulate 
the same targets present in transcription 
complexes involved in defense signaling. 
Although this is a novel concept for plant 
signaling, it is mechanistically similar to 
the mammalian system where MAPK cas-
cades also converge with SUMO signaling 
to control gene expression.20

WRKY Transcription Factors  
as Targets of SUMOylation

Many WRKY transcription factors are 
associated with plant defense. We pre-
viously identified two plant genes in 
which a WRKY domain was fused to a 
SUMO protease domain. According to 
the Rosetta stone principle, this implies 
that SUMO and WRKYs might act 
together in the same pathway.15 Miller 
et al.19 revealed that indeed five WRKYs 
are SUMO1 targets (WRKY3, WRKY4, 
WRKY6, WRKY33, WRKY72). Besides 
being SUMO substrates each of them 
can also be phosphorylated in vitro by 
MAPK kinases, linking SUMOylation 
and MAPK signaling.5 Notably, many 

transcription complexes and thereby con-
trols transcription.16-18

Recent support for our working model 
comes from a large-scale proteomics 
analysis aimed at identifying Arabidopsis 
thaliana proteins that are differentially 
SUMOylated upon abiotic stress treat-
ment.19 As we predicted, many mainly 
nuclear proteins were retrieved that are 
involved in processes such as transcription, 
RNA metabolism, chromatin remodeling 
and DNA repair. Among the 350 can-
didates, especially relevant are histone 
H2B and proteins that control histone 
acetylation (e.g., GCN5, HDA19 and 
the corepressors SIN3 and TOPLESS), 
histone methylation and DNA methyla-
tion; all these proteins affect transcription 
via chromatin remodeling. Moreover, we 
noted that the list of SUMO targets con-
siderably overlapped with proteins that 
are phosphorylation targets of MPK4 
and MPK3/6 (Fig. 1). The set includes 
five defense-related WRKY transcription 
factors, EIN3, EIL1 and ERF104. This 
overlap implies crosstalk in defense sig-
naling as it shows that MAPK signaling 

ref. 6, 9 and 10). An important negative 
regulator of gene expression is the protein 
Small Ubiquitin-like Modifier (SUMO). 
SUMO is a post-translational modifica-
tion that can be reversibly conjugated to 
target proteins, similar to its well-known 
cousin Ubiquitin.11 In contrast to ubiqui-
tinylation, reversible SUMO conjugation 
only requires the actions of the SUMO 
activating enzymes SAE1/SAE2, the 
SUMO conjugating enzyme SCE1 and 
SUMO proteases. However, SUMO con-
jugation can be promoted by SUMO E3 
ligases, such as SIZ1 or HPY2 (NSE1).11,12 
Plants with disturbed SUMOylation lev-
els (like a siz1 mutant) exhibit (i) consti-
tutive expression of early and late defense 
genes, (ii) increased accumulation of the 
defense hormone salicylic acid (SA) and 
(iii) increased disease resistance.13,14 To 
explain this phenotype, we proposed 
that SUMOylation of specific transcrip-
tion factors suppresses the expression 
of early defense genes.15 This model is 
based on the notion that SUMOylation 
determines the recruitment and activ-
ity of chromatin-modifying enzymes in 

Figure 1. Pathogen perception triggers maPK-dependent phosphorylation of nuclear targets. these targets are key regulators of plant defense gene 
expression, and are themselves also SumO conjugation targets. in addition, certain effector receptors (r proteins) can interact with the chromatin-
modifying enzyme Hda19 and its corepressor tPr1. the latter two proteins are SumO targets and their SumOylation likely promotes gene repression. 
P = phosphorylation, S = SumOylation.
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SUMO conjugation and HDA19-related 
gene repression via the WRKYs to MLA10 
function. A more direct link between an 
R protein and SUMOylation is exempli-
fied by the Arabidopsis thaliana SNC1 pro-
tein. SNC1 was shown to interact directly 
with TPR1 and HDA19,10 which indicates 
that SNC1 and possibly related R proteins 
(i.e., TIR-NB-LRR proteins) interact in 
the nucleus with SUMO-modified tran-
scriptional co-repressors. These repres-
sors might prevent activation of the plant 
defense response in non-infected plants. 
The effect of SUMOylation of TPR1 
on gene expression is unknown, but it 
likely influences recruitment of TPR1 to 
HDA19 or other chromatin-modifying 
enzymes present in transcription com-
plexes. In line, the mammalian homolog 
of TPR1 (GROUCHO) interacts more 
tightly with HD1 (homolog of A. thali-
ana HDA19) upon SUMOylation.31 The 
observation that many of these co-repres-
sors are SUMO targets provides a first clue 
on how SIZ1-dependent SUMO conjuga-
tion suppresses defense-gene expression in 
non-infected plants. Future studies should 
reveal whether the direct gene targets 
of the SNC1/TPR1/HDA19 complex, 
which include the defense-signaling genes 
DND1(CNGC2) and DND2, are upregu-
lated in the siz1 mutant or in a sumo1/
amiR-SUMO1/2’ double mutant.

EIN3/EIL1, Another Mutual Target 
of MAPK Signaling and SUMO 

Conjugation

Other joint targets for both MAPK 
signaling and SUMO conjugation are 
the transcription factors EIN3 and its 
closest homolog EIN3-like 1 (EIL1). 
Phosphorylation of EIN3 by MPK6 sta-
bilizes EIN3, allowing transcriptional 
regulation of EIN3 targets.8 As part of 
the regulation of the ethylene response, 
EIN3 and its homologs are targeted for 
Ubiquitin/26S proteasome mediated pro-
tein degradation by the F-box proteins 
EBF1/EBF2. EBF1/EBF2 are themselves 
also regulated by proteolysis.32,33 Target 
genes of EIN3 and EIL1 include genes 
encoding the PAMP receptor FLS2 and 
the SID2(ICS1) protein. SID2 is the key 
enzyme for salicylic acid synthesis upon 
activation of a defense response. EIN3/

determined. Complementation studies 
with SCE1- or SUMO-fusion constructs 
could resolve this issue and reveal whether 
these SUMOylated proteins are indeed 
sequestered with MAPKs.

SUMO conjugation might also indi-
rectly influence the activity of WRKYs. 
For example, the A. thaliana WRKY38 
and WRKY62 interact with histone 
deacetylase HDA19.26 These WRKYs 
themselves act as transcriptional activa-
tors, but together with HDA19 they act as 
negative regulators of gene expression and 
defense. AtHDA19 is a SUMO target and 
SUMOylation of the highly conserved 
mammalian homolog promotes its his-
tone deacetylase activity, which results in 
gene repression.27 It will be interesting to 
investigate whether SUMO conjugation 
of HDA19 influences its interaction with 
WRKY38 and WRKY62.

In conclusion, although many details 
remain to be elucidated, the emerging pic-
ture is that the activity of at least a subset 
of WRKYs is controlled by both MAPK 
signaling and SUMOylation and that their 
balanced action controls WRKY activity 
and thereby defense gene expression.

R Protein-mediated  
Transcriptional Reprogramming 
also Converges at SUMO Targets

The R protein MLA10 interacts directly 
with two barley homologs of WRKY40,9 
which is a putative MPK4 substrate.5 A 
link between R proteins and WRKYs was 
implied before as some R proteins, such as 
RRS1-R, carry a WRKY domain.28 Shen 
et al.9 showed that WRKY40 and its clos-
est homologs WRKY18 and WRKY60 act 
as basal suppressors of defense in A. thali-
ana. They also reported that the WRKY 
homologs in barley carry an EAR-repressor 
motif in their N-termini. Although the 
functionality of this motif was not exam-
ined in this study, EAR-repressor motifs 
are linked to gene repression in that they 
recruit HDA19. In plants recruitment of 
HDA19 to EAR-repressor-containing 
proteins is mediated by two types of co-
repressor complexes: SIN3/SAP18 and 
TOPLESS.29,30 Besides HDA19, both the 
SIN3 and the TOPLESS protein families 
(including TPR1) turned out to be SUMO 
targets as well.19 Together, these data link 

WRKYs act both as activator and as repres-
sor of defense-gene expression, examples of 
which are the SUMO targets WRKY6 and 
WRKY72.21-23 Also, overexpression of the 
SUMO target WRKY4 was found to sup-
press pathogen-induced PR1 expression.24 
To explain the apparent paradox that the 
same WRKY exhibits a dual activity, we 
here propose that the SUMOylated vari-
ants might act as transcriptional repres-
sors, whereas the non-SUMOylated 
variants are activators.

SUMOylation of WRKY4 and the 
closely related WRKY3 occurred on 
the lysine residue in the SUMOylation 
consensus motif in the C-terminus 
of both proteins.19 The presence of a 
SUMOylation consensus motif in many 
WRKYs,15 besides those in four of the 
five identified SUMO targets (WRKY3, 
WRKY4, WRKY6 and WRKY72),19 
implies that SUMOylation might be a 
more generic control mechanism for this 
class of transcriptional regulators.

As outlined above SUMO and MAPK 
signaling appear to be coupled, but the 
question is now how do these modifica-
tion affect each others function on the 
same target? An interesting observation 
is that the SUMO targets WRKY33 and 
ERF104 are both sequestered by inactive 
MAPK kinases. WRKY33 is, together 
with MKS1, sequestered by MPK4. Upon 
activation of MPK4 by PTI signaling, 
WKRY33 is released from this com-
plex.6 Likewise, ERF104 is sequestered 
by MPK6, and released upon MPK6 
activation in combination with ethyl-
ene signaling.7 It is unknown whether 
SUMOylation of WRKY33 and ERF104 
has a role in sequestering them in their 
respective MAPK complexes or whether 
SUMOylation controls WRKY33/
ERF104-dependent gene repression/
activation downstream of these MAPK 
kinases. In addition, WRKY33 appears 
to be SUMOylated in response to H

2
O

2
 

treatment. Reactive-oxygen species (ROS) 
are well known signals in the plant defense 
response, suggesting that ROS signal-
ing potentially induces SUMOylation of 
WRKY33. Stress conditions such as H

2
O

2
 

treatment or heat shock are known to trig-
ger massive SUMO conjugation to a large 
set of proteins.25 The biological function 
of this mass SUMOylation remains to be 
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repressor complexes seem to be involved. 
Notably, the latter complexes are also sub-
ject to SUMO conjugation, which could 
provide a self-supporting feedback mecha-
nism. Future studies should investigate 
the significance and hierarchy of the dif-
ferent post-translational modifications on 
these transcriptional regulators. These 
studies should provide better insight in 
how SUMO conjugation determines 
their activity and how they regulate plant 
innate immune responses.
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