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ABSTRACT: Four effective phosphatase and phytase-producing fungi, Aspergillus candidus, Aspergillus
ustus, Curvularia lunata, and Phoma species, were selected for their native P mobilisation under field
conditions, using clusterbean and pearl millet as test crops. The main aim was to increase agro ecosystem
productivity and get rid of the negative effects of chemical fertilizers. The inoculation of selected fungi
resulted in a significant enhancement in the grain yield (16-28%), plant biomass (10-57%), straw yield
(19-38%), and plant P absorption (2-10%) in clusterbean. There was between 6 and 61 % more in acid
phosphatase activity, between 9 and 66 % higher in alkaline phosphatase activity and between 13 and 50
% additional phytase activity under inoculated plots of clusterbean as compared to the uninoculated
(control) plots. Due to increased phosphatase and phytase enzyme activity of inoculated fungi, pearl millet
saw improvements in grain yield, plant biomass, straw yield, and plant P uptake of 12-24%, 2-54%, 18—
40%, and 3-12%, respectively. In pearl millet, 10-48%, 10-49%, and 6-47% improvement in acid
phosphatase, alkaline phosphatase and phytase were recorded, respectively, at different growth periods
compared to control. Among the four fungus examined, Phoma species was found to be the best P
mobilizers, both under pearl millet and clusterbean. Irrespective of fungi and crops, P mobilisation from
mineral sources was often higher than that from organic and phytin sources. Overall 40 to 85% more
microbial than plant involvement was seen in the mobilisation of various P components. In general, 10.6-
21.3% more mineral P and 11.5-19.2% more phytin P was hydrolyzed in clusterbean compared to pearl
millet. Selected fungi are especially important for crop sustainability because they are effective under low

phosphorus availability and when nutrients are bonded to organic matter and soil particles.

Keywords: Field assessment, Clusterbean, Pearl millet, Arid ecosystems. P mobilising fungi

INTRODUCTION

For the productivity of agroecosystems, phosphorus is a
limiting nutrient (Jarvie et al., 2019; Withers et al.,
2015; Filippelli, 2008). This is because of its limited
solubility and high affinity for mineral surfaces, which
result in low availability in soil. Plant size and growth
are significantly hampered by phosphorus (P) supply
issues or deficiencies. P is typically added to soil as a
chemical P fertilizer to meet crop nutritional needs and
produce adequate crop yields (Sharma et al., 2013).
However, the synthesis of chemical P fertilizer is a
highly energy-intensive process. Overuse of chemical
fertilizers can cause soil acidification and soil crust,
which lower the amount of organic matter, humus, and
beneficial organisms in the soil, stunt plant growth,
alter the pH of the soil, increase pests, and may even
contribute to the release of greenhouse gases. Crop
growth is inhibited by soil acidity, which decreases the
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amount of phosphate that crops absorb and raises the
concentration of harmful ions in the soil (Cooke, 1982),
and it has long-term effects on the environment in the
form of eutrophication of surface water (Turan et al.,
2006). The negative impacts of chemical fertilizers will
start during the production of these chemicals, whose
by-products include some dangerous chemicals or gases
such as NHg4, COy, CHy, etc. that will contribute to air
pollution (Chandini et al., 2019).

According to Schoumans et al. (2015), the majority of
the P now utilised in chemical fertilizers comes from
phosphate rocks, a limited resource that is unevenly
distributed across the Earth's surface. It is anticipated
that the price of P fertilizer will rise significantly on
both an economic and environmental level because its
extraction is becoming more difficult due to
geopolitical instability (Liu et al., 2022). Organic
phosphorus (Po), which is derived from organic inputs
and soil, is increasingly used as a supplement to mineral
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P fertilizer in order to approach more sustainable
sources for controlling phosphorus (P) nutrition in agro
ecosystems (Amadou et al., 2021). In order to increase
plant photosynthetic efficiency, nutrient uptake, and
biomass output, plant growth-promoting
microorganisms have become an important component
of sustainable agriculture practises (Mishra and Tailor
2023). Tian et al. (2021) reported that phosphate
solubilizing microorganisms (PSMs) play a crucial role
in the soil P cycle by mineralizing organic P,
solubilizing inorganic P minerals, and storing
significant amounts of P in biomass, which may in
effect limit P bioavailability or cycling in soil-plant
systems. PSMs are typically regarded as eco-friendly P
fertilizers for raising agricultural output since they may
mediate the basic soil P forms and orthophosphate
levels. Soil microorganisms in particular have the
capacity to liberate plant-accessible P from scarcely
present forms of soil P through the solubilization and
mineralization of inorganic and organic P, respectively
(Barea and Richardson 2015; Whitelaw et al., 1999).
Microorganisms significantly increase nutrient uptake
and crop sustainability (Hassan and Nawchoo 2022).
Researchers (Alaylar et al., 2020; Wang et al., 2020)
have demonstrated that using phosphate solubilizing
microorganisms (PSMs) is a proven method for
managing phosphate rock mining and agricultural
sustainability. It is also widely recognised as an eco-
friendly P fertilizer for boosting agricultural
productivity.

Biophos is a biofertilizer prepared by the fungus
Chaetomium globosum to mobilize native phosphorus
(Tarafdar and Gharu 2006). Five strains of filamentous
fungi reported by Brazhnikova et al. (2022) had the
highest level of phosphate-mobilizing ability and
produced phytohormones to promote plant growth.
Tarafdar (2019) reported a 16-25% increment in yield
by inoculation of fungi such as Aspergillus, Emericella,
Gliocladium, Penicillium, Trichoderma, and
Chaetomium, which can mobilize phosphorus from
agricultural soils by secreting phosphatases, phytases,
and organic acids. A new white-rot fungus, Ceriporia
lacerata HG2011, can mobilize P in soils for plant use,
leading to improved crop agronomic performance (Sui
et al., 2022). It is well known that soil microorganisms
may dissolve different types of insoluble P fractions
thus; they qualify as bio inoculants and support soil
sustainability (Rizwanuddin et al., 2023). Less is
known, however, about the capability of soil fungi to
mediate P availability to plants from sources that would
otherwise be scarce in field conditions ( Richardson,
1994; Whitelaw et al., 1999). The aim of this study was
to assess the impact of phosphate
solubilizing/mobilizing fungi on the clusterbean and
pearl millet in natural environments and to compare the
effectiveness of their releasing enzymes to those of the
plant in mobilising/solubilising native phosphorus from
phosphorus sources that are not easily accessible.

MATERIALS AND METHODS

Fungal isolation and identification. 32 fungi were
isolated from 30 different Indian soils by utilising the
Dhariwal etal.,
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dilution plate method of Tarafdar and Chhonkar (1979)
and streptomycin sulphate (Allen, 1959) using Martin's
Rose Bengal agar. On potato dextrose agar (PDA)
medium, the pure cultures were maintained. The
Agharkar Research Institute, Pune, India, identified the
fungus. Based on their intra- and extracellular acid
phosphatase, alkaline phosphatase, and phytase
activities, four of the best fungi were selected for field
trials.

Fungal enzyme activity and efficiency measurement.
In 250-mL Erlenmeyer flasks of 100-mL Czapek-Dox
broth, fungi were grown in order to measure the
enzyme activity. The flasks were maintained at 30 °C
for 21 days while 8-mm discs of fungal growth that
were 4 days old (on PDA media) were placed in the
medium. The contents of three flasks were filtered
through Whatman No. 1 filter paper into another flask
that had been chilled on ice. 100 mL of sterile, ice-cold,
distilled water made up the entire final volume of each
filtrate. The filtrate was used to evaluate the
extracellular activity of phytase, alkaline phosphatase,
and acid phosphatase. To measure intracellular activity,
fungal mats from each replicate were pulverised in a
mortar with quartz sand that had been acid-washed. By
adding ice-cold, sterile, distilled water and centrifuging
the mixture for 20 minutes at 12,000 rpm, a fine
suspension was created. The supernatant, which was
made to a specific volume, was carried out for the
intracellular enzyme activity measurement.

The efficiency of the fungus was evaluated through the
hydrolysis of phytin and Na-glycerophosphate. In a
mortar, 1 g of fungal mat (in triplicate) was ground with
acid-washed quartz sand and 30 mL of ice-cold, sterile,
distilled water. The clear extract obtained after
centrifugation was incubated for 24 h with 500 mg/L of
phytin or Na-glycerophosphate at 30°C. The release of
mineral P per minute per gm of fungal mat was
calculated by the calorimetric method as given by
Jackson (1967).

Seed inoculation. Clusterbean and pearl millet seeds
were surface sterilised for two minutes with acidified
0.05% HgCly, then rinsed five to six times in sterilised
deionized water. The seeds were treated with different
fungi (100g kg* seed), air dried under a shed (avoid
direct sun rays), and showed right away. The
inoculation with different fungi was carried out in the
slurry of carrier-based culture in sterilised (20%)
jaggery (guar) solution. For the uninoculated treatment,
the same quantity of sterilised culture (100g kg™ seed)
was used to inoculate the seed.

Field experiment- To examine the efficiency of four
selected fungi, Aspergillus candidus, Aspergillus ustus,
Curvularia lunata and Phoma species, a crop of pearl
millet (Pennisetum americanum L.; cv.HHBG67) and
clusterbean (Cyamopsis tetragonoloba cv. RGC-936)
was grown under kharif season at the Central Research
Farm, ICAR-CAZRI, Jodhpur, during (July—
September). The area is located at latitude of 26°18' N
and longitude of 73°01’E. During the cultivation period,
327 millimetres of rain and an average of 34.4 °C
(maximum) to 25.5 °C (minimum) temperatures were
recorded. The study included two treatments: with and
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without inoculation, with a random block design using
four replicates each. In the inoculated treatment, the
seed was inoculated with selected fungi prior to sowing,
while the seeds without fungal inoculation were
employed in the control treatment. The test soil was a
typical Camborthid (Table 1), and an 8 m x 8 m plot
was used to sow each replicate. At 28, 35, 42, 49, and
56 days following planting, four plants from each
replicate were carefully dug up from the ground with
their roots. The crops were finally harvested after
reaching maturity. During the growing phase, irrigation
and fertilizer were not used.

Assessment and processing after sampling. After
each sampling, the rhizosphere soil was tested for
microbial population and enzyme activity. Martin's
Rose Bengal agar medium was used to count the
population of fungi (Allen, 1959). By using the usual
approach of Tabatabai and Bremner (1969), acid and
alkaline phosphatases were determined using acetate
buffer (pH 5.4) and sodium tetraborate-NaOH buffer
(pH 9.4), respectively. The enzyme substrate (4-
nitrophenyl phosphate) mixture was incubated at 35 °C
for 1 h, and the enzyme assay was expressed as enzyme
units (EU). One unit is the amount of enzyme that
hydrolyzes 1.0 umol of p-nitrophenyl phosphate per
minute at pH 5.4 (acid phosphatase) or 9.4 (alkaline
phosphatase) at 35 °C. The amount of inorganic
phosphate (Pi) released during the hydrolysis of sodium
phytate (1 mM) in 100 M sodium acetate buffer (pH
4.5) was used to measure the activity of the phytase for
1 hour at 37 °C. By adding 0.5 mL of 10% trichloro-
acetic acid (CCI3COOH), the process was stopped.
Centrifugation at 10,000 rpm for 10 min was used to
remove proteins that had been precipitated by TCA, and
the supernatant was then used to test for inorganic P
that had been released (Ames, 1966). The quantity of
the enzyme that released 1.0 mol inorganic P min* was
considered to be one unit of phytase activity. The
Tabatabai (1982) approach was used to quantify the
dehydrogenase activity. 2,3,5-Triphenyl Tetrazolium
Chloride was used to treat soil samples, and the
triphenyl formazon it produced was detected at 485 nm.
After removing the soil from the roots, root lengths
were measured using Tennant's (1975) modified line-
intersect method. At 60 °C, the plants were dried in
oven, and the dry matter weight was recorded. Shoots
and roots were ground to a fine powder. Using Kitson
and Mellon's (1944) Vanadomolybadate method, plant
P was determined after acid digestion of plant powder
with 20 mL of concentrated HNO3z, HCIO4 and HySO4
(ratio of 7:2:1). The wet digestion method of Walkley
and Black, as explained by Jackson (1967), was used to
determine the organic carbon in the soil. The standard
methods were used to estimate the pH (1:2), EC (1:2),
particle size distribution, and readily available P
(Olsen's P) (Jackson, 1967). Mineral, organic and total
P were estimated by Seeling and Jungk's (1996)
method, while Mega's (1982) method was employed for
estimating the phytin P in soil samples. The mineral,
organic, or phytin P depleted at different stages of
growth as a result of the inoculation of different fungi
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has been defined as the microbial contribution to P
hydrolysis.
The relative growth rate for root was estimated after

adopting the following equation:
[ Lo
n |_1
t,—-1,

The P-influx, was calculated using the formula after
Rémer and Schenk (1998) as follows:

u,—-u, % " Ll

I—z - Ll tz - t1

the change in P-uptake (mol plant?), L,-L; (AL) is the
change in total root length (cm plant?) at t, and t
respectively and t; —t; (At) is the change in time
(second). The P-influx was expressed as (mol cm root
sh.

An analysis of variance was performed on the data, and
vertical bars represent the standard errors of the
differences between means (Sokal and Rohlf 1981).

RESULTS AND DISCUSSION

Four fungi, Aspergillus candidus, Aspergillus ustus,
Curvularia lunata, and Phoma species, shown in Fig. 1,
were chosen for an in-depth study in order to examine
the native P mobilisation and P inflow to the
clusterbean and pearl millet under field conditions. This
was proven by its higher phytase and phosphatase
activities compared to all other isolated species, as well
as its ability to hydrolyze inaccessible P (results not
shown). Table 1 shows the initial enzyme activity,
microbial population, and phosphorus status that were
observed in the experimental soil. A total of 1% of the
total P was available, 29% was found in unavailable
inorganic form, and 70% was present in organic form in
which phytin P constitutes a large fraction (68%) of the
organic P in soils. According to research, the majority
of the phosphorus in the soil exists in the form of phytin
and its derivatives (Mengel et al., 2001; Liu et al.,
2022), and the activity of rhizosphere microorganisms
(Saeed et al., 2021) and plant P uptake mechanisms
(Shen et al., 2011) regulates the amount of phosphorus
that is available to plants.

Acid phosphatase activity: A significantly higher acid
phosphatase activity throughout the crop growth period
(4 to 8 weeks) was observed in the rhizosphere of
clusterbean (Fig. 2) due to the inoculation of selected
fungi. The maximum inoculation effect was observed in
Phoma species. More activity was noticed after 7 weeks
of plant growth; between 8 and 58% improvement in
acid phosphatase secretion due to the inoculation of
selected fungi was observed. In pearl millet, the highest
acid phosphatase activity was noticed after 7 weeks of
growth (Fig. 3). Inoculation with fungi significantly
enhanced the acid phosphatase secretion from 4 to 8
weeks; the effect was greater between 4 and 6 weeks in
all the fungi tested. In general, between 10 and 48%
improvement in acid phosphatase secretion due to the

Relative growth rate for root (Kr) =

P- influx = Where uz-u; (AU) is
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inoculation of different fungi was observed in the pearl
millet crop throughout the growth period.

Fungi are particularly effective producers of both acid
and alkaline phosphatases (Tarafdar, 1989). It has been
hypothesised that higher fungal accumulation and more
root exudation in the rhizosphere are caused by
increased phosphatase activity (Fig. 2 and 3) and
increased P mobilisation. Fungal activity may
potentially have a qualitative and quantitative impact on
the composition of root exudates due to the breakdown
of exudates molecules and the release of microbial
metabolites (Neumann and Roemheld 2000). Due to
plant root exudates, the total microbial population may
be higher, which influences more acid phosphatase
activity as root exudates influence the growth and
development of other organisms (Dhungana et al.,
2022). Depending on the fungus, the P chemical nature
changed the phosphatases release pattern (Della Monica
et al., 2018). Fungi can break the C-O-P ester link of
organic P with the help of phosphatases and phytase
which they release into the system. According to Kucey
et al. (1989), microbial activity is a crucial component
of the soil organic P cycle and affects the
transformation. Phosphatase activity enables the
mineralization of organic P to enhance P availability in
plants and soil organisms as a mechanistic response to
P deprivation (Janes-Bassett et al.,, 2022). The
phosphate group is liberated from its substrates by
phosphatase enzymes, which are produced by bacteria,
fungi, and plant roots. This process converts
complicated and occasionally inaccessible forms of
organic P into phosphate, which may be assimilated.
Therefore, the availability of organic P substrate, P
limitation in the soil, and P demand from plants and
microorganisms are all factors that affect phosphatase
production (Margalef et al., 2017).

Alkaline phosphatase activity. Alkaline phosphatase
activity between 4 and 8 weeks in the rhizosphere of
clusterbean (Fig. 4) resulted in significantly higher
activity throughout the period, which reached its
maximum after 7 weeks. The increase in activity varies
from 59 to 64% after fungal inoculation with
clusterbean. All the organisms tested were found to
have efficient development of alkaline phosphatase
under the clusterbean rhizosphere. A similar trend in
improvement of alkaline phosphatase activity was
observed with pearl millet (Fig. 5), and the
improvement varied from 43 to 48%. The highest
activity in the pearl millet rhizosphere was observed
after 7 weeks. Phomaspecies, among the four fungal
species tested, was found to be more efficient to build
up alkaline phosphatase activities in the soil.
Aspergillus ustus was the second-most efficient fungus
to build up alkaline phosphatase activity in the
rhizosphere.

According to Spohn and Kuzyakov (2013), alkaline
phosphatase is largely produced by microbes, whereas
acid phosphatase originates primarily from plant roots
and microorganisms in terrestrial ecosystems.
According to Dhungana et al. (2022) plant root
exudates influences the growth and development of
microorganisms  which  increases the alkaline
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phosphatases in rhizosphere soil which is a subclass of
phosphomonoesterase enzymes with a characteristic
alkaline pH optimum that catalyses the breaking of
ester (C-O-P) bonds. It has been used to examine the
bioavailability of phosphate compounds in surface
water (Suzumura et al., 2012).

Phytase activity. Fig. 6 shows the increase in phytase
activity with crop age in clusterbean. A significantly
higher phytase activity was observed after 4 weeks due
to the inoculation of efficient phosphatase and phytase-
producing fungi. The inoculation effect was almost
similar for all the fungi tested. A similar trend was
observed when efficient fungi were inoculated in pearl
millet (Fig. 7). However, the increase in phytase
activity was higher under clusterbean than pearl millet,
which was estimated to be 1 to 3% more than pearl
millet at 8 weeks after inoculation.

However, both plants and microorganisms have an
impact on the phytase activity in clusterbean and pearl
millet (Fig. 4 and 5). The hydrolysis of organic P esters
in the rhizosphere by rhizosphere microorganisms and
enhanced phytase production by plant roots could help
in the uptake of inorganic P. Fungi secrete phosphatases
such as phytases and acidic/alkaline phosphatases to
hydrolyze the organic form of phosphorus, or phytate,
in order to increase the utilisation of their phytate-
phosphorus (Singh & Satyanarayana, 2011; Liu et al.,
2022). According to Elhaissoufi et al. (2022), small
amounts of inorganic phosphorus given to the
rhizosphere may work as a stimulant for phytic acid
mineralization, boosting plant phosphorus feeding. As
competent, stable, and promising bio-inoculants
(Rizwanuddin et al., 2023), phytase from fungal
sources has been found to be more effective than
phytase from plant sources in similar amounts
(Dhariwal and Tarafdar 2023).

Dehydrogenase activity: A significant increase in
dehydrogenase activity in the clusterbean rhizosphere
was observed, which was progressively expand with
crop age up to 8 weeks after inoculation of efficient
phosphatase and phytase-releasing strains of different
fungi (Fig. 8). The more increase in activity was
observed due to Phomaspecies (111%) closely followed
by Aspergillus candidus (108%). The least increase in
activity (103%) was observed with the inoculation of
Curvularia lunata in clusterbean. Phomaspecies and
Aspergillus candidus were found to be most effective
for improving dehydrogenase activity in both
clusterbean and pearl millet. The effect of inoculation
on pearl millet (Fig. 9) showed significant improvement
in dehydrogenase activity for 8 weeks under all the
efficient fungi tested. In general, fungi were more
effective with time and an increase in crop age. The
increase in dehydrogenase activity under pearl millet
was 106% with both Aspergillus candidus and
Curvularia lunata, whereas an increase of 109% and
103%, respectively, was observed after inoculation of
Phomaspecies and Aspergillus ustus.

The biological oxidation of soil organic material is
significantly facilitated by dehydrogenase, which do not
accumulate extracellularly in the soil (Zhang et al.,
2010). It, therefore, acts as an indicator of the microbial
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activity in soil (Wolinska & Stepniewsk 2012;
Kaczyska et al., 2015; Kaur and Kaur 2021). Other
organisms in the rhizosphere are affected by the root
exudates in terms of their growth and development
(Upadhyay et al., 2022; Dhungana et al., 2022). One of
the most effective, significant, and responsive
indicators of soil fertility is the enzyme activity of
dehydrogenase.

Exploitation of unavailable P compounds: The effect
of seed inoculation with different fungi during the
cultivation of clusterbean and pearl millet (Table 2)
showed gradual depletion of different unavailable P
fractions during the growth period. The maximum
depletion of different forms of unavailable P (mineral,
organic and phytin) was observed with the inoculation
of Phomaspeciesin both crops, while the minimum
depletion was observed with Aspergillus candidus
among the four different fungi tested. In clusterbean,
the contribution by Phomaspecies was higher by 26%
to exploit mineral-P, 55% more to exploit organic-P
and 46% larger to exploit phytin-P as compared to
Aspergillus candidus. Organic P hydrolyzed by
Aspergillus ustus was 11.2% higher as compared to
Curvularia lunata. However, Curvularia lunata
hydrolyzed 14.7% more mineral P compared to
Aspergillus ustus. The mobilization of P from mineral
sources follows the order Phomaspecies>Curvularia
lunata>Aspergillus ustus>Aspergillus candidus. But
phytin P and organic P depletion in different fungi
follow the order of Phomaspecies>Aspergillus
ustus>Curvularia lunata>Aspergillus candidus. The
hydrolysis of mineral P was higher than organic P and
phytin P by all the fungi.

Total depletion of unavailable P fractions during the
growth of pearl millet (Table 2) showed maximum P
depletion by Phomaspecies. It hydrolyses 4.3% more
mineral P, 3.4% more organic P, and 42.9% more
phytin P as compared to Curvularia lunata, which
has the next higher P mobilization. Aspergillus ustus
hydrolyzed 3.6% more mineral P, 4.1% higher organic
P, and 36.4% more phytin P as compared to Aspergillus
candidus, which mobilizes the least unavailable
phosphorus from the native soil sources. In general, the
mineralization of unavailable P under clusterbean was
higher than that under pearl millet, and 10.6-21.3%
more mineral P and 11.5-19.2% more phytin P
mobilized in clusterbean. Phomaspecies performed best
to mobilize P among the four fungi tested, both under
pearl millet and clusterbean. In general, P mobilization
from mineral sources was more as compared to
mobilization from organic and phytin P sources,
irrespective of the crops.

Both crops benefited and improved from seed
inoculation with various fungus species and results
clearly depicted that Phoma species was most effective.
According to Fiorentino et al. (2018), there is a species-
dependent  relationship  between  biostimulants'
beneficial effects on nutrient uptake and crop
development. In order to solubilise and mineralize
complex organic phosphorous into a number of small
molecules that are available to plants, they stimulate
enzymes such as inorganic acids, organic acids,
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phosphatases, and phytases (Malgioglio et al., 2022).
Phosphatases, including acidic, alkaline, and phytase,
hydrolyze the organic form of phosphorus (Tarafdar
and Gharu 2006; Singh and Satayanarayan 2011;
Tazisong et al., 2015). According to Sui et al. (2022),
the organic acid and phytase activities of the fungus
(Ceriporia lacerata) solubilise the phosphates. It was
demonstrated (Fatima et al. 2021) that phosphate can
also be solubilized by Aspergillus awamori and
Penicillium digitatum. Additionally, Trichoderma sp.
and T. viride were found to help in the absorption of
minerals and nutrients, particularly Fe, K, N, and P (Lin
et al., 2021; Paul & Rakshit 2022).

Partition of plant and microbial contributions: Table
3 shows the partition of depletion of unavailable P for
plants and Aspergillus candidus. A gradual increase in
depletion of different forms of unavailable P with crop
age after inoculation of Aspergillus candidus was
observed (Table 3). With an increase in crop age, the
plant contribution increases, whereas the microbial
contribution decreases in the hydrolysis of all three
unavailable P fractions (mineral P, organic P, and
phytin P). In general, 40 to 79% of unavailable P
hydrolysis in the rhizosphere of clusterbean was
observed due to the inoculation of Aspergillus
candidus. The plant contribution to mobilising
unavailable P compounds varies between 21 and 60%
of the total P hydrolyzed from particular unavailable P
fractions. Phytin P was found to be the least
hydrolysable organic P compound. The contribution of
Aspergillus candidus to hydrolyze different unavailable
P fractions under pearl millet showed (Table 3) a
similar trend to that of clusterbean. The percent of total
unavailable P hydrolysis was 2% higher in clusterbean
than pearl millet, irrespective of different unavailable P
fractions. The pearl millet plant seems to be more
effective in the hydrolysis of phytin P as compared to
the hydrolysis of the other two unavailable P fractions.
In general, Aspergillus candidus contribution was
higher (39 to 77%) than plant contribution (23 to 61%)
in the hydrolysis of different unavailable P compounds.
The inoculation of Aspergillus ustus in clusterbean
showed a similar trend as that of Aspergillus candidus
(Table 4) to exploit different unavailable P fractions. In
general, plant contributions varied between 18 to 55%,
while microbial contributions ranged from 45 to 82%.
The depletion of unavailable P increased with the
increase in plant age of clusterbean and the rate of
increase was higher up to a 6-week period. The percent
plant contribution increased with crop age, while the
percent microbial contribution showed a reverse trend.
A similar trend was observed in pearl millet (Table 4).
After 56 days of plant growth, among the total
hydrolysis of phytin P, 42% of phytin-P was
hydrolyzed by Aspergillus ustus and 58% by plants.
The partition of plant and microbial contributions to the
hydrolysis of different unavailable P compounds with
the inoculation of Curvularia lunata (Table 5) under
clusterbean resulted in a higher depletion of unavailable
P compounds with the increase in age of the plant. In
general, plant contribution varies between 20 to 59%,
while microbial contribution ranges from 41 to 80%.
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The plant seems to be more efficient in the hydrolysis
of mineral and organic P than phytin P. A similar trend
was observed when pearl millet was inoculated with
Curvularia lunata (Table 5), where plant contribution
varies between 22 to 52% for hydrolysis of mineral P,
40 to 61% for hydrolysis of organic P, and 21 to 58%
for hydrolysis of phytin P. The microbial contribution
varies between 48 to 78% for the breakdown of mineral
P, 39 to 59% for organic P breakdown, and 42 to 78%
for phytin P hydrolysis. In general, in the early stage of
plant growth the microbial contribution was more but in
the later stages of growth the plant contribution to
mobilize P was higher than microbial contribution.

A gradual increase in depletion of different forms of
unavailable P with the inoculation of Phomaspecies
under clusterbean (Table 6) with plant age was
observed. With increase in crop age plant contribution
was increases while the percent of microbial
contribution was reduced drastically. Although the
higher plant contribution to hydrolyze phytin P was
observed only 56 days after cropping, plant contribution
was a change between 15 to 52%, while microbial
contribution ranges from 48 to 85%. Phomaspecieswas
found to be the most efficient fungus, especially in
mobilising P from organic sources. The contribution of
Phomaspecies to hydrolyze different unavailable P
fractions under pearl millet (Table 6) showed a similar
trend as in clusterbean. At initial stages, plant
contribution was less compared to microbial
contribution in all unavailable P fractions. But with
increases in plant age, the contribution of plants
increased to P hydrolysis and ranged from 16 to 64%.
The microbial contribution ranges between 36 to 84%
during the same growth period.

In the hydrolysis of different unavailable P fractions,
the microbial contribution overall was significantly
greater (40-85%) than the plant contribution (Tarafdar
& Yadav 2011; Liu et al., 2022). The transport of P
between various soil P pools depends on
microorganisms, which are crucial for the soil P cycle.
The enzymes produced by PSM, phosphatases and
phytase, aid in the breakage of the C-O-P link and the
release of phosphorus from phytate-stored organic
molecules in soil (Nannipieri et al., 2011; 2011; Liu et
al., 2022). Microorganisms may also produce organic
acids such as malate, citrate, and oxalate, which may
also help in the release of inorganic P (Jones, 1998; Zhu
et al., 2022). According to Richardson & Simpson
(2011), organic acids are the primary solubilizers of the
scarcely accessible phosphorus. By replacing P with a
carboxylate anion, organic acids can mobilise phytate.
They can also use ligand exchange to desorb phosphate
anions from the soil. Tribasic citrate releases more P
because it has more carboxyl groups and a pK; value
that is closer to the soil pH range (Menezes-Blackburn
et al., 2016). Organic matter that is bound to P by Fe/Al
bridges is dissolved by organic acids, releasing
phosphate (Gerke, 2010). The plant contribution
increases with the growth period. In a lack of P, the
root's secreted extracellular phytase is crucial for soil
phytate hydrolysis. To catalyse the phytate hydrolysis,
they either remain affixed to the root's cell walls or are
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released directly into the rhizosphere (Sun et al., 2022).
Increased secretion of phosphatases and phytase by
plant roots and rhizosphere microorganisms may help
plants acquire inorganic P through the hydrolysis of
organic P esters in the rhizosphere (Li et al., 1997
Yadav and Tarafdar, 2007; Liu et al, 2022;
Rizwanuddin et al., 2023). The study also revealed the
potential for soil microorganismsto increase the
availability of P from phytate both through phytase
activity and perhaps by affecting the availability of
phytate itself.

Plant biomass: A significant increase in dry matter was
observed in clusterbean and pearl millet (Table 7) due
to the inoculation of different fungi as compared to the
control (without inoculation). The increase in dry
matter of clusterbean varies between 10 and 51% after
inoculation of Aspergillus candidus, 11 and 54% after
inoculation of Aspergillus ustus, 10 and 52% after
inoculation of Curvularia lunata, and 11 to 57% after
inoculation of Phomaspecies compared to control soil.
The increase in dry matter due to inoculation of
different fungal species in pearl millet varies between
24-54% as compared to control soil (without
inoculation), which was higher with Phomaspecies. In
general, biomass production was 2.2 to 2.4 fold higher
in pearl millet than clusterbean after 56 days of crop
growth. The inoculation effect was greater with Phoma
species than with the other fungi tested. The rate of
increase in plant biomass in pearl millet crops was more
up to 42 days, while in clusterbean it was higher up to
35 days. Thereafter, a gradual decline in the rate of
biomass accumulation with plant age was observed
under both clusterbean and pearl millet, although the
total biomass increased until 56 days of crop age.

By enhancing nutrient availability, regulating
phytohormones, and increasing systemic resistance,
plant growth promoting microorganism directly boosts
plant growth (Abhilash et al., 2016; Bhat et al., 2019;
Khan et al., 2020; Khoshru et al., 2020). According to
Adedayo and Babalola (2023), the development of
roots, the solubilization of minerals from fossils, and
the production of secondary metabolites all contribute
to improving plant growth promotion under abiotic
stress conditions. They can strengthen plant's defences
and promote plant growth even more in stressful
situations.

Root length. The root length of clusterbean and pearl
millet at different crop growth periods after inoculation
with tested fungi is presented in Table 8. In general,
root length increased after inoculation. The increase in
root length due to inoculation varies between 19 to
29%, 22 to 31%, 21 to 30%, and 21 to 32% in
clusterbean due to the inoculation of Aspergillus
candidus, Aspergillus ustus, Curvularia lunata, and
Phomaspecies, respectively. The increase in root length
between 4 to 8 weeks of crop age of pearl millet after
inoculation with different fungi ranges from 18 to 24%
for Aspergillus candidus, 19 to 26% for Aspergillus
ustus, 19 to 25% for Curvularia lunata and 20 to 25%
for Phomaspecies. The root length of clusterbean was 4
to 8 times less than pearl millet under different growth
stages of crops. In general, inoculation with four
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different fungi helped in additional root build-up, which
was more due to Phomaspecies inoculation in
clusterbean and pearl millet, followed by Aspergillus
ustus. Aspergillus candidus seems to be least effective
to improving root length after inoculation in both the
crops.

According to Ldpez-Bucio et al. (2015), multilayer
root-shoot communication is a key component of
Trichoderma's stimulation process. Trichoderma
applications have been shown to have a variety of direct
and indirect effects on plants, including the release of
substances with auxin activity, small peptides, and
volatile organic compounds, which enhance root system
architecture (total root length, density, and branching)
and assimilate or mobilise macronutrients (P) and
micronutrients (Fe, Mn, and Zn), thereby promoting
plant growth and crop productivity (Contreras-Cornejo
etal., 2009).

Effect on phosphorus uptake. The result presented
(Table 9) clearly demonstrated that with the inoculation
of efficient phosphatase and phytase-producing fungi,
the total P content of the plant improved significantly
after four weeks onward in both the crops studied. The
increase in P uptake due to inoculation of different
fungi in clusterbean varies between 2 to 9% for
Aspergillus candidus, 5 to 10% for Aspergillus ustus, 4
to 9% for Curvularia lunata, and 3 to 10% for
Phomaspecies as compared to un-inoculated control.
The improvement of P uptake in pearl millet due to
inoculation varies between 4 and 11% due to both
Curvularia lunata and Phomaspecies, 3 to 10 due to
Aspergillus candidus, and 4 to 12% due to Aspergillus
ustus. In general, the P uptake by clusterbean was 49 to
52% higher than pearl millet after 56 days of crop
growth.  Through  various  solubilization  and
mineralization mechanisms, phosphate solubilizing
microorganisms (PSM) are able to convert inorganic
and organic soil P into a bio available form that
facilitates uptake by plant roots (Khan et al., 2009).
Relative root growth (Kr). The relative root growth
(Kr) of clusterbean between 28 to 56 days was studied
(Table 10) under field conditions. The growth rate was
highest between 28 to 35 days, which is considered a
critical growth period. Thereafter, the growth rate was
reduced considerably, to 49 days. However, an increase
in growth rate was observed further between 49 to 56
days. A considerable increase in Kr value was observed
after inoculation with different phosphatases and
phytase-producing fungi at any growth stage of
clusterbean except between 42 to 49 days of crop
growth while inoculated with Aspergillus candidus and
Aspergillus ustus. In general, the increase in root
growth over control due to inoculation, irrespective of
the crop age, varied between 11 to 39 percent and was
found as follows: 11.2% higher for Aspergillus
candidus, 34.8% higher due to Aspergillus ustus, 34.3%
more due to Curvularia lunata, and 39.1% higher due
to inoculation with Phomaspecies A considerable
improvement in Kr value was observed in the case of
pearl millet (Table 10). The maximum growth rate of
the root was observed between 28 to 35 days, which
was three times higher than the growth rate between 35
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and 42 days. The root growth rate of pearl millet, in
general, reduced considerably after 42 days of plant
growth and almost remained constant until 56 days. The
Kr value of pearl millet was increased with the
inoculation of efficient fungi (Table 10). With the
inoculation, the Kr value increased from 4.5 to 10.6%,
which was more with Aspergillus ustus during plant
growth. As roots dig the soil, the release of organic
molecules, especially organic acids, by the roots may
change (Goss et al., 1993). Hormones control the root
architecture, which allows plant roots to respond to
nutrition (Dong et al., 2018). During root development,
hormones act as internal mediators between soil
conditions and the development of the root architecture
(Lo6pez-Bucio et al., 2003).

P-influx: Table 11 shows the P-influx of clusterbean
varies between 4.91 and 16.98 (mol cm? st x 1014
under different treatments. In general, P-inflow was
higher at 28 to 35 days of the crop growth period and
declined thereafter with crop age. The highest P-influx
was observed between 6 and 7 weeks after seed
inoculation with Aspergillus candidus. Although fungus
inoculation does not always improve the P inflow to the
plant per cm of root, due to the higher root length in
inoculated treatments, the total P inflow to the plant
was much higher than in uninoculated controls. The P-
influx in pearl millet was highest after 5 to 6 weeks of
crop growth, irrespective of the treatment (Table 11). P-
influx in pearl millet varies between 0.29 and 1.16 (mol
cm? st x 104 under different treatments. The higher
P-inflow under inoculated treatment seems to be due to
higher root length after inoculation.

In sustainable agriculture, Etesani et al. (2021)
demonstrated that phosphate-solubilizing
microorganisms improved phosphate availability and
plant uptake. P efficiency was linked to plant uptake
efficiency, which is calculated by the absorption rate
per unit of root (influx) and the relative root growth rate
(Kr) (Fochse et al., 1988). The current findings
demonstrate that P-influx varied significantly during
different stages of the growth of clusterbean and pearl
millet (Table 11). During different stages of growth,
efficient phosphatase and phytase producing organisms
showed higher P-influx in inoculated than control. P
concentration increased the response time of plant
growth, and increasing P concentration increased the
growth of root and shoot (Poudyal et al., 2021). The
morphology and development of the roots were
associated with access to P. Their different uptake
kinetics can be used to explain the variations in P-
influx. Changes in the plant's root characteristics would
be responsible for the effect of P-status on absorption
efficiency. By mineralizing organic phosphorus,
resolving inorganic phosphorus minerals, and storing
significant amounts of phosphorus in biomass,
phosphorus solubilizing microorganisms (PSMs), an
important microflora that mediates accessible soil
phosphorus, perform a critical function in soil (Tian et
al., 2021).

Grain and straw yield: The grain and straw yields of
clusterbean and pearl millet (Table 12) showed
consistently higher yields (both grain and straw) due to
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the inoculation of efficient fungi. The grain yield of
clusterbean was increased by 16 to 28% due to the
inoculation of different fungi. The increase in grain
yield of clusterbean was highest with Phomaspecies
(28%), followed by Aspergillus ustus (22%),
Curvularia lunata (20%), and Aspergillus candidus
(16%) as compared to control (without inoculation).
The grain yield of pearl millet was increased by 24%
after inoculation with Phomaspecies, 19% by
Aspergillus ustus, 17% by Curvularia lunata, and 12%
by Aspergillus candidus as compared to control. A
simultaneous improvement in straw yield was observed
with the inoculation of different fungi. The increase in
straw yield of clusterbean was found to be 38% with
Phomaspecies, 26% with Aspergillus ustus, 20% with
Aspergillus candidus, and 19% with Curvularialunata,
respectively, as compared to control (uninoculated
plants). The improvement in straw yield of pearl millet
was 40% with the inoculation of Phomaspecies, 31%
with the inoculation of Aspergillus ustus, 23% with the
inoculation of Curvularia lunata, and 18% with the
inoculation of Aspergillus candidus. In general,
phosphatase and phytase-producing fungi were found to
be most effective for higher crop production.
Phomaspecies was found to be most efficient in
enhancing the yield of pearl millet and clusterbean
among the four selected fungi tested.

Inoculation with Rhizobium species and phosphate
solubilizing microorganisms (PSM), Pseudomonas
striata, or Penicillium variabilis greatly increased plant
production and nutrient uptake (Zaidi et al., 2003). The
rhizosphere flora of higher plants, in particular, has a
substantial impact on the bioavailability of phosphorus
in soils. Microbial generated carboxylic acids cause the
release of phosphorus that is bonded to iron,
aluminium, and calcium phosphate. Phosphatases
enhances higher plant's utilisation of organic P
compounds; thus, microbial mineralization of organic
matter is essential to the cycling of nutrients in soils.
Non-pathogenic fungi called plant growth promoting
fungi (PGPF) can boost agricultural yields, reduce the
use of agrochemicals, and support the production of
crops (Motaher Hossain & Sultana, 2020). PGPF are
biotic inducers that help agriculture and perform crucial
tasks for its sustainability. By enhancing growth,
germination, chlorophyll production, and abundance,
they raise agricultural productivity. To help plants cope
with stress, they produce phytohormones, induced
resistance, and defence-related enzymes (Adedayo and
Babalola 2023). By lowering the requirement for
chemical inputs, the use of PGPF inoculants is a
possible strategy to boost plant development and crop
production in a more environmentally sustainable
manner (Lopes et al., 2021).

Table 1: Initial soil characteristics under field condition.

Parameter Characteristics*

pH (soil:water) 7.8+0.05

EC (dSm™) 0.23+0.01

Organic matter (%) 0.22+0.02

Sand (%) 84.1+0.1

Silt (%) 5.8+0.1

Clay (%) 8.0+0.05
Total P (mg kg™) 1262.8+13.4
Mineral P (mg kg™) 887.9.3+8.5

Organic P (mg kg% 365.245.4

Olsen’s P (mg kg™) 10.741.1

Water soluble Pi (mg kg?) 1.8+0.01
Phytin P (mg kg™) 254.3+7.6

Acid phosphatase activity (EU x 10%) 0.06+0.01
Alkaline phosphatase activity (EU x 10%) 0.09+0.01
Phytase activity (EU x 10 1.58+0.18
Dehydrogenase activity (p kat g™) 1.09+0.20

Fungi (x 10 15+1.2

Bacteria (x 107%) 156+9.1

Actinomycetes (x 10%) 11049.7

Table 2: Depletion of different unavailable P fractions by clusterbean and pearl millet grown under field

condition.
Fungi Clusterbean Pearl millet
Mineral P Organic P Phytin P Mineral P Organic P Phytin P
Aspergillus candidus 275.5 230.4 1515 249.1 239.4 128.1
Aspergillus ustus 289.8 269.5 208.5 258.2 249.2 174.8
Curvularia lunata 3324 242.3 157.8 274.0 258.5 138.9
Phoma sp. 346.6 358.7 2214 285.7 267.3 198.5
LSD (p =0.05) 15.7 12.6 114 14.8 13.2 12.6
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Table 3: Microbial and plantcontribution to hydrolyze different unavailable P fractions during the growth of seed inoculated by Aspergillus candidus under field

condition.
Clusterbean Pearl millet
Plat age (day) Depletion of total unavailable P (mg kg™ Depletion of total unavailable P (mg kg%
Mineral P Organic P Phytin P Mineral P Organic P Phytin P
PC* MC** PC MC PC MC PC* MC** PC MC PC MC
28 3.18+0.05 11.9+1.51 11.76+0.09 18.01+1.01 3.58+0.08 12.32+1.04 2.9610.21 10.03+0.52 12.26+0.88 17.07+1.40 3.37+0.61 10.43+1.09
(21.1) (78.9) (39.49) (60.51) (22.5) (77.5) (22.8) (77.2) (41.8) (58.2) (24.9) (75.6)
35 10.54+0.09 30.33+3.10 16.86+1.04 20.35+1.31 8.99+1.30 12.47+1.06 11.61+0.74 30.60+2.01 18.58+1.15 21.72+1.81 8.42+0.92 10.48+1.05
(25.8) (74.2) (45.3) (54.7) (41.9) (58.1) (27.5) (72.5) (46.1) (53.9) (43.3) (56.7)
2 20.70+1.21 29.0743.22 24.27+1.09 22.77+1.21 14.68+1.36 15.53+1.21 25.04+1.20 32.1242.12 25.90+1.22 22.51+1.92 13.2140.01 13.42+1.21
(41.6) (58.4) (51.6) (48.4) (48.6) (51.4) (43.8) (56.2) (53.5) (46.5) (49.6) (50.4)
49 28.87+2.12 29.80+4.11 29.10+1.51 24.19+2.41 19.78+1.21 18.70+1.15 31.30+1.40 34.04+2.41 31.96+1.40 22.02+1.43 17.05+1.08 14.82+1.10
(49.2) (50.8) (54.6) (45.4) (51.4) (48.6) (47.9) (52.1) (59.2) (40.8) (53.5) (46.5)
56 58.23+4.31 52.89+3.87 36.73+2.71 26.38+1.21 27.42+1.22 18.05+1.26 38.29+2.09 33.02+2.30 43.52+2.09 23.85+1.80 22.84+1.59 14.42+1.20
(52.4) (47.6) (58.2) (41.8) (60.3) (39.7) (53.7) (46.3) (64.6) (35.4) (61.3) (38.7)

* Plant contribution, ** Microbial contribution; Figure in parenthesis denotes the percent of total mineral/organic/phytin-P depleted
Table 4: Microbial and plantcontribution to hydrolyze different unavailable P fractions during the growth of seed inoculated by Aspergillus ustus under field

condition.
Clusterbean Pearl millet
Plat age Depletion of total unavailable P (mg kg* Depletion of total unavailable P (mg kg%)
(day) Mineral P Organic P Phytin P Mineral P Organic P Phytin P
PC* MC** PC MC PC MC PC* MC** PC MC PC MC
28 3.61+0.72 15.98+1.92 12.52+1.01 21.77+1.78 8.98+1.31 18.38+1.81 2.83+0.56 11.62+0.99 4.63+0.31 25.61+1.71 3.92+0.52 14.58+1.05
(18.4) (81.6) (36.5) (63.5) (17.8) (82.2) (19.6) (80.4) (15.3) (84.7) (21.2) (78.8)
35 11.51+0.95 37.46+2.31 17.03+1.52 27.55+1.92 10.61+0.98 18.46+1.31 10.35+0.84 32.05+1.30 18.06+1.92 29.72+1.31 9.59+0.80 16.12+1.04
(23.5) (76.5) (38.2) (61.8) (36.5) (63.5) (22.8) (77.2) (37.8) (62.2) (37.3) (62.7)
4 21.68+1.05 39.0543.11 25.24+1.83 31.3442.52 17.04£1.11 24.3242.60 19.78+1.04 38.06+1.49 21.33+1.31 27.04+1.51 15.79+0.95 20.84+1.07
(35.7) (64.3) (44.6) (55.4)) (41.2) (58.8) (34.2) (65.8) (44.1) (55.9) (43.1) (56.9)
49 29.64+1.51 46.56+3.12 30.02+1.51 32.39+3.11 24.0+2.06 26.31+1.80 26.64+1.92 40.80+1.82 26.97+1.42 30.17+1.40 20.21+1.03 23.26+1.12
(38.9) (61.1) (48.1) (51.9) (47.7) (52.3) (39.5) (60.5) (47.2) (52.8) (46.5) (53.5)
56 37.49+1.80 46.75+3.40 35.26+2.70 36.41+3.11 33.26+4.11 27.11+1.99 32.49+2.14 43.42+2.72 32.02+1.39 33.60+1.31 29.09+1.31 21.41+1.11
(44.5) (55.5) (49.2) (50.8) (55.1) (44.9) (42.8) (57.2) (48.4) (51.6) (57.6) (42.4)

* Plant contribution, ** Microbial contribution; Figure in parenthesis denotes the percent of total mineral/organic/phytin-P depleted
Table 5: Microbial and plant contribution to hydrolyze different unavailable P fractions during the growth of seed inoculated by Curvularia lunata under field

condition.
Plant Clusterbean Pearl millet
Age Depletion of total unavailable P (mg kg*) Depletion of total unavailable P (mg kg™
(days) Mineral P Organic P Phytin P Mineral P Organic P Phytin P
PC* MC** PC MC PC MC PC* MC** PC MC PC MC
28 6.52+0.80 15.52+1.82 11.91+1.06 17.86+1.26 3.53+0.81 13.54+3.77 8.38+0.17 12.12+0.83 12.02+0.99 17.66+1.02 3.26+0.29 11.90+1.50
(20.5) (79.5) (40.0) (60.0) (20.7) (79.3) (21.8) (78.2) (40.5) (59.5) (21.5) (78.5)
35 16.05+1.31 47.64+1.89 17.96+1.86 22.22+1.86 8.76+2.11 13.09+1.89 13.7440.75 37.35+2.10 21.07+1.21 24.93+1.90 6.56+0.69 13.45£1.11
(25.2) (74.8) (44.7) (55.3) (40.1) (59.9) (26.9) (73.1) (45.8) (54.2) (32.8) (67.2)
2 29.44+1.84 43.07£3.72 26.83+1.76 24.08+2.00 14.0+1.33 16.23+1.59 24.18+1.26 36.58+2.22 26.38+1.53 25.55+2.10 11.56+1.02 17.25+1.62
(40.6) (59.4) (52.7) (47.3) (46.3) (53.7) (39.8) (60.2) (50.8) (49.2) (40.1) (59.9)
49 37.33+1.25 43.12+3.99 31.56+3.23 25.0+2.13 22.19+1.19 17.09+1.63 30.43+1.55 33.37+2.51 33.54+1.57 25.82+1.80 18.52+1.21 15.59£1.70
(46.4) (53.6) (55.8) (44.2) (56.5) (43.5) (47.7) (52.3) (56.5) (43.5) (54.3) (45.7)
56 48.33+3.92 45.34+4.11 38.48+3.11 26.41+2.51 28.33+1.86 21.03+2.81 40.77+£2.31 37.05+2.73 43.56+2.45 27.97+2.15 23.73+1.28 17.05+1.73
(51.6) (48.4) (59.3) (40.7) (57.4) (42.6) (52.4) (47.6) (60.9) (39.1) (58.2) (41.8)
* Plant contribution, ** Microbial contribution; Figure in parenthesis denotes the percent of total mineral/organic/phytin-P depleted
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Table 6: Microbial and plantcontribution to hydrolyze different unavailable P fractions during the growth of seed inoculated by Phoma species under field

condition.
Clusterbean Pearl millet
PAIZT Depletion of total unavailable P (mg kg*) Depletion of total unavailable P (mg kg%
(days) Mineral P Organic P Phytin P Mineral P Organic P Phytin P
PC* MC** PC MC PC MC PC* MC** PC MC PC MC
28 3.62+0.52 20.65+1.81 12.08+1.06 32.81+1.82 4.30+4.16 21.59+1.09 2.54+0.17 13.06+1.20 8.66+0.96 22.82+1.52 4.12+0.29 16.99+0.09
(14.9) (85.1) (26.9) (73.1) (16.6) (83.4) (16.3) (83.7) (27.5) (72.5) (19.5) (80.5)
35 14.24+1.40 49.34+3.82 16.98+1.31 38.69+1.83 10.61+0.81 23.30+1.81 11.59+0.75 38.36+2.51 15.81+1.11 24.23+1.30 7.38+0.78 22.22+1.00
(22.4) (77.6) (30.5) (69.5) (31.3) (68.7) (23.2) (76.8) (31.6) (68.4) (24.8) (75.2)
4 26.23+1.82 40.05+3.66 29.11+1.50 46.31+3.93 16.71+1.31 24.45+2.52 22.74+1.26 39.39+2.70 20.98+1.30 32.54+1.71 15.52+1.19 25.64+1.12
(35.3) (64.7) (38.6) (61.4) (40.6) (59.4) (36.6) (63.4) (39.2) (60.8) (37.7) (62.3)
49 33.77+1.96 57.00+4.76 33.39+1.61 49.66+4.11 26.37+1.52 29.97+1.96 26.81+1.58 43.75+7.01 32.99+1.52 30.82+1.82 20.20+1.81 28.35+1.80
(37.2) (62.8) (40.2) (59.8) (46.8) (53.2) (38.0) (62.0) (51.7) (48.3) (41.6) (58.4)
56 41.79+2.89 59.89+3.99 44.45+2.76 55.21+4.63 33.14+1.08 30.96+1.82 37.76+2.11 49.65+3.50 50.41+2.15 27.99+2.10 30.48+2.54 27.57+1.91
(41.1) (58.9) (44.6) (55.4) (51.7) (48.3) (43.2) (56.8) (64.3) (35.7) (52.5) (47.5)

* Plant contribution, ** Microbial contribution; Figure in parenthesis denotes the percent of total mineral/organic/phytin-P depleted

Table 7: Gradual increase in Plant biomass under field condition due to inoculation of different fungi (£ indicate the standard errors of mean).

Plant C_Iusterbean ) P_earl millet )
Age (days) _ _ Plant blomass (g plant™®) i i i i Plant bloma_ss (g plant” i

Control Aspergillus candidus | Aspergillus ustus | Curvularia lunata | Phoma species Control Aspergillus candidus | Aspergillus ustus | Curvularia lunata | Phoma sp.
28 1.81+0.16 2.7340.25 2.804+0.21 2.76+0.26 2.8440.28 5.3540.58 8.11+0.78 8.2240.74 8.18+0.79 8.25+0.62
35 2.5240.24 3.3540.30 3.4340.35 3.37£0.41 3.4840.31 7.51+0.69 10.58+0.97 10.69+0.98 10.60+0.99 10.56+0.98
42 3.1440.26 3.6540.35 3.704+0.36 3.68+0.38 3.7240.34 10.16+0.99 13.82+1.30 14.11+1.19 14.0+1.35 14.20+1.01
49 3.36+0.31 3.86+0.39 3.87+0.39 3.87+0.41 3.90+0.39 13.18+1.06 16.55+1.64 16.85+1.76 16.69+1.25 16.7241.43
56 3.67+0.32 4.04+0.39 4.10+0.38 4.06+0.39 4.10+0.42 15.45+1.45 19.25+1.72 19.38+1.84 19.29+1.37 19.41+1.69

Table 8: Gradual increase in root length of clusterbean under field condition due to inoculation of different fungi (z indicate the standard errors of mean).

Plant Clusterbean Pearl millet
Age (days) _ _ Root Ie_ngth(cm) i i i Root Ien_gth(cm) i

Control Aspergillus candidus Aspergillus ustus Curvularia lunata Phoma sp. Control Aspergillus candidus Aspergillus ustus Curvularia lunata Phoma sp.
28 446130 530+40 544+47 540+48 542+42 20114135 2380+180 24174190 2419+196 2434+198
35 482+35 595+44 608+52 598+48 604152 32414147 3831+202 3868+212 3863+347 3879+214
42 505+42 638+49 660+58 640+57 648150 37181274 44414307 44894305 4446+387 4571£330
49 525447 656162 676161 670458 682160 40654318 49704355 5035+308 4961+414 5098+352
56 552+48 713168 725167 719464 729+62 44604327 5530+450 5631+420 5564+451 5597+405

Table 9: Gradual increase in P-uptake of clusterbean under field condition due to inoculation of different fungi (x indicate the standard errors of mean.

Plant Clusterbean . Pearl millet .
Age (days) i i Total P- uptake_(u mol plant™) i i i Total P- uptak(_e (1. mol plant™) i
Control Aspergillus candidus Aspergillus ustus Curvularia lunata Phoma sp. Control Aspergillus candidus Aspergillus ustus Curvularia lunata Phoma sp.
28 141.3547.76 154.53+8.67 155.35+9.30 154.65+10.10 155.49+11.52 118.2745.89 130.1646.78 132.1947.49 130.92+8.14 131.85+7.12
35 182.7949.15 195.85+10.14 196.93+12.14 196.43+12.13 197.95+13.40 131.3746.22 139.43+7.65 140.7648.56 139.80+9.25 141.3748.77
42 212.76+11.31 226.94+12.14 226.16+13.19 226.80+13.16 226.53+15.10 154.304+6.64 164.87+8.03 166.80+9.30 165.16+10.37 167.15+9.14
49 247.52+14.33 262.28+15.20 262.85+14.06 262.80+16.52 262.95+15.73 162.47+7.95 173.88+10.04 175.92+11.41 174.32+10.11 175.68+11.21
56 276.31+15.20 282.61+16.81 290.41+15.25 287.58+17.70 284.89+16.39 182.7448.95 188.31+10.24 190.60+11.42 189.77+11.31 190.81+12.11
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Table 10: Relative growth rate for root (Kr) of plant under field condition due to inoculation of different fungi (x indicate the standard errors of mean).

Clusterbean Relative root growth (cm Pearl millet
Crop age s'x 10°%) Relative root growth (cm s?*x 10%)
(days) Control Aspergillus candidus Aspergillus ustus Curvularia lunata Phoma sp. Control Asperglllus Aspergillus Curvularia Phoma sp.
candidus ustus lunata
28-35 12.83+0.69 19.13+£0.82 18.39+0.79 16.87+0.55 17.9140.62 12.83£0.69 19.13+£0.82 18.3940.79 16.87+0.55 17.91+0.62
35-42 7.71+£0.54 11.54+0.59 13.57+0.63 11.22+0.49 11.63£0.48 7.71+£0.54 11.54+0.59 13.5740.63 11.22+0.49 11.63+0.48
42-49 6.42+0.48 4.60+0.74 3.96+0.37 7.57+0.39 8.45+0.27 6.42+0.48 4.60+0.74 3.96+0.37 7.57+£0.39 8.45+0.27
49-56 8.29+0.50 13.78+£0.94 11.57+0.73 11.67+£0.59 11.02+0.38 8.29+0.50 13.78+£0.94 11.5740.73 11.67+0.59 11.02+0.38
Table 11: P-influx of plants under field condition due to inoculation of different fungi (+ indicate the standard errors of mean).
Clusterbean Pear| millet
Crop age (days P - influx (mol cm? sx 104 P - influx (mol cm™ sx 104
Control Aspergillus candidus | Aspergillus ustus | Curvularia lunata | Phoma sp. Control Aspergillus candidus | Aspergillus ustus | Curvularia lunata | Phoma sp.
28-35 14.77+0.77 12.1640.63 11.9540.18 12.154+0.31 12.26+0.43 | 0.84+0.09 0.5040.03 0.46+0.03 0.47+0.03 0.51+0.04
35-42 10.0540.75 8.344+0.52 7.63£0.31 7.9840.45 7.5540.61 1.16+0.14 1.02+0.10 1.034£0.10 1.01+0.09 1.01+0.10
42-49 11.1640.88 16.9840.94 9.08+0.84 9.21+0.89 8.64+0.79 0.35+0.02 0.3240.02 0.32+0.03 0.324+0.02 0.29+0.01
49-56 8.8440.79 4.914+0.11 6.51+0.54 5.90+0.43 6.75+0.53 0.79+0.06 0.45+0.03 0.60+0.04 0.4940.01 0.47+0.03
Table 12: Straw and grain yield in clusterbean and pearl millet (kg ha) after harvesting the crop.
Funai Clusterbean Pearl millet
9 Dry matter Grain yield Dry matter Grain yield

Control 22.0 5.0 19.4 8.8

Aspergillus candidus 26.5 5.8 22.9 9.9

Aspergillus ustus 27.8 6.1 25.5 10.5

Curvularia lunata 25.7 6.0 23.8 10.3

Phoma sp. 30.3 6.4 27.1 10.9

LSD (p = 0.05) 1.7 0.6 1.0 0.8

Curvularia lunata
Aspergillus ustus I Phoma sp. 7/ 1/
Fig. 1. Identified efficient phosphatase and phytase producing fungi and their spore (x312.5)
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CONCLUSIONS

The present result clearly demonstrated the importance
of efficient phosphatases and phytase producing fungi
for growth, biomass, yield and P nutrition of two most
important arid crops namely pearl millet (cereal) and
clusterbean (legume) under harsh arid environment.
The results also pointed out how the P inflow as well as
plant and microbial contribution to acquire P changes in
different growth stages under field condition. The
contribution from different P fractions for plant
nourishment was also distinctly demonstrated. The
results also emphasises the importance of plant growth
promoting fungi for global food production.

FUTURE SCOPE

The phosphatase and phytase producing fungi can be
use as seed inoculants to exploit P from the native soil.
It can also try to apply by fertigation or in hydroponic
operations.
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