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Abstract
In the rhizosphere, microbes act as crucial constituent for plant growth and development. The root-endophytic plant growth-
promoting fungus-Serendipita indica and nitrogen fixing bacterium Azotobacter vinelandii are well known for plant growth
promotion and stress alleviation. Individual inoculation of S. indica or A. vinelandii strain SRIAz3 has already been reported to
augment plant growth. Therefore, it would be interesting to investigate the mutual interaction among these two microbes along
with their symbiotic influence on growth of rice plant. The present study explores the interaction of S. indica and A. vinelandii
strain SRIAz3 under in vitro condition and perceive their cumulative effect on rice growth. Differential growth response of
S. indica was observed after inoculation of A. vinelandii strain SRIAz3 on different days. An enhanced S. indica growth in terms
of hyphal radius and dry cell weight was found when SRIAz3was inoculated 7 days after fungal inoculation. Moreover, confocal
microscopy analysis revealed that A. vinelandii strain SRIAz3 cell-free supernatant increased S. indica spore germination. The
sequential inoculation of A. vinelandii strain SRIAz3 on seventh day after S. indica inoculation in rice variety IR64 demonstrates
better growth in terms of root-shoot biomass and chlorophyll content as compared to the non-inoculated and to singly inoculated
plants. These findings recommend the sequential inoculation of S. indica followed by A. vinelandii strain SRIAz3 for the
enhancement of rice growth.
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1 Introduction

Resource depletion and rising human population are in urgent
need of crop yield enhancement.

Researchers have been utilizing many resources and
employing different strategies diligently to increase the crop
yield. In the rhizosphere zone, a complex relationship exists
between microbes and roots of plants, wherein beneficial in-
teractions promote plant growth and sustainable agriculture
(Bandyopadhyay et al. 2016a; Finkel et al. 2017). The utiliza-
tion of microbial biostimulants can be a powerful approach to
revolutionize the agricultural crop yield. However, a relatively
limited number of favorable plant-microbe interactions are
well described and exploited (Farrar et al. 2014). Notably,
Serendipita indica (formerly known as Piriformospora
indica) and Azotobacter sp. have been documented as benefi-
cial microbes to promote plant growth and stress alleviation.
Particularly, S. indica, a root-colonizing plant growth-
promoting fungus belongs to the order Sebacinales and can
be grown axenically. In addition, S. indica has been reported
to enhance plant growth and stress tolerance (Waller et al.
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2005; Varma et al. 2012; Jogawat et al. 2013; Gill et al. 2016;
Zhang et al. 2017). Obligatorily association of S. indica was
reported with an endofungal bacterium-Rhizobium
radiobacter (Sharma et al. 2008). Like S. indica, this bacteri-
um has similar stimulating priming and plant growth promot-
ing effects on barley and wheat plants (Glaeser et al. 2015;
Glaeser et al. 2017; Guo et al. 2017). Furthermore,
Azotobacter is free-living aerobic nitrogen-fixing plant
growth promoting rhizobacterium (Sethi and Adhikary
2012). Recently, a novel strain SRIAz3 of Azotobacter
vinelandii has been reported as a potential biofertilizer which
improve the yield and alleviated salt stress in rice (Sahoo et al.
2014a; Dehury et al. 2018).

In recent studies, an effort has been implied to perceive the
mutual microbial association viz. fungus and bacteria (Tarkka
et al. 2009), wherein bacterial counterpart was reported to
enhance fungal spore germination (Lumini et al. 2007;
Bandyopadhyay et al. 2016b). Particularly, cell-free superna-
tant of Azotobacter chrococcum WR5 increased S. indica
spore germination (Bandyopadhyay et al. 2016b). Notably,
S. indica showed either stimulatory, inhibitory, or neutral in-
teraction with other microbes (Varma et al. 2012). For exam-
ple, confrontation assays revealed Pseudomonas putida IsoF,
Azospirilium brasilense and Bradyrhizobium spp. stimulated
the growth of S. indica (Malla and Pokhare 2008; Varma et al.
2012; Ansari et al. 2014) while, Pseudomonas fluorescens
strains WS5 and SS101 inhibited the growth of S. indica. On
the contrary, Herbaspirillum frisingense GSF30T, H.
lusitanum P6-12T, Bacillus coagulans NCC235, Bacillus
subtilis NCC09 exhibited neutral behavior with the fungus
(Varma et al. 2012). Notably, in vitro interaction analysis in-
dicated that A. chrococcum WR5 and A. chrococcum M4 in-
fluenced S. indica growth positively and negatively, respec-
tively (Bhuyan et al. 2015). However, various reports indicat-
ed that dual inoculation of fungal-bacterium consortium en-
hances plant growth viz., inoculation of S. indica with
P. fluorescens increased the growth of Chlorophytum (safed
musli) plants (Gosal et al. 2010). Co-inoculation of S. indica
with A. chrococcum also improved the growth and yield of
Stevia rebaudiana (Kilam et al. 2015) and Artemisia annua L.
plant (Arora et al. 2016).

Though individual inoculation of S. indica and
A. vinelandii strain SRIAz3 were reported to improve plant
growth, further investigation is still required to explore the
interaction between thesemicrobes and their cumulative effect
on the plant. Therefore, the present study was executed to
examine the potential of mutual interaction of A. vinelandii
strain SRIAz3 with S. indica and to further evaluate its impact
on rice growth. The following objectives were set (a): syner-
gistic effect ofA. vinelandii strain SRIAz3 on S. indica growth,
(b) effect of bacterial cell-free supernatant on germination of
fungal spores and (c) impact of dual inoculation of S. indica
and SRIAz3 on rice plant (variety IR64) growth with the intent

of future prospects of these two microbes as biofertilizer for
sustainable cultivation of rice.

2 Materials and methods

2.1 S. indica and Azotobacter vinelandii growth
culture and conditions

The Hill and Kaefer medium (Hill and Kafer 2001) and Jensen
medium (Jensen 1942) were used to maintain the cultures of
S. indica and Azotobacter vinelandii strain SRIAz3,
respectively. Fungal discs of approximately 4 mm were inoc-
ulated in 90mm petri plates with Hill and Kaefer agar medium
followed by incubation for 7–8 days at 30 °C, whereas strain
SRIAz3 culture was maintained in Jensen’s medium at 28 °C.
Further, fungal-bacterial interaction was studied in Hill and
Kaefer medium.

2.2 Effect of SRIAz3 on S. indica growth

The methodology for the interaction analysis of S. indica and
SRIAz3 was adopted from Bhuyan et al. (2015) with slight
modifications. In this study, the interaction between
S. indica and SRIAz3 was observed in terms of circularly ex-
tending fungal mycelia in Hill and Kaefer agar plates. Initially,
the agar plates were inoculatedwith fungal discs measuring up
to 4 mm which was obtained from a freshly grown S. indica
culture. The experiment was performed in two sets; in the first
set fungus was allowed to grow by incubating the plates in
dark at 28 ± 2 °C for 3 days. Secondary culture of SRIAz3
(O.D. 0.4 at 600 nm) was streaked towards the periphery on
3 days after fungus inoculation (dafi). The second set of ex-
periments was conducted in a similar way except inoculation
of bacterium suspension on 7 dafi. Further, growth of S. indica
was assessed by measuring the radius of the radially growing
hyphae. A control plate was maintained with S. indica inocu-
lation only. On plates with SRIAz3 inoculation on 3 dafi, hy-
phal radius was measured on 4th, 6th, 8th and 10th dafi. When
SRIAz3 inoculation was performed on 7 dafi, hyphal radii
were measured on 8th, 9th, 10th and 11th dafi. For analysis
of the interaction in broth, bacterial inoculation was performed
on 7 dafi. In brief, 250 ml erlenmeyer flasks were filled up
with 50 ml autoclaved Hill and Kaefer broth and were inocu-
lated with a 4 mm disc of S. indica. Further, secondary culture
of SRIAz3 (O.D. 0.4 at 600 nm) was sequentially added on 7
dafi along with respective control. Both cultures were harvest-
ed after 11 days of fungal growth and filtered through
Whatman No.1 filter paper. Further, the fungal biomass was
washed three times with 1xPBS buffer and centrifuged at
7000 rpm for 10 min. The supernatant was discarded and the
pellet was kept in an oven at 60 °C for 48 h for dry cell weight
determination (Kumar et al. 2011).
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2.3 Impact of SRIAz3 cell-free supernatant on S. indica
spore germination

The methodology for isolation of bacterial cell-free superna-
tant was adopted from Bandyopadhyay et al. (2016b). To
investigate the effect of SRIAz3 cell-free supernatant on
S. indica spore germination, the bacterial strain was primarily
maintained on Jensen’s medium and then grown on Hill and
Kaefer minimal medium for 3 days. To isolate cell-free super-
natant, bacterial culture was subjected to centrifugation
(Labogene, Denmark) followed by supernatant filtration
through 0.22 μm filter membrane (Millipore). The extracted
cell-free supernatant was then added to S. indica spores (103

spores/ml) followed by 12 h incubation. Germinating spores
were visualized using Nikon’s Confocal microscope A1 at
60× magnification. In order to analyze, the effect of bacterial
cell-free supernatant on fungal spore germination the proce-
dure adopted from the Benslim et al. (2016) and following
formula was used: %GS =GS/GS +NGS × 100 (% GS: per-
centage of germinated spores; GS: number of germinated
spores; NGS: number of non-germinated spores).

2.4 Histochemical analysis of S. indica–SRIAz3
interaction

Spores were isolated from dual culture plate assays of
S. indica and SRIAz3 on 3 and 7 dafi along with control
(S. indica alone). The methodology for spore isolation was
adopted from Hilbert et al. (2013) with slight modifications.
To isolate the spores, 1 ml of autoclaved 0.02% Tween 20
solution was added to fresh S. indica culture plate and collect-
ed in 50 ml falcon tubes (Tarsons, India). Collected suspen-
sions were vortexed and centrifuged for 10–15 min at 5000 g.
The supernatant was discarded and pellet was mixed with
10 ml autoclaved distilled water. The spore count was deter-
mined by hemocytometer and final concentration was adjust-
ed to 5 × 105 spores/ml with distilled water. To visualize
S. indica spores, WGA-Alexa 488 conjugated dye
(Invitrogen) was used as per the instructions described by
Deshmukh et al. (2006) with slight modifications. Five
microlitre of the dye from the stock solution (10 μg/ml) was
used to stain the 500 μl spore sample. A drop of the stained
sample was placed in the middle of the microscopic glass slide
followed by gently placing the cover slip to avoid bubble
formation. The images were captured using confocal micro-
scope (Model: Nikon A1) under 60× magnification at Amity
Institute of Microbial Technology, Amity University, India.
The confocal settings for WGA-Alexa 488 conjugated dye is
as follows; excitation-488 nm, emission- 515. Three dimen-
sional image of the spore was constructed using confocal mi-
croscope. Further, length, breadth, and height were estimated
using NIS Elements software (Nikon, Japan).

2.5 Rice growth conditions

Seeds of rice variety, IR64 were sterilized for 10 min in 10%
sodium hypochlorite and washed five times with sterile water.
Seeds were then placed on sterile germination sheets and in-
cubated at 28 °C for 3–4 days in dark (Bagheri et al. 2013).
Autoclaved distilled water was added regularly in Petri plates
to maintain the moisture. The soil used in this study was sandy
loam, with the following characteristics: pH 7.2; EC 0.37
dSm−1; organic C 0.2 g kg−1; total N 0.032%; available P
6.2 kg ha−1 and K 73 kg ha−1. Further, soil, sand and
vermicompost were taken in ratio of 3:3:1 and autoclaved at
121 °C with the pressure of 15 psi for 2 h to prepare the
mixture (Arora et al. 2016). The germination tray was filled
with autoclaved mixture followed by the sowing of pre-
germinated seeds. After 14 days of germination, seedlings
were transferred in pots filled with 270 g of autoclaved mix-
ture approximately (pot dimension- 11 cm height and 9 cm
diameter). The seedlings were supplemented with 40 ml of
half-strength Hoagland’s solution twice a week (Hoagland
and Arnon 1950). The experiment was carried out in con-
trolled environmental chamber where the photoperiod of
16 h was set along with photon flux densi ty of
700 μmol m−2 s−1. The day and night temperature were main-
tained at 32 °C and 23 °C, respectively and relative humidity
was maintained at 60–80%.

2.6 Inoculation of S. indica and SRIAz3 in rice

Spores of S. indica were isolated, as explained in section 2.4.
Similarly, a fresh culture of SRIAz3 was harvested by centri-
fugation at 10000 g for 10 min and adjusted to the concentra-
tion of 102 CFU /ml (Kilam et al. 2015). One set of seven-day-
old rice plants were subjected to sequential inoculation of
S. indica and SRIAz3 (Supplementary Fig. 1). A pierce was
done in soil near the vicinity of roots and inoculated with 1 ml
of fungal spores with concentration 5 × 105 followed by
SRIAz3 treatment on seventh day after fungus inoculation
(dafi) (Supplementary Fig. 1). A similar process was followed
for the individual inoculation of S. indica and SRIAz3. The
sequential and single inoculated plants were utilized for the
root colonization, biomass and chlorophyll content estimation
along with non-inoculated control plants.

2.7 S. indica root colonization

A set of ten plants were chosen randomly for root colonization
with S. indica and S. indica + SRIAZ3 each. Three root frag-
ments from each colonized root were taken for root coloniza-
tion study. In brief, rice plants were uprooted from soil follow-
ed by mild washing in tap water to get rid of adhered soil
particles. They were excised and cut into small segments,
followed by heating them in 10% KOH for 15 min. Further,
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the root segments were treated with 1 N HCl for 4 min and
kept overnight after stainingwith 0.02%Trypan blue followed
by destaining with 50% lactophenol. The stained spores were
visualized using Nikon light microscope under 10× magnifi-
cation (Tripathi et al. 2015). For percent root colonization, the
methodology was adopted as described byKilam et al. (2015).
The cortex region of stained roots was analyzed for the pres-
ence of fungal spores. The following formula was used for
root colonization analysis: % root colonization = [(No. of col-
onized root segments/ Total no. of root segments)] ×100.

2.8 Analysis of rice growth and chlorophyll estimation

Four randomly selected (25 day-old) plants of each treat-
ment were uprooted from soil to estimate the length, fresh
weight, and dry weight of shoot and root. The plants were
placed carefully over a black cloth for measuring shoot and
root length with the help of measuring scale. The root and
shoot length were measured from the root-shoot junction to
tip of the longest root and leaf respectively. The fresh
weight and dry weight of the root and shoot were estimated
as described by Arora et al. (2016). To estimate the chloro-
phyll content, four plants were randomly chosen and 1 g
leaf tissue was soaked in 10 ml of 80% acetone and further
incubated at room temperature for 24 h in dark. Absorbance
was measured in a spectrophotometer at 663 and 645 nm for
estimation of chlorophyll a and chlorophyll b, respectively.
The formula used for calculating the total chlorophyll con-
tent is as follows: Chlorophyll a (mg/g) = (12.72A663–
2 .59A645) × V/ (m × 1000) ; Ch lo rophy l l b (mg /
g) = (22.88A663–4.67A645) × V/(m × 1000), where ‘m’
defines the weight of leaf tissue in mg and ‘V’ defines
volume of solvent. Total chlorophyll estimation was calcu-
lated by Chl a + Chl b (Arora et al. 2016).

2.9 Statistical analysis

The experiment was designed as a completely randomized
design (CRD) with treatment as factors. Means were com-
pared using Fisher’s LSD test. The statistical analyses were
performed using the Package for Social Sciences version 16
(SPSS16, USA).

3 Results

3.1 SRIAz3 modulates the growth of S. indica in co-
culture

The impact of SRIAz3 on S. indica growth was studied in
terms of radial growth on agar plates together with the estima-
tion of dry cell weight and spore germination pattern in liquid
cultures. Sequential inoculation of SRIAz3 on 3 dafi resulted in

restricted fungus growth (1.78 cm ± 0.03) as compared with
control plate (2.15 cm ± 0.06) (Fig. 1a, b and c). Interestingly,
SRIAz3 inoculation on 7 dafi significantly stimulated the fun-
gus growth (3.1 cm ± 0.02) in comparison to control (2.12 cm
± 0.04) (1D, E and F). In addition to this, a similar experiment
of bacterial inoculation on 7 dafi was also performed in sus-
pension culture to determine the dry cell weight. An increase
of 14.24% in dry cell weight was observed in the co-culture of
S. indica and SRIAz3 as compared to control culture of
S. indica only (Fig. 1g and h).

To explore the effect of SRIAz3 on fungal growth, S. indica
spores were stained with WGA-Alexa 488 dye followed by
imaging using confocal microscopy. The results revealed that
morphology of S. indica spores remain unaltered with SRIAz3
interaction. Besides, fungal spore length, breadth, and height
were also measured in the presence of SRIAz3with the help of
NIS Elements software (Nikon, Japan). Analysis of spores
dimensions from the control plate (S. indica only) and co-
culture of SRIAz3-S. indica revealed that morphology of
S. indica remains unaffected in the presence of SRIAz3, and
no significant difference was observed in morphology of
spores from both samples (Fig. 2a, b and c). Along with this,
spore germination analysis was also conducted in presence of
bacterial cell-free supernatant. The confocal analysis revealed
enhanced fungal spore germination in the presence of the cell-
free supernatant as compared to respective control (S. indica
alone) (Fig. 2d and e). Further, the quantitative spore germi-
nation analysis also indicated that enhanced fungal spore ger-
mination in presence of bacterial cell-free supernatant (59.3%)
as compared with control-S. indica alone (42.7%).

3.2 S. indica root colonization and effect of sequential
inoculation on rice growth and chlorophyll content

Rice plants were chosen randomly across the treatments to
check S. indica colonization. The root samples were examined
under a light microscope and trypan blue stained fungal spores
showed evidence of root colonization in rice roots. The spores
were found to colonize the roots of rice plants treated with the
co-culture as well as in individual fungus inoculation. Fungal
root colonization analysis indicated a significantly higher lev-
el of colonization (65% ±0.05) in the dual culture inoculated
roots (S. indica + SRIAz3) as compared with S. indica alone
(45% ±0.09). The results of biomass measurements indicated
that individual inoculation of S. indica or SRIAz3 alone im-
proved plant growth as compared with non-inoculated control
plants. Plants inoculated with both microbes displayed better
growth, then respective control plants (Fig. 3a). Notably, se-
quential combination of S. indica and SRIAz3 treated plants
recorded significantly increased fresh weight, dry weight, and
shoot-root length as compared with S. indica or SRIAz3 alone
inoculated plants. (Fig. 3b–e). The fresh weight and dry
weight of shoot was found to be significantly higher in
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SRIAz3 alone inoculated plants then S. indica alone treated
plants. While there was no significant difference in root fresh
weight and dry weight of plants inoculated individually with
fungus and bacteria. Moreover, dual inoculated plants exhib-
ited a significant increase in shoot and root length i.e., 55.2%
and 22.9% respectively, as compared to non-inoculated con-
trol plants. The results of the chlorophyll estimation analysis
revealed significantly increased level of chlorophyll content in
S. indica alone (2.12 ± 0.38 mg/g) and SRIAz3 alone (2.27 ±
0.16mg/g) inoculated plants as compared with non-inoculated
plants (1.22 ± 0.05 mg/g). Though, dual inoculated plants re-
vealed significantly higher chlorophyll content (3.13 ±
0.57 mg/g) as compared to all other treatments (Fig. 3f).

4 Discussion

4.1 SRIAz3 promotes hyphal growth and spore
germination of S. indica

To address the influence of the bacterial strain on fungal
growth, we investigated the impact of A. vinelandii strain
SRIAz3 inoculation on S. indica growth under in vitro condi-
tions. Notably, restricted and augmented S. indica growth was
observed upon sequential inoculation of SRIAz3 on 3 dafi and
7 dafi, respectively. Further, application to rice seedlings, ap-
proved sequential application of both microbes i.e. SRIAz3
inoculation on 7 dafi colonized rice plants as most successful.

Fig. 1 Interaction analysis of Serendipita indica and Azotobacter
vinelandii strain SRIAz3. Growth of S. indica on Hill and Kaefer agar
plates without SRIAz3 inoculation (Control, a and d) and with
A. vinelandii inoculation 3 DAFI (b) and 7 DAFI (e) of the plates.
Analysis of hyphal radius at different days after 3 DAFI (c), and 7
DAFI (f) of SRIAz3 inoculation (*indicates significant differences
between axenic culture of S. indica and co-culture of the fungus with

A. vinelandii; n = 3). S. indica co-culture with and without SRIAz3 in
suspension culture (g), and the respective dry cell weights (h). Values
are means of 3 biological repetitions and standard errors are indicated.
Significant differences among means are demonstrated by different let-
ters. LSD represents least significant difference at significance level
P < 0.05. DAFI: days after fungus inoculation
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Recently, co-culture study of strain-specific A. chroococcum
sequential inoculation after 3 days with S. indica demonstrat-
ed fungal growth inhibition and stimulation by M4 and WR5
respectively (Bhuyan et al. 2015). Though, bacterial counter-
part can modulate the S. indica growth either positively
(Pseudomonas pu t i da I soF , Azo sp i r i l i um and
Bradyrhizobium) or negatively (Pseudomonas fluorescens
strains WS5 and SS101) or impartially (Herbaspirillum
frisingense GSF30T, Herbaspirillum lusitanum P6-12T,
Bacillus coagulans NCC235, Bacillus subtilis NCC09)
(Malla and Pokhare 2008; Varma et al. 2012; Ansari et al.
2014). Utilization of the microbial consortium in a sequential
manner can be a key factor in plant growth promotion activ-
ities. In a bacterial-fungal interaction study, co-inoculation of
bacteria (Shewanella algae or Vibrio vulnificusn) at different
days i.e. 5th or 7th days after inoculation with the fungus
Arthrinium c.f. saccharicola demonstrated increased bioactiv-
ity and growth of the fungal partner (Miao et al. 2006).
Sequential and simultaneous inoculation of bacteria and

fungus on different days indicated differential impact on fun-
gal growth. Plant growth-promoting rhizobacterium
(Pseudomonas sp. strain PsJN) inhibited growth of the fungus
Botrytis cinerea growth on sequential (2nd day) inoculation,
while simultaneous inoculation results into spreading of the
fungal counterpart under in vitro condition (Barka et al. 2002).
These studies corroborated with our findings of differential
response of SRIAz3 inoculation on 3 dafi and 7 dafi and further
suggest sequential inoculation of these microbes.

The specific fungal growth response could be caused by
specific bacterial metabolites released into the environment
during co-cultivation. The fungal dry cell weight from the
co-culture (S. indica and SRIAz3) was found to be significant-
ly higher than culture of S. indica alone. These results go
along with Bhuyan et al. (2015), where fungal dry cell weight
from co-culture of S. indica and A. chrococcumWR5was also
found to be significantly higher than from a culture of
S. indica alone. To investigate the impact of the bacterial
cell-free supernatant on germination of fungal spores, we

Fig. 2 Confocal Microscopy based analysis of S. indica spores.
Morphology of the S. indica spores without SRIAz3 inoculation (a), and
in the presence of SRIAz3 (b), and their respective NIS elements software-
based measurement analysis (c). Chlamydospore germination pattern of

S. indica in Hill and Kafer minimal medium in the absence (d), and
presence (e) of SRIAz3 cell-free supernatants, arrow indicates hyphae of
germinating spores. Scale bar: 10 μm
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performed spore germination analysis in presence of SRIAz3.
The results of enhanced spore germination in presence of
SRIAz3 suggest the existence of active bacterial metabolites,
which could be responsible for specific fungal growth. These
observations correspond with Bandyopadhyay et al. (2016b),
where they have shown that diffusible factors from
A. chroococcum modulated spore germination pattern.
Secretory proteins are the key player of microbe-microbe or
plant-microbe interactions (De-la-Pena et al. 2008; Netzker
et al. 2015; Van Dam and Bouwmeester 2016). Bacterial se-
cretion system affects the physiology of fungus by stimulating
or restricting fungal growth (Nazir 2012). In a recent study,
cell-free supernatant of A. chroococcum WR5 was reported to
enhance the spore germination of S. indica. In the presence of
WR5, induction of fungal glutamate dehydrogenase and atten-
uation of cell wall degrading enzyme (α-glucosidase b) were
proposed as the mechanism associated with increased spore
germination (Bandyopadhyay et al. 2016b). Similar results

were reported in our study with SRIAz3 inoculation, which
might indicate the involvement of the similar mechanism as
with A. chrococcum WR5, to enhance the fungal spore
germination.

4.2 Dual inoculation augments rice growth

In the rhizosphere zone of soil, interactions among microbes
play a key role in plant growth promotion activities
(Bandyopadhyay et al. 2016a). Individual inoculation of
S. indica and SRIAz3 are well known to stimulate plant growth
and development (Varma et al. 2012; Jogawat et al. 2013;
Sahoo et al. 2014b; Gill et al. 2016; Zhang et al. 2017;
Dehury et al. 2018). In addition, S. indica mediated stress
alleviation has been reported in numerous crops such as wheat
(Serfling et al. 2007), barley (Waller et al. 2005; Deshmukh
and Kogel 2007), tomato (Sarma et al. 2011), maize (Kumar
et al. 2009), lentil (Dolatabadi et al. 2012) and rice (Das et al.

Fig. 3 S. indica root colonization and effect of S. indica and SRIAz3 on
rice growth.Rice growth in presence of the S. indica and SRIAz3
inoculation (a), Fresh and dry weight of Shoot (b) and Root (c), Length
of Shoot (d) and Root (e) and Chlorophyll content (f) of rice plants in
presence of the inoculation of S. indica and SRIAz3 along with control.
Values are means of ± SE (n = 4) and significant difference among means

are demonstrated by different letters on the histogram. LSD represents
least significant difference at significance level P < 0.05. Significance
level: *P < 0.05, **P < 0.01, ***P < 0.001, ns = non-significant. SFD:
Shoot Fresh Weight, SDW: Shoot Dry Weight, RFD: Root Fresh
Weight, RDW: Root Dry Weight
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2014; Jogawat et al. 2013). Moreover, SRIAz3 is reported to
increase rice growth and salt stress tolerance (Sahoo et al.
2014b; Dehury et al. 2018). Inoculation of microbial consor-
tium was reported to enhance plant growth and defense re-
sponse (Kumar and Jagadeesh 2016). Dual inoculation of
S. indica and bacteria has been reported to increase the plant
growth viz. with Pseudomonas striata/P. fluroscens in chick-
pea (Gosal et al. 2010; Nautiyal et al. 2010). Co-inoculation of
S. indica with A. chrococcum improved the growth of rice
(Prajapati et al. 2008), Stevia rebaudiana (Kilam et al. 2015)
and Artemisia annua L. (Arora et al. 2016). S. indica is well
known to colonize the cortex region of plant roots, which
further mediates early flowering, enhanced plant growth, and
stress tolerance (Varma et al. 2012). In the present study,
colonization experiments conducted in rice roots revealed that
a combination of S. indica and SRIAz3 inoculation displayed a
significant increase in spore colonization as compared to roots
treated with S. indica only. Similar results were also reported
in Artemisia annua L. (Arora et al. 2016) and Stevia
rebaudiana (Kilam et al. 2015), where the combination of
S. indica and A. chrococcum revealed higher root colonization
as compared to control.

Bacterial-fungal combination could be associated with the
production of growth-promoting substances, as shown in dual
inoculation of S. indica and A. chrococcum in Artemisia
annua L. (Arora et al. 2016). Nitrogen-fixing bacteria and
arbuscular mycorrhizal fungi interactions have been earlier
reported to increase in plant growth and nutrient uptake
(Artursson et al. 2006). Furthermore, S. indica and
P. fluorescens exhibited better and improved endurance rate
with enhanced growth parameters inChlorophytum sp. (Gosal
et al. 2010). Similarly, augmented rice growth was observed
in this study by dual inoculation of SRIAz3 after seventh day
of S. indica treatment as compared to individual inoculation of
bacteria/fungus. Moreover, Gosal et al. (2010) and Sharma
et al. (2014) reported increased chlorophyll content in
S. indica inoculated plants as compared with non-inoculated
ones. Similar results were also observed in this study in terms
of chlorophyll content in inoculated plants.

5 Conclusions

Our findings of in vitro interaction analyses concluded that
inoculation of SRIAz3 on 3 dafi inhibited the fungal growth,
while stimulated the growth on 7 dafi. Individual inoculation
of the S. indica or SRIAz3 resulted into better rice growth. In
addition, sequential inoculation of the fungus and bacteria i.e.
inoculation of the SRIAz3 on 7 dafi promote plant growth as
compared with respective control. These findings clearly sug-
gest that sequential inoculation of microbes is a worthwhile
approach for sustainable agriculture.

Acknowledgments We are thankful for partial financial support from the
Science & Engineering Research Board (SERB), Department of Science
& Technology (DST); (Grant: ECR/2016/000653), Govt. of India. We
are also thankful to Dr. Narendra Tuteja and Dr. Ranjan Sahoo for pro-
viding A. vinelandii strain SRIAz3.

Compliance with ethical standards

Conflict of interest Authors declare that they have no conflict of interest

References

Ansari MW, Gill SS, Tuteja N (2014) Piriformospora indica a powerful
tool for crop improvement. Proc Indian Natl Sci Acad 80:317–324.
https://doi.org/10.16943/ptinsa/2014/v80i2/55109

Arora M, Saxena P, Choudhary DK, Abdin MZ, Varma A (2016) Dual
symbiosis between Piriformospora indica and Azotobacter
chroococcum enhances the artemisinin content in Artemisia annua
L. World J Microbiol Biotechnol 32(2):19. https://doi.org/10.1007/
s11274-015-1972-5

Artursson V, Finlay RD, Jansson JK (2006) Interactions between
arbuscular mycorrhizal fungi and bacteria and their potential for
stimulating plant growth. Environ Microbiol 8(1):1–10. https://doi.
org/10.1111/j.1462-2920.2005.00942.x

Bagheri AA, Saadatmand S, Niknam V, Nejadsatari T, Babaeizad V
(2013) Effect of Endophytic fungus Piriformospora indica, on
growth and activity of antioxidant enzymes of Rice (Oryza sativa
L.) under salinity stress. Int J Adv Biol Biomed Res 1:1337–1350

Bandyopadhyay P, Bhuyan SK, Yadava PK, Varma A, Tuteja N (2016a)
Emergence of plant and rhizospheric microbiota as stable
interactomes. Protoplasma. 254:617–626. https://doi.org/10.1007/
s00709-016-1003-x

Bandyopadhyay P, Bhuyan S, Yadava PK, Varma A (2016b) Soluble
factors from Azotobacter chroococcum modulate growth of
Piriformospora indica in co-cultures. Endocytobiosis Cell Res 27:
9–13

Barka EA, Gognies S, Nowak J, Audran JC, Belarbi A (2002) Inhibitory
effect of endophyte bacteria on Botrytis cinerea and its influence to
promote the grapevine growth. Biol Control 24:135–142. https://
doi.org/10.1016/S1049-9644(02)00034-8

Benslim A, Mezaache-Aichour S, Haichour N, Chebel S, Zerroug MM
(2016) Evaluation of inhibition of fungal spore germination by
rhizospheric bacterial extracts. Annu Res Review Bio 11(5):1–7.
https://doi.org/10.9734/ARRB/2016/31228

Bhuyan SK, BandyopadhyayP KP, Mishra D, Prasad R, Kumari A,
Upadhyaya KC, Varma A, Yadava PK (2015) Interaction of
Piriformospora indica with Azotobacter chroococcum. Sci Rep 5:
13911. https://doi.org/10.1038/srep13911

Das J, Ramesh KV, Maithri U, Mutangana D, Suresh CK (2014)
Response of aerobic rice to Piriformospora indica. Indian J Exp
Biol 52(3):237–251

Dehury SR, Das R, Seth P, Pradhan M, Mohanty S (2018) Effect of
Azotobacter vinelandii strain SRIAz3 and N-source on microbiolog-
ical properties of Rice grown soil. Int J Curr Microbiol App Sci
7(03):2170–2178. https://doi.org/10.20546/ijcmas.2018.703.256

De-la-Pena C, Lei Z,Watson BS, Sumner LW, Vivanco JM (2008) Root–
microbe communication through protein secretion. J Biol Chem
283(37):25247–25255. https://doi.org/10.1074/jbc.M801967200

Deshmukh SD, Kogel KH (2007) Piriformospora indica protects barley
from root rot caused by Fusarium graminearum. J Plant Dis Protect
114:263–268. https://doi.org/10.1007/BF03356227

Deshmukh S, Hueckelhoven R, Schaefer P, Imani J, SharmaM,WeissM,
Waller M, Kogel KH (2006) The root endophytic fungus

146 Dabral S. et al.

https://doi.org/10.16943/ptinsa/2014/v80i2/55109
https://doi.org/10.1007/s11274-015-1972-5
https://doi.org/10.1007/s11274-015-1972-5
https://doi.org/10.1111/j.1462-2920.2005.00942.x
https://doi.org/10.1111/j.1462-2920.2005.00942.x
https://doi.org/10.1007/s00709-016-1003-x
https://doi.org/10.1007/s00709-016-1003-x
https://doi.org/10.1016/S1049-9644(02)00034-8
https://doi.org/10.1016/S1049-9644(02)00034-8
https://doi.org/10.9734/ARRB/2016/31228
https://doi.org/10.1038/srep13911
https://doi.org/10.20546/ijcmas.2018.703.256
https://doi.org/10.1074/jbc.M801967200
https://doi.org/10.1007/BF03356227


Piriformospora indica requires host cell death for proliferation dur-
ing mutualistic symbiosis with barley. Proc Natl Acad Sci U S A
103:18450–18457. https://doi.org/10.1073/pnas.0605697103

Dolatabadi HK, Goltapeh EM, Mohammadi N, Rabiey M, Rohani N,
Varma A (2012) Biocontrol potential of root endophytic fungi and
Trichoderma species against Fusarium wilt of lentil under in vitro
and greenhouse conditions. J Agric Sci Technol 14:407–420

Farrar K, Bryant D, Cope-Selby N (2014) Understanding and engineering
beneficial plant–microbe interactions: plant growth promotion in
energy crops. Plant Biotechnol J 12:1193–1206. https://doi.org/10.
1111/pbi.12279

Finkel OM, Castrillo G, Herrera Paredes S, Salas González I, Dangl JL
(2017) Understanding and exploiting plant beneficial microbes.
Curr Opin Plant Biol 38:155–163. https://doi.org/10.1016/j.pbi.
2017.04.018

Gill SS, Gill R, Trivedi DK, AnjumNA, Sharma KK, Ansari MW,Ansari
AA, Johri AK, Prasad R, Pereira E, Varma A, Tuteja N (2016)
Piriformospora indica: potential and significance in plant stress tol-
erance. Front Microbiol 7:332. https://doi.org/10.3389/fmicb.2016.
00332

Glaeser SP, Imani J, Alabid I, Guo H, Kumar N, Kampfer P, Hardt M,
Blom J, Goesmann A, Rothballer M, Hartmann A, Kogel K (2015)
Non-pathogenic Rhizobium radiobacter F4 deploys plant beneficial
activity independent of its host Piriformospora indica. ISME J
10(4):871–884. https://doi.org/10.1038/ismej.2015.163

Glaeser SP, Alabid I, Guo H, Kumar N, Imani J, Kämpfer P, Hardt M,
Busche T, Kalinowski J, Blom J, Goesmann A, Rothballer M,
Hartmann A, Kogel K (2017). Detection and characterization of
endobacteria in the fungal endophyte Piriformospora indica. pp
237–250. In: Varma A, Sharma A (eds) Modern Tools and
Techniques to Understand Microbes. Springer

Gosal SK, Karlupia A, Gosal SS, Chhibba IM, Varma A (2010)
Biotization with Piriformospora indica and Pseudomonas
fluorescens improves survival rate, nutrient acquisition, field perfor-
mance and saponin content of micropropagated Chlorophytum sp.
Indian J Biotechnol 9:289–297

Guo H, Glaeser SP, Alabid I, Imani J, Haghighi H, Kämpfer P, Kogel K-
H (2017) The abundance of endofungal bacterium Rhizobium
radiobacter (syn. Agrobacterium tumefaciens) increases in its fun-
gal host Piriformospora indica during the tripartite sebacinalean
symbiosis with higher plants. Front Microbiol 8:629. https://doi.
org/10.3389/fmicb.2017.00629

Hilbert M, Voll LM, Hofmann J, Zuccaro A (2013) Growth assay and
detection of TRP and Indole derivatives in Piriformospora indica
culture supernatant by LC-MS/MS. Bio-Protocol 3(12):e800.
https://doi.org/10.21769/BioProtoc.800

Hill TW, Kafer E (2001) Improved protocols for Aspergillus medium:
trace elements and minimum medium salt stock solutions. Fungal
Genet Rep 48(1):20–21. https://doi.org/10.4148/1941-4765.1173

Hoagland DR, Arnon DI(1950) The water culture method for growing
plants without soil. Calif Agr Exp Sta Cir. 347: 1–32

Jensen HL (1942) Nitrogen fixation in leguminous plants. I. General
characters of root-nodule bacteria isolated from species of
Medicago and Trifolium in Australia. Proc Linn Soc N S W 67:
98–108

Jogawat A, Saha S, Bakshi M, Dayaman V, Kumar M, Dua M, Varma a,
Oelmuller R, Tuteja N, Johri AK (2013). Piriformospora indica
rescues growth diminution of rice seedlings during high salt stress.
Plant Signal Behav 8(10): e26891. https://doi.org/10.4161/psb.
26891

Kilam D, Saifi M, Abdin M, Agnihotri A, Varma A (2015) Combined
effects of Piriformospora indica and Azotobacter chroococcum en-
hance plant growth, antioxidant potential and steviol glycoside con-
tent in Stevia rebaudiana. Symbiosis 66(3):149–156. https://doi.org/
10.1007/s13199-015-0347-x

Kumar KH, Jagadeesh KS (2016) Microbial consortia-mediated plant
defense against phytopathogens and growth benefits. South Indian
J Biol Sci 2(4):395–403

Kumar M, Yadav V, Tuteja N, Johri AK (2009) Antioxidant enzyme
activities in maize plants colonized with Piriformospora indica.
Planta 155:780–790. https://doi.org/10.1099/mic.0.019869-0

Kumar V, Sahai V, Bisaria VS (2011) High-density spore production of
Piriformospora indica, a plant growth-promoting endophyte, by
optimization of nutritional and cultural parameters. Bioresour
Technol 102(3):3169–3175. https://doi.org/10.1016/j.biortech.
2010.10

Lumini E, Bianciotto V, Jargeat P, Novero M, Salvioli A, Faccio A,
Becard G, Bonfante P (2007) Presymbiotic growth and sporal mor-
phology are affected in the arbuscular mycorrhizal fungus
Gigaspora margarita cured of its endobacteria. Cell Microbiol
9(7):1716–1729. https://doi.org/10.1111/j.1462-5822.2007.00907.x

Malla R, Pokhare S (2008) Antifungal factor produced by Pseudomonas
fluorescens against an endophytic fungus. Nepal J Sci Technol 9:
65–71. https://doi.org/10.3126/njst.v9i0.3167

Miao LI, Kwong TFN, Qian PY (2006) Effect of culture conditions on
mycelial growth, antibacterial activity, and metabolite profiles of the
marine-derived fungus Arthrinium c.f. saccharicola. Appl
Microbiol Biotechnol 72:1063–1073. https://doi.org/10.1007/
s00253-006-0376-8

Nautiyal CS, Chauhan PS, Das Gupta SM, Seem K, Varma A, Staddon
WJ (2010) Tripartite interactions among Paenibacillus lentimorbus
NRRL B-30488, Piriformospora indica DSM 11827, and Cicer
arietinum L. World J Microbiol Biotechnol 26(8):1393–1399.
https://doi.org/10.1007/s11274-010-0312-z

Nazir R (2012) The ecological success of Burkholderia Terrae BS001
and related strains in the Mycosphere. Ph.D. dissertation, University
of Groningen, Groningen

Netzker T, Fischer J, Weber J, Mattern DJ, König CC, Valiante V,
Schroeckh V, Brakhage AA (2015) Microbial communication lead-
ing to the activation of silent fungal secondary metabolite gene clus-
ters. Front Microbiol 6:299. https://doi.org/10.3389/fmicb.2015.
00299

Prajapati K, Yami KD, Singh A (2008) Plant growth promotional effect
of Azotobacter chroococcum, Piriformospora indica and
Vermicompost on Rice Plant. Nepal J Sci Technol 9:85–90.
https://doi.org/10.3126/njst.v9i0.3170

Sahoo RK, Ansari MW, Dangar TK, Mohanty S, Tuteja N (2014a)
Phenotypic and molecular characterisation of efficient nitrogen-
fixing Azotobacter strains from rice fields for crop improvement.
Protoplasma 251:511–523. https://doi.org/10.1007/s00709-013-
0547-2

Sahoo RK, Ansari MW, Pradhan M, Dangar TK, Mohanty S, Tuteja N
(2014b) A novel Azotobacter vinellandii (SRIAz3) functions in sa-
linity stress tolerance in rice. Plant Signal Behav 9(7):e29377.
https://doi.org/10.4161/psb.29377

Sarma MVRK, Kumar V, Saharan K, Srivastava R, Sharma AK, Prakash
A, Sahai V, Bisaria VS (2011) Application of inorganic carrier-
based formulations of fluorescent pseudomonads and
Piriformospora indica on tomato plants and evaluation of their ef-
ficacy. J Appl Microbiol 111:456–466. https://doi.org/10.1111/j.
1365-2672.2011.05062.x

Serfling A, Wirsel SGR, Lind V, Deising HB (2007) Performance of the
biocontrol fungus Piriformospora indica on wheat under green-
house and field conditions. Phytopathology 97:523–531. https://
doi.org/10.1094/PHYTO-97-4-0523

Sethi S K, Adhikary S P (2012) Azotobacter: a plant growth-promoting
rhizobacteria used as biofertilizer. Dyn Biochem Process Biotechnol
Mol Biol 6: 68–74

Sharma M, Schmid M, Rothballer M, Hause G, Zuccaro A, Imani J,
Kämpfer P, Domann E, Schäfer P, Hartmann A, Kogel K (2008)
Detection and identification of bacteria intimately associated with

147Synergistic inoculation of Azotobacter vinelandii and Serendipita indica augmented rice growth

https://doi.org/10.1073/pnas.0605697103
https://doi.org/10.1111/pbi.12279
https://doi.org/10.1111/pbi.12279
https://doi.org/10.1016/j.pbi.2017.04.018
https://doi.org/10.1016/j.pbi.2017.04.018
https://doi.org/10.3389/fmicb.2016.00332
https://doi.org/10.3389/fmicb.2016.00332
https://doi.org/10.1038/ismej.2015.163
https://doi.org/10.3389/fmicb.2017.00629
https://doi.org/10.3389/fmicb.2017.00629
https://doi.org/10.21769/BioProtoc.800
https://doi.org/10.4148/1941-4765.1173
https://doi.org/10.4161/psb.26891
https://doi.org/10.4161/psb.26891
https://doi.org/10.1007/s13199-015-0347-x
https://doi.org/10.1007/s13199-015-0347-x
https://doi.org/10.1099/mic.0.019869-0
https://doi.org/10.1016/j.biortech.2010.10
https://doi.org/10.1016/j.biortech.2010.10
https://doi.org/10.1111/j.1462-5822.2007.00907.x
https://doi.org/10.3126/njst.v9i0.3167
https://doi.org/10.1007/s00253-006-0376-8
https://doi.org/10.1007/s00253-006-0376-8
https://doi.org/10.1007/s11274-010-0312-z
https://doi.org/10.3389/fmicb.2015.00299
https://doi.org/10.3389/fmicb.2015.00299
https://doi.org/10.3126/njst.v9i0.3170
https://doi.org/10.1007/s00709-013-0547-2
https://doi.org/10.1007/s00709-013-0547-2
https://doi.org/10.4161/psb.29377
https://doi.org/10.1111/j.1365-2672.2011.05062.x
https://doi.org/10.1111/j.1365-2672.2011.05062.x
https://doi.org/10.1094/PHYTO-97-4-0523
https://doi.org/10.1094/PHYTO-97-4-0523


fungi of the order Sebacinales. Cell Microbiol 10(11):2235–2246.
https://doi.org/10.1111/j.1462-5822.2008.01202.x

Sharma P, Kharkwal A C, Abdin M Z, Varma (2014) Piriformospora
indica improves micropropagation, growth and phytochemical con-
tent of Aloe vera L. plants. Symbiosis 64:11–23. https://doi.org/10.
1007/s13199-014-0298-7

Tarkka MT, Sarniguet A, Frey-Klett P (2009) Inter-kingdom encounters:
recent advances in molecular bacterium-fungus interactions. Curr
Genet 55(3):233–243. https://doi.org/10.1007/s00294-009-0241-2

Tripathi S, Das A, Chandra A, Varma A (2015) Development of carrier-
based formulation of root endophyte Piriformospora indica and its
evaluation on Phaseolus vulgaris L. World J Microbiol Biotechnol
31:337–344. https://doi.org/10.1007/s11274-014-1785-y

Van Dam NM, Bouwmeester HJ (2016) Metabolomics in the rhizo-
sphere: tapping into belowground chemical communication.
Trends Plant Sci 21(3):256–265. https://doi.org/10.1016/j.tplants.
2016.01.008

Varma A, Bakshi M, Lou B, Hartmann A, Oelmueller R (2012)
Piriformospora indica: a novel plant growth-promoting mycorrhizal
fungus. Agric Res 1:117–131. https://doi.org/10.1007/s40003-012-
0019-5

Waller F, Achatz B, Baltruschat H, Fodor J, Becker K, Fischer M, Heier
T, Hückelhoven R, Neumann C,Wettstein D, Franken P, Kogel KH
(2005) The endophytic fungus Piriformospora indica reprograms
barley to salt-stress tolerance, disease resistance, and higher yield.
Proc Natl Acad Sci U S A 102(38):13386–13391. https://doi.org/10.
1073/pnas.0504423102

ZhangW,Wang J, Xu L,Wang A, Huang L, Du H, Qiu L, Oelmüller R4
(2017) Drought stress responses in maize are diminished by
Piriformospora indica. Plant Signal Behav 13(1):e1414121.
https://doi.org/10.1080/15592324.2017.1414121

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

148 Dabral S. et al.

https://doi.org/10.1111/j.1462-5822.2008.01202.x
https://doi.org/10.1007/s13199-014-0298-7
https://doi.org/10.1007/s13199-014-0298-7
https://doi.org/10.1007/s00294-009-0241-2
https://doi.org/10.1007/s11274-014-1785-y
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1007/s40003-012-0019-5
https://doi.org/10.1007/s40003-012-0019-5
https://doi.org/10.1073/pnas.0504423102
https://doi.org/10.1073/pnas.0504423102
https://doi.org/10.1080/15592324.2017.1414121

	Synergistic inoculation of Azotobacter vinelandii and Serendipita indica augmented rice growth
	Abstract
	Introduction
	Materials and methods
	S.�indica and Azotobacter vinelandii growth culture and conditions
	Effect of SRIAz3 on S.�indica growth
	Impact of SRIAz3 cell-free supernatant on S.�indica spore germination
	Histochemical analysis of S.�indica–SRIAz3 interaction
	Rice growth conditions
	Inoculation of S.�indica and SRIAz3 in rice
	S.�indica root colonization
	Analysis of rice growth and chlorophyll estimation
	Statistical analysis

	Results
	SRIAz3 modulates the growth of S.�indica in co-culture
	S.�indica root colonization and effect of sequential inoculation on rice growth and chlorophyll content

	Discussion
	SRIAz3 promotes hyphal growth and spore germination of S.�indica
	Dual inoculation augments rice growth

	Conclusions
	References


