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ABSTRACT
The endophytic fungus Piriformospora indica colonizes Arabidopsis thaliana roots and promotes plant
performance, growth and resistance/tolerance against abiotic and biotic stress. Here we demonstrate
that the benefits for the plant increase when the two partners are co-cultivated under stress (limited
access to nutrient, exposure to heavy metals and salt, light and osmotic stress, pathogen infection).
Moreover, physical contact between P. indica and Arabidopsis roots is necessary for optimal growth
promotion, and chemical communication cannot replace the physical contact. Lower nutrient
availability down-regulates and higher nutrient availability up-regulates the plant defense system
including the expression of pathogenesis-related genes in roots. High light, osmotic and salt stresses
support the beneficial interaction between the plant and the fungus. P. indica reduces stomata closure
and H2O2 production after Alternaria brassicae infection in leaves and suppresses the defense-related
accumulation of the phytohormone jasmonic acid. Thus, shifting the growth conditions toward a
stress promotes the mutualistic interaction, while optimal supply with nutrients or low stress
diminishes the benefits for the plant in the symbiosis.

Abbreviations: P, phosphorus; C, carbon; N, nitrogen; Pi, inorganic phosphate; JA, jasmonic acid; WT, wild-type;
Nlen, Network length; SEM, Scanning Electron Microscopy; ROS, reactive oxygen species
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Introduction

Biotic and abiotic stresses cause physiological and hormonal
imbalances, nutrition deficiency, ion toxicity, reduction of the
defense capacity and thus reduce plant performance and agri-
cultural yields. Stresses can be reduced by different strategies
including symbiotic interactions. Besides stress tolerance, a
symbiotic interaction can promote the biomass production of
the plant1 and ensures a better survival in nature. Fungi and
microbes profit from a symbiotic interaction by the photoassi-
milates from the host.

Arbuscular mycorrhiza (AM) fungi play a key role in ecosys-
tems.2 Inorganic phosphate (Pi) uptake from the soil and car-
bon transfer from the host to the fungus establish a C-P
organic balance which is crucial for symbiotic interactions.2 Pi
uptake is energy-consuming for plants and fungi and its uptake
by roots results in depletion of the surrounding soil area and
consequently requires root growth and development for reach-
ing new areas with enough Pi.3 Plants respond to Pi limitations
by increasing the root hair number and length, Pi mining from
unsolvable resources by malic and citric acids or acid phospha-
tases4 and symbiosis with fungi,5 which can increase the solu-
bility of Pi forms.4 In Arabidopsis-Piriformospora indica
interaction, the fungus promotes Pi uptake and root develop-
ment under Pi limitation in wrky6 mutant, which is associated

with the stimulation of PHOSPHATE1 expression and ethylene
production. Expression profiles from the roots of wrky6 seed-
lings identified genes involved in hormone metabolism, trans-
port, meristem, cell and plastid proliferation, and growth
regulation.6

AM fungal mycelium enhances the hydraulic conductivity in
roots. Water deficiency affects growth and plant yield viamodi-
fication of the plant osmotic potential.7 The plant itself uses
anatomical, physiological and cellular mechanisms8 as well as
symbiosis9 to reduce the negative effects. Under drought condi-
tions the AM symbiosis increases plant resistance9-11 by
increasing nutrient uptake, enlarging the root surface area,10

and adjusting the osmotic potential.7 The fungus preserves the
moisture by generating glomalin-soil aggregations,7,11 while the
plant responds to the presence of the fungus by altering the
gene expression pattern and physiology, e.g. by higher produc-
tion of antioxidants7 or improvement of water movement into
the plant.11 The water potential is much higher in mycorrhizal
colonized relative to non-colonized plants.10 P. indica confers
drought-stress tolerance to Arabidopsis under in vitro condi-
tions, and this is associated with the priming of the expression
of a quite diverse set of stress-related genes in the leaves.12 In
Chinese cabbage P. indica retarded the drought-induced
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decline in the photosynthetic efficiency and the degradation of
chlorophylls and thylakoid proteins.13

Reduction of heavy metal uptake in plants via production of
metallophytes is another effect of AM fungi interacting with
the plant root.14 Different plant species produce metallothionin
under heavy metal stress. Hildebrandt et al.14 demonstrated
that heavy metal uptake into roots is reduced by the fungus-
produced glycoprotein glomalin. Glomalin is highly persistent
in soil, affects the soil structure and reduces soil density and
indirectly improves plant growth, beside its direct effect on
heavy metal tolerance.15 Fungi also precipitate metal ions.16-17

Half of the cultivable lands will become saline in the next
40 years which will result in increasing levels of hyperionic and
hyperosmotic stress18 and subsequently in higher oxidative
stress.19 Production of antioxidant enzymes helps plants to sur-
vive better under salt stress conditions.20 Fungi-mediated anti-
oxidants (ascorbic acid, a-tocopherol, glutathione and
carotenoids) cause reduction of hydrogen peroxide and peroxi-
dation of lipids.21 Root dependency of the symbiotic fungi
increases under salinity and fungi can alleviate salt stress effects
of the plant.22 In salty conditions, plant phosphorus (P) and
magnesium (Mg2C) levels are increased in the presence of AM
fungi by the accumulation of osmolytes in roots, such as carbo-
hydrates and electrolytes.23 The deficiency of Mg2C in plants
results in reduction of chlorophyll formation and causes
adverse effects on photosynthesis.24 The symbiotic plant-fungi
interaction also improves NO3

¡, Ca2C and KC uptake under
salt stress.25 Gahlot et al.26 obtained 36 salinity-tolerance genes
using functional screening, based on random over expression
of a P. indica cDNA library in Escherichia coli grown on
medium supplemented with 0.6 M NaCl. The expression of
these 36 genes was analyzed in P. indica using quantitative RT-
PCR and only six genes were up-regulated by salt stress. These
six genes are involved in different cellular processes, such as
metabolism, energy and biosynthetic processes, DNA repair,
regulation of protein turnover, transport and salt stress
tolerance.26

The beneficial effect of P. indica association on rice seedlings
was analyzed during high salt stress conditions (200 and
300 mM NaCl) by Jogawat et al.27 Salt-stressed seedlings per-
formed much better in the presence of P. indica compared with
non-inoculated controls. The photosynthetic pigment content
[chlorophyll (Chl) a, Chl b, and carotenoids] was significantly
higher in P. indica-inoculated rice seedlings under high salt
stress conditions as compared to control seedlings. Proline
accumulation was also observed during P. indica colonization,
which may help the inoculated plants to become salt tolerant.27

In this study we analyze the P. indica/Arabidopsis thaliana
interaction by manipulating stress conditions during their co-
cultivation. The beneficial interaction of the root endophyte P.
indica with a multitude of horticulturally and agriculturally
important plants as well as model plants such as Arabidopsis
leads to growth promotion, increased biomass production and
enhanced resistance/tolerance against biotic and abiotic stress
(cf.28-32). The fungus can be cultivated axenically on synthetic
or complex media without a host.29 Once inside the roots, the
fungus gets access to photoassimilates and other plant
nutrients, which further promotes colonization and prolifera-
tion.30 We demonstrate that an increase in various unrelated

stresses strengthens the symbiotic interaction of P. indica with
Arabidopsis, which results in better performance of the plant.

Results

Nutrient availability in Arabidopsis/P. indica interaction

We first established co-cultivation conditions in which the two
symbionts have different access to nutrients from the PNM
medium. Arabidopsis seedlings co-cultivated with P. indica in a
PNM aquaculture for 30 days accumulate less biomass com-
pared to seedlings grown without the fungus (Fig. 1A, B, C).
Growth of the seedlings in the presence of P. indica was also
reduced when the two symbionts were co-cultivated on solified
PNM medium in Petri dishes. Separation of the biological
material from the PNM medium by a nylon membrane
restricted the access of the roots and hyphae to the nutrients.
Under these conditions, the presence of the fungus is favorable
for plant growth which results in a slight, but significant
increase in the plant biomass, relative to growth without the
fungus. Further restriction of the access to nutrients is achieved
by a cellophane membrane which cannot be passed by roots
and fungal hyphae. This resulted in an even stronger growth
promotion of the plant in the presence of the fungus, relative to
the seedlings grown without the fungus (Fig. 1C). This suggests
that limited access to the PNM nutrients is crucial for the stim-
ulatory effect of the fungus on plant biomass production.

The P. indica-induced changes in plant growth are reflected
by the fungus-induced alterations in the root architecture. It is
obvious that root growth stimulation by P. indica increases the
more the access to the medium is restricted (aquaculture <

agar < membrane < cellophane). Using the software program
developed by Galkovskyi et al,33 the length (Nlen), perimeter
(Perim) and volume of the root system was quantified for the
four growth conditions with and without the fungus (Fig. 2A).
They confirm an increase in root growth stimulation by P. ind-
ica with decrease in accessibility to the nutrients in the
medium. The most dramatic increase was observed for roots
which were co-cultivated with P. indica on the cellophane
membrane (Fig. 2B, C). While barely any lateral roots can be
detected in the uncolonised control, lateral root development is
strongly promoted by P. indica.

Furthermore, physical contact between the two symbionts
strongly stimulates P. indica-mediated growth promotion of
Arabidopsis seedlings. When the fungus grows under the cello-
phane membrane (Fig. S1) no physical contact to the host can
be established. Under this condition, the growth-promoting
effect of the fungus on the seedlings was more than 10-times
lower compared to co-cultivation conditions on the surface of
the cellophane membrane (data not shown). We conclude that
a physical contact cannot be replaced by chemical communica-
tion between the two symbionts. In addition, restriction in
nutrient access strengthens the physical contact between the
two symbionts: Scanning Electron Microscopy (SEM) (Fig. 2C)
shows the mycelial network when the two symbionts are in
physical contact. The fungal mycelium grows on the root sur-
face, covers the surrounding area of the roots and penetrates
into the root epidermal cells. The root-associated mycelial net-
work extends to distantly located cellophane areas. The
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capillary activity from the root cells is supported by this fungal
network, which allows a more efficient nutrient and water
uptake from the accessible medium, compared to roots growing
without the fungus.

To further support the concept that limitations in nutrient
availability promotes plant growth by P. indica, Arabidopsis
seedlings with and without the fungus were grown on different
PNM concentrations (0.25x, 1x, 4x). The strongest growth-pro-
moting effect of the fungus was observed on 0.25x PNM
medium and the smallest effect on 4x PNM medium (Fig. 3A).
Microscopic analyses and determination of the ratio of fungal
ITS mRNA/plant GAPDH mRNA34 demonstrate that root col-
onization is higher on low PNM medium and reduced of high
PNM medium (Fig. 3B, C). This suggests that root colonization
increases with decrease in nutrient availability.

Lower nutrient availability resulted also in the down-regula-
tion and higher nutrient availability in the up-regulation of the
pathogenesis-related genes PR1, PR2, PR4 and PR5 in shoots
indicating a general repression of the plant defense system
(Fig. 3D). This might be caused by less resource availability for
the plant defense machinery under nutrient-limiting growth
conditions, or higher root colonization results in a more effi-
cient downregulation of the plant defense machinery.

In conclusion, lower nutrient availability promotes the
mutualistic interaction. The role of P. indica in promoting the
plant�s excess to the nutrients is manifested by higher root colo-
nization and root and plant growth stimulation. On the other
hand, the plant�s investment in defense is reduced under nutri-
ent-limiting conditions.

Heavy metal and osmotic stress in Arabidopsis/P. indica
interaction

To further support the idea that stress conditions promote the
P. indica/Arabidopsis interaction, we exposed colonized and
control seedlings to various heavy metal and osmotic stresses.

As expected, exposure of colonized and uncolonized Arabi-
dopsis seedlings to heavy metal stress severely reduced their
shoot fresh weights. However, when the % increase in shoot
weight of colonized versus uncolonized seedlings is considered,
the colonized seedlings perform better than the uncolonized
controls (Fig. 4A). It appears that the benefits for the plants
induced by the fungus increase with increasing toxicity of the
metal ions (Zn < Ag D Ni < Cr D Co D Cd).

Similar effects were observed for seedlings exposed to
osmotic stress, i.e. PNM medium plus 200 mM NaCl or 50 mM
mannitol or 10% PEG. The strongest effect was observed for
PEG-exposed seedlings (Fig. 4C).

These examples demonstrate that the seedlings profit more
from the symbiosis when they are exposed to a heavy metal or
osmotic stress.

Role of Pi, NO3
¡ and SO4

2¡ in the P. indica/Arabidopsis
interaction

Pi availability is a classical model to study the role of beneficial
fungi in helping the plant to obtain better access to this
growth-limiting nutrient. Several studies have demonstrated
that Pi limitation restricts Arabidopsis growth and promotes

Figure 1. A. thaliana seedlings grown under long day light condition (65 mmol m¡2 sec¡1) and different access to the nutrients in PNM medium (aquaculture, agar, mem-
brane or cellophane) with or without P. indica. (A) Typical pictures of the seedlings after 30 days of co-cultivation under the four different conditions. (B) Shoot fresh
weights of 30 day-old seedlings shown in A. (C) Weight promotion of the shoots by P. indica (in %) relative to the uncolonized control. For statistics, cf. Materials and
Methods.
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the Arabidopsis/P. indica interaction,35 Bakshi and Oelm€uller,
unpublished results). Under our growth conditions, the shoot
fresh weight of P. indica-colonized seedlings grown on full
PNM medium on the nylon membrane is increased by 31 §
3% compared to the uncolonized control (Fig. 4B). If the
KH2PO4 concentration in the PNM medium is reduced 10-
fold, the growth-stimulating effect increased to 58 § 4%
(Fig. 4B). Similar results were also obtained for other ions: 10-
fold reduction of the KNO3 concentration leads to an increase
in the fresh weight from 31 § 3% to 46 § 2%, and of the
MgSO4 concentration from 31 § 3% to 54 § 5% (Fig. 4B).
These examples support the concept that limitations in Pi and
other essential ions promote the benefits for the plant in the
interaction.

Light intensity in Arabidopsis/P. indica interaction

While minerals are taken up from the soil, light stress acts
directly on leaves. Since plant performance is strongly affected
by light quality and intensity, we tested whether root coloniza-
tion by P. indica has an effect on light stress to the leaves.

P. indica-colonized and control plants were grown under 25,
50 and 110 mmol m¡2 sec¡1 continuous illumination. Fig. 5A
demonstrates that the increase in the light intensity results in

reduced shoot biomass of uncolonized seedlings, while the
opposite is observed for colonized seedlings. This demonstrates
that continuous illumination with higher light intensities is
stressful for the seedlings, and that root colonization counter-
acts this stress by root-to-shoot signaling.

To gain more inside into these processes, we measured fluo-
rescence parameters for the efficiency of the photosynthetic
electron flow under the different conditions. The photosyn-
thetic yield represented by the Fs/Fm parameters in low light
(25 and 50 mmol m¡2 sec¡1) is higher in uncolonized than in
colonized plants. The opposite effect was observed for high
light-grown plants (110 mmol m¡2 sec¡1). Consistent with
these observations, the NPQ values representing energy loss by
heat dissipation gave the opposite results (Fig. 5B). The data
demonstrate that the efficiency of the photosynthetic electron
flow decrease gradually with increasing light intensity in
uncolonized plants, and that fungal signals from the roots
counteract the efficiency loss (Fig. 5B).

Response to pathogen infection in Arabidopsis/P. indica
interaction

Finally, we exposed Arabidopsis leaves to dosis of the
pathogenic fungus A. brassicae (Fig. 6) and tested whether

Figure 2. Effect of P. indica on the root architecture of A. thaliana seedlings grown for 12 days on PNM media under long day light condition (50 § 15 mmol m¡2 sec¡1).
(A) Root architecture of Arabidopsis seedlings grown on PNM media with and without cellophane. (B) Microscopical view of the roots’ network in control and P. indica-
treated seedlings (C P. indica) grown on PNM plates covered with cellophane. Pictures were from the GiaRoot software. (C) SEM images of control and P. indica-colonized
Arabidopsis roots after 10 days of colonization. For statistics, cf. Materials and Methods.
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this has an effect on P. indica-induced growth promotion.
Fig. 6A demonstrates that growth promotion by the benefi-
cial fungus was stronger in pathogen-exposed seedlings
when compared to seedlings which were not treated with A.
brassicae. Infection of the leaves with A. brassicae induced
H2O2 production, and seedlings which were co-cultivated
with P. indica produced significantly less H2O2 (Fig. 6B).
Similarly, A. brassicae infection to the leaves resulted in sto-
mata closure and this effect was also reduced in P. indica-
exposed seedlings (Fig. 6C). The latter two observations
suggest an efficient root-to-shoot communication.

Biophotons are ultra-weak emission of photons which
mainly result from the generation of reactive oxygen species
(ROS) and metabolic activities as by-products of cellular respi-
ration.36 Biophoton measurements have been used for demon-
stration of stress conditions in various organisms.36 Biophoton
emission after A. brassicae infection was lower in P. indica-col-
onized seedlings relative to the seedlings not exposed to P. ind-
ica. This confirms that P. indica reduces the stress induced by
A. brassicae infection (Fig. 6D).

The phytohormones jasmonic acid (JA), JA-isoleucine, and
oxophytodienoic acid are crucial for the activation of defense
responses. Fig. 7 demonstrates that JA, JA-isoleucine, and oxo-
phytodienoic acid accumulate in the shoots of Arabidopsis
seedlings after infection of the leaves with the pathogenic fun-
gus A. brassicae. Pre-treatment of the seedlings with P. indica
reduced significantly hormone accumulation. We conclude
that P. indica represses Alternaria-induced phytohormone
accumulation in Arabidopsis shoots.

Taken together, increased abiotic and biotic stress results in
the promotion of plant biomass and performance by P. indica.

Discussion

We demonstrate that an increase in quite different stresses pro-
motes the symbiotic interaction between P. indica and Arabi-
dopsis roots, which ultimately results in better plant
performance. Our experimental setup included abiotic and
biotic stress experiments, both to roots and shoots, in which
the two symbionts had access to different nutrient concentra-
tions, were exposed to heavy metals with different toxicities, to
different osmotic and light stress conditions and a pathogen.
We measured different well characterized responses of the
plants to these stresses which describe the performance of the
plant in the presence and absence of root colonization by
P. indica. We optimized the conditions such that the highest
applied stress reduced plant performance but did not cause
irreversible damage. All experiments demonstrate that the fun-
gal effect on plant growth and performance increases with an
increase in the applied stress. These experiments also highlight
the importance of the experimental setup for studying plant/
microbe interaction. For instance, co-cultivation of the two
symbionts on PNM medium does not result in growth promo-
tion, unless access to nutrients in the PNM medium is
restricted by a nylon or cellophane membrane.

Limited access to or availability of nutrients strengthens the
mutualistic interaction which also results in the stimulation of
root growth and severe alterations in the root architecture.

Figure 3. Effect of P. indica on A. thaliana shoot growth (A), root colonization (B and C), and expression of defense genes (D) in different PNM concentration [7 days co-
cultivation under long day light (50 § 15 mmol m¡2 sec¡1)]. (A) Shoot fresh weight (up) and promotion in % relative to the uncolonized control (down). (B) Fluorescent
microscopy of Arabidopsis roots stained with trypan blue and fuchsin acid. (C) P. indica ITS mRNA level (relative to plant GAPDH mRNA level) from colonized roots grown
on different PNM concentrations. (D) Fold changes of PR genes (C P. indica / - P. indica) in Arabidopsis shoots grown on different PNM concentrations. For statistics, cf.
Materials and Methods.
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Similar results for the P. indica/Arabidopsis interaction were
obtained when specific ion (Pi, NO3

¡, SO4
2¡) concentrations

were reduced in the PNM medium. Likewise, AM symbiosis is
stimulated by P limitation.37 A number of studies have demon-
strated that mycorrhizal fungi and plant growth promoting rhi-
zobacteria improve crop productivity under stressful
environments.38 In AM symbiosis, a more intense interaction
of the two partners under nutrient-limiting conditions has
been intensively studied for Pi, NO3

¡ and SO4
2¡. Smith and

Smith39 proposed that the level of colonization is crucial for a
beneficial interaction in AM symbiosis, and in Pi¡ and NO3

¡

rich soil the level is lower in AM plants. This results in growth
depression because the beneficial traits in the symbiosis
decrease. The higher fungal RNA/plant RNA ratio indicates
that the roots are more dependent on the fungus under low
PNM medium. The degree of root colonization is crucial for
mutualistic interactions,40 and might be under fungal41 and/or
plant control.42 Down-regulation of PR gene expression in low
PNM medium provides optimal condition for colonization by
P. indica. Conversely, in higher nutrient concentration, the
plant does not need the fungus for nutrient acquisition and
root colonization is reduced. Smith and Smith39 showed that Pi
and NO3

¡ rich soil reduces AM root colonization. Up-
regulation of the PR genes and induction of the plant defense
system under these conditions shows that the plant produces
anti-fungal compounds to restrict or even prevent root

colonization. Thus, the level of stress is defining the level of
biotic interaction between the 2 symbionts.

Under nutrient-limiting conditions, the fungus stimulates
root growth more than under conditions with sufficient nutri-
ent supply, as shown by the Nlen and the root surface volume
values (Fig. 2A).

We also demonstrate that heavy metal tolerance of Arabi-
dopsis seedlings is stimulated by P. indica, and the protective
role of the fungus increases with increasing toxicity of the heavy
metal ion. Similarly, plants in mycorrhizal associations are less
sensitive to heavy metal stress than non-mycorrhizal plants,43

and cadmium-induced changes in mycorrhizal roots were
absent or smaller than those in non-mycorrhizal roots.44 Sev-
eral mechanisms can account for these observations. The heavy
metals could accumulate primarily in the fungal hyphae and
thus to a lesser extent in the roots. Alternatively, metal chela-
tors or organic acids could be secreted by fungi or mycorrhizal
roots.4,45 The antioxidant activity becomes activated after expo-
sure to heavy metal stress and participates in protecting the
roots against this stress.46 Detoxification of heavy metals by
fungi occurs also through the generation of nanoparticles,
extracellular particles, which scavenge the metal ions and
reduces their concentrations prior to the up-take of the roots.16

Considering that these detoxification mechanisms do not dis-
tinguish between different heavy metal ions, it is reasonable to
assume that detoxification of highly toxic ions has a stronger

Figure 4. Effect of heavy metals and salts on A. thaliana growth in the presence/absence of P. indica under long day light (50 § 15 mmol m¡2 sec¡1). (A) Shoot fresh
weights (left) and % weight promotion by P. indica (relative to the uncolonized control) (right) after 10 days of co-cultivation or mock-treatment. 1 mM of different metal
salts was used. (B) Shoot fresh weights (left) and % weight promotion by P. indica (right) of seedlings grown for 10 days with/without P. indica on different salt concentra-
tions. (C) Shoot fresh weights (left) and % weight promotion (right) of 10-day old seedlings co-cultivated with/without P. indica under different osmotic and salt condi-
tions. For statistics, cf. Materials and Methods.
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effect for the plant than detoxification of less toxic heavy met-
als. Taken together, better plant growth and performance
include also P. indica-mediated detoxification or sedimentation
of toxic metal cations outside or inside of plant and fungal cells.

Similar results were obtained when Arabidopsis seedlings
were exposed to osmotic stress. The growth-promoting effect
of P. indica increased with increasing osmotic stress. Also Aug�e
et al.47 found that the efficiency of mycorrhiza on plant perfo-
mance depends on the stress severity.

Finally, we applied two types of stress to the leaves and
checked how they are affected by signals from colonized
roots: light and infection with Alternaria spores. With
increase in light intensity, colonized plants perform better
compared to those grown under low light conditions. Under
high light conditions, the ROS level in the leaves increase,
and ROS is also produced after Alternaria infection. The
ROS levels in the leaves are reduced in P. indica-colonized
plants, e.g. by the stimulation of the antioxidant capacity in
the plant.31,48

Furthermore, the root-associated fungus promotes the per-
formance of the aerial part by signals from the roots. We intro-
duced the new and highly sensitive biophoton technology,
which detects ultra-weak emission of photons mainly from the
generation of ROS and metabolic activities as by-products of
cellular respiration.36 This technology is appropriate to quanti-
tatively describe stress and thus plant fitness in plants.

Infection of Arabidopsis leaves with A. brassicae spores
results in JA, JA-isoleucine, and oxophytodienoic acid accumu-
lation in shoots in response to infection. The pathogen-induced
phytohormone accumulation in leaves is suppressed by the
beneficial fungus P. indica when roots are pre-treated with this
fungus. A comparable systemic effect was also shown for Arabi-
dopsis leaves infected with Verticillium dahliae.49

Collectively, these results demonstrate that increase in
stress within a reasonable and non-toxic scale stimulates
the symbiotic interaction between P. indica and Arabidop-
sis which in turn results in better performance of the
plant.

Figure 5. Effect of different light intensities on A. thaliana growth in the presence/absence of P. indica. (A) Shoot fresh weights (left) and % weight promotion by P. indica
(right) under continuous light and different light intensities (25–110 mmol m¡2 sec¡1). Seedlings were grown for 10 days with/without P. indica. (B) Fluorescence parame-
ters [Y (effective quantum yield of photosystem II), Fs/Fm and NPQ] in Arabidopsis shoots after 10 days co-cultivation with P. indica under continuous light (25 § 5, 50 §
15 and 110 § 10 mmol m¡2 sec¡1). All results are based on 3 independent experiments with 10 individual seedlings. Bars represent SE. Asterisks indicate significant dif-
ferences (relative to its own control) as determined by t-test (� P � 0.05; �� P � 0.01; ��� P � 0.001).
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Figure 6. (A) Shoot fresh weights (left) and % weight promotion by P. indica (right) in A. thaliana leaves of seedling with/without P. indica and 10 days after leaf infection
with A. brassicae. The seedlings were grown under long day light condition (50 § 15 mmol m¡2 sec¡1). (B) H2O2 levels in leaves of Arabidopsis seedlings after infection
with A. brassicae in the presence/absence of P. indica after 10 days. (C) Stomata closure after Alternaria leaf infection of colonized and uncolonized seedlings after
10 days. (D) Relative gray values of the images (biophoton records) of Alternaria-infected Arabidopsis leaves treated with/without P. indica. For statistics, cf. Materials and
Methods.

Figure 7. JA, JA-Ile and oxophytodienoic acid (OPDA) levels in the shoots with/without P. indica and 10 days after leaf infection with A. brassicae. The seedlings were
grown under long day light condition (50 § 15 mmol m¡2 sec¡1). For statistics, cf. Materials and Methods.
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Materials and methods

Co-cultivation of A. thaliana with P. indica in different
conditions, data analyses

Amodified Kaefer medium50 was used for the propagation of P.
indica on a Petri dish. After growing for 14 days at room tem-
perature, a P. indica plaque with 5 mm diameter (control: pla-
que without hyphae) was placed on plant nutrient media
(PNM) with a nylon membrane (pore size 70 mm) on the top.
The fungal culture was kept at the same condition for 1 week
until the P. indica mycelium covered the entire membrane sur-
face.32 For co-cultivation, 12 days-old seedlings of A. thaliana
were grown on MS media as described in Johnson et al.32 Four
Arabidopsis seedlings were transferred to the plates colonized
by P. indica as well as to control plates and grown for 10 days
in long day condition [50 (§ 15) mmol m¡2 sec¡1 light from
the top]. Different concentrations of PNM (0.25x, 1x and 4x)
were used to study the nutrition effect on the P. indica/Arabi-
dopsis interaction. To investigate the effect of N, P and S, the
respective salts in the PNM medium were reduced to the final
concentrations of 0.5 mM, 0.25 mM and 0.125 mM for KNO3,
MgSO4 and KH2PO4, respectively. Continuous light of 10 § 5,
50 § 15 and 110 § 10 mmol m¡2 sec¡1 was given from the top
to analyze the effect of the light intensity on the symbiotic
interaction. Biotic stress was investigated with the pathogenic
fungus Alternaria brassicae. After infection of Arabidopsis
seedlings co-cultivated with or without P. indica for 7 days, the
leaves were infected with a spore solution. A. brassicae was cul-
tured on PDA media for two weeks at room condition. The
spores were collected with a sterile scalpel and three times
washed with distilled sterile water. Spore concentration was
adjusted to the 1£106 spore/ml and 2 ml of this suspension was
used for leaf infection. As control, sterile water was used instead
of the A. brassicae inoculum. In all experiments fresh weight of
the seedlings was used as a system of reference according to
Sherameti et al.44 The pH of PNM media was adjusted to 5.6
and all experiments were performed at 23�C. Except for the
fluorescence and biophoton measurements, all results are based
on 3 independent experiments with 10 replicate (10 individual
seedlings each). Error bars represent standard error (SE). Aster-
isks indicate significant differences (relative to its own control)
as determined by t-test (� P � 0.05; �� P � 0.01; ��� P � 0.001).

Nutrition availability study

Sterilized Arabidopsis seeds were placed on PNM plates with
different nutrition concentrations, and inoculated with 2 ml of
the P. indica spore solution (1£106 spore/ml). Distilled water
was used as control and the seedlings were kept for 2 days at
4�C before transfer to the respective light conditions for four
weeks under long day condition (18 h light and 6 h dark) and a
light intensity of 50 § 15 mmol m¡2 sec¡1, applied from the
top. Different access to nutrient supply was achieved by grow-
ing the symbionts under four different conditions: an aquacul-
ture system,17 growth of the symbionts on solid PNM media,
on solid PNM media covered with a nylon membrane (70 mm
pore size), or on solid PNM media covered with a cellophane
membrane (<200 nm pore size which does not allow the pene-
tration of roots and mycelia).

Co-cultivation of the symbionts under aquaculture condi-
tion was performed in Magenta boxes with 300 ml sterile PNM
liquid media. The boxes were covered by aluminum foil and a
microtube from which the tip was removed, filled with solid
PNM media placed in a hole in the middle of the aluminum
foil as described in Vahabi et al.17 For solid PNM media,
300 ml PNM media containing 1% agar in a Magenta box was
used. A 70 mm pore-size nylon membrane was placed on top of
300 ml PNM medium solidified with agar. For the co-cultiva-
tion conditions with cellophane, the nylon membrane was
replaced by a cellophane membrane.

Root architecture

Root architecture studies were performed by co-cultivation of
Arabidopsis seedlings with P. indica in vertical square plates.
Twelve days-old seedlings grown on MS media were trans-
ferred to the PNM media prepared with gelrite and kept verti-
cally for 10 days under long day conditions (50 § 15 mmol
m¡2 sec¡1, light from the top). P. indica inoculation was done
at the same time32 by placing 2 agar plaques of 14 day-old fun-
gus in KM media to the center of the square plates, in 5 cm dis-
tance to each other and 2.5 cm distance from the edge of plates.

To study how the root hair architecture of the seedlings is
affected by P. indica, Arabidopsis seeds were placed on the sur-
face of PNM media covered by a cellophane membrane
together with P. indica spores. After 4�C for 48 h, they were
kept under long day condition for three weeks. 2 ml of a P. ind-
ica spore solution (as described above) was used for inoculation
of the seeds on the surface of the cellophane membrane. Con-
trol seeds were treated with sterile water instead of the P. indica
inoculum. The GiA Roots software was used to analyze the dif-
ferences in the root architecture between control and P. indica-
treated plants according to Galkovskyi et al.33

For more detailed analyses of the root architecture, the Net-
work area parameter (the number of root or root hair pixels in
the image), the Network length parameter (Nlen, the total
number of pixels in the network skeleton), the Perimeter
parameter (Perim, the total number of root or root hair pixels
connected to a background pixel), the Network volume (the
sum of the root or root hair volume in pixel as approximated
by a tubular shape whose radius was estimated from the image)
were calculated as described by Galkovskyi et al.33

To check physical contact of the roots with P. indica, the 2
symbionts (Arabidopsis seedlings and 2 ml of a P. indica spore
suspension) were co-cultivated on a cellophane membrane as
described above and compared with conditions in which 2 ml
of the spore suspension of P. indica was applied under the cel-
lophane membrane. Microscopic and PCR analyses confirmed
that the 2 symbionts did not have physical contact when they
are growing on opposite sides of the cellophane membrane.
The seedlings were harvested after 3 weeks of co-cultivation,
and the fresh weights of seedlings grown on the membrane
alone and with P. indica on the same or opposite sides of the
membrane were compared.

Light stress, fluorescence parameters

Co-cultivation of the 2 symbionts was performed as described
above on a nylon membrane on PNM medium, except that the
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plates were exposed to continuous illuminations with different
light intensities (25 § 5 mmol m¡2 sec¡1, 50 § 15 mmol m¡2

sec¡1 and 110 § 10 mmol m¡2 sec¡1) for 10 days. The fluores-
cence parameters were measured with a FluorCam 700MF
instrument and analysed with the Flucam 5.0 software. The
data are averages for 30 seedlings and 3 independent biological
experiments.

Heavy metal experiments

Arabidopsis seedlings were co-cultivated with P. indica (or mock-
treated) for 7 days on PNM medium supplemented with NiCl2,
CrSO4, CdCl2, Co-acetate, ZnNO3 or AgNO3 (concentrations are
given in the Result section) and compared with the PNM control.

Osmotic and salt stress

Twelve day-old seedling grown on MS media were transferred
to the PNM plates containing either NaCl (200 mM), PEG
(10%) or mannitol (50 mM). These concentrations correspond
to osmotic potential of ¡0.78, ¡1.24 and ¡1.69 MPa, respec-
tively76 The seedlings were inoculated with a P. indica plaque
(control: KM medium without the fungus) for one week before
the fresh weights of the seedlings were determined.

Biophoton measurement

Biophoton investigation of Arabidopsis leaves was performed
with a Zeiss LSM 710 microscope in darkness with the ZEN-
software and without laser excitation of the samples. Detached
leaves on the microscope glass slides in 100 ml glycerol (50%)
matrix were analyzed using a 10x magnification objective (EC
Plan-Neofluar 10x/0.30 M27) and an image scanning area of
512 £ 512 pixel. The image acquisition setup was selected for
three different dyes via a smart setup button, and the biofluor-
escence of the leaves was measured from 382 to 596 nm. To
minimize the crosstalk among each fluorophore, the “Best sig-
nal mode” sequential scanning was chosen. The emission detec-
tion range of each emission filter had been modified around the
maximum of the filters to a 20 nm spectral range. Due to the
weak autofluorescence of the leaves, the pinhole of each chan-
nel was adjusted to the maximum value, to collect more light
emission of the leaves by the detector. The voltage on the pho-
tomultiplier tube which detects the emitted light from the sam-
ple was set to 800 to increase the sensitivity to obtain optimal
intensity and background signals. Grays scale was used for
image processing of the 512 £ 512 pixel area by the ImageJ
1.48 v software and the mean gray value was used for compari-
son of relative amounts of biophotons recorded on the images.
Background noises induced by high-energy particles were
recorded by imaging of biophoton blank samples and their
mean gray values were subtracted from all sample measure-
ments. The results show an average of images recorded from 30
leaves of 3 independent biological experiments.

RNA analysis

RNA was isolated from shoots by adding 1 ml Trizol to 100 mg
tissue powdered in liquid nitrogen and shacking for 10 min in

a microtube. After the addition of 200 ml chloroform, the tubes
were shaken for 10 more min and centrifuged for 30 min at
10.000 rpm at 4�C. The supernatant was transferred to a new
microtube and mixed with half volume of ice-cold isopropanol
and extraction buffer (0.8 M Na-citrate and 1.2 M NaCl). After
10 min incubation at room temperature, followed by centrifu-
gation for 30 min at 11.000 rpm at 4�C, the pellet was washed
with 1 ml 70% ethanol, dried and dissolved in 50 ml distilled
H2O. Oligo dT primers were used for reverse transcription of
1 mg of total RNA with the Qiagen kit (Omniscript, Qiagen,
Hilden, Germany). RT-PCR was conducted with the primer
pairs given in S1 Table. Arabidopsis GAPDH and P. indica ITS
were used as housekeeping genes for the two organisms.

The “Bio-Rad CFX connect real-time system” and “Bio-Rad
CFX manager version 3.1” (Bio-Rad, Munich, Germany) were
used for preforming real-time quantitative RT-PCR with Taq
DNA polymerase and Eva green (Bio-Rad) in a final volume of
20 ml for the amplification of the PCR products. The reactions
were performed with 95�C 2 min, 39£ (95�C 30 s, 60�C 40 s,
72�C 45 s), 72�C 8 min followed by a melting curve program
(55–95�C in increasing steps of 0.5�C). Annealing temperature
was adjusted according to the primers. Three amplification rep-
etitions for at least three independently isolated RNAs were
used for all biological repetitions. Bio-Rad CFX Manager soft-
ware was used for fold induction value calculations.

H2O2 measurements and ROS staining

Arabidopsis seedlings co-cultivated with P. indica for 15 days
were infected with A. brassicae spores. After 10 days, they were
stained with 3,30-diaminobenzidine (DAB) as described by
Daudi et al.51 H2O2 level in stained leaves was quantified
according to Vahabi et al.52 As a result of staining a brown pre-
cipitate upon oxidation was formed, which is insoluble in aque-
ous and organic solvents. For the detection/quantification of
H2O2 inside the plant material, 100 mg of stained tissue was
washed with acetone three times, ground to a fine powder and
- after drying - dissolved in 1 ml DMSO at 90�C for 1 h. The
supernatant was separated from the precipitate by centrifuga-
tion at 10,000 rpm for 5 min and further used for spectrophoto-
metric measurements at 270 nm (Perkin Elmer, Lambda 12) as
described by Greenfield et al.53 The poly-DAB concentration of
the plant tissue was correlated to the H2O2 concentration using
a standard curve which was generated by the application of
four different concentrations of H2O2 (0.1, 1, 10, 100 mg).

Microscopy of roots and stomata

Fluorescent staining of root samples was performed with fuch-
sin acid and trypan blue and the material was analyzed with a
Zeiss fluorescent microscope Oxiovert.16

Stomata staining was done according to Vahabi et al.54 The
data are averages of 20 leaves from 10 seedlings with 3 indepen-
dent biological repetitions.

Scanning Electron Microscopy analysis

For SEM analysis, samples were fixed overnight with 2.5% glu-
taraldehyde in sodium cacodylate buffer (0.1 M, pH 7.0). They

e1136763-10 K. VAHABI ET AL.



were dehydrated with ethanol in serially increased concentra-
tion, followed by critical point drying in a Leica EM CPD300
Automated Critical Point Dryer (Leica, Wetzlar, Germany).
The samples were coated with carbon (20 nm) in a BAL-TEC
SCD005 Sputter Coater (BAL-TEC, Liechtenstein) and ana-
lyzed at different magnifications in a LEO 1530 Gemini field
emission scanning electron microscope (Zeiss, Oberkochen,
Germany) at 12 kV acceleration voltage and a working distance
of 6 mm using an inlense secondary electron detector and a
scintillation type backscatter electron detector (Centaurus
detector, K.E. Developments, Cambridge, UK).

Plant hormone measurements

Ten day after inoculation of control and P. indica treated seed-
ling with A. brasicae, the shoots were used for quantification of
JA, JA-isoleucine and oxophytodienoic acid. The phytohor-
mone levels are expressed relative to the dry weight according
to Sun et al.49
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