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A unique endophytic fungus, Piriformospora indica, isolated from the hot Thar desert, shows beneficia symbiotic
associations with awide range of host plants. This fungus promotes growth of the host plant in terms of seed germination,
seedling growth, early flowering, enhanced fruiting and increase in the content of value addition products e.g. secondary
metabolites. One of the possible mechanisms which explain these benefits is fungus-facilitated increase in the uptake of
nutrients and minerals. Fungal inoculation also protects the plant from various abiotic and biotic stresses. Although the
fungus was isolated from hot sand dunes, it equally works in the cold deserts of Leh-Ladakh. The interaction of this root
endophytewith other Plant Growth Promoting Rhizobacteriawas also investigated. To enhancethe shelf life of thefungus
and for its wide application by the farmers, a powder formulation has been developed with the registered trademark,
Rootonic. The formulation has shown a very positive impact on plant productivity during field trialsin Northern India.
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I ntroduction

Piriformosporaindicaisaroot-colonizing endophytic
fungusbeneficial toitshost plants. It hasawide host
range that includes those belonging to Bryophyta,
Pteridophyta, Gymnosperm and Angiosperm [1-8].
Morphologicaly, the fungal hyphae are thin walled,
hyaline, irregularly septated and form pear shaped
chlamydospores. These chlamydospores are
autofluorescent [8]. Thefungus col onizesrhizodermis
and cortical zones of the root, both inter- and
intracellularly and does not invade the endodermis
and aeria parts of the plant. The endophyte promotes
nutrient uptake, and also confers resistance against
biotic (insects and pathogenic microorganisms) and
abiotic stresses (drought, salinity, heat and cold).
Further, it stimulates excessive production of
biomass, early flowering and seed production in its
host plants [9, 10, 11]. In this review, an effort has
been made to summarize and highlight important
features of this fungus and its possible
biotechnological applications.

* Author for Correspondence: E-mail: ajitvarma@amity.edu

The fungus P. indica was originally isolated
from the roots of xerophytes growing in the Indian
Thar desert [9, 12]. P. indica is a basidiomycete,
which resembles arbuscular mycorrhizal fungi in
many aspects, however, is categorised in the new
family Sebacinaceae and the new order Sebacinales-
Glomeromycota[13, 14]. Interestingly, P. indica can
be cultured axenically [1, 3]. It colonizesrootsin an
endophytic fashion without any host specificity [1]
promoting uptake of nutrients like phosphorus and
nitrogen [10, 18]. Further, it allows plantsto survive
under water, temperature and salt stresses, imparts
resistance to toxins, heavy metals and pathogenic
organismsand stimulates growth, early flowering and
seed production in its hosts. The wide host range
includes bryophytes (Aneura pinguis), pteridophytes
(Pterisensiormis), gymnosperms (Pinus halepensis),
and alargenumber of angiosperms (e.g. Arabidopsis
thaliana, Artemesia annua, Curcumalonga, Hordeum
vulgare). It was found to have a remarkable bio-
hardening effect when inoculated with
micropropagated plants [15]. However, genetically



430

AVarmaet al.

modified Populus Esch5 cultured on WPM medium,
having ammonium as the major source of nitrogen,
caused the leaves in contact with the fungus to
become brownish and bleached. the tissue culture
raised genetically modified Populus Esch5 when
grown on WPM medium having ammonium as the
major source of nitrogen, the leaves in contact with
the fungus turned brownish and bleached. The
medium further inhibited rooting of the explant, thus
transforming the mutualistic fungusto an antagonistic
one[16].

Many mechanistic detail swere elucidated inthe
model plant, Arabidopsisthaliana, during the course
of its interaction with P. indica [6]. Apparently, P.
indica - A. thalianainteraction representsanovel type
of beneficial fungus-root interaction with early
protein aterations in the plasma membrane and the
endoplasmic reticulum [2, 4]. In A. thaliana,
pronounced plant growth promotion and enhanced
seed production were noticed in the presence of P.
indica, involving synthesis of aleucine-rich protein
repeat [17, 18], increased expression of nitrate
reductase and astarch-degrading enzyme[ 18] aswell
as expression of a3-glucosidase in the endoplasmic
reticulum[19]. In addition, changesinlevelsof auxins
and cytokinins were noticed [20].

Co-inoculation with P. indica increased the
drought tolerance levels in Arabidopsis [21] and
Hordeumvulgare[22]. P. indicaincreased the genera
stress tolerance of plants by elevating the levels of
antioxidative enzymes [23]. The increase in growth
performance induced by P. indica and Sebacina
vermiferain Nicotiana attenuata was shown to be at
the expense of herbivore resistance [24]. P. indica
aso increased the systemic resistance of the hosts
against pathogenic fungal attack [22, 25]. An
overview of the salient characteristic featuresisgiven
inFig. 1.

M ass Propagation

The ease in the propagation of P. indica as axenic
cultures makes its application in horticulture,
floriculture and agriculture economically and
practically feasible. It acts as a potent biofertilizer
and biocontrol agent. Thisfunguscan grow axenicaly

Fig. 1: Biotechnological applications of Piriformospora indica

on different synthetic media, the best being Hill and
Ké&fer medium[1, 12, 26, 27] (Fig. 2a). Thismedium
was used for the submerged cultivation of P. indica
in 500 ml Erlenmeyer flasks. The effect of various
culture parameters (inoculum size, agitation speed,
working volume, initial pH and temperature) on the
growth and sporulation of P. indica were studied by
changing one parameter at atimewhile keeping others
constant. With optimized culture parameters
(inoculum size: 5%; agitation speed: 200 rpm;
working volume: 20%; initial pH: 6.5; temperature:
30°C), the maximum dry cell weight of 13.47 g/l was
obtained after 5 daysin 500 ml Erlenmeyer flask with
avolumetric productivity of 2.69 g L~td1[10]. The
sporulation started after 6 days and the maximum
sporeyield of 7.46 x 107 spores/ml was obtained after
8 days of inoculation. All these values were much
higher than the val ues observed with non-optimized
Hill-K&fer medium.

In order to find a suitable carbon and nitrogen
source for growth and sporulation, the fungus was
cultivated on different carbon sources (glucose,
fructose, sucrose, maltose, soluble starch, glyceral,
cellulose and xylan) and different nitrogen sources
(NaNO3, NaNO,, NH4CI, urea, NH,NO;, peptone,
yeast extract and casamino acid hydrolysate) while
al the other mediacomponentswere kept at constant
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Fig. 2(A): Growth of P. indica on Hill- Kaefer broth (2001) under
constant shaking condition at 25C for 7 days. Colonies of
different developmental stages are shown. Mature
colonies have the appear ance of sea urchins

levels. The fungus could metabolize a number of
carbon sources, but glucose and soluble starch were
the best for growth and sporulation. The maximum
growth and sporulation were recorded on the
nitrogenous sources, peptone and yeast extract.

After the preliminary screening of components
of Hill-Ké&fer medium by one-variable-at-a-time
approach, the components which had substantial
influence on the growth of P. indica were found to
be peptone, yeast extract, KH,PO, and MgSO, 7H,0.
These four components were optimized using

—

A. 0 % (W/V)

response surface methodology including central
composite design (CCD). The optimum combination
of the components was as follows: 3.0 g/l peptone,
3.0 g/l yeast extract, 1.83 g/l KH,PO, and 0.65 ¢/
MgSO,7H,0. The concentrations of other
components were the same as in the origina Hill-
K&fer mediumwithout NaNO, and KCl. Theglucose
concentration was 20 g/l [10].

Of late, we have been successful in growing
thefungus on Jaggery (Gur) prepared from sugarcane
extract (Saccharum officinarum) wherein optimum
chlamydospore production was obtained with 4%
(w/v) of jaggery (Fig. 2b). The biomass had
maintained the plant growth promoting properties.
Chemical composition (in %) of Jaggery is: sucrose
(60-85), glucose and fructose (5-15), protein (0.4),
fat (0.05), minerals (0.6-1.0), calcium (0.4),
magnesium and phosphorus (0.045), and iron (11).
In comparison to Hill-Kaefer medium which yielded
12-15 g/l of the fungal biomass, the medium
containing Jaggery (4 % w/v) yielded 16-18 g/l of
the fungal biomass (Patent No. 944/DEL/2012).

In ascale up study, a14 L bioreactor (Chemap
AG, Switzerland) was used to grow P. indica in the
optimized Hill- K&fer medium (as described above)
and it supported maximum biomass and spore
production [10]. Jaggery, which is economically
feasible, needs to be optimized for higher biomass
production of P. indica at afermentor scale.

Plant Symbiotic Promotional Features

Role of Fungal Biomass

The inoculation of P. indica with the plant roots

C.4%

D.6%

Fig. 2(B): Growth of P. indica in different concentrations of jaggery as nutrient. A. 0 % jaggery; B. 2% jaggery; C. 4 % jaggery; D. 6 %

jaggery
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tremendously improves the growth and overall
biomass production of diverse hosts[1-4, 6, 7, 9, 12,
15-22, 28-33]. Around 150 plant species of
agricultural, horticultural and medicinal importance
have been reported to interact with P. indica [6, 7,
15, 29-31, 33-40]. Oryza sativa, Zea mays, Tridax
procumbans and Brassica oleracea var. capitata
plants have shown early seed germination and
increased seed production upon treatment with P.
indica[36]. Increased biomasswas observed in many
plants, viz. Oryza sativa, Zea mays, Phaseolus
vulgaris, Tridax procumbans, Abrus precatorius,
Solanum nigrum, Brassica oleracea var capitata,
Brassica nigra, Nicotiana tabbacum, Saccharum
officinarum, Lagenaria spp. and Spinacea oleracea
[5]. Anincreasein biomass aswell asin the content
of secondary metaboliteswasrecordedin Trigonella
foenumgraecum. Increase in chlorophyll content of
plants treated with P. indica was also observed [41].
P. indica-colonized roots showed an early

development compared to the control plants in al
initial stages of growth, as suggested by early
expression of developmentally regul ated genes[22].
Sahay et al. [42] and Singh [43] observed that maize
plants exhibited enhanced growth upon inoculation
with P. indica and the fungus was able to colonize
theroot cortex. Thisfungusal so promotesthe growth
of several tropical legumestested (Cicer arietinum,
Phaseolus aureus, P. mungo, Pisum sativum and
Glycine max). Some of the plants of agricultural
importance that interact positively with P. indica are
shownin Fig. 3.

Artemisia annua, Bacopa monniera, Abrus
precatorius, Sevia rebaudiana, Linum album,
Trigonella spp., Coleus forskohlii, Spilanthes spp.,
Withania spp., Chlorophytum spp. and Curcuma
longa are some of the important medicinal plants
which have been reported tointeract beneficialy with
thefungus (Fig. 4). The secondary metabolite content

Fig. 3: P.indicapromotesplant growth. A. Nicotianatabaccum; B. Lycopersicon esculentum; C. Saccharum officinarum; D. Solanum melongena;
E. Citrullus lanatus (water melon); F. Tegetus erectus; G. Trigonella sp.; H. Lagenaria sp. (bottle gourd). Left: control; Right: fungus
treated
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Fig. 4: P.indica promotes growth of medicinally important plants
(In vitro experiments). A. Artemisia annua; B. Curcuma
longa; C. Rhizome size of Curcuma longa D. Bacopa
monniera. (Ieft: control; right: P. indica treated plants)

of all these medicinal plantsincreased several folds
(e.g. Artimisinin-2.6 %, Bacoside-3.5 %, Curcumin-
19 %) upon interaction with P. indica. Reductionin
growth of hairy roots of the medicinal plant Linum
album was observed upon co-cultivation of live
fungal cellswith hairy roots. In spite of areduction
in hairy root biomass, an increase in lignin content
was observed. The hairy root cultures co-cultivated
with 1 to 5 g/l of fungal biomass at day 10, 11, 12
and 13 depicted a higher podophyllotoxin (PT) and
6-methoxypodophyllotxin (6-MPT) content in the
rootsin comparison to thefungus-free control culture.
The highest increase in PT (8.48 mg/g) and 6-MPT
content (3.78 mg/g) were obtained with a fungal
concentration of 2.0 g/l added to growing hairy root
cultures of L. album (Iran cultivar) on 12" day, i.e.,
for 48 h. Promotion of early flowering was observed
in Coleus forskohlii, Nicotiana tabaccum,
Chlorophytum spp., Spilanthes calva and most
recently in Brassica napus (Fig. 5).

Role of Fungal Culture Filtrate

Not only the mycelium but a so the culturefiltrate of
the mycelium contains fungal exudates, minerals,
hormones, enzymes, proteins, etc. [9]. It has been
shown by in vitro experimentation that even a very
small amount (50 uL) of culturefiltrate is sufficient
to promote root and shoot growth (Fig. 6). To prove
the effect of culturefiltrate, pot-culture experiments
were done. 15-day-old seedlings (brinjal, broccoali,
beans, sunflower, cabbage, maize, Bacopa and
tobacco) were transferred to disposable plastic pots
containing vermiculite (autoclaved) and sand (acid
washed) in the ratio of 3:1. An amount of 15 ml
freshly eluted P. indica culture filtrate was applied
to each pot. Minimal Kalevar-Majumdar (KM)
medium and equal amounts of double sterilized
distilled water served as control. Asin Sunflower, an
increase in the root length (35.85 % over control),
shoot length (19.86 % over control) and plant biomass
(36.7 % over control) was observed in the P. indica
treated plants.

Factorsfor Plant Simulation

Aliquots of 1 g fresh weight of freshly harvested P.
indica hyphae, washed with water, were prepared and
then treated twice with 5 ml of 80 per cent agueous
methanol. This mixture was centrifuged at 6,000 g
for 15 min and the supernatant was used for HPLC
analysis. The analysis showed seven peaks in the
hyphal extract and one main peak in the culture
filtrate. A major peak in the preparative HPLC
analysis of hyphal extract and culture filtrate was
identified as benzoic acid. The function of this
compound is not yet clear. However, compounds
identical to benzoic acid and its analogues (benzoic
acid, a-hydroxybenzoic acid, 3-4 di-hydroxybenzoic
acid, vanillic acid, cinnamic acid, p-coumaric acid,
caffeicacid, ferulic acid) did not show any stimulation
on the plants tested. As of now, the nature of the
stimulatory factor which promotes the plant growth
isnot known [1].

Intact roots of different plants were harvested
and washed with water. Aliquots of 1 g were treated
twice with 5 ml of 80 per cent agueous methanol.
This mixture was centrifuged at 6,000 g for 15 min
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Flowering

and the supernatant was used for HPLC analysis. A
cyclohexomone derivative (blumenin) which is
accumulated in roots of cereals and other members
of Poaceae colonized by arbuscular mycorrhizal
fungi [44, 45] was detected. The exact function of
cyclohexomones accumulation is not yet known. It
isspeculated that these secondary compounds might
be involved in the regulation of mycorrhizal
colonization [45]. HPLC analysis of methanolic
extractsfrom six-week-old plant roots (barley, maize
and foxtail millet (Setaria italica)) treated and non-

Fig. 6: P.indica culturefiltrate promotesplant growth and seed germination. A. Helianthus annus; B. Phaseolusvulgaris (left: control; right:
P.indicatreated plants) (Comment: theimagesof Petri dishesin B appear distorted asif theimage hasbeen elongated in onedimension
- original unstretched image is required Need ful has been done and attached in jpeg version)
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treated with P. indica showed quantitative but no
qualitative changes. There were no changesrecorded
in case of rice and wheat. The UV spectra obtained
from HPLC photodiode array detector showed a
cluster of peaksbetween 7.5 and 12.5 min of retention
time for extracts from maize, barely, rice and foxtail
millet co-inoculated with P. indica, indicating the
presence of indole-derivatives, e.g., tryptophane,
tryosine and tyramine or their derivatives
(unpublished results).

Root extracts of maize showed the presence of
cyclic hydroxamine acids like DIMBOA (2, 4-
dihydroxy-7-methoxy-1, 4-benzoxazin-3-one) in
wheat but not in rice, barley and Setaria. HPLC
analysisof methanalic extracts of infected maizeroots
showed eight different peakswith aphotodiode array
detector with typical UV-spectra of benzoxazinone
derivatives. None of these peaks was identical to
DIMBOA or DIBOA. Thechemical structure of these
compounds needs to be identified.

Phosphate and Nitrate Transport

The interaction of host plant roots with P. indica is
accompanied by an enormous uptake of nitrogen and
phosphorous from the environment [18, 10]. Role of
P. indica in P-acquisition by the root, especially in
the arid and semi-arid regions has been suggested
from the 2P experiments. Cloning and functional
analysis of a gene encoding for a phosphate
transporter (PiPT) was reported from this root
endophyte[10]. The PiPT polypeptide belongsto the
Major Facilitator Superfamily (MFS) and exhibits
12 transmembrane helices divided into two halves
that are connected by alarge hydrophilic loop in the
middle. Thefunction of the protein encoded by PiPT
was confirmed by complementation of a yeast
phosphate transporter mutant. PiPT is actively
involved in the phosphate transportation and in turn,
P. indica helps to improve the nutritional status of
the host plant [10]. Recently, Pedersen et al. [46]
reported the crystal structure of a high affinity
phosphate transporter, PiPT from P. indica, which
indicates both proton and phosphate exit pathways
and suggested a modified asymmetrical ‘rocker
switch’ mechanism of phosphate transport.

In Arabidopsis and tobacco seedlings, the
growth promotional activity of thefungusisattributed
toanincreasein nitrate uptake, and an up-regul ation
of nitrate reductase (Nia2) gene and the starch-
degrading enzyme glucan-water dikinase (SEX1) in
roots and shoots [18]. Increase in the activity of
NADH-dependent nitrate reductase in the colonized
roots resulted in a massive transfer of nitrogen into
the aerial parts of the seedling.

Recent studies have also shown that sulphur
metabolism is stimulated by the fungus. Genes that
code for several plastid-localized enzymes required
for sulphate reduction are up-regulated by P. indica
in Arabidopsis roots and gene inactivation studies
confirmed that they are required for the benefits to
the plants (Unpublished data).

Resistanceto Abiotic Stress

Drought Stress

P. indica efficiently confers plants with tolerance to
abiotic stresses like drought tolerancein Arabidopsis
and Chinese cabbage [21, 28, 31]. Fungal colonized
Arabidopsis plants exposed to drought, showed
increased drought tol erance with continuous growth
whilethe growth wasinhibited in untreated controls
[21, 28]. Higher chlorophyll contents and increased
photosynthetic efficiencies were recorded in the
fungus-colonized plants under drought-stress when
compared to uncolonized plants [21]. The genes
involved in the diverse processes of drought stress
tolerance, i.e., response to dehydration (RD)29A,
early responseto dehydration (ERD)1, phospholipase
dd (PLD), the transcription factor gene ANACQ72,
dehydration-response element binding protein
(DREB)2A, salt and drought-induced ring finger
(SDIR)1, calcineurin b-like protein (CBL)1 and cbl-
interacting protein kinase (CIPK)3, were rapidly
up-regulated in the leaves of P. indica—colonized
Arabidopsis seedlings compared to the controls[21].
Up-regulation of the 2 ascorbate reductase genesviz.
MDAR2 and DHARS was observed in the roots and
shoots of colonized Arabidopsis seedlings exposed
to drought [28]. Plant growth and seed production
were not affected in the fungal colonized mdar2 and
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dhar5 mutants indicating that MDAR2 and DHARS
are essential for maintaining sufficient ascorbate
levelsrequired for a balanced mutualistic state [28].
Thus indicating that P. indica confers drought
tolerance to Arabidopsis by priming the aerial parts
of the plant for an early and increased expression of
drought tolerance-related genes[21, 28].

P. indica I nfluences Metabolism under Extremely
Low Temperature

Interestingly, although P. indica was screened from
hot desert of Rgjasthan, India (+40 to +50°C), it
showed a positive influence on seed germination
under extreme low temperatures (L eh-Ladakh, India;
altitude: 3,300 meters; temp.: —30 to 4°C) as studied
in 12 leafy vegetable plants (Table 1). The seed
germination was observed to be 100 % in case of
cabbage, endive, swisschord (Palak), swisschord
(Red), radish and onion within 25 days of sowing. In
contrast, no seed germination wasnoticed in untreated
control. Significant increase in growth of cabbage,
cauliflower heads and beetroot bulbs was recorded
in the fungus treated plants (Fig. 7). The salient

Tablel: Influence of Piriformospora indica on seed
germination under extreme low temperatures ranging from
-30°C to + 4°C

Hosts Days No. of seeds germinated
upon fungal treatment*

Cabbage 25 100

Endive 25 100

Swisschord (Palak) 25 100

Swisschord (Red) 25 100

Radish 25 100

Onion 25 100

Carrot 21 84

Cauliflower 21 84

Beetroot 20 80

Peas 15 60

Snowpea 12 48

*There was no germination of seeds up to 45 days in untreated
controls. Total No. of seeds used for the treatment were 100

features have been patented (Patent no. 709/DEL/
2011 dated 15" March 2011).

Nutrient and Salt Stress

P. indica imparted nutrient and salt resistance to the
co-cultivated tomato plants (Solanum lycopersicum
“Roma”) by activating the antioxidant metabolism,
which leads to the accumulation of ascorbate. The
fruitsof theP. indicainoculated plant maintained their
lycopene content independent of the growth
conditions. Gosal et al. [32] showed that biotization
of micropropagated Chlorophytum sp. with this
endophyte improves plantlet survival rate and the
nutrient acquisition capacity. Uptake of Cu, Fe, Zn
and Mn were improved in the plantlets inoculated
with P. indica.

Co-inoculation of micropropagated sugarcane
plantlets with P. indica improved their survival rate
by 12% upon their transfer to soil (Table 2). In the
cultivar CoJ 83, theroot col onization was 91.8% and
in cultivar CoJ 88 it was 92.5% after four weeks of
growth in greenhouse. Cane yield and yield
components (tillering and cane height) in bio-
hardened variety of CoJ 88 were significantly higher
than that of both non-inoculated micropropagated and
non-inoculated conventionally propagated sugarcane.
Similar results were obtained in the ratoon crop.

Deficiency of the mineral element iron was
observed in the un-inoculated ratoon crop plants,
whereasthe uptake of iron and copper was promoted
in the fungus inoculated plants (Table 3). However,
adecreasein the uptake of zinc was observed, which
needs further elucidation.

Cadmium (Cd) pollutionin soil posesaserious
threat toricequaity. Thus, it isimportant to find ways
for increasing the tolerance of riceto Cd and also to
limit Cd accumulation. In order to devel op Cd tolerant
plants, rice plants were exposed to heavy metalsin
presenceof cell wall extract of P.indica. It wasfound
that the cell wall extract of P. indica increased
tolerance of rice to cadmium stress (Unpublished
work).
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Fig. 7: P.indica promotes plant growth under extreme temperature stress in the cold deserts of Laddakh. (Beetroot: left-contral; right-P.
indica treated plants)

Table2: Interaction of Piriformosporaindicawith Saccharum officinarum (var.CoJ88)- Field trial Experimentswer e performed
at Punjab Agricultural University, Ludhiana (courtesy- Dr. Gosal)

Treatments Tiller number/ Cane number/ Cane height Canegirth  Sugar content  Weight/ Weight/
clump clump (cm) (cm) (inBrix)  clump (kg) plot (kg)
Control 9.27 8.10 179 2.22 18.35 6.50 122.2
P.indica 17.2 15.90 191 221 21.40 7.34 138.3
CD (5%) 2.59 251 NS NS 1.99 NS 2.39

Table 3: Availability of mineral nutrients in Piriformospora indica treated soils [Field trial Experiments were performed at
Punjab Agricultural University, Ludhiana (courtesy- Dr. Gosal)]

Treatments Fe (ppm) Mn (ppm) Cu (ppm) Zn (ppm) K (%) P (%) S (%)

Control 202.2 25.0 4.9 1.87 0.24 0.086 0.095
P.indica 281.4 30.2 10.8 1.31 0.40 0.088 0.092

CD (5%) 47.07 NS 0.88 0.33 NS NS NS

I nteraction with Rhizobacteria can also affect beneficial fungal-root symbioses[48].

In this communication, we report the intense
interaction between P. indica and economically
important rhizobacteria. It was observed that while
some rhizobacteria could promote growth and root
colonization of the fungus or behave neutral in the
interaction with P. indica, others severely inhibited
its development. While designing the microbial
consortium for imparting betterment to the crop

An increasing demand for improving the
sustainability of low-input agriculture has resulted
ingreater interest in rhizosphere microorganismsthat
increase soil fertility or improve plant nutrition and
health [47]. Thebiocontrol capabilitiesof fluorescent
Pseudomonas spp., Serratia spp., Bacillus spp. and
Burkholderia spp. result largely from their ability to
produce a battery of antifungal metabolites, which
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productivity, one has to evaluate the compatibility
interactions between microorganisms.

| nteraction of Rhizobacteria with P. indica

The co-inoculation of rhizobacteria along with P.
indica influenced the stimulatory effect of P. indica
in the gnotobiotic barley system. Azospirillum
brasilense Sp245 had no effect, Serratialiquefaciens
MGL1 inhibited the root growth stimulating property
of P. indica, and interestingly Pseudomonas putida
IsoF enhanced the root growth stimulation property
of P. indica (Fig. 8A). FISH-analysis using probes
specific for the bacteriaand fungi and confocal laser
scanning microscopy demonstrated a close physical
Interactions between Pseudomonas putida |soF and
P.indica (Fig. 8B) [8], whilein the case of inhibitory
interactions, any close contact was rare (data not
shown).
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Fig. 8(A): Root dry weight of axenically grown barley seedlings
under theinfluence of P. indica and the rhizobacteria A.
brasilense Sp245, SerratialiquefaciensM G1 and Ps. putida
I soF (control: not inoculated)

Structural Changes of P. indica Induced by
Inhibitory P. fluorescens WS5

P. fluorescens WS5 and Burkholderia cepacia LA3
[49] were inhibitory to the growth of the fungus as
depicted inthein vitro inhibition assays on solid agar
medium (Fig. 9A-C). In controls without
rhizobacteria, the mycelial mat was dense with thin
and densely interwoven hyphae of 0.5-2 um in
diameter. In the presence of P. fluorescens WS5, no
observable mycelia mat was produced, the hyphae
were thin and lysis of some of the hyphae was
observed.

Fig. 8(B): Colonization of barley roots in an axenic system by P.
indica and Pseudomonas putida | soF. FI SH-analysis and
confocal laser scanning microscopy (L SM 510, ZeissJena,
Germany) were performed. The fluorescence labeled
oligonucleotide probes Eub339 I, 11, 111 = Cy5 (blue in
rgb-image) for bacteria (Ps. putida |soF) and EuK-Cy3
(red in the rgb-image) for the fungus P. indica were
applied

Theinhibitory metabolites diffused fromthe B.
cepacia LA3 exerted a complex influence on the
metabol omic pathways of P. indica. For further study,
saponin was sel ected asamodel component mixture,
whichisproduced by plantsandisacomplex mixture
of biomolecules like steroids and terpenes with
surfactant and inhibitory activities. Also in Bacillus
and Pseudomonas, cyclic lipopeptides are known to
be potent inhibitors of pathogenic fungi [48]. A
concentration dependent growth inhibition of P.
indica was observed in amedium containing saponin
(Fig. 10). At a concentration of 0.1 and 0.5% of
saponin, the fungus grew slowly and at 1%, the
growth was completely blocked [50].

Two contrasting observations, i.e. differential
response of P. indicato the presence of rhizobacteria
and its ability to survive in soil and colonize plant
roots, led to the hypothesis that microbial
communitiesinteract through diffusible metabolites
to counteract the inhibitory or stimulatory factor(s),
thereby maintaining the delicate balance between
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Fig. 9: P.indica vsPseudomonas putida | soF and Burkholderia cepacia L A3 incubated on modified asper gillus medium (A) control: P. indica
alone (B) Interaction of P.indica (placed at the center) with Pseudomonas putida | soF (on all four corners) (C) Interaction of P.indica
(placed at the center) with Burkholderia cepacia LA3 (on all four sides)

Fig. 10: P. indica grown in (A) agar plate and (B) liquid medium
and the fungus grown in presence of saponin at a
concentration of 0.5% in (C) agar plate and (D) liquid
medium. Inhibition in the growth was observed by the
presence of saponin at the applied concentrations

diverse soil microorganisms. To prove this concept,
in vitro assays using axenic barley seedlings were
carried out using the widely distributed PGPR
Azospirillumbrasilense Sp245, Pseudomonas putida
IsoF and Serratia liquefaciens MG1. The results
demonstrated a wide range of possible interactions —

from inhibition to stimulation — taking place on the
root surface. The possible molecular mechanisms of
stimulatory interactions could be manifold, but these
are not the focus of this communication. Concerning
the inhibitory effects, antibiotics and lipopeptides
produced and excreted by many biocontrol active
rhizobacteria are responsible for the inhibition of P.
indica by the plant growth enhancing inoculant B.
amyloliquefaciens FZB42 and the biocontrol
rhizobacterium P. fluorescens SS101. Thisinhibition
of P. indica by diffusible bacterial metabolites of P.
fluorescens WS5 and Burkholderia cepacia LA3 is
demonstrated in more morphological and
metabolomic details.

To investigate if similar mixture has identical
influence onthe growth of the P. indica, saponinwas
used as a model component since it is a complex
mixture of secondary metabolites mostly of plant
origin. The saponin treatment at amounts of 0.1-1%,
suppressed the growth of the fungus, which appears
to be not reported earlier. In contrast to the influence
with diffusible inhibitory metabolites of certain
rhizobacteria, the ubiquinone biosynthesisaswell as
limonene and pinin degradation pathways were not
affected by saponin.

The diverse mycorrhiza-like qualities present
in axenically cultivable P. indicaisunique [51]. The
studies may shed light on the ecology and evolution
of a fascinating group of fungi whose striking



440

AVarmaet al.

bi odiversity and ecol ogical importance has only been
recently started to be recognized [6, 28, 52]. P.indica
has been documented to benefit plant growth and
increase resi stance against pathogensin abroad range
of host plants[4]. Thisstudy has special significance
asthefungusis being exploited for biotechnol ogical
applications in the area of agriculture, forestry,
arboriculture, flori-horticulture in field, and
hydroponic cultivation of several vegetable and
aromatic hosts. For a possible combined application
of P. indica with plant growth promoting
rhizobacteria, there is a need to establish that these
rhizobacteria are not inhibitory to P. indica.

Future Prospective and Parting Questions

The effect of bacteriaon mycorrhiza, asdescribedin
the concept of mycorrhizal helper bacteria[53], has
not been documented yet in this particular
mycorrhiza-like symbiotic system of P. indica
interacting with a wide variety of plants with high
practical importance. A tightly associated endofungal
bacterium, Rhizobium radiobacter, has been
identified in situ and localized using fluorescencein
situ hybridization and confocal laser scanning
microscopy in hyphae of P. indica cultures [54].
However, the functional role of this bacterium with
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