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Piriformospora indica is a mutualistic root-colonising 
 basidiomycete that tranfers various benefits to colonized host 
plants including growth promotion, yield increases as well as 
abiotic and biotic stress tolerance. The fungus is characterized 
by a broad host spectrum encompassing various monocots and 
dicots.1,2 Our recent microarray-based studies indicate a general 
plant defense suppression by P. indica and significant changes 
in the GA biosynthesis pathway.3 Furthermore, barley plants 
impaired in GA synthesis and perception showed a significant 
reduction in mutualistic colonization, which was associated 
with an elevated expression of defense-related genes. Here, we 
discuss the importance of plant hormones for compatibility in 
plant root-P. indica associations. Our data might provide a first 
explanation for the colonization success of the fungus in a wide 
range of higher plants.

Introduction

As sessile organisms plants have to cope with their environ-
ment and have developed efficient strategies to face harmful 
abiotic or biotic challenges. The underlying molecular network 
is extremely complex due to the multitude of perception 
and signaling systems combined with a multilateral crosstalk. 
Phytohormones are embedded in these signaling events and 
are well known integrators of stress responses as observed by 
their challenge-responsive synthesis and signaling.4-8 Salicylic 
acid (SA), jasmonate (JA) and ethylene are the best character-
ized phytohormones in terms of averting invasions by plant 
pathogens. In a simplified model, SA is seen as a resistance 

mediator against biotrophic organisms, while JA and ethylene 
are involved in effective defense responses against necrotrophic 
pathogens.9,10 Other studies could also decipher the signifi-
cance of abscisic acid (ABA) and gibberellins (GAs) for the 
outcome of plant-microbe interactions by modulating defense 
responses.4,11-14 Plant hormones are known to have antagonistic 
acitivity in plant developmental processes and this antagonism is 
also observed in plant defense responses (e.g., SA-JA-, GA-ABA 
antagonism).5,8,15,16 In contrast, other hromones (e.g., JA and 
ethylene) act mostly synergistically in defense processes.17,18 
Hence, it is not further astonishing that microbes have evolved 
sophisticated strategies to efficiently establish compatible interac-
tions by synthesising and mimicking phytohormones, or directly 
manipulating hormone signaling.4,5,19,20

The mutualistic root colonising fungus Piriformospora indica 
has been characterized as a exceptionally efficient organism as 
indicated by its ability to colonize a broad variety of monocot 
and dicot plant species.1,2 Interestingly, a nonhost has not been 
identified. Related to our recent studies, we discuss GA and other 
hormones as significant components for the colonization success 
of this mutualist.3

Hormone Synthesis and Signaling during Mutualistic Root 
Colonization

The molecular and biochemical events activated in plants in 
response to P. indica colonisation are mostly unknown. First cyto-
logical studies draw a more complex picture on these mutualistic 
interactions as was initially believed. In Arabidopsis, the fungus was 
shown to colonize root cells by an initial biotrophic phase followed 
by a later cell death-dependent colonization phase (Schäfer P and 
Zechmann B, unpublished data).1,21 At the biotrophic phase the 
plasma membranes of colonized cells is invaginated and the cell 
is alive. A similar infection strategy is expected for barley roots. 
Hence, the fungus is not simply colonising dead root cells or 
killing cells prior to or during penetration. Provided that the 
fungus is certainly recognized by plasma membrane localized 
pattern recognition receptors, which perceive microbe-derived 
molecules (e.g., chitin), the fungus should activate innate immune 
signaling. Interestingly, our microarray studies revealed defense 
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suppression by P. indica during barley 
root colonization. As this corrumption 
obviously supports fungal establish-
ment, it remains to be determined by 
which means the fungus suppresses 
plant defense.

In recent studies, ABA and GA were 
shown to affect Arabidopsis colonization 
by fungal and bacterial pathogens. ABA 
was shown to suppress basal defense 
in Arabidopsis thereby facilitating leaf 
colonization by Pseudomonas syringae 
pv. tomato.13 In addition, Arabidopsis 
mutants blocked in GA signaling 
showed enhanced susceptibility 
against Pseudomonas syringae DC3000 
and enhanced resistance against two 
necrotrophic pathogens (Alternaria bras-
sicicola, Botrytis cinerea).4 In contrast, 
quadruple DELLA mutants with a 
constitutive GA signaling phenotype 
were more resistant against the bacte-
rium but highly susceptible against both 
necrotrophs. Interestingly, the quadruple 
mutant displayed enhanced levels of 
free SA after P. syringae DC3000 attack, 
which was also reflected by elevated 
PR1 and PR2 transcripts, while the JA/
ethylene-responsive PDF1.2 exhibited 
a delayed expression.4 This indicates a 
direct connection of GA signaling with 
SA and JA responses.

Barley root colonization was also 
accompanied by changes in plant 
hormone metabolism. During extracellular fungal development 
(1 day after inoculation, dai) the expression of ABA-responsive 
genes was induced. This, however, changed at penetration/early 
colonization (3 dai) and progressed colonization stages (7 dai). 
At these time points GA synthesis was observed to be obviously 
elevated as indicated by the induction of almost all genes of the 
non-mevalonate pathway and two putative kaurene synthases. In 
contrast, SA and JA-related defense genes only showed a weak 
and transient induction pattern or were even suppressed.3 It is 
tempting to speculate that ABA might be recruited by P. indica to 
suppress defense at pre-penetration stages while GA is taking over 
this job at subsequent interaction stages (3, 7 dai). However, our 
studies showed the GA-dependence of barley root colonisation by 
P. indica as a GA synthesis mutant and the GA receptor mutant 
gid1 were significantly less colonized by the mutualist. Moreover, 
PR gene expression was significantly elevated by P. indica in both 
mutants compared to wild type roots at 3 dai.3 Subsequent, 
cytological studies showed a substantial reduction of extracellular 
fungal growth and of extra- und intracellular sporulation in gid1 
compared to wild type Himalaya (Fig. 1). In gid1, fungal coloni-
zation might be stopped at the penetration stage. The resulting 

restriction in nutrient acquisition might explain its impaired 
extracelullar development and sporulation.

In summary, plant hormone signaling is obviously recruited 
by P. indica in order to manipulate plant defense and most prob-
ably plant metabolism. Plant hormones might further be a key to 
explain the broad host spectrum of P. indica. Current studies are 
directed to decipher the phytohormonal state and signaling during 
plant colonization by P. indica.
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Figure 1. Impaired GA perception reduces barley root colonisation by P. indica. GA-responsive gene 
transcription is inhibited by SLENDER1 (SLN1) in the absence of GA (upper). After GA synthesis, GA 
gets attached to the GA receptor GID1. Thereafter, SLN1 binds to GID1, which results in SLN1 ubiquti-
nation and its proteasomal degradation.22 By removing SLN1, GA-responsive transcription is initiated 
that is thought to modify plant defense signaling and metabolism (upper). In the barley mutant gid1, 
GA-responsive transcritption is inhibited and P. indica root colonisation is markedly reduced at 21 dai 
(lower right) compared to parent line Himalaya (lower left). Intracellular sporulation was almost absent in 
gid1 (inset, lower right). The fungus was stained with wheat germ agglutinin-Alexa Fluor 488 (WGA-AF 
488) and visualized by fluorescence microscopy (Bars = 20 μm).
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