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Abstract

This research explores the influence of the co-inoculation of various types
of biochar with arbuscular mycorrhizal fungi (AMF) on the growth and devel-
opment of maize (Zea mays). Eight treatments were evaluated: T1 (control), T2
(AMF), T3 (rice straw biochar), T4 (rice husk biochar), T5 (sugarcane leaves
biochar), T6 (rice straw biochar + AMF), T7 (rice husk biochar + AMF), and
T8 (sugarcane leaves biochar + AMF). Growth parameters, such as the root dry
matter, stem girth, plant height, whole dry matter content, root volume, and chlo-
rophyll index, were measured. The results revealed that T7 (rice husk biochar +
AMTF) resulted in greater root dry matter, indicating significant root develop-
ment in the treated plants. T4 (rice husk biochar) resulted in greater stem girth,
leaf area, plant height, and chlorophyll index values. Additionally, T3 (rice straw
biochar), T6 (rice straw biochar + AMF), and T8 (sugarcane leaves biochar +
AMF) were statistically similar in terms of plant height, whole dry matter and
root volume. These results demonstrate how biochar and AMF could be adopted
to improve maize production and growth. Combining some forms of biochar
with AMF enhances root formation while also increasing plant vigor, biomass
accumulation, and the chlorophyll index. This study highlights the sustainable
farming approaches, which indicates that more research is necessary to maximize
the application of AMF and biochar in a wide range of soil types and environ-
mental conditions.
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Introduction

'The production of agricultural output is threatened by soil nutrient depletion
and human-caused environmental climate change. Since the "green revolution,"
the beneficial effects of inorganic fertilizers have been effectively shown, and they
have significantly contributed to increasing agricultural output and productivity
over the past 50 years [1]. Fertilizer usage has been steadily increasing as a result
of deteriorating soil quality. However, the use of too many inorganic fertilizers,
particularly nitrogen, can have negative effects on the environment because of the
faster mineralization of organic matter. This means that using inorganic fertiliz-
ers alone is not a long-term solution for increasing soil fertility and maintaining
yields [2]. Consequently, it is essential to create alternatives to synthetic fertilizers
to increase crop output without endangering soil health and agricultural ecosys-
tems. The role of various soil organisms in ecosystem multifunctionality is ex-
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tremely important. Owing to their crucial ecological tasks, in-
cluding nutrient cycling, litter decomposition, and soil fertility
management, soil organisms have received much attention in
recent years [3] and have been presented as safe and effective
biofertilizers. AMF are the most widespread soil microorgan-
isms that form symbiotic relationships with more than 80%
of plants [4, 5]. AME, which constitute a crucial part of soil
microorganisms, are members of the phylum Glomeromycota.
There are five orders (Archaeosporales, Diversisporales, Gi-
gasporales, Glomerales, and Paraglomerales), 14 families, 29
genera, and more than 240 species within this phylum, which
is further split into two classes: Archaecosporomycetes, Glom-
eromycetes [6]. In addition, they make up 20 - 30% of the
total soil microbial biomass, create obligatory mutually benefi-
cial interactions with 80% of vascular plants, and are essential
components of the rhizosphere microflora in natural habitats.
It is believed that AMF promotes the uptake of nutrients,
particularly phosphorus, in nutrient-deficient environments.
Fungi obtain carbohydrates for survival via exchange from the
host [7-9]. Biochar is a carbon-dense substance generated by
the pyrolysis of organic materials, including agricultural waste,
at moderate temperatures (350 - 700 °C) in an oxygen-free
environment. It is becoming more well known as a sustainable
method for improving soil fertility and encouraging agricul-
tural development while also contributing to climate change
mitigation. It also has a wide range of uses, including the gen-
eration of heat and electricity, the purification of flue gases,
metallurgical uses, usage in agricultural and animal husbandry,
construction materials, and even medicinal applications. In
recent years, it has grown in favor of replacing fossil carbon
carriers in a number of these applications in an effort to min-
imize greenhouse gas emissions [10]. It has a superior porous
exterior that is highly biochemically stable and has a high ad-
sorption capacity for sorbing and releasing mineral nutrients
due to its substantial specific surface area. Biochar can increase
the amount of soil organic carbon, cation exchange capacity,
soil porosity, and bioavailability of minerals such as potassi-
um, calcium, magnesium, and phosphorus, which increase root
growth and nutrient uptake. Additionally, the majority of the
carbon in biochar remains in the soil for hundreds to thou-
sands of years, making it an appealing alternative to inorgan-
ic fertilizers for soil amendment. AMF and biochar are well
known for enhancing plant growth and soil health, but when
used together, they frequently have synergistic benefits. AMF
establish mutualistic connections with plant roots to facilitate
the uptake of nutrients, especially phosphorus, into plants [11].
Biochar has also been shown to alter the diversity and compo-
sition of microbial populations in soil. Such modifications may
have an impact on the soil structure or nutrient cycles, which
affect plant development. Additionally, rhizosphere fungi and
bacteria encourage plant development. The effects of organic
amendments combined with biochar on the growth and yield
of maize have not received much attention.

Materials and Methods

Experimental design

The pot experiment was conducted at the Experimental
Research Greenhouse Facility of the Department of Agricul-

ture, Lovely Professional University, Punjab, India. The avera-
ge temperatures in the greenhouse ranged between 25 °C and
30 °C, with the relative humidity maintained at 70 - 80%. The
experiment was conducted in a completely randomized design
with a factorial arrangement to test the independent and in-
teractive effects of biochar application and AMF inoculation.
The design included 8 treatments: T1 (control), T2 (AMF),
T3 (rice straw biochar), T4 (rice husk biochar), T'5 (sugarcane
leaves biochar), T6 (rice straw biochar + AMF), T'7 (rice husk
biochar + AMF), and T8 (sugarcane leaves biochar + AMF).
Each experiment was replicated three times, for a total of 24
experimental units (pots). To minimize error and account for
environmental variability in the greenhouse environment, each
treatment was distributed at random.

Biochar preparation

Prior to the production of the biochar, all the materials
were thoroughly dried. The biochar was made from rice straw,
rice husk, and sugarcane leaves. The feedstock was carbonized
over an open flame in a 48 cm high and 142 cm diameter
stainless-steel tub to create biochar. A portion of the feedstock
is burned during the autothermal process of open fire, which
heats the remaining material and turns it into char. After being
added to the open burn tank, the feedstock was ignited. Be-
cause the enzymes consume all of the oxygen, the feedstocks
are carbonized below the flames, where it is absent, forming a
pyrolysis zone.

Plant attributes

Plant height was measured from the base at the soil level
to the base of the first leaf. Measurements were taken every
week and recorded in centimeters (cm) to track the growth of
the plants. By using Image] software, the leaf area was mea-
sured in cm? at significant growth stages to measure foliar
development. Images of the leaves were taken and processed
to estimate the total leaf area per plant. A SPAD chlorophyll
meter (SPAD-502Plus) was used to measure the amount of
chlorophyll three times along the leaf blade to account for
variations in the distribution of chlorophyll, and the average
of the readings was used. While the stem girth was measured,
a Vernier caliper was used 5 cm above the soil surface, and the
girth was measured periodically for stem development. While
the root volume at the end of the growing season was assessed,
the plants were carefully uprooted, the roots were thoroughly
cleaned with water from the soil, and the volume was calculat-
ed via the displacement method and measured in cm®.

Pot experiment

Topsoil (0 - 20 cm) was collected from the research field
of Lovely Professional University. The soil was homogenized,
sieved through a 2 mm mesh screen, autoclaved at 120 °C
for two hours, and then examined for plant waste and stones.
Standard polyethylene pots with a 2 kg soil-holding capacity
were used. Each pot had a perforation at the base to facilitate
proper drainage.

The soil used for this experiment was sterilized by auto-
claving at 121 °C and 15 psi for 30 min to eliminate any na-
tive microbial or fungal populations, ensuring that the effects
observed on AMF colonization and plant growth were solely

Journal of Food Chemistry & Nanotechnology | Volume 11 Supplement 1,2025

S49



Impact of Co-inoculation of Arbuscular Mycorrhizal Fungi with Biochar on Maize Crop

attributable to the treatments applied. This sterilization pro-
cess was repeated twice to ensure complete elimination of the
indigenous soil biota. After sterilization, the soil was air-dried
and sieved through a 2 mm mesh before being mixed with the

biochar amendments and AMF inoculum.
Pot filling and planting

Each pot had a volume of 2.0 kg, and 60 g of biochar (at
the rate of 3% of total soil volume) was added to the treated
pots. AMF was inoculated in the treated pots with a rate of
50 g per pot (at 2.5% of total soil volume). The maize seeds
were treated with carbendazim and carbaryl (2 g of carbenda-
zim were mixed with 200 milligrams of carbaryl per kilogram
of seed) and planted at a depth of 2 cm (two seeds per pot).
"The pots were placed in a greenhouse under control conditions
with an average temperature of 25 + 2 °C and 12 h of daylight
(Figure 1).

Figure 1: Variations in plant height. T1 (control), T2 (AMF), T3 (rice
straw biochar), T4 (rice husk biochar), T5 (sugarcane leaves biochar), T6
(rice straw biochar + AMF), T'7 (rice husk biochar + AMF), and T8 (sug-
arcane leaves biochar + AMF).

Irrigation and nutrient management

The pots were irrigated to provide suitable moisture levels
throughout the trial period. No extra nutritional solution or
tertilizer was added to the pots. In accordance with the experi-
mental design, the only treatments given were the biochar and
AMF inoculation treatments. This guaranteed that any chang-
es in plant growth and soil health were attributable only to the
impacts of biochar and AME, without extraneous nutrient in-
puts impacting the findings. Irrigation was carefully regulated
to minimize leaching and maintain constant moisture across
all the treatments.

Results and Discussion
Impact of AMF and biochar on seed germination in maize

The first three days of the experiment revealed observ-
able differences in the germination rates of the seeds across
the various treatments (T'1 - T8) (Figure 2). The rate of seed
germination was relatively low on the first day. There was no
discernible activity observed in T1 (control), T2 and T4 were
better with germination rates that increased considerably and
nearly reached 50%, whereas T6 and T7 were slightly better
because their effects on germination were 33%, indicating that
these treatments, which included either biochar alone or in
combination with AMF substrates, quickly created an envi-
ronment that was favorable for germination.

On the second day of germination, the percentage im-
proved in all the treatments. Compared with the other treat-
ments, 1'7 and T2 presented a percentage of 83% germination,
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Figure 2: Impact of treatments on seed germination of maize.

followed by T6 80%.T3 and T4 also showed notable improve-
ments, with values that were nearly 66%, indicating that the
biochar treatments preserved some of their advantages. On the
other hand, T1 resulted in the lowest amount of germination
in the seeds compared with all the other treatments.

On the third day, almost every treatment reached 100%
germination, except for T1 and T3, with a germination per-
centage of 83%. This suggests that the use of biochar and bio-
char-AMF combinations facilitated early and complete ger-
mination, and the treatment in which no amendments were
administered (T1) resulted in slower germination. On the
fourth day, all pots got 100% seed germination.

Impact of AMF and biochar on the growth and develop-

ment of maize

Compared with the control, co-inoculation with biochar
and AMF resulted in considerable improvements in maize
growth parameters. The effects of biochar and AMF treat-
ments on root and shoot growth, plant height and total dry
matter accumulation are examined below.

Impact of AMF and biochar on plant height

The application of biochar had a substantial effect on the
plant height data recorded at intervals of 15, 30, 45, and 60
days, revealing significant differences in growth across the
treatments. After 15 days after sowing (DAS), the plants in the
T4 treatment (13.43*+ 1.01) were significantly taller, whereas
those in the T'1 treatment (8.67°+ 2.58) were the lowest. This
early variation suggests that biochar application may be useful
for promoting early plant development. T4 continued to grow
better after 30 DAS (23.83 + 0.75), followed by T7 (20.83
+ 2.80) and T6 (20.63 = 1.76), which further revealed how
biochar can enhance the soil structure and nutrient availability
to support plant growth. On day 45, compared with the other
treatments, T'7 (rice husk biochar + AMF) resulted in consid-
erable improvements in plant height. A significantly greater
plant height was recorded at T7 (44.87°£ 0.16), and the lowest
was observed at T1 (32.97+ 0.28), as shown in figure 3.

At 60 DAS, this trend continued, where T7 (58.67*+ 2.43)
was highest and T1 (43.70+ 0.5) was significantly lower than
those of the other treatments. Similarly, T7 plants surpassed
those in the other treatments in terms of height, indicating
that biochar and AMF act in combination to promote plant
development, as shown in figure 3. The control plants (T1)
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Figure 3: Impact of treatments on plant height at 15, 30,45, and 60 DAS. Dif-
ferent lowercases indicate significant differences between treatments (p <0.05).

presented the lowest plant height, which was probably caused
by the unfavorable soil structure and inadequate nutrient
availability, which prevented root growth.

Impact of AMF and biochar on stem girth

The stem girth (cm®) of the plants was measured at 15
day intervals over 60 days, as shown in figure 4. On 15 DAS,
stem girth did not significantly differ among the treatments,
but at 30 DAS, the disparities in stem girth were more visi-
ble, with T4 (14.13*+ 0.56) markedly surpassing the majority
of the other treatments. T1 (8.63°+ 2.44) was lowest at 30
DAS, whereas T7 (11.80® £ 1.28) significantly increased at
30 DAS. At 45 DAS, the trends continued where T4 (19.52*
+ 37) was highest, followed by T7 (18.22%® + 1.57) and T1
(13.50°+ 1.77). Moderate growth was also observed in the
middle-range treatments, T6 (16.06°+ 1.40) and T5 (14.59"
+ 1.50), as shown in figure 4. At 60 DAS, the application of
biochar had a substantial effect on stem girth, and T7 (rice
husk biochar +AMF) exhibited a considerable improvement,
with the greatest increase in stem girth. The lowest stem girth
was recorded in T1 (15.1°% 0.6), and the highest results were
obtained in T7 (21.74*+ 0.9) (Table 1). The control plants
(T1) (15.17+ 0.6) presented the lowest plant height and stem
girth, which was probably caused by the unfavorable soil struc-
ture and inadequate nutrient availability, which prevented root
growth and plant development

Impact of AMF and biochar on leaf area

Leaf area was measured via Image] software, which re-
vealed that the greater leaf area in the T7 treatment (53.02* £
0.56) than in the T4 treatment (51.36*+ 1.37), which resulted
in a significantly larger leaf area than did the control T1 treat-

Stem girth(cm?)
70.00 b
a
60.00 1 1 c
e d e : I
50.00 f I I I 1
a000 ph 1
1 ! =
3000 |, 1 1 T
20.00
A EREERER
0.00
T1 T2 T3 T4 Ts T6 T7 T8
W 15days ®30days ®45days 60 days
Figure 4: Impact of treatments on stem girth at 15, 30, 45, and 60 DAS. Dif-
ferent lowercases indicate significant differences between treatments (p <0.05).

ment (36.84%+ 0.93), This resulted in greater light interception
and photosynthetic activity. The improvement was likely due
to the role of biochar in enhancing water retention and nu-
trient availability. The control plants had the lowest leaf area,
which was indicative of their decreased vigor and nutrient in-
take from the soil. However, the total dry matter accumulation
in the plants treated with rice husk biochar and AMF was
greater than that in control, with T7 (99.33* 1.07) followed by
T4 (84.67° + 1.24) and T'6 (80.33° £ 0.65), as shown in table
1.The root volume of maize plants was significantly impacted
by the biochar and AMF combination T7 (96*+ 3.20), which
had the largest root volume, which was noticeably greater than
that of the other treatments, and the lowest root volume was
recorded in the control T'1 treatment (42.677+ 1.74), which
may have been due to soil compaction and reduced nutrient
availability, which limited root expansion.

Impact of AMF and biochar on the internode length

The results from the internodal length measurements
across different treatments (T'1 - T'8) show considerable vari-
ation. The treatments' average internodal lengths varied from
6.00 cm to 8.03 cm.T'7 presented the longest internodal length
(average of 8.03 cm) of all the treatments. Compared with the
other treatments, T7 had a substantial growth-promoting ef-
fect. Significant internodal development was also observed at
T3, with an average length of 7.36 cm, and at T6, it was 7.23
cm. On the other hand, T'1 presented the shortest average in-
ternodal length (6.00 cm), suggesting that stem elongation
was greater in this treatment. These variations suggest that T7,
T3, and T6 contributed more favorably to long stem length,
whereas T'1 appeared to have the least effect. This difference in
performance could be due to differences in nutrient uptake or
biochar composition affecting the rate of growth.

Table 1: Effect of treatments on plant growth attributes like leaf area, chlorophyll index, root dry matter, root volume, and internodal length.

Treatments Leaf area (cm?) | Chlorophyll index | Root volume (cm®) | Root dry matter (g) | Internodal length (cm)

Control (Soil) 36.84¢+0.93 38.39¢+0.25 42,67+ 1.74 42.67°+£0.43 6.149+1.43

Control (Soil) + AMF (2.5%) 46.39*<+ 0.90 39.394+0.96 51.33¢+1.94 51.33¢+0.19 6.43<+1.54

Rice straw biochar (3%) 45.15°+0.81 40.29+ 1.20 730+ 0.92 730+ 1.24 7.35"+1.58

Rice husk biochar (3%) 51.36*+ 1.37 44.66*+ 0.16 69.33+ 0.69 69.33<+2.90 6.62°+1.42

Sugarcane leaves biochar (3%) 44.36°+ 0.04 41.82>+1.28 644+ 0.81 644+ 2.33 6.54°+1.25

Rice straw biochar (3%) + AMF (2.5%) 48.07°+1.26 42.16"+ 0.80 75.33"+2.44 75.33"+0.65 7.22+1.21

Rice husk biochar (3%) + AMF (2.5%) 53.02:+0.56 46.09°+ 1.25 96+ 3.20 96+ 1.07 6.00¢ 1.12

Sugarcane leaves biochar (3%) + AMF (2.5%) | 45.34°+ 1.31 42.8°+1.20 67.33+2.67 67.33<+ 1.41 8.02'+ 2.09
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Chlorophyll index

'The chlorophyll index, measured via SPAD readings, was
significantly greater in the biochar-treated plants than in the
control plants. The T'7 treatment had the highest chlorophyll
index, indicating high photosynthetic activity. Compared with
the control plants, the plants treated with biochar presented a
considerable increase in the chlorophyll index, as measured via
a SPAD meter. The T7 (46.09* 1.25) treatment resulted in the
greatest chlorophyll index, suggesting increased photosynthet-
ic activity. The control plants presented the lowest SPAD val-
ues, which may indicate low nutrient availability and reduced
photosynthetic activity.

Discussion

The results of this study show that biochar, especially in
combination with AMEF, enhances the growth and physiolog-
ical parameters of maize. Biochar improves the structure of
the soil and nutrient availability and retention, increasing the
water content required for the optimal growth and develop-
ment of plants

The increases in the stem girth and plant height of the
biochar-treated plants, which were recorded in the T4 (rice
husk biochar) and T'7 (rice husk biochar + AMF) treatments,
were related to the improved physical structure of the soil with
increased porosity but reduced bulk density, which promoted
root growth and, in turn, increased nutrient and water avail-
ability [2]. Previous studies have reported that biochar im-
proves the soil structure to support more effective root growth

and greater plant health generally [12].

'The improved effectiveness of the biochar + AMEF inter-
action (T7) suggests synergistic interactions between biochar
and mycorrhizal fungi, specifically the release and uptake of
phosphorus. Phosphorus plays a key role in root growth, and
plant productivity studies have shown that it can be released
into higher availabilities in the soil by biochar. In addition,
the contribution of AMF to increasing phosphorus uptake is
even more meaningful and maximizes the efficiency of nutri-
ent uptake while increasing plant growth [13]. The application
of biochar markedly increased the diameter and volume of the
roots. The T4 rice husk biochar application treatment was per-
formed in parallel with the T7 rice husk biochar application
with the application of AMF. Root diameter increases because
biochar can improve the physical properties of soils by increas-
ing porosity and reducing bulk density, thus providing space
for root expansion and growth [14]. Improved soil conditions
favor good root development but also increase nutrient uptake
efficiency, hence contributing to further plant development.

The significant increase in the chlorophyll index, especial-
ly in the T7 treatment, suggested that biochar increased the
availability of nitrogen, an element required for chlorophyll
synthesis and photosynthetic efficiency. Studies have also re-
ported greater nitrogen utilization efficiency by plants in bio-
char-treated soils, which is linked to improved physiological
functioning in plants. The relatively large leaf areas observed
in the biochar-treated plants, particularly those in T7 and T4,
facilitated increased light interception, which is essential for
photosynthesis and biomass production. The biochar capacity

to retain water and provide a sustained nutrient supply likely
underpins the increased leaf area, further increasing photosyn-
thetic activity [15].

Conclusion

In conclusion, the application of biochar, especially rice
husk biochar (T4) and its combination with AMF (T7), re-
sulted in significantly high maize growth, indicating that
biochar plays a major role in enhancing soil quality and plant
productivity. In the present study, the treatments with biochar
in combination with AMF improved the growth parameters,
such as stem girth, plant height, leaf area, chlorophyll in-
dex, and total dry matter accumulation, with T7 having the
most pronounced effects. Overall, biochar has good potential
for sustainable agriculture, particularly when combined with

AMEF.

These findings suggest that biochar can address challeng-
es such as poor soil fertility and compaction, improving plant
growth and yield. Further research could focus on the long-
term effects of biochar amendments on different crops and soil

types.
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