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R:Ot colonization by the basidiomy-
ete fungus Piriformospora indica
induces host plant tolerance against
abiotic and biotic stress, and enhances
growth and yield. As P. indica has a
broad host range, it has been established
as a model system to study beneficial
plant-microbe interactions. Moreover, its
properties led to the assumption that P.
indica shows potential for application in
crop plant production. Therefore, pos-
sible mechanisms of P. indica improving
host plant yield were tested in outdoor
experiments: Induction of higher grain
yield in barley was independent of ele-
vated pathogen levels and independent
of different phosphate fertilization levels.
In contrast to the arbuscular mycorrhiza
fungus Glomus mosseae total phosphate
contents of host plant roots and shoots
were not significantly affected by P.
indica. Analysis of plant development
and yield parameters indicated that posi-
tive effects of P. indica on grain yield
are due to accelerated growth of barley
plants early in development.

The wide majority of plant roots in natu-
ral ecosystems is associated with fungi,
which very often play an important role
for the host plants fitness.! The wide-
spread mycorrhizal (AM)
symbiosis formed by fungi of the phylum
Glomeromycota is mainly characterized
by providing phosphate to their host plant
in exchange for carbohydrates.*®> Fungi
of the order Sebacinales also form ben-

arbuscular

eficial interactions with plant roots and
Piriformospora indica is the best-studied
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example of this group.® This endophyte
was originally identified in the rhizosphere
of shrubs in the Indian Thar desert,” but
it turned out that the fungus colonizes
roots of a very broad range of mono- and
dicotyledonous plants,® including major
crop plants.””?
endophytes, P. indica colonizes roots in

Like other mutualistic

an asymptomatic manner'® and promotes
growth in several tested plant species.>''?
The root endophyte, moreover, enhances
yield in barley and tomato and increases
in both plants resistance against biotic
stresses,”” suggesting that application in

agri- and horticulture could be successful.

P. indica-induced Higher Grain
Yield is Independent
of Low Soil P Levels
and Elevated Pathogen Pressure

As AM fungi improve the uptake of P
into roots of host plants,'? and as P. indica
was shown to induce an enhanced uptake
of P into the cotyledons of Arabidopsis
grown on artificial medium,"
tested whether P. indica-mediated yield
increase depends on P and N levels of the
soil.” Surprisingly, the endophytes’ posi-
tive influence on barley grain yield was
independent of the factor ‘fertilization’,
e.g., was present also when P and N sup-
ply were high, indicating that P. indica-
induced yield increase does not depend on
low P or N supply.

In addition, barley plants colonized
by the AM fungus G. mosseae showed an
increased P content of shoots and roots,
while such an effect was not observed

it was
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for P. indica.® This is in line with ear-
lier experiments showing that P. indica
is not inducing a significant increase of
leaf P and N content in the dicotyledon-
ous plant Nicotiana attenuata,'® but dif-
ferent from recent results obtained with
maize.” P. indica effects on yield—at least
in the crop plant barley—are therefore not
dependent on low P supply, do not lead to
an elevated total P or N content at the end
of plant development, and are mechanisti-
cally different from effects of AM fungi.
Which mechanism is the
enhanced growth and grain yield of

basis of

P. indica colonized barley plants, if
not plant nutrition? P. indica-induced
enhanced defence-readiness of the host
plant™® could result in a lower metabolic
cost of pathogen defence, thereby increas-
ing yield. This hypothesis could not be
confirmed: elevated pathogen pressure
by applying the necrotrophic fungus
Fusarium to the soil did not result in a
significantly changed yield effect of P.
indica.® Therefore, enhanced biotic stress
resistance alone can’t explain the observed
grain yield increase.

P. indica-induced Higher Grain
Yield is Based on Host Plant
Reprogramming Early in
Development

P. indica-induced higher grain yield is
based on a higher number of ears per
plant. The number of ears, in turn, is a
result of the number of tillers formed by
the plant. It is therefore conceivable that
P. indica must play an important role
before and during tiller formation.
Indeed, P. indica colonization leads to
initial advantages of the host plant: Barley
root growth is strongly induced between
two and three weeks after inoculation,”'$?
and further development of colonized
roots is reflected by higher expression lev-
els of developmentally regulated genes.?
Faster root development could be initially
induced by auxin-like substances pro-
duced by the fungus,”! while complex reg-
ulatory processes in the host tissue already
take place during the first days of coloni-
zation as revealed by transcriptome analy-
sis of P. indica colonized batley roots.”
We suggest that increased root growth
results in improved acquisition of water

1686

and nutrients in the early phase of the sym-
biotic interaction. This would be in line
with results of Yadav et al.” who detected
higher phosphate contents in maize plants
three weeks after P. indica inoculation.
This initial advantage of colonized plants
could be the basis for a more vigorous
development of the shoot (as observed
from 2.5 weeks after inoculation in barley)
and an improved physiological status lead-
ing to the initiation of more tillers (which
starts from about 4—5 weeks after inocula-
tion). In addition, the observed enhanced
photosynthetic rates of colonized plants®
contribute to this improved status.

The initial advantages of colonized
plants are not only leading to the for-
mation of more tillers, but also result in
faster development, e.g., the observed
earlier emergence of ears.” Interestingly,
P. indica-induced growth promotion is
not resulting in higher straw yield to grain
yield ratio or taller plants, nor higher con-
tents of mineral nutrients at the end of the
vegetative phase, indicating that the host
plant is able to control its growth pattern
and development during the symbiotic
relationship. However, improved early
nutrient status promoting tiller formation,
and an earlier resource allocation to the
ears for the production of grains together
with a higher capacity for producing
assimilates leads to a higher grain yield.

Taken together, P. indica is not induc-
ing an uncoordinated vigorous growth at
all stages of host plant development, but
is improving host plant growth and faster
development at an early stage, providing
the basis for higher grain yield at the time
of harvest. Further functional character-
ization of specifically expressed genes in
the P. indica-barley interaction is expected
to provide a better understanding of host
reprogramming that eventually leads
to enhanced grain yield. In turn, these
genes could be exploited in new strategies
improving crop grain yield in the future.

References

1. Rodriguez R, Redman R. More than 400 million
years of evolution and some plants still can’t make it
on their own: plant stress tolerance via fungal sym-
biosis. J Exp Bot 2008; 59:1109-14.

2. Marschner H, Dell B. Nutrient uptake in mycorrhizal
symbiosis. Plant and Soil 1994; 159:89-102.

3. Smith SE, Read DJ. Mycorrhizal Symbiosis. London:
Academic Press, 2008.

Plant Signaling & Behavior

Weiss M, Selosse MA, Rexer KH, Urban A,
Oberwinkler F. Sebacinales: a hitherto overlooked
cosm of heterobasidiomycetes with a broad mycor-
rhizal potential. Mycol Res 2004; 108:1003-10.
Verma S, Varma A, Rexer KH, Hassel A, Kost G,
Sarbhoy A, et al. Piriformospora indica, gen. nov. sp.
nov., a new root-colonizing fungus. Mycologia 1998;
90:896-903.

Varma A, Verma S, Sudah, Sahay N, Franken P.
Piriformospora indica, a cultivable plant growth-
promoting root endophyte. Appl Environ Microbiol
1999; 65:2741-4.

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.

Serfling A, Wirsel SGR, Lind V, Deising HB.
Performance of the biocontrol fungus Piriformospora
indica on wheat under greenhouse and field condi-
tions. Phytopathol 2007; 97:523-31.

Fakhro A, Andrade-Linares DR, von Bargen S,
Bandte M, Buttner C, Grosch R, et al. Impact of
Piriformospora indica on tomato growth and on inter-
action with fungal and viral pathogens. Mycorrhiza

20105 20:191-200.

. Deshmukh S, Hiickelhoven R, Schaefer P, Imani

J, Sharma M, Weiss M, et al. The root endophytic
fungus Piriformospora indica requires host cell death
for proliferation during mutualistic symbiosis with
barley. Proc Natl Acad Sci USA 2006; 103:18450-7.

. Rai M, Acharya D, Singh A, Varma A. Positive

growth responses of the medicinal plants Spilanthes
calva and Withania somnifera to inoculation by
Piriformospora indica in a field trial. Mycorrhiza
20015 11:123-8.

. Peskan-Berghéfer T, Shahollari B, Giong PH,

Hehl S, Markert C, Blanke V, 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. Physiol Plant 2004; 122:465-77.

. Bucher M. Functional biology of plant phosphate

uptake at root and mycorrhiza interfaces. New Phytol

2007; 173:11-26.

. Shahollari B, Varma A, Oelmiiller R. Expression of

a receptor kinase in Arabidopsis roots is stimulated
by the basidiomycete Piriformospora indica and the
protein accumulates in Triton X-100 insoluble plasma
membrane microdomains. J Plant Physiol 2005;
162:945-58.

. Achatz B, von Riiden S, Andrade D, Neumann E,

Pons-Kithnemann J, Franken P, et al. Root coloniza-
tion by Piriformospora indica enhances grain yield in
barley under diverse nutrient regimes by accelerating

early plant development. Plant Soil 2010; 333:59-70.

. Barazani O, Benderoth M, Groten K, Kuhlemeier C,

Baldwin IT. Piriformospora indica and Sebacina ver-
mifera increase growth performance at the expense of
herbivore resistance in Nicotiana attenuata. Oecologia

2005; 146:234-43.

. 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.

. Achatz B. Untersuchungen zum Einfluss des

Wurzelendophyten Piriformospora indica auf das
Wachstum von Hordeum vulgare, die Resistenz gegen
Blumeria graminis f.sp. hordei und die Genexpression
in den Blittern. Ph.D. thesis, Philipps-University
Marburg, Germany 2006.

. 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 Phytol 2008; 180:501-10.

Volume 5 Issue 12



20. Waller F, Mukherjee K, Deshmukh SD, Achatz 22. Schifer P, Pfiffi S, Voll LM, Zajic D, Chandler

B, Sharma M, Schaefer P, et al. Systemic and local PM, Waller F, et al. Manipulation of plant innate
modulation of plant responses by Piriformospora immunity and gibberellin as factor of compatibility
indica and related Sebacinales species. ] Plant Physiol in the mutualistic association of barley roots with
2008; 165:60-70. Piriformospora indica. Plant J 2009; 59:461-74.

21. Sirrenberg A, Goebel C, Grond S, Czempinski N,
Ratzinger A, Karlovsky P, et al. Piriformospora indica
affects plant growth by auxin production. Physiol
Plantarum 2007; 131:581-9.

www.landesbioscience.com Plant Signaling & Behavior 1687



