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Abstract 

Soil is a non-renewable natural resource which forms all ecosystems on the earth and provides the basis for food 
production for heterotrophic organisms, including men. The increase in the world population requires also an 
increase in agricultural production which was and is mainly achieved by massive use of mineral nutrients. 
However, the experience of the last century has demonstrated that the high mineral input has severe 
consequences for the ecosystems. An alternative more environmentally friendly strategy for agricultural 
production is provided by the nature itself: Beneficial root-colonizing fungi and bacteria have tremendous 
impact on the performance of agricultural plants (crops). Understanding of these symbioses requires knowledge 
about the communication between the partners. The microbes often release bioactive compounds into the 
rhizosphere which activate signaling or transport processes and thus promote plant performance. A general new 
concept for fertilizers in the agriculture could be to utilize microbe-derived bio-effectors in combination with 
appropriate nutrient supplies to promote biomass and yield production of agricultural plants while 
simultaneously reducing the input of agrochemicals. Here, we describe some concepts for the identification and 
utilization of microbial preparations and microbe-derived bio-effectors for the improvement of the performance 
of agricultural plants, using the root-colonizing endophytic fungus Piriformospora indica.  
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1. Introduction 

Beneficial root-colonizing microorganisms and 
their metabolites are powerful tools to promote plant 
growth and performance, in particular under biotic 
and abiotic stress. The microorganisms form 
symbiotic/mutualistic interactions with the roots, 
propagate together with the roots in the rhizosphere 
and deliver bioactive compounds and nutrients to the 
host.  In contrast to the living microbes, single 
bioactive compounds activate only a limited spectrum 
of plant responses and do not deliver nutrients to the 
roots. However, for agricultural application with the 
goal of stimulating biomass production and resistance 
against pests, the combination of root-colonizing 
microbes, microbe-derived bio-effectors and 
sufficient nutrient supply has huge advantages 
compared to the application of any of these 
compounds alone. Applicable bio-effectors have to 
fulfill a number of criteria: their isolation/production 
should be cost effective, they should be stable under 
different conditions (heat, cold, pH, drought, pests, 
diseases etc.) and highly effective for a larger host 
spectrum. Microbe-derived bio-effectors activate 
plant signaling pathways in the root cells, which 

ultimately promote growth and biomass production, 
or confers resistance against biotic and abiotic stress. 
Depending on the specificity, nature and origin of 
these bio-effectors, their application may be 
restricted, e.g. to specific plant species (such as nod 
factors for legumes).  Therefore, the use of bio-
effectors of root-colonizing microbes which have a 
wide host range is desirable. These microbe-derived 
effectors should activate general and not host-specific 
processes in plant cells.  

Among the downstream signaling events in the 
roots, plant components realize programs which are 
induced by the microbial bio-effector(s). This often 
starts with the activation of a (membrane-associated) 
receptor, followed by downstream signaling events 
including phosphorylation and calcium changes. 
Typical examples of those processes provide 
mycorrhizal systems, for which a lot of components 
of the signaling pathway have been elucidated in the 
past.  

A central player downstream of receptor 
activation in beneficial plant/microbe interactions is 
Ca2+ [9, 31]. In mycorrhizal interactions, the 
phosphorylation cascade at the plasma membrane 
induces Ca2+ changes in the cytoplasm and nucleus. 

mailto:b7oera@hotmail.de


Trebicka et al 
This probably involves a secondary messenger that 
might be the product of phospholipases C and D. 
These phospholipases could be regulated by 
phosphorylation and the activity of the cation channel 
formed by DMI1/POLLUX and CASTOR [1, 10]. 
The Ca2+ spikes in the nucleoplasm and nuclear-
associated cytoplasm activate a Ca2+/calmodulin-
dependent kinase (CCaMK), which is located in the 
nucleus [20, 17, 12]. This Ca2+-activated kinase 
regulates nodulation-induced (nodulin) gene 
expression via the transcriptional regulators NSP1 and 
NSP2 [12, 28], GRAS proteins as well as ERN, an 
ERF transcription factor. Thus, Ca2+ signaling starts at 
the plasma membrane and might end in the nucleus 
with the activation of specific transcription factors 
leading to a beneficial symbiosis between the 
symbionts. The involvement of Ca2+ spiking and 
Ca2+/calmodulin-dependent protein kinases in 
beneficial plant/microbe interactions appear to be a 
general phenomenon  [17, 22, 10, 11, 32].  Ivashuta et 
al. [11] used RNA-interference-mediated knockdown 
of CDPK1 in Medicago and demonstrated that the 
plants have defects in root development and do not 
form mycorrhiza. Their actin skeleton is disrupted and 
defense genes become activated. 

Downstream signaling programs initiated by 
microbe-derived bio-effectors also include 
phytohormones and components which promote cell 
division or elongation, cell wall biosynthesis genes 

etc., and processes which transfer the “beneficial” 
information from the roots to the shoots (e.g. through 
the induced systemic resistance, ISR). ISR is a state of 
enhanced defense capacity of a plant.  ISR is the 
result of colonization of the roots by beneficial 
microorganisms, such as plant-growth promoting 
rhizobacteria, mycorrhizal fungi or beneficial 
endophytes [36]. The root cells recognize microbe-
associated molecular patterns (MAMPs), i.e. small 
biomolecules from the microbes, which induce an 
activation of the plant immune responses in systemic 
manners. ISR is characterized by the fact that it confer 
a broad spectrum resistance in systemic tissues 
against many types of plant pathogens, including 
viruses, bacteria, fungi, and oomycetes and in some 
cases even insect herbivores. The signaling events 
from the roots to the leaves also include 
phytohormones, such as ethylene and jasmonate [35]. 

Limitations in either microbe-derived bio-
effectors or endogenous plant signal components 
restrict plant performance. Finally, realization of the 
growth-promoting programs is only successful if 
nutrients are not limiting. They can be delivered to the 
roots via the hyphae of beneficial fungi, but also via 
microbial preparations, or activation of uptake 
systems by microbe-derived bio-effectors.  

Figure 1 summarizes our three-step concept, 
which needs to be considered during improvement of 
agricultural plant species with fungal/microbial tools. 

 

Figure 1: Scheme describing the needs for the improvement of agricultural plant species with 

fungal/microbial tools. 

Microbe-derived bio-effectors activate (early) 
plant signaling events. Therefore, the identification, 
purification and chemically synthesis of novel bio-
effectors which promote plant performance (biomass 
production and resistance against pathogens) is an 
essential task for the future. They should be combined 
with microbial extracts or microbes because they 
contain additional bio-effectors and provide optimal 

macro- and micronutrient combinations for the plants. 
The new bio-effectors can be applied to biofertilizers 
which are already commercialized with the goal to 
reduce the overall amount of agrochemicals. 

Realization of programs beneficial for the plants 
is only successful if nutrients and water are not 
limited. The next goal in the design of optimal 
fertilizers with low chemical input is to supply
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 sufficient nutrients for growth. With this respect, it is 
important to have the adequate combination of the 
nutrients in stoichiometric relations. To realize this 
concept, commercially available chemical 
biofertilizers can be used as a basis. The 
agrochemicals can be reduced to amounts which are 
absolutely required for optimal plant growth and 
performance, and supplemented with microbes, 
microbial preparations and microbe-derived bio-
effectors. 

2. A source of new bio-effectors: e.g. 
Sebacinales 

The effects of arbuscular mycorrhizal fungi 
(AMF) and plant-growth promoting rhizobacteria on 
the performance of plants, in particular crop plants 
have been summarized in many review articles [cf. 
29, 2] and will not be repeated here. Here, we focus 
on the identification of bio-effectors from the well 
studied fungus Piriformospora indica with a large 
host range, which avoids host-specific effects. 

Like many other members of Sebacinales, such 
as Sebacina vermifera, Piriformospora indica is a 
wide-host root-colonizing endophytic fungus, which 
promotes plant growth and performance, in particular 
under physical, biological and nutrient stress [4, 21]. 
The fungus can be easily cultivated on complex and 
minimal substrates. It produces spores, which 
germinate and can grow in a large (extreme) 
temperature, humidity and pH range. Cultivation 
conditions have been established in different 
laboratories around the world, including large-scale 
fermention techniques with biomass production of up 
to 500 litre. P. indica belongs to the Sebacinales in 
Basidiomycota. Together with other beneficial 
members of this family, such as Sebacina vermifera, 
P. indica has a vast geographical distribution and has 
been reported from Asia, Europe, South America and 
Australia. 

P. indica colonizes the roots of all tested plant 
species (> 140), among them are the major species 
with economic importance in agriculture (e.g. barley, 
wheat, rice, tomato, corn, sugar beet, potato, tomato, 
sorghum, Chinese cabbage, Brassica napus, etc.). The 
entire genome of P. indica has been sequenced and 
the sequence is publically available since 2011 [38, 
39]. Several cDNA libraries of the fungus, grown 
under different conditions, are available. More 
importantly, two groups have established efficient 
transformation systems [38, 37] with which RNAi and 
overexpression cassettes can be introduced into P. 

indica [37, 14]. They have been used to manipulate 
macronutrient uptake, e.g. phosphate [13, 15]. The 
use of P. indica as a growth- and biomass-stimulating 
fungus in agriculture, in particular in nutrient-
deficient soils, as well as its effect on early flowering, 
enhanced seed production, stimulation of active 
ingredients such as medicinal-relevant metabolites 
and hardening of tissue-culture-raised plants is 
interesting because of (a) the absence of any obvious 
host specificity. (b) A single infection processes (such 
as imbedding seeds into a fungal medium or infection 
of roots prior to transfer of seedlings to soil) is 
sufficient to allow efficient root colonization and 
propagation of the fungal hyphae in a growing root 
environment. (c) The fungus survives under quite 
different agricultural-important (soil and 
environmental) conditions, such as cold (< 0°C), 
extreme heat (45°C), salt- and heavy metal-polluted 
soils, and soil with various pH values (3.3-9.2). (d) It 
promotes micro (e.g. Fe)- and macro (such as P, S and 
N)- nutrient uptake from the soil. (e) The fungus 
confers resistance to root and leaf pathogen infections 
by activation root-to-shoot signaling events similar to 
those known as ISR. Increased insect and nematode 
resistance has also been observed for P. indica-
colonized plants. (f) Stimulation of plant growth and 
biomass can also be achieved by an exudate 
component [32, 16]. The compound has been purified, 
is water-soluble and heat-stable, but only synthesized 
in extremely low amounts by the fungus. Taken 
together, P. indica (compounds) can be used for 
improving the performance of agricultural plants 
under quite different environmental conditions.  

Besides stimulation of plant biomass production, 
laboratory studies have particularly focused on the 
role of P. indica in phosphate (P), nitrate (N), sulfur 
(S) and iron (Fe) mobilization for plants, for 
improving drought resistance, and for conferring 
resistance against leaf and root pathogens. 

(P): Yadav et al. [37] and Kumar et al. [13] have 
shown that the fungal P transporter PiPT is actively 
involved in the P transportation to maize plants and, 
in turn, P. indica helps improve the nutritional status 
of the host plant and this is required for growth 
promotion and higher biomass/seed yield. Also, the 
growth promoting effect of P. indica on barley, wheat 
and tomato is dramatically stimulated under P 
limitations. Therefore, this fungus is particularly 
interesting for the application on soil with P-
limitations. 
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(N): A long-known targets of P. indica is the 

nitrate assimilation [24]. This demonstrates the 
potential of the fungus to promote nitrate uptake and 
metabolism in crop plants, especially under N 
limitations. 

(S): Maruyama-Nakashita et al. [19] identified 
Sulfur Limitation1 (SLIM1) as a central regulator of 
plant S responses and metabolism in Arabidopsis. 
Slim1 is also a target of P. indica in Arabidopsis. 
Sulfate uptake and plant growth under S starvation 
were significantly reduced in slim1 and SLIM1 
controlled both the activation of sulfate acquisition 

and degradation of glucosinolates under S limitations. 

P. indica also establishes a reduced atmosphere in the 
cells [3, 31, 14] which is directly linked to sufficient S 
supply. Furthermore, SLIM1 is required for ISR in 
Arabidopsis. This suggests that the P. indica target 
SLIM1 regulates important aspects of the plant S 
metabolism, the redox status in the cell and the ISR 
which primes the aerial parts to respond more 
efficiently to pathogen attack.  
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(Fe): Higher plant sulfite and nitrite reductases 
contain the Fe-harbouring siroheme as essential 
prosthetic group [6, 7, 18]. Thus, assimilation of all 
inorganic S and the majority of N in the biosphere 
depend on the availability of siroheme and without it, 
there would be no life on earth. The two enzymes 
uroporphyrinogen III methyltransferase and 
sirohydrochlorin ferrochelatase which mediate 
siroheme biosynthesis [23] as well as the nitrite and 
sulphite reductases are targets of P. indica under Fe 
limitations (Sun et al. submitted). This demonstrates 
that P. indica regulates key proteins controlling S and 
N metabolism via Fe (Fig. 2) and siroheme. 

The fungus plays an important role for survival 
of the seedlings under Fe limitations. 

(Drought tolerance):  P. indica confers drought 
tolerance to leaves of colonized plants. When 
drought-exposed seedlings are transferred to soil, 
seedlings colonized by P. indica perform much better 
than the uncolonized controls [25, 30]. The same 
effect can be achieved with a P. indica-derived 
exudate preparation, suggesting that fungal 
components are sufficient to protect leaves against 
drought stress. Since drought is a severe problem in 
many agricultural areas, both the living fungus as well 
as exudates from the fungus may be a powerful tool to 
confer drought tolerance in leaves. 

(Resistance against leaf and root pathogens): 
P. indica confers resistance against root and leaf 
pathogens. The resistance in the roots is mainly 

caused by competition between the beneficial and 
pathogenic microbes. Therefore, P. indica is a good 
candidate for a biocontrol agent against root 
pathogens in agriculture. In the leaves, an ISR-type 
signaling pathway from the roots primes defense 
processes and therefore promotes resistance against 
pathogens. Although the mechanism is unknown, P. 
indica can also be used in agricultural plants to 
protect the aerial parts against pathogen infections. 

+ P. indica

- P. indica

+ 
Fe

-
Fe

 Figure 2: Arabidopsis seedlings grown on PNM 

medium with/without Fe and with/without P. indica.  

 P. indica contains bio-effector(s) released into 
the medium and into its cell wall which is/are 
sufficient to trigger plant growth. The large host range 
of the fungus and the observation that exudates and 
lyophilized P. indica fractions are capable of 
promoting growth of many different plant species 
makes this fungus an ideal source for the isolation of 
bioactive fractions, which can be used on a wide 
range of agriculturally important plant species. We 
have recently identified a P. indica-derived growth-
promoting compound (Fig. 3) that is heat, acid, basis 
and pH stable, and - besides growth promotion – 
confers other benefits to the plants. 

3. Proposal for new fertilizers with low 
agrochemical inputs 

As shown in Figure 4, commercially available 
biofertilizers can be used as a basis for optimizing 
their functions and for reducing the amount of 
agrochemicals. They can be complemented with 
beneficial fungi and/or plant-growth promoting 
bacteria, for instance as hyphae or spores. In many 
cases it is also possible to use exudates and/or 
lyophylates from these microbes, because they 
contain sufficient nutrients and also (so far 
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unidentified) bio-effectors. Finally, if bio-effectors are 
available and successfully tested in laboratory studies, 

they can be chemically synthesized in huge amounts 
for agricultural applications, by adding them to

 

   

Figure 3: A growth-promoting compound from P. indica stimulates growth of Arabidopsis (left) and Chinese 

cabbage (right) seedlings.  

biofertilizers or formulations via the seed coat 
technique. In particular, analogs of these compounds 
which are more effective than the bio-effectors can be 
synthesized and tested. This combinatory strategy 
provides a novel concept for optimizing available 
biofertilizers or formulations. 

The beneficial function of the new products has 
to be first tested in laboratory experiments, followed 

by field experiments with important crop plants. It is 
also required to test them under different 
agriculturally important field conditions, e.g. in 
different geographic areas with different climates. A 
cost/benefit analysis is required to compare the 
production costs of the new products with those of the 
conventional products available on the market. 

 

Figure 4: Beneficial fungi and/or plant-growth promoting bacteria can be used to improve commercially 

available biofertilizers (A). The beneficial function of the new products has to be first tested in laboratory 

experiments, followed by field experiments with important crop plants (B). 

4. References 

1. Ané JM, Kiss GB,  Riely, BK, Penmetsa, RV, 
Oldroyd GE, Ayax C, Lévy J, Debelle F, Baek 
JM, Kalo P, Rosenberg C, Roe BA, Long SR, 

Denarie J, Cook DR: Medicago truncatula DMI1 
required for bacterial and fungal symbioses in 
legumes. Science 2004, 303: 1364-1367. 

13 
 



Trebicka et al 

14 
 

2. Babalola OO: Beneficial bacteria of 
agricultural importance. Biotechnol Lett. 2010, 
32(11): 1559-1570. 

3. Baltruschat H, Fodor J, Harrach BD, Niemczyk E, 
Barna B, Gullner G, Janeczko A, Kogel KH, 
Schäfer P, Schwarczinger I, Zuccaro A, 
Skoczowski A: Salt tolerance of barley induced 
by the root endophyte Piriformospora indica is 
associated with a strong increase in 
antioxidants. New Phytol. 2008, 180(2): 501-
510.  

4. Camehl I, Drzewiecki C, Vadassery J, Shahollari 
B, Sherameti I, Forzani C, Munnik T, Hirt H, 
Oelmüller R: The OXI1 kinase pathway 
mediates Piriformospora indica-induced 
growth promotion in Arabidopsis.PLoS Pathog. 
2011,  7(5):e1002051. 

5. Camehl I, Sherameti I, Venus Y, Bethke G, 
Varma A. Lee J, Oelmüller R: Ethylene 
signalling and ethylene-targeted transcription 
factors are required to balance beneficial and 
non-beneficial traits in the symbiosis between 
the endophytic fungus Piriformospora indica 
and Arabidopsis thaliana. New Phytol. 2010, 
185: 1062-1073. 

6. Crane BR, Siegel LM, Getzoff ED: Structures of 
the siroheme- and Fe4S4-containing active 
center of sulfite reductase in different states of 
oxidation: heme activation via reduction-gated 
exogenous ligand exchange. Biochem. 1997, 36; 
12101–12119. 

7. Crane BR, Getzoff ED: The relationship 
between structure and function for the sulfite 
reductases. Curr. Opin. Struct. Biol. 1996, 6: 
744-756 

8. Harrison MJ, Buuren MLV: A phosphate 
transporter from the mycorrhizal fungus 
Glomus versiforme. Nature 1995, 378: 626-629.  

9. Harrison MJ: Signaling in the arbuscular 
mycorrhizal symbiosis. Annu. Rev. Microbiol. 
2005, 59: 19-42. 

10. Imaizumi-Anraku H, Takeda N, Charpentier M, 
Perry J, Miwa H, Umehara Y, Kouchi H, 
Murakami Y, Mulder L, Vickers K. et al.: Plastid 
proteins crucial for symbiotic fungal and 
bacterial entry into plant roots. Nature 2005, 
433: 527-531. 

11. Ivashuta S, Liu J,  Liu J, Lohar DP, Haridas S, 
Bucciarelli B, VandenBosch KA, Vance CP, 
Harrison MJ, Gantt JS: RNA interference 
identifies a calcium-dependent protein kinase 

involved in Medicago truncatula root 
development. Plant Cell 2005, 17: 2911-2921. 

12. Kalo P, Gleason C, Edwards A, Marsh J, Mitra 
RM, Hirsch S, Jakab J, Sims S, Long SR, Rogers 
R et al.: Nodulation signaling in legumes 
requires NSP2, a member of the GRAS family 
of transcriptional regulators. Science 2005, 
308: 1786-1789. 

13. Kumar M, Yadav V, Kumar H, Sharma R, Singh 
A, Tuteja N, Johri  AK: Piriformospora indica 
enhances plant growth by transferring 
phosphate. Plant Signal Behav. 2011, 6(5): 723-
725.  

14. Kumar M, Yadav V, Tuteja N, Johri AK: 
Antioxidant enzyme activities in maize plants 
colonized with Piriformospora indica. 
Microbiology 2009, 155: 780-790. 

15. Kumar V, Sahai V, Bisaria VS: High-density 
spore production of Piriformospora indica, a 
plant growth-promoting endophyte, by 
optimization of nutritional and cultural 
parameters. Bioresour Technol. 2011, 102: 
3169-3175.  

16. Lee, YC, Johnson JM, Chien CT, Sun C, Cai D, 
Lou B, Oelmüller R, Yeh KW: Growth 
promotion of Chinese cabbage and 
Arabidopsis by Piriformospora indica is not 
stimulated by mycelium-synthesized auxin. 
Mol. Plant Microbe Interact. 2011, 24: 421-431. 

17. Lévy J, Bres C, Geurts R. Chalhoub B, Kulikova 
O, Duc R, Journet EP, Ané JM, Lauber E, 
Bisseling T, Denarie J, Rosenberg C, Debelle F: 
A putative Ca2+ and calmodulin-dependent 
protein kinase required for bacterial and 
fungal symbioses. Science 2004, 303: 1361–1364 

18. Leustek T, Smith M, Murillo M, Singh DP, Smith 
AG, Woodcock SC, Awan SJ., Warren MJ: 
Siroheme biosynthesis in higher plants. 
Analysis of an S-adenosyl-L-methionine-
dependent uroporphyrinogen III 
methyltransferase from Arabidopsis thaliana. 
J. Biol. Chem. 1997, 272: 2744-2752.  

19. Maruyama-Nakashita A, Nakamura Y, Tohge T, 
Saito K, Takahashi H: Arabidopsis SLIM1 is a 
central transcriptional regulator of plant 
sulfur response and metabolism. Plant Cell 
2006, 18(11): 3235-3251.  

20. Mitra RM, Gleason CA, Edwards A, Hadfield J, 
Downie JA, Oldroyd GE, Long SR: A 
Ca2+/calmodulin-dependent protein kinase 
required for symbiotic nodule development: 
gene identification by transcript-based cloning. 



Utilization of root-colonizing fungi for improved performance of agricultural crops 

15 
 

Proc. Natl. Acad. Sci. USA  2004, 101: 4701-
4705 

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

22. Parniske M: Molecular genetics of the 
arbuscular mycorrhizal symbiosis. Curr. Opin. 
Plant Biol 2004, 7: 414-421. 

23. Raux-Deery E, Leech HK, Nakrieko KA, McLean 
KJ, Munro AW, Heathcote P, Rigby SE, Smith 
AG, Warren MJ: Identification and 
characterization of the terminal enzyme of 
siroheme biosynthesis from Arabidopsis 
thaliana: a plastid-located sirohydrochlorin 
ferrochelatase containing a 2FE-2S center. J. 
Biol. Chem. 2005, 280: 4713-4721. 

24. 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: 26241-26247. 

25. Sherameti I, Tripathi S, Varma A, Oelmüller R: 
The root-colonizing endophyte Pirifomospora 
indica confers drought tolerance in 
Arabidopsis by stimulating the expression of 
drought stress-related genes in leaves. Mol. 
Plant-Microbe Interact. 2008a, 21(6): 799-807. 

26. Sherameti I, Venus Y, Drzewiecki C, Tripathi S, 
Dan VM, Nitz I, Varma A, Grundler FM, 
Oelmüller R: PYK10, a beta-glucosidase located 
in the endoplasmatic reticulum, is crucial for 
the beneficial interaction between Arabidopsis 
thaliana and the endophytic fungus 
Piriformospora indica. Plant J. 2008b, 54(3): 
428-439.  

27. Shroff R, Rulíšek L, Doubský J, Svatoš A: Acid-
base-driven matrix-assisted mass spectrometry 
for targeted metabolomics. Proc. Nat. Acad. Sci. 
USA, 2009, 106: 10092-10096.  

28. Smit P, Raedts J, Portyanko V, Debelle F, Gough 
C, Bisseling T, Geurts R: NSP1 of the GRAS 
protein family is essential for rhizobial nod 
factor-induced transcription. Science 2005, 
308: 1789–1791. 

29. Smith SE, Smith FA: Fresh perspectives on the 
roles of arbuscular mycorrhizal fungi in plant 

nutrition and growth. Mycologia 2011  (in 
press).  

30. Sun C. Johnson JM, Cai D, Sherameti I, 
Oelmüller R, Lou B: Piriformospora indica 
confers drought tolerance in Chinese cabbage 
leaves by stimulating antioxidant enzymes, the 
expression of drought-related genes and the 
plastid-localized CAS protein. J. Plant Physiol. 
2010, 167: 1009-1017. 

31. Vadassery J, Oelmüller R: Calcium signaling in 
pathogenic and beneficial plant microbe 
interactions: what can we learn from the 
interaction between Piriformospora indica and 
Arabidopsis thaliana. Plant Signal Behav., 
2009b,  4(11): 1024-1027.  

32. Vadassery J, Ranf S, Drzewiecki C, Mithöfer A, 
Mazars C, Scheel D, Lee J, Oelmüller R: A cell 
wall extract from Piriformospora indica 
promotes growth of Arabidopsis seedlings and 
induces intracellular calcium elevation in 
roots. Plant J. 2009a, 59: 193-206. 

33. Vadassery J, Ritter C, Venus Y, Camehl I, Varma 
A, Shahollari B, Novák O, Strnad M, Ludwig-
Müller J, Oelmüller R: The role of auxins and 
cytokinins in the mutualistic interaction 
between Arabidopsis and Piriformospora 
indica. Mol. Plant-Microbe Interact. 2008, 
21(10): 1371-1383. 

34. Vadassery J, Tripathi S, Prasad R, Varma A, 
Oelmüller R: Monodehydroascorbate reductase 
2 and dehydroascorbate reductase 5 are 
crucial for a mutualistic interaction between 
Piriformospora indica and Arabidopsis. J. Plant 
Physiol. 2009, 166(12): 1263-1274.  

35. Van der Ent S, Van Wees SC, Pieterse CM: 
Jasmonate signaling in plant interactions with 
resistance-inducing beneficial microbes. 
Phytochemistry 2009, 70: 1581-1588.  

36. Van Wees SC, Van der Ent S, Pieterse CM: Plant 
immune responses triggered by beneficial 
microbes. Curr. Opin. Plant Biol. 2008, 11: 443-
448.  

37. Yadav V, Kumar M, Deep DK, Kumar H, Sharma 
R, Tripathi T, Tuteja N, Saxena AK, Johri  AK: 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(34): 26532-26544.  

38. Zuccaro A, Basiewicz M, Zurawska M, 
Biedenkopf D, Kogel KH: Karyotype analysis, 
genome organization, and stable genetic 
transformation of the root colonizing fungus 

http://www.ncbi.nlm.nih.gov/pubmed/19712950
http://www.ncbi.nlm.nih.gov/pubmed/19712950
http://www.ncbi.nlm.nih.gov/pubmed/18585955
http://www.ncbi.nlm.nih.gov/pubmed/18585955
http://www.ncbi.nlm.nih.gov/pubmed/18585955


Trebicka et al 

16 
 

Piriformospora indica. Fungal Genet. Biol. 2009, 
46(8): 543-550.  

39. Zuccaro A, Lahrmann U, Güldener U, Langen G, 
Pfiffi S, Biedenkopf D, Wong P, Samans B, 
Grimm C, Basiewicz M, Murat C, Martin F, 

Kogel KH: Endophytic Life Strategies Decoded 
by Genome and Transcriptome Analyses of the 
Mutualistic Root Symbiont Piriformospora 
indica. PLoS Pathog. 2011 7: e1002290. 

 

 
 

 


