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Abstract

Piriformospora indica is an endophytic fungus with plant-promoting properties in a wide range of host plants.
This study aimed to assess and compare the effects of different P. indica inoculants through morphological
and physiological analysis at different times (4, 8, and 12 weeks) after inoculation. The study was conducted
in a completely randomized design with three levels of fungus inoculation (non-inoculated and inoculated
with P. indica spore and mycelium). The results showed that both P. indica inoculants had a positive effect
on the measured traits at different times after inoculation. Root and shoot dry weights increased significantly
4, 8, and 12 weeks after inoculation. P. indica improved the reproductive phase of tomato resulting in the
increased dry weight of fruits by up to 51%. Most importantly, the endophyte enhanced tomato fruit yield
by up to 73%. Based on the experimental data, P. indica increased total chlorophyll (25%), protein (143%),
and carbohydrate (44%) contents in inoculated plants compared to non-inoculated plants. Besides, P. indica
promoted the antioxidant capacity of the inoculated plants by increasing CAT and APX activity. In our study,
plant inoculation with P. indica also remarkably led to an increase in K (172%) and P (41%) contents. Our data
showed that both P. indica spore and mycelium have a long-term effect on tomato growth. The application
of fungus inoculants promotes plant growth and yield. Hence, P. indica represents a suitable plant-
stimulating biofertilizer for tomato in sustainable agriculture.
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Introduction

Tomato (Solanum lycopersicum) is one of the main
vegetable crops worldwide due to its extensive
consumption. This plant is a valuable food in
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human diet and is known as a protective food
because of its unique nutritive value since it is a
source of vitamins, carotenoids, lycopene, and
antioxidant compounds (Santos-Sanchez et al.,
2013). One of the factors affecting the productivity
of tomato is production of good quality and
vigorous seedlings. The well-grown seedlings with
well-established root systems help to avoid
seedling transplant shock (Vavrina, 1998).
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The use of beneficial microbes like endophytic
fungi as biological agents at the vegetative stage
can have advantageous effects. These effects
include promotion of plant growth, biological
control of diseases, increases in crop yield, and
quality improvement. Plant growth-promoting
fungi (PGPF) promote growth through the
production of enzymes, phosphate solubilization
(Malla et al., 2004; Wakelin et al, 2004),
siderophore production (Costa and Loper, 1994)
and, antagonism to phytopathogens
(Ramamoorthy et al., 2001). They positively affect
plant growth and lead to improved yields (Haas
and Défago, 2005; Kloepper et al., 1980). The use
of PGPF inoculants as biological agents for the
production of vegetable seedlings has been
reported by researchers (Kokalis—Burelle et al.,
2002; Russo, 2006; Russo and Perkins-Veazie,
2010).

Piriformospora  indica, belonging to the
Sebacinales in the Basidiomycota was discovered
in Thar desert, India and displays an endophytic
lifestyle (Verma et al, 1998). P. indica is
phylogenetically close to mycorrhizal
endosymbionts of orchid and ericoid roots and can
colonize the root cells of a broad range of host
plants.

Inoculation of plant roots with P. indica can
improve plant growth and yield in a broad range
of the host (Baltruschat et al., 2008; Ghabooli et
al.,, 2020; Lahrmann and Zuccaro, 2012; Sherameti
et al., 2005; Waller et al., 2005; Yadav et al., 2010).
This endophyte fungus also enhances the
tolerance of colonized plants against abiotic and
biotic stresses, promotes nutrient uptake, and
increases seed production (Justice et al., 2018;
Krishnaveni et al.,, 2014; Nouh et al., 2020;
Oelmdiller et al., 2009; Xu et al., 2018). P. indica
enhances the establishment of micro-propagated
plants (Sahay and Varma, 1999), adventitious root
formation in cuttings, and lignan production of
hairy root cultures; it also promotes flowering, and
increases yield (Waller et al., 2005).

P. indica tremendously increases the growth and
overall biomass of host plants including, rice (Kord
et al., 2019), and barley (Ghabooli, 2014). There
are some reports on tomato colonization with P.
indica. Recent studies have shown that tomato

root colonization with P. jndica resulted in
decreased disease severity caused by early blight
(Terhonen et al., 2019). In tomatoes infected with
Verticillium dahliae, P. indica increased leaf and
fruit biomass and decreased disease severity. Also,
P. indica reduced the concentration of Pepino
mosaic virus in tomato shoots (Fakhro et al.,
2010). Anith et al. (2015) showed that inoculation
with the co-culture or a mixture of P. indica and B.
pumilus significantly promoted tomato seedling
growth (Anith et al., 2015). Finally, P. indica has
been reported to act as a growth promoter for
tomato and seems to alter Na*/K* homeostasis
and antioxidant enzymes of greenhouse tomatoes
grown under salt stress (Abdelaziz et al., 2019).

Based on previous results, tomato is one of the
most important hosts of P. indica, and symbiosis
relationship between plant-fungus has positive
effects on its growth and development. The bulk
of former research focused on a single life phase
of tomato. Hence, the purpose of this study was to
study the long-term effect of P. indica on tomato
from seedling phase to flowering stage and yield.

Materials and Methods

Fungus culture, plant material, and P. indica
inoculation

This study was conducted in a completely
randomized design in three levels of fungus
inoculation (non-inoculated and inoculated with P.
indica spore and mycelium) with three
replications. P. indica was cultured according to
the method of Ghabooli et al. (2014). After
collection of fungal spores, their numbers were
counted and adjusted to 5x10° spores per mL. To
prepare the fungal mycelium, the active discs
were placed in a liquid medium and then
incubated in a shaker incubator at 28 °C and 150
rom for 7-10 days. Next, mycelium was filtered
and washed several times with distilled water to
remove the medium (Bajaj et al., 2015). Tomato
seeds (Solanum lycopersicum CV. Early Urbana),
obtained from Pakanbazr Co., were surface-
sterilized by immersion in 70% v/v ethanol for 30
seconds and then in 10% sodium hypochlorite
(NaOCl) for 5 min. Then, the seeds were rinsed in
water and were germinated for seven days. Four-
day tomato seedlings were inoculated by



immersing in the spore suspension solution with
gentle shaking for 1-2 h. For mycelium treatment,
1% (w/v) of mycelium suspension was directly
added to each plant. The mock-treated seedlings
whether were dipped in sterile water or treated
with autoclaved mycelium. The seedlings were
later transferred into boxes (5 kg plastic boxes),
filled with normal soil, and then placed at 25 + 2
°C, relative humidity of 55% * 5%, under a 16 h
light and 8 h dark cycle condition for 105 days in
the Research Greenhouse of Agricultural Faculty,
Malayer University. The seeding growth till fruiting
period and the samples for morpho-physiological
analysis were harvested in three stages (four
weeks after inoculation, eight weeks after
inoculation, and finally, at flowering stage and
yield).

Shoot and root dry weight, and chlorophyll
content

For dry weight measurement, the shoot and root
samples were incubated in an oven at 70 °C for
48h. Photosynthetic pigments (chlorophyll a,
chlorophyll b, and total chlorophyll) were
extracted from leaf samples in 80% acetone (v/v)
as described by Arnon (1949). After centrifugation,
the optical density of the supernatant was
recorded at 645, 663, and 470 nm using a UV-Vis
spectrophotometer.

Carbohydrate and protein content

Carbohydrate content in tomato leaves was
quantified in 95% ethanol extracts (Irigoyen et al.,
1992). First, 0.5 g freshly harvested leaves were
ground in 5 ml of 95% (v/v) ethanol. The insoluble
fraction of the extract was washed twice with 5 ml|
of 70% ethanol. All soluble fractions were
centrifuged at 3500 g for 10 min. The supernatants
were collected and stored at 4 °C for carbohydrate
determination. Carbohydrates were analyzed by
reacting 0.1ml of the alcoholic extract with 3 ml
freshly prepared anthrone (150 mg anthrone +
100 ml H;S04 72%) and placed in a boiling water
bath for 10 min. After cooling, the absorbance at
625 nm was measured in a spectrophotometer
(Analytik Jena Spekol, 2000).

Bradford method (1976) was used for the
determination of total soluble protein content.

Effects of Piriformospora indica inoculation on tomato

Five ml of the protein reagent was added to 0.1 ml
of the extract, and the contents were mixed in a
vortex mixer. The absorbance was measured at
595 nm after 1 h. Bovine serum albumin (BSA) was
used as a standard.

Enzyme activity

To measure the enzyme, 0.5 g of leaf powder was
transferred to 2 ml microtubes and centrifuged by
adding 1 ml of the extraction buffer (50 mM K-
phosphate buffer [pH 7.0]) for 15 minutes at
14000 rpm at 4 °C. After centrifugation, the
supernatant was transferred to 1.5 ml microtubes
and centrifuged again for 10 minutes at 10000 rpm
at 4 °C. After centrifugation, the supernatant was
placed in a new microtube of the same volume
and was stored in an ice container. Other samples
were centrifuged and stored at — 80 °C if not used
(Beauchamp and Fridovich, 1971). This extract was
used to assay superoxide dismutase, ascorbate
peroxidase, and catalase. The total activity of the
superoxide dismutase enzyme was determined by
measuring its ability to prevent the photochemical
reduction of nitroblue tetrazolium (NBT)
(Giannopolitis and Ries, 1977). Ascorbate
peroxidase activity was done as described by
Nakano and Asada (1981) and by measuring the
ascorbate oxidation at 290 nm for 1 minute.
Catalase activity was measured by monitoring the
decomposition of H,0; by a spectrophotometer at
240 nm for 1 minute (Chance and Maehly, 1955).

Leaf elements (K and P)

Potassium and phosphorous contents were
extracted from 0.2 g of dry leaves. Acid digestion
was carried out by mixing samples with 4 ml HNO3
and 1 ml HCLO4 and heated to 220 °C for 20 min.
The resulting mixture was extracted with 5 ml
HNOs and adjusted to the final volume of 250 ml
of distilled water. The K and P contents were
analyzed by inductively coupled plasma
spectrometry. The element contents were
expressed as mg/g F.W. (Abdel-Shafy et al., 1994).

Results
Four weeks after inoculation

We first studied the interaction of P. indica with
tomato roots. Tomato roots inoculated with P.
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Table 1

Effects of different fungus inoculants on the measured morphological parameters of tomato (4W Al)

Fungus treatments Root length (cm) Shoot length (cm) Leaf No. Root D.W. (g) Shoot D.W. (g)
Po 8.40b 13b 4.333¢ 0.094b 0.588b
P1 13.002 18.42 8.667° 0.1492 0.7272
P, 10.5672b 12.967° 6.33b 0.1412 0.7212

Mean values marked with different letters are significantly different (P<0.05) by Duncan’s multiple range test (Po: non-inoculated;

P1: P. indica mycelium; P,. P. indica spore).

Table 2

Effects of different fungus inoculants on the measured morphological parameters of tomato (8 WAI)

Fungus treatments No. of branch Plant height (cm) Leaf No. Root D.W. (gr) Shoot D.W. (gr)
Po 4,00 40.00¢ 26.67° 1.69b 20.88
Py 7.332 69.332 50.672 2.28ab 34.412
P, 6.672 55.67° 47.332 2.402 34,172

Mean values marked with different letters are significantly different (P<0.05) by Duncan’s multiple range test (Po: non-inoculated;

P1: P. indica mycelium; P,. P. indica spore).

indica showed a high degree of root colonization.
P. indica had a growth-promoting effect on
inoculated plants as they grew faster and more
vigorously than non-inoculated plants.
Microscopic analyses showed efficient colonized
tomato roots as measured by the production of
the number of chlamydospores, two weeks after
spore inoculation. No colonization was observed
in non-inoculated plant roots (Data not shown).

Morpho-physiological traits

Shoot length, root length, number of leaves, and
dry weight of shoots and roots were evaluated
four weeks after inoculation (Table 1). P. indica
increased leaf number of colonized tomato plants
by two times higher than non-inoculated plants
(8.66, 6.33, and 4.33 in mycelium, spore-treated,
and non-inoculated plants, respectively). As
expected, fungus inoculation had a significant
positive effect on root dry weight. The root dry
weight of P. indica-colonized tomato plants was up
to 58% higher than non-inoculated plants. The
roots of the P. indica-inoculated plants were 54%
longer than those of the non-inoculated plants.
Similarly, results showed that shoot length of the
inoculated plants increased by 41% compared to
the control plants. Furthermore, the results
revealed an increase in shoot dry weight of the
inoculated as compared with non-inoculated
tomato plants (Table 1).

Morpho-physiological traits (eight weeks after
inoculation)

To evaluate the durability of the positive effects of
the fungus inoculation, the same morpho-
physiological traits were measured eight weeks
after inoculation. The mean comparison results
showed that eight weeks after inoculation, nearly
all measured traits were improved in P. indica-
inoculated plants compared to non-inoculated
plants (Table 2). Like previous results, P. indica
increased leaf number (89%) and branch number
(83%) in colonized tomato plants compared to
non-inoculated plants (Table 2). Also, results
showed that inoculation with both inoculums
(mycelium and spore) increased the plant height
by an average of 73%. The effect of fungus
inoculation on root dry weight was significant.
Root dry weight of P. indica spore-colonized plants
increased up to 42%, compared to control plants.
In the same way, the results revealed an increase
in shoot dry weight of colonized plants compared
to non-inoculated tomato plants, as inoculation
with fungus spore and mycelium increased shoot
dry weight by 64%. Overall, the results of analysis
of morphological traits showed that inoculation
with P. indica had a positive effect both in 4 WAI
and 8 WAI. Also, spore suspension and mycelium
had almost the same effect as inoculated plants.
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Fig. |. Effect of Piriformospora indica inoculants on tomato growth rates (1): 4 weeks after inoculation; (2): 8 weeks after

inoculation; (3): 12 weeks after inoculation

Flowering and fruiting period (12 weeks after
inoculation)

At the final step, the effect of P. indica inoculation
on some morphological and physiological traits
was studied during the flowering and fruiting
period.

Morpho-physiological traits

The endophytic fungus, P. indica maintained its
positive effect on morphological traits from the
beginning of seedling growth until the flowering
and fruiting stage (Fig. ). The same positive effects
were seen in this step as well (Table 3). P. indica
increased shoot dry (47%) weight in colonized
tomato plants compared to non-inoculated plants
(Table 3). The results also showed that root dry
weight increased by 66% in inoculated tomato
plants. These results indicate that shoot and root
weight were higher in inoculated plants compared
to control plants in all three stages. Tomato plant
colonization with P. indica also increased stem
diameter by 40%.

Another factor studied in this experiment was the
number of flowers. Tomato flowers were
measured in two steps: 10 and 12 weeks after
inoculation. Flower numbers were increased by
1.5 times and 40% in 10 and 12 WAI, respectively.
P. indica promoted flower-fruit conversion ratio
and increased this trait by 44% in the colonized
plants. Also, the fungal root colonization had a
significant and positive effect on the number of
tomato fruits. The number of fruits of P. indica-
colonized plants increased by 96% compared to
the control plants (Table 4).

P. indica also had a clear effect on the time of fruit
coloring. P. indica spore and mycelium caused the

Table 3

Effects of different fungus inoculants on measured
morphological parameters of tomato at final step (12
WAI)

Fungus Shoot Root Stem
treatment D.W. (g) D.W.(g) Diameter (cm)
Po 61.15b 9.19b 1.33¢
P1 90.082 14.472 1.872
P, 87.542 15.342 1.630

Mean values marked with different letters are significantly
different (P<0.05) by Duncan’s multiple range test (Po:
non-inoculated; Pi: P. indica mycelium; P,. P. indica
spore).

Mycelium Control Spore
Fig. Il. Effect of different fungus inoculants (mycelium and
spore) on tomato fruit coloring

early coloring of tomato by 12 and 10 times higher,
respectively compared to the color of tomato fruit
of non-inoculated plants (Fig. IlI). The results
revealed an increase in fruit diameter and fruit
fresh weight of colonized plants compared to non-
inoculated tomato plants as inoculation with
fungus increased fruit fresh and dry weights by
45% and 51%, respectively. An increase of 34% in
fruit diameter was seen in P. indica-colonized
tomato plants. Eventually, inoculation with P.
indica improved tomato yield by 73% in inoculated
plants (Table 4).

Photosynthetic pigments

There was a significant difference concerning
chlorophyll a, chlorophyll b, and total chlorophyll
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Table 4

Effects of different fungus inoculants on the measured morphological fruit parameters of tomato at final step (12 WAI)

Fungus Flower No. Total flower-fruit Fruit Fruit Fruit Fruit Red Fruit Yield (g)
treatment in 10 WAI Flower conversion F.W. D.W. Diameter No. in 14
No. ratio (%) (g) (g) (cm) WAI
Po 11.000 20.67° 46.81¢ 9.67¢ 39.38>  2.76¢ 3.86° 1.00b 801.67°
P1 27.672 23b 62.34> 14.33> 57.48 3.87° 5.052 10.67° 1192.672
P2 262 28.002 67.832 19.000 53.78  4.172 5.212 12.002 1393.332

Mean values marked with different letters are significantly different (P<0.05) by Duncan’s multiple range test (Po: non-inoculated;

P1: P. indica mycelium; P,. P. indica spore).

Table 5

Effects of different fungus inoculants on the measured physiological parameters of tomato at final step (12 WAI)

50D

Fungus Chl.a Chl. b Total Chi. Car.b{:h\rdrate Protein CFI.T {Unit/mg API_I( Kimgfe Pimg/g
treatment (mgfgl imgfg) (mg/g) (% in 100 mg) (AODD min FW) fi.min) [ACD/min.FW) DWW} oW

Po 1.620 0.38° 2.005= 16.300 0.1007= 0.593¢0 1.650= 11.997¢ 11.803¢ 2897

P 1.73= 0.79= 2523 16.91= 0.2450* 0.860= 1.850¢0 54 670 32.200= 42402

Pz 1.67° 0.45= 21232 23.50= 0.1557== 0.863* 1.8700 51.633= 26.157" 3973

Mean values marked with different letters are significantly different (P<0.05) by Duncan’s multiple range test (Po: non-inoculated;

P1: P. indica mycelium; P,. P. indica spore).

content between the inoculated and non-
inoculated tomato plants when analyzed after
eight weeks of inoculation. Both mycelium and
spore increased photosynthetic pigments. The
content of Chl. a, Chl. B, and total Chl. of P. indica
spore-colonized plants increased up to 6%, 107%,
and 25% compared to control plants, respectively
(Table 5).

Protein and carbohydrate content

Total protein contents of P. indica-colonized
tomato leaves were higher than those of the non-
colonized controls. The results showed that the
protein content of inoculated plants increased by
1.43 times compared to control plants. The
carbohydrate content in the inoculated treatment
recorded an increase compared to that of the
control plants. Our results revealed that
carbohydrate content increased root growth by
44% (Table 5).

Antioxidant enzyme

The antioxidant enzyme activities of catalase
(CAT), superoxide dismutase (SOD), and ascorbate
peroxidase (APX) were assayed, and the results
are depicted in Table 5. The level of CAT and APX
increased in P. indica co-inoculated plants. An
increase by 45% and 35% on CAT and APX activity

was seen in P. indica-colonized tomato plants,
respectively. In contrast to CAT and APX,
inoculation with P. indica slightly decreased the
SOD activity by 3.17%.

K and P content

To determine whether the fungal effect on growth
and vyield is reflected by an increase in nutrient
uptake, we measured the K and P contents in the
leaves of inoculated and non-inoculated plants. K
and P contents significantly increased in plants
inoculated with both P. indica inoculums.
Accordingly, P. indica increased K and P by 172%
and 41%, respectively in inoculated tomato plants
compared to non-inoculated plants. Thus, it
appears that P. indica specifically promotes K and
P uptake.

Discussion

In the present study, we established a symbiosis of
tomato with different P. indica inoculants. The
interesting finding of this research is the
significant effects of using P. indica spore and
mycelium in enhancing tomato growth and yield.
It was demonstrated that the growth and biomass
of leaf, root, and fruit promoted in tomato plants
following P. indica spore and mycelium
colonization. Overall, results clearly showed a



positive effect of P. indica on all measured traits in
three measurement steps. To determine whether
P. indica increases the growth of tomato, the
biomass of the above and underground parts of
plants were monitored after 4, 8, and 12 weeks of
inoculation with P. indica. Our results showed a
strong promotion of shoot and root formation and
development in P. indica-colonized plants
compared to thatin non-colonized plants. P. indica
directly enhances plant root biomass by producing
indole-3-acetic acid (IAA) (Sirrenberg et al., 2007).
Ghabooli et al. (2015) showed that inoculation of
rice plants with P. indica increases morphological
and physiological traits and also enhances drought
tolerance (Ghabooli et al., 2015). Fakhro et al.
(2010) also reported that the number of leaves,
root length, plant height, shoot, and root fresh and
dry weights increased in P. indica-inoculated
plants (Fakhro et al., 2010). Similarly, P. indica-
colonized barley plants showed an increase in dry
weight and root length and number compared
with non-colonized plants (Ghabooli, 2014). The
present study revealed that both P. indica
inoculants stimulate tomato plant growth at the
vegetative and also reproductive phases which is
in line with the above studies. Growth-promoting
microorganisms are involved in increasing plant
branching (Vessey, 2003) and height (Burd et al.,
2000) by producing plant growth hormones such
as auxin and cytokinin.

P. indica also increased tomato leaf number which
can increase light absorption surface. Consistent
with these findings, an increased number of leaves
has been reported in former studies (Anith et al.,
2015; Wang et al, 2015). Increasing stem
diameter could improve the stability of the plant.
It also increases the vessel diameter, which
facilitates the exchange of water, minerals, amino
acids, carbohydrates, and signal molecules
(Dickison, 2000; Olson and Rosell, 2013).
Accumulation of cytokinin hormone could be one
of the possible mechanisms included in increasing
stem diameter, which plays a crucial role in cell
division and expansion (Kieber and Schaller, 2018).
There have also been reports that the level of
gibberellin increased in endophytic fungus-
inoculated plants (Khan et al., 2013; Waqas et al.,
2012). Tomato inoculated with P. indica inoculants
had greater plant height at 8 WAI. Our data at 12

Effects of Piriformospora indica inoculation on tomato

WAI showed that the root and shoot dry weights
of inoculated plants were higher than non-
inoculated plants. These results showed that both
fungus inoculants had a long-term effect on plant
biomass and growth.

P. indica inoculation promotes earlier flowering of
tomato plants. Tomato plants inoculated with P.
indica had a higher number of flowers. Also, the
flower-fruit conversion ratio was promoted in
inoculated plants. In addition, the rate of fruit
color change was higher in inoculated plant
compared to non-inoculated plants. Recently,
early flowering is more considered as an effective
way to shorten the growth period and thus
enhance yield (Pan et al., 2017). The fungus P.
indica also enhanced fruit number and this was
accompanied by increases in flower number and
flower-fruit conversion ratio. P. indica-inoculated
plants also showed an increase in fruit fresh and
dry weights that in turn had a positive effect on
total yield. Positive effects of P. indica fungus on
yield have been attributed to improved
photosynthetic pigments and water and mineral
nutrients uptake, with greater absorption through
the enhanced surface area provided by extensive
fungal hyphae and increased root length and
surface. An increase in the number of flowers and
fresh weight of the fruits has been reported (Gill
et al., 2016).

The results of the present study demonstrated the
beneficial effects of P. indica inoculation on some
physiological traits of tomato. Photosynthetic
efficiency is widely accepted as vital for enhancing
plant biomass and vyield. The content of
photosynthetic pigments are the most important
factors in the photosynthetic capacity of plants,
and it is also considered an indicator of plant
growth and fitness because they directly affect the
speed and amount of photosynthesis and biomass
production (Guerfel et al., 2009). The mycorrhizal
fungus helps to increase chlorophyll content and
subsequent photosynthesis by establishing
symbiotic relationships with plants in the uptake
and availability of some elements such as
phosphorus, which is a key element in the energy
transfer chain during photosynthesis (Sharifi et al.,
2011). In the present work, the co-cultivation of
tomato plants with P. indica had significantly
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higher contents of Chl a, Chl b, and total Chl, than
non-colonized plants. An increase in total
chlorophyll due to inoculation with mycorrhiza has
been previously reported by other researchers
(Pal and Pandey, 2017), which is consistent with
our results.

Like chlorophyll, carbohydrate content was also
found to increase in P. indica-inoculated plants
compared to control plants. Changes in
carbohydrate content are of special importance
because of their direct dependence on
physiological processes like photosynthesis,
translocation, and respiration (Mane et al., 2011).
Wang et al. (2015) reported increased
carbohydrate content due to inoculation with P.
indica in tomato, which is in line with the results
obtained in this research. The results of the
present study showed a positive relationship
between carbohydrate accumulation and
performance of tomato in terms of photosynthesis
as the inoculated plants had higher biomass.

In this study, higher protein concentrations were
seen in P. indica-inoculated plants compared with
non-inoculated plants. Improved N uptake
promotes the activity of key N-assimilating
enzymes and increases protein concentration.
Similarly, nitrate reductase shows increased
expression in roots colonized by P. indica, which
could emphasize that the fungus also supports N
nutrition of plants (Sherameti et al., 2005).

The results showed that the level of CAT and APX
significantly increased in P. indica-inoculated
plants whereas inoculation with P. indica slightly
decreased the SOD activity. There are abundant
evidences that P. indica can regulate the major
antioxidant enzymes and other constituents of
ROS- scavenging system (Hamilton et al., 2012;
Sun et al.,, 2010). P. indica enhanced the
antioxidant enzyme activities which help in
defense and tolerance mediation against abiotic
stresses. Baltruschat et al. (2008) have suggested
that antioxidant enzyme system was activated in
inoculated plant leaves (Baltruschat et al., 2008).
This clearly shows that P. indica might have used
the same mechanism to activate antioxidant
enzymes to prevent ROS-induced oxidative
damage. Catalase, ascorbate peroxidase, and
superoxide  dismutase are among the

metalloenzymes, and micronutrients can play an
effective role in reducing or increasing their
production in plants. Deficiency or increased
availability of micronutrients such as iron, zinc,
copper, manganese, and magnesium affect the
expression of metalloenzymes (Del Rio et al.,
1991). Increased enzymatic activity due to AM
colonization may be related to the effective role of
AM in the availability of various elements (Ruiz-
Lozano et al.,, 2012). It seems that P. indica can
help produce antioxidant enzymes indirectly by
facilitating the availability of various macro and
micronutrients.

Faster growth of inoculated plants may be
analyzed by an enhanced efficiency of nutrient
uptake (Debbarma and Das, 2017). In our study,
plantinoculation with P. indica led to a remarkable
increase in K and P contents. This indicates that
the inoculated plants were capable of transporting
much more K and P to the shoots. The higher K
availability may be thus instrumental for the fully
functional stomatal operation and conserve a pool
of available ATP that is used for the process of de
novo synthesis of organic osmolytes (Yun et al.,
2018). The effect of P. indica on K content was
reported in several studies (Ghabooli, 2014,
Ghaffari et al., 2016; Kord et al., 2019).

Phosphorous is the second most important
macronutrient after nitrogen for crop production.
However, it is also the least accessible
macronutrient and plants cannot use it directly.
The accessibility of P for the hosts in the soil
depends on the available P form, the exudation of
organic acids and/or protons, and phosphatase
enzyme activities in the rhizosphere (Richardson
and Simpson, 2011). P. indica fungus helps the
host plant by producing complex and insoluble
forms of phosphate in the soil through releasing
large amounts of phosphatase acid (Yadav et al.,
2010). Ngwene et al. (2016) showed that P. indica
solubilizes P to inorganic form. In our data, the P
content in tomato leaves was strongly stimulated
by P. indica. Shahollari et al. (2005) reported that
P. indica promotes the phosphate uptake 2-3
times higher in Arabidopsis seedlings and
suggested that P. indica enhances Arabidopsis
growth in a manner parallel to mycorrhizal fungi.



This study showed that P. indica inoculants
retained their stimulatory effect on the measured
traits at different stages. The results obtained
from the measurements of the first stage (4 weeks
after inoculation) showed that the symbiosis of P.
indica fungus with the plant has an increasing
effect on all measured traits. After eight weeks of
inoculation, the effect of fungus inoculation in
most traits increased significantly compared to the
former period. In the final step, the vegetative
growth rate of the plant was lower than in the
previous steps, but the inoculated plants still had
better growth than the non-inoculated plants. It
seems that at this step, the plant, by activating the
flowering and fruit set mechanism, reduces
vegetative growth and provides the materials
needed for this process. In summary, the
stimulatory effect of P. indica is detectable during
the critical early phase to the late phase of plant
growth.
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