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More than 100,000 publications 
demonstrate that AGC kinases 

are important regulators of growth, 
metabolism, proliferation, cell divison, 
survival and apoptosis in mammalian 
systems.1 Mutation and/or dysregula-
tion of these kinases contribute to the 
pathogenesis of many human diseases, 
including cancer and diabetes. Although 
AGC kinases are also present in plants, 
little is known about their functions. 
We demonstrated that the AGC kinase 
OXIDATIVE SIGNAL-INDUCIBLE1 
(OXI1/AGC2-1) regulate important 
developmental processes and defense 
responses in plants. The summary of 
recent progress also demonstrates that 
we are only beginning to understand the 
role of this kinase pathway in plants.

PDK1 Activates AGC Kinases

In mammalian systems, most of the 
cellular responses to phosphatidylino-
sitol-3-kinase activation and phos-
phatidylinositol-3,4,5-trisphosphate 
production are mediated by the activation 
of a subgroup of Ser/Thr protein kinases 
termed AGC (cAMP-dependent protein 
kinase A/cGMP-dependent protein kinase 
G/protein kinase C), which play essential 
roles in cell growth, proliferation, survival, 
metabolism and apoptosis.1 Many AGC 
kinases possess a common upstream acti-
vator, namely PDK1 (3-phosphoinosit-
ide dependent kinase 1), a master kinase 
which phosphorylates and thus activates 
the AGC kinases in response to rises in 
the levels of the second messenger phos-
phatidylinositol-3,4,5-trisphosphate.2,3 
Consequently, pdk1 knock-out mice are 
embryo-lethal.4 PDK1 and AGC kinases 
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are also present in plants.5,6 PDK1 phos-
phorylates and thus activates AGC kinases 
such as OXI1 in Arabidopsis7 and rice,6 or 
Adi3 (AvrPto-dependent Pto-interacting 
protein 3) in tomato.8 pdk1 knock-out 
lines in Arabidopsis and rice are not 
lethal,9 and OXI1 can still be activated 
in Arabidopsis PDK1-RNAi knock-down 
lines by stimuli such as H

2
O

2
 and the 

pathogen-associated molecular pattern 
(PAMP) flagellin.10 Therefore, there are 
additional stimuli that signal to OXI1 via 
a PDK1-independent pathway.

PDK1 and its Activation  
by Phosphatidic Acid

An important second messenger in plant 
signaling is phosphatidic acid (PA) which 
can be synthesized either by phospholi-
pase D11 or by a phospholipase C path-
way which generates diacylglycerol that 
is phosphorylated to PA via diacylglyc-
erol kinase.12 Both lipases are activated 
in response to many biotic and abiotic 
stress signals.11,12 Recently, it was dem-
onstrated that also the beneficial fungus 
Piriformospora indica is able to stimulate 
PA synthesis in Arabidopsis.9 Therefore, 
the second messenger PA may integrate 
various external signals in plants to acti-
vate and coordinate appropriate down-
stream responses. While mammalian 
PDK1 integrates signals from receptors 
that stimulate the production of phos-
phatidylinositol-3,4,5-trisphosphate, the 
plant PDK1 binds to different signaling 
lipids, including the second messenger 
PA.13 Thus, although the lipid stimuli are 
different, animal and plant PDK1 convert 
phospholipid information into activation 
of AGC kinases.
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signaling cascade in response to ROS 
and PAMP treatments.6,21,24 Interestingly, 
Arabidopsis Pti1-4 was recently shown to 
form protein complexes with MPK3 and 
MPK6 and could therefore mediate OXI1 
regulation of the MPKs20 and provides a 
hypothesis how PTI1 proteins could regu-
late disease resistance.

The endophytic fungus P. indica, a 
cultivable basidiomycete of Sebacinales, 
colonizes the roots of many plant spe-
cies including Arabidopsis.25,26 The fun-
gus stimulates growth, biomass and seed 
production of the hosts25-33 and promotes 
nitrate and phosphate uptake and metabo-
lism.29,34,35 P. indica also confers resistance 
against abiotic30,36,37 and biotic stress.26,38 
In a genetic screen for Arabidopsis mutants 
which do not respond to P. indica, we 
have identified OXI1 as the responsible 

(MPK)3 and MPK6 in response to cellu-
lar injury and oxidative stress,18 OXI1 is 
an upstream regulator of stress-responsive 
MPKs although its mechanism is still 
unclear.

In Arabidopsis and rice, kinases of the 
PTI1 family were identified as interact-
ing partners and kinase targets of OXI1 
making them downstream components 
of OXI1 signaling.10,20,21 PTI1 proteins 
are Ser/Thr protein kinases that share 
strong sequence identity to tomato PTI1 
(Pto-interacting 1). In tomato, PTI1 is 
phosphorylated by the Ser/Thr kinase Pto 
conferring resistance to P. syringae express-
ing the effector AvrPto and positively reg-
ulates the cell death response triggered by 
Pto.22,23 On the contrary, rice Pti1a inhib-
its disease resistance and cell death and is 
negatively regulated by OsPDK1-OsOXI1 

AGC kinases from Arabidopsis

The Arabidopsis genome encodes 39 
members of the AGC protein kinase fam-
ily5 and they are involved in various sig-
naling pathways including blue light14 
and auxin signaling.15-17 Among the AGC 
kinases, OXI1 was shown to be required 
for reactive oxygen species (ROS)-
mediated responses in Arabidopsis such 
as root hair elongation and for disease 
resistance to biotrophic pathogens such as 
the oomycete Hyaloperonospora arabidop-
sidis and Pseudomonas syringae bacteria.18,19 
The kinase activity of OXI1 itself was 
induced by H

2
O

2
, wounding, cellulase 

and various elicitor treatments mimicking 
pathogen attack.10,18 Furthermore, as oxi1 
mutant plants are impaired in the activa-
tion of mitogen-activated protein kinase 

Figure 1. The beneficial fungus Piriformospora indica stimulates PA synthesis which activates PDK1 and subsequently OXI1 and AGC2-2. On the other 
hand, OXI1 can also be activated by environmental challenges, including pathogens in a PDK1-independent manner via H2O2. PTI1-4 and the MAPKs 
MPK3 and 6 are downstream factors of OXI1 and regulate the balance between growth and defense responses.
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activating stimuli/kinase that may lead 
to the association of OXI1 with different 
signaling partners. A recent phosphopro-
teome analysis of Arabidopsis roots identi-
fied differentially phosphorylated proteins 
in oxi1 seedlings in response to cellulase 
treatment.39 Similar approaches could be 
used to compare potential components of 
the OXI1 signaling pathway in response to 
different stimuli. Given that OXI1 shows 
different expression patterns in roots and 
aerial tissues,18 the specificity of OXI1 sig-
naling could also change depending on the 
plant tissue. Furthermore, in Arabidopsis 
there are AGC kinases with high sequence 
homology to OXI1, that also interact with 
Pti1-4 in yeast20 and the fact that attempts 
to obtain double homozygous oxi1 agc2-2 
mutants failed9 points to certain func-
tional redundancy. Secondly, most bio-
chemical studies on the OXI cascade 
including phosphorylation and protein/
protein interaction assays were performed 
for defense responses so far but genetic 
studies and the fact that OXI1 activity is 
stimulated by growth hormones7 suggest 
that the involvement of this pathway in 
growth regulation deserves further char-
acterization. The functions of AGC2-2 
and PTI1-4 have only been analyzed for 
one model system. Therefore, the relation 
of OXI1 to other AGC and PTI1 kinases 
needs to be investigated in the context of 
different signaling functions. Considering 
the intensive work on AGC kinases in 
the mammalian field,1 which also lead 
to medicinal applications, the role of this 
novel kinase pathway is poorly understood 
in plants. The phenotypes of Arabidopsis 
mutants in agc kinase genes demonstrate 
the central role of these protein kinases in 
development and response to environmen-
tal signals.
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Open Questions

Based on these observations, plant AGC 
kinases seem to regulate the interaction 
with diverse microbes and to be involved 
in the control of developmental programs, 
such as cell death, growth stimulation 
in response to stimuli from endophytic 
fungi and auxin functions. The model in 
Figure 1 highlights the present knowledge 
about OXI1 signaling but also points to 
the open questions: First, what deter-
mines the specificity of OXI1 signaling 
to a given stimulus? Pathogen attack by 
biotrophic pathogens such as H. arabi-
dopsidis or interaction with the friendly 
P. indica requires the activation of differ-
ent cellular programs in the plant, and a 
comparative analysis of the two systems 
might help to understand how OXI1 dis-
criminates and regulates these processes 
with different outcomes. In this respect, 
the discrimination may derive from the 



4	 Plant Signaling & Behavior	 Volume 6 Issue 7

35.	 Yadav V, Kumar M, Deep DK, Kumar H, Sharma R, 
Tripathi T, et al. A phosphate transporter from the 
root endophytic fungus Piriformospora indica plays a 
role in phosphate transport to the host plant. J Biol 
Chem 2010; 285:26532-44.

36.	 Baltruschat H, Fodor J, Harrach BD, Niemczyk E, 
Barna B, Gullner G, et al. Salt tolerance of barley 
induced by the root endophyte Piriformospora indica 
is associated with a strong increase in antioxidants. 
New Phytologist 2008; 180:501-10.

37.	 Sun C, Johnson JM, Cai D, Sherameti I, Oelmüller 
R, Lou B. Piriformospora indica confers drought toler-
ance in Chinese cabbage leaves by stimulating anti-
oxidant enzymes, the expression of drought-related 
genes and the plastid-localized CAS protein. J Plant 
Physiol 2010; 167:1009-17.

38.	 Stein E, Molitor A, Kogel KH, Waller F. Systemic 
resistance in Arabidopsis conferred by the mycor-
rhizal fungus Piriformospora indica requires jasmonic 
acid signaling and the cytoplasmic function of NPR1. 
Plant Cell Physiol 2008; 49:1747-51.

39.	 Howden AJ, Salek M, Miguet L, Pullen M, Thomas 
B, Knight MR, et al. The phosphoproteome of 
Arabidopsis plants lacking the oxidative signal-induc-
ible1 (OXI1) protein kinase. New Phytol 2010; In 
press; DOI: 10.1111/j.1469-8137.2010.03582.

30.	 Sherameti I, Tripathi S, Varma A, Oelmüller R. 
The root-colonizing endophyte Piriformospora indica 
confers drought tolerance in Arabidopsis by stimulat-
ing the expression of drought stress-related genes in 
leaves. Mol Plant Microbe Interact 2008; 21:799-807.

31.	 Sherameti I, Venus Y, Drzewiecki C, Tripathi S, Dan 
VM, Nitz I, et al. PYK10, a β-glucosidase located in 
the endoplasmatic reticulum, is crucial for the ben-
eficial interaction between Arabidopsis thaliana and 
the endophytic fungus Piriformospora indica. Plant J 
2008; 54:428-39.

32.	 Vadassery J, Ranf S, Drzewiecki C, Mithöfer A, 
Mazars C, Scheel D, et al. A cell wall extract from 
the endophytic fungus Piriformospora indica pro-
motes growth of Arabidopsis seedlings and induces 
intracellular calcium elevation in roots. Plant J 2009; 
59:193-206.

33.	 Waller F, Achatz B, Baltruschat H, Fodor J, 
Becker K, Fischer M, et al. The endophytic fungus 
Piriformospora indica reprograms barley to salt-stress 
tolerance, disease resistance and higher yield. Proc 
Natl Acad Sci USA 2005; 102:13386-91.

34.	 Shahollari B, Peskan-Berghöfer T, Oelmüller R. 
Receptor kinases with leucine-rich repeats are 
enriched in Triton X-100 insoluble plasma membrane 
microdomains from plants. Physiologia Plantarum 
2004; 122:397-403.

24.	 Takahashi A, Agrawal GK, Yamazaki M, Onosato 
K, Miyao A, Kawasaki T, et al. Rice Pti1a negatively 
regulates RAR1-dependent defense responses. Plant 
Cell 2007; 19:2940-51.

25.	 Peśkan-Berghöfer T, Shahollari B, Giong PH, Hehl S, 
Markert C, et al. Association of Piriformospora indica 
with Arabidopsis thaliana roots represents a novel 
system to study beneficial plant-microbe interactions 
and involves early plant protein modifications in the 
endoplasmic reticulum and at the plasma membrane. 
Physiologia Plantarum 2004; 122:465-77.

26.	 Oelmüller R, Sherameti I, Tripathi S, Varma 
A. Piriformospora indica, a cultivable root endo-
phyte with multiple biotechnological applications. 
Symbiosis 2009; 49:1-17.

27.	 Verma S, Varma A. Piriformospora indica, gen. et sp. 
nov., a new root-colonizing fungus. Mycologia 1998; 
90:896-903.

28.	 Shahollari B, Vadassery J, Varma A, Oelmüller R. 
A leucine-rich repeat protein is required for growth 
promotion and enhanced seed production mediated 
by the endophytic fungus Piriformospora indica in 
Arabidopsis thaliana. Plant J 2007; 50:1-13.

29.	 Sherameti I, Shahollari B, Venus Y, Altschmied L, 
Varma A, Oelmüller R. The endophytic fungus 
Piriformospora indica stimulates the expression of 
nitrate reductase and the starch-degrading enzyme 
glucan-water dikinase in tobacco and Arabidopsis 
roots through a homeodomain transcription factor 
that binds to a conserved motif in their promoters. J 
Biol Chem 2005; 280:26241-7.


