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Abstract. Lestariana DS, Purwanto E, Rahayu M, Supriyono. 2025. Responses of black soybean to rice husk-derived bio-silica
nanoparticles and mycorrhiza on physiology and root development under drought stress. Biodiversitas 26: 5824-5837. This study
investigated the combined effects of rice husk-derived bio-silica nanoparticles and Arbuscular Mycorrhizal Fungi (AMF) on the
physiological and root development responses of two contrasting black soybean (Glycine max) cultivars, Malika and Detam 2. A
factorial experiment was arranged in a completely randomized design with three replicates. Treatment included two cultivars (Malika,
Detam 2), AMF (inoculated, non-inoculated), and five biosilica nanoparticle concentrations (0, 50, 100, 150, 200 ppm). Data were
analyzed using ANOVA, and mean differences were compared with Duncan's Multiple Range Test (DMRT). Results showed that
cultivar Malika maintained 0.72% (p<0.05) lower H-0: accumulation and stronger antioxidant activity, while cultivar Detam 2 exhibited
better root development when treated with 150-200 ppm biosilica nanoparticle and combined with AMF inoculation, showing the
longest length (37 cm; p<0.05) and the greatest volume (3.17 cm?; p<0.05). These improvements indicate that bio silica nanoparticles
supported redox stability and osmotic regulation, while AMF strengthened nutrient acquisition and root elongation. Overall, the
integrated application of AMF and bio silica nanoparticles induced complementary biochemical and morphological tolerance mechanisms
in both cultivars, enhancing drought resilience through reduced oxidative stress, improved osmotic balance, and strengthened root
development. This study provides evidence of synergistic interactions between AMF and rice husk-derived bio-silica nanoparticles in
black soybean, offering a sustainable, waste-based strategy to improve legume productivity under dryland and climate-stress conditions.
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INTRODUCTION

Drought stress is a major abiotic constraints limiting
soybean (Glycine max (L.) Merr.) productivity, especially
in tropical regions dependent on rain-fed agriculture (Luan
et al. 2021; Poudel et al. 2023). Water scarcity disrupts
plant water balance, root development, nutrient uptake, and
oxidative homeostasis, resulting in reduced yield (Arya et
al. 2021). These challenges are prominent in Indonesia’s
dryland ecosystems such as Boyolali District, Central Java,
where rainfall variability strongly influences production. In
2020, soybean yield in Boyolali reached only 1,807.5 tons
from 1,205 ha, insufficient to meet regional demand
(Badan Pusat Statistik Boyolali 2022). Enhancing drought
tolerance is therefore essential to stabilize production and
support food security.

Black soybean, a local variant of G. max, possesses
higher protein, anthocyanin, and antioxidant levels than
yellow soybean (Bhartiya et al. 2020). Despite its nutritional
advantages, its cultivation remains limited due to drought
sensitivity. Detam 2 and Malika are two Indonesian black
soybean cultivars with contrasting characteristics: Detam 2
contains higher protein (45%) than Malika (37%), while
Malika shows better drought tolerance; however, both
exhibit similar yield potential of 2.34-2.46 t ha™! (Balitkabi
2024). Improving productivity under marginal conditions

requires strategies that strengthen physiological and root
related drought responses. Soybean drought resilience is
linked to biochemical adjustments, including proline and
ascorbate accumulation, and to root system development,
which enhances access to deeper soil water (Asadullah et
al. 2024; Guo et al. 2024). Understanding how these
biochemical and morphological mechanisms interact is
critical for developing sustainable strategies for drought
adaptation.

Silicon (Si) has emerged as a beneficial element for
improving crop tolerance. Nanotechnology-based fertilizers
such as Silica Nano-Particles (SiNPs) enhance nutrient
efficiency, regulate antioxidant metabolism, and improve
water use efficiency under stress (Mathur and Roy 2020;
Naidu et al. 2023). However, research on SiNPs has focused
on cereal crops such as rice and wheat, which are strong
silicon accumulators (Bhat et al. 2021). Legumes, including
soybeans, are low silicon accumulators (Putra et al. 2022)
and their response to nanosilica remains insufficiently
explored. Moreover, few studies have utilized rice husk-
derived biosilica nanoparticles, despite their potential for
waste valorization in sustainable agriculture. Effective
nanosilica concentrations vary across species and application
methods, with positive effects observed even at low
(Suciaty et al. 2018; Herawati et al. 2021). In the present
study, nanosilica was applied at 0, 50, 100, 150, and 200
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ppm to capture this potential response range and to determine
the most effective dose under drought conditions. The
upper limit (200 ppm) was selected to remain well below
the phytotoxic threshold (>2000 mg L) reported by Lee et
al. (2010).

Arbuscular mycorrhizal fungi (AMF) offer another
complementary. AMF form symbiotic associations with
roots that improve nutrient uptake, root elongation, and
stress hormone regulation (Tang et al. 2022; Wadas 2022;
Nader et al. 2024; Rakesh et al. 2024). AMF colonization
enhances root architecture and activates antioxidant defenses,
contributing to greater drought resilience (Hasanuzzaman
et al. 2022; Chowdhary and Songachan 2025). Recent
studies indicate potential synergistic interaction between
AMF and silicon-based amendments, jointly improving plant
growth and water status under drought stress (Moradtalab
et al. 2019; Wahab et al. 2023). The integration of AMF
inoculation with nanosilica aligns with emerging bio-
nanotechnological approaches that combine biological
symbiosis and nanomaterial based resilient.

Most previous studies have examined either biochemical
or morphological parameters separately. Few have
simultaneously evaluated antioxidant defense mechanisms
(proline, H»O,, ascorbic acid, ICso) together with root
development within a single framework. Integrating these
parameters provides a more comprehensive understanding
of drought tolerance and is particularly useful for comparing
contrasting cultivars such as Malika and Detam 2.

Although nanosilica and AMF individually show
promise in improving drought stress response, their
combined effects in low-silicon legumes remain uncertain.
The synergistic potensial of rice husk derived biosilica
nanoparticle and AMF to strengthen biochemical antioxidant
responses and root development under drought condition
has not been systematically investigated. Addressing this
gap is essential for advancing sustainable agriculture and
improving dryland soybean productivity. This study
introduces a novel integration of rice husk derived biosilica
nanparticles and AMF to enhance drought tolerance in
black soybean. Unlike prior studies that evaluated single
response categories, this research simultaneously assesses
biochemical and root system responses in two contrasting
cultivars, highlighting the sustainable and eco friendly
potential of waste derived nanosilica within low input
agricultural innovation.

MATERIALS AND METHODS

Research location

This research was conducted in a greenhouse located at
Faculty of Agriculture and Animal Husbandry, Universitas
Boyolali, Boyolali, Indonesia. Meanwhile, the biosilica
nanoparticle characterization was carried out at the
Integrated Research and Testing Laboratory, Universitas
Gadjah Mada, Yogyakarta, Indonesia. The biochemical
analysis was also performed at the Plant Physiology and
Biotechnology Laboratory, Faculty of Agriculture, Universitas
Sebelas Maret, Surakarta, Indonesia.
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Synthesis of biosilica nanoparticle from rice husk ash

The synthesis of biosilica nanoparticles is a variation of
the method (Dang et al. 2018). Rice husks obtained from
milling facilities were incinerated to produce ash, which
was sieved using a 120-mesh sieve for uniform particle
size. The ash (50 g) was treated with 1 N HCIl (500 mL)
under stirring for 2 h at room temperature, left to settle
overnight, filtered, rinsed with distilled water, and oven-
dried at 60°C. The dried ash was then calcined at 700°C for
4 h (modified from the original duration) with an
approximate heating rate of 10°C min™' to obtain biosilica
nanoparticles. Characterization included TEM (Transmission
Electron Microscope), EDX (Energy Dispersive X-ray),
XRD (X-ray Diffraction), and FTIR (Fourier Transform
Infrared Spectroscopy) analyses to determine morphology,
elemental composition, crystallinity, and functional groups,
respectively.

Experimental design

The research was designed using a Completely
Randomized factorial Design (CRD) with three replicates.
The experiment utilized two black soybean cultivars,
Malika (drought-tolerant) and Detam 2 (drought-susceptible),
which were used with AMF (without inoculation and
inoculation); biosilica nanoparticle concentration (0, 50,
100, 150, and 200 ppm). Each polybag contained one
soybean (Glycine max) plant. For each treatment, nine
polybags were prepared, three for biochemical assays, three
for root morphology, and three were maintained until
maturity for yield analysis. For biochemical analysis,
leaves from the three plants per treatment were pooled to
form one composite sample.

Plant material and growth conditions

Black soybean cultivation was conducted in greenhouse
using polybags. Detam 2 (susceptible) and Malika (tolerant)
cultivars selected from previous screening were used. The
growing medium consisted of 6 kg of soil and 64 g of cow
compost per polybag. The seeds were soaked in a sugar
solution (200 g L") until swollen, filtered, and inoculated
with rhizobium to coat the surface before planting. At
planting, commercial endomycorrhizal inoculum treatment
Fumyco®. According to the manufacturer's specification, the
inoculum contains spores of Glomus spp., predominantly
with an approximate density of 155 spores per 10 g carrier.
The colonization rate of inoculated roots averaged 50%-
100% which is classified as a high level of colonization
according to (Sitepu et al. 2024) (Supplementary Table 7).
The inoculum was mixed into the planting substrate at a
rate of 10 g per polybag before sowing. Basal fertilization
was performed 7 days after planting with 2.04 g urea, 2.72
g SP-36, and 2.72 g KCI per polybag. The average daily
temperature and relative humidity were 32°C and 58%,
respectively.

Drought stress treatment and foliar application of
biosilica nanoparticles

Drought stress treatments were applied from the V1 (14
Days After Planting/DAP) to the RS phase (56 DAP). Soil
moisture was maintained at 25% of field capacity during
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the drought treatment period. The soil water content was
determined gravimetrically every six days, following a
preliminary experiment showing that soil moisture naturally
decreased to approximately 25% of field capacity when
plants were not watered for six days.

Biosilica nanoparticle fertilizer was applied by spraying
the entire leaf surface at treatment-specific concentrations,
namely SO (control, without biosilica nanoparticle
application), S1 (50 ppm), S2 (100 ppm), S3 (150 ppm),
and S4 (200 ppm). Biosilica nanoparticle fertilization was
applied once a week in the morning from 08.00 and 10.00
during the V1 stage (14 DAP) until R5 (56 DAP).

Biochemical analysis
Sample collection

Leaf sampling was conducted at the R1 phase (42
DAP). The samples were fully opened trifoliate leaves,
starting from the 3rd to the 5th. The harvested leaves were
placed in plastic bags according to each treatment and
stored in a refrigerator at -4°C until analysis.

Determination of proline

The proline content was determined following the acid
ninhydrin method of Bates et al. (1973) with a minor
modification in the sample water bath temperature. Leaf
tissue 0.5 g was extracted in 3% sulfosalicylic acid, and the
resulting filtrate reacted with acid ninhydrin and glacial
acetic acid. After incubation in a water bath at 95°C for 1
hour, the reaction mixture was extracted with 4 mL of
toluene, and absorbance was measured at 520 nm using a
spectrophotometer. Proline concentration was expressed as
pmol g fresh weight.

Determination of H;O: content

H,0O> content was determined following the method of
Velikova et al. (2000). Leaf tissue 0.5 g was homogenized
in 5 mL 0.1% Trichloroacetic Acid (TCA) and centrifuged
to obtain the supernatant. The reaction mixture contained
0.5 mL of 50 mM potassium phosphate buffer (pH 7.0) and
1 mL of potassium iodide (KI) 1M. After incubation in the
dark, absorbance was measured at 390 nm using a UV-Vis
spectrophotometer. The H20: concentration was expressed
as umol g! fresh weight.

Determination of ascorbic acid

The ascorbic acid was determined with the method of
Darmanti et al. (2016). Leaf tissue 0.5 g was extracted in 7%
sulfosalicylic acid, and the supernatant was used for analysis.
The reaction mixture contained 2 mL of 2% Na;MoOQOs, 2
mL of 0.15 M H,SOy4, and 1 mL of 15 mM Na,HPO,. After
1 hour incubation in a water bath 60°C, absorbance was
measured at 660 nm using a UV-Vis spectrophotometer.
The ascorbic acid content was expressed as ppm.

Determination ICsy of DPPH

The ICsp value of DPPH was determined using the
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging
assay, following the method of Maliya et al (2019). Leaf
tissue (0.05 g) was extracted in methanol, and the
supernatant was reacted with 0.1 mM DPPH solution. The
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reaction mixture was incubated in the dark for 30 minutes,
and absorbance was measured at 517 nm using a UV-Vis
spectrophotometer. The percentage of radical scavenging
activity was calculated, and ICso values were obtained by
linear regression analysis of extract concentration versus
percent inhibition.

Determination root system

Root sampling was conducted destructively from 14 to
28 DAP. The sample observations included the maximum
length and volume.

Data analysis

Data were analyzed using ANOVA (cultivar x AMF X
biosilica nanoparticle concentration. Effect size was analyzed
using partial eta squared and classified using Cohen (1988).
Significant effects of ANOVA (p<0.05) were separated
using Duncan's Multiple Range Test (DMRT). Analyses
were conducted in SPSS wversion 26.0. Furthermore,
correlation analysis was used to determine the strength of
the relationship between the observed variables.

RESULTS AND DISCUSSION

Characterization of biosilica nanoparticle

Characterization of biosilica nanoparticles includes 3
aspects, namely the detection of particle size, functional
group presence, and elemental purity using TEM, FTIR,
and EDX instruments, respectively. Figure 1 shows the
outcomes of the nano silica particle size assessment at a
scale of 100 nm. The image shows spherical and almost-
spherical forms, with the majority of particles measuring
under 100 nm, in line with the morphology of amorphous
nanosilica. The mean diameter is 58.31 nm, confirming
successful synthesis at the nanoscale.

The FTIR test (Figure 2) results show the formation of
functional groups signifying the presence of nanosilica.
The FTIR band spectrum reports a large absorption band at
a peak of 3435.57 cm™! due to surface hydroxyl groups (silanol
groups, -Si-OH) and adsorbed moisture. In addition, the
bending vibration of water is enhanced by the band at
1630.93 ¢cm!. The pronounced band at 1101.69 cm™! results
from the asymmetric stretching vibration of the Si-O-Si
network, indicative of amorphous silica. The symmetric
stretching of Si-O-Si and the bending vibration of Si-O bonds
are evident at 798.88 cm™! and 468.16 cm’!, respectively.
The faint bands at 2927.36 cm™ and 2815.69 cm! are
obtained from organic chemicals during the production
process. Minor peaks at 1599.53 cm™' and 1348.94 cm’!
signify the existence of trace organic or functional groups
in the synthesis process.

The EDX test (Figure 3) reports the presence of Silicon
(Si) and Oxygen (O) at mass percentages of 44.39% and
54.40%, respectively. Trace elements, including Na, Mg,
Al K, and Cl, are introduced through chemical reagents or
residues during the manufacturing process. The results
indicate that the biosilica nanoparticle has a purity of
98.79% by mass, with the carrier element at 1.21%.
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The XRD pattern (Figure 4) of the produced biosilica
nanoparticle shows broad diffraction peaks centered at 26
= 21.8°, indicative of amorphous silica. Previous research
has shown the presence of a wide diffraction peak (hump)
within the range of 26 = 20°-24° (Maddalena et al. 2019).
The result is consistent with the conclusions of previous
research. The indeterminate structure is beneficial for
applications necessitating a high surface area and reactive
silanol groups (Wei et al. 2022).

Recapitulation analysis of varian on biochemical
activity parameters

The combined application of biosilica nanoparticle and
AMF inoculation influenced both biochemical and root
developmental parameters of two black soybean cultivars
under drought stress (Table 1, Figures 5-6). Proline is an
important osmo-protectant that accumulates under deficit to
maintain cell turgor and stabilize proteins and membranes.
It accumulates in soybean leaves during drought stress
(Singh et al. 2022). Foliar application of biosilica
nanoparticles significantly tended to increase proline
accumulation, particularly in Detam 2, which exhibited
relatively higher levels than Malika, suggesting a stronger
osmotic adjustment response (Mwenye et al. 2016). At
higher concentrations (150-200 ppm), proline level in Detam
2 declined, suggesting stress mitigation and improved
osmotic adjustment, consistent with the role of nanosilica
in enhancing drought tolerance (Abdo et al. 2024).

Reactive Oxygen Species (ROS) in plants under stress
were assessed via H,O» content. The H,O, concentration
was reduced in plants treated with AMF and biosilica
nanoparticles, especially at 150-200 ppm. Malika tended to
maintain lower H,O, levels than Detam 2, suggesting a
possible trend toward stronger redox homeostasis (Wei et
al. 2025). These reductions suggest that the combined
application of AMF and biosilica nanoparticles may
contribute to ROS mitigation, possibly through enhanced
antioxidant defense capacity (Rakesh et al. 2024).

Ascorbic acid, a key non-enzymatic antioxidant,
increased with AMF inoculation, particularly Malika,
reinforcing the role of AMF in boosting ROS detoxification
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(Chandrasekaran 2022; Rudenko et al. 2023). Although
H,0O» and ascorbic acid were not significantly correlated,
this pattern supports complementary action between
enzymatic and non-enzymatic antioxidant pathways (Kang
et al. 2022; Lismont et al. 2022). The antioxidant activity
expressed as ICso indicated a strong radical scavenging
capacity (<50 ppm) across treatment (Kowitcharoen et al.
2018). Malika showed consistently lower ICsy values than
Detam 2, indicating a trend of higher antioxidant potential,
although the difference was not statistically significant. The
weak negative correlation between proline and ICso (r = -
0.205) implies that increased osmolyte accumulation
contributed to antioxidant efficiency (Hosseinifard et al.
2022). Overall, these findings highlight the cultivar-
specific synergy between AMF and biosilica nanoparticles
in improving biochemical resilience under drought stress.

I O

Figure 1. TEM (Transmission Electron Microscope) image of
synthesized nanosilica at a scale of 100 nm
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Figure 2. FTIR (Fourier Transform Infrared Spectroscopy) spectrum of nanosilica showing characteristic bands of silanol (3435 cm™),
adsorbed water (1630 cm™), and Si-O-Si framework (1101, 798, and 468 cm™)
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EDX Spectrum of Silica Nanoparticles
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Figure 3. EDX (Energy Dispersive X-ray) spectrum of silica
nanoparticle showing major peaks for Si and O with trace levels

of Na, Mg, Al, K, Ca, dan Fe
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XRD Pattern of Biosilica Nanoparticles
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Table 1. Biochemical parameters of two black soybean cultivars under drought stress
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Figure 4. XRD (X-ray Diffraction) pattern of the synthesized
biosilica nanoparticle

Treatment Prolin (u mole g FW) H;0: (umol g FW) As. acid (ppm) ICso (ppm)
Malika + Non-AMF + Non-Biosilica nanoparticles 0.57 240.21 0.16352%¢+:0.00021  114.64 *£38.15  15.44 *+2.46
Malika + Non-AMF + Biosilica nanoparticles 50 1.86 +1.48 0.1642 ©<0.00030  125.58 2+37.10  15.29 *+3.28
Malika + Non-AMF + Biosilica nanoparticles 100 2.26 +0.38 0.1636 @¢+0.00048  115.73 *£41.42  15.30 *4.01
Malika + Non-AMF + Biosilica nanoparticles 150 1.33 2+0.66 0.1636 2°+0.00036  109.21 *+22.66  14.55 *+4.33
Malika + Non-AMF + Biosilica nanoparticles 200 1.60 2+2.59 0.1637 2¢+0.00088  114.95*30.43  14.92 %+3.55
Malika + AMF + Non-Biosilica nanoparticles 1.29 ®+£0.94 0.1642 <£0.00011  146.66 *+38.79  16.50 **3.94
Malika + AMF + Biosilica nanoparticles 50 3.25 @+1,02 0.1642 ©*0.00053 108.67 *37.00  14.01 *+2.18
Malika + AMF + Biosilica nanoparticles 100 3.06 *£2.03 0.1636 #¢+0.00031  115.57 *£33.37  16.94 *0.74
Malika + AMF + Biosilica nanoparticles 150 0.62 *+0.44 0.1636 2¢+0.00055  142.47 #38.35 19.33 4£5.45
Malika + AMF + Biosilica nanoparticles 200 2.28 3+1.55 0.16322+0.00018  148.21 *#22.51  19.27 *+4.77
Detam 2 + Non-AMF + Non Biosilica nanoparticles 4.58 *+£0.76 0.1642 °+0.00037  120.46 *21.01  15.22 3+0.54
Detam 2+ Non-AMF + Biosilica nanoparticles 50 5.00 *+5.14 0.1636 2¢+0.00047  137.67 *£34.90  14.48 *+£0.17
Detam 2 + Non-AMF + Biosilica nanoparticles 100 2.58 842 45 0.1636 2¢+0.00024  139.99 *£11.64 18.61 *£4.97
Detam 2+ Non-AMF + Biosilica nanoparticles 150 1.95 ®+1.88 0.1636 2¢£0.00035 138.442+31.13  14.86 *+£0.84
Detam 2 + Non-AMF + Biosilica nanoparticles 200 0.46 2+£0.15 0.1640 2°+£0.0011  146.58 %+42.10 45.06 ®+21.60
Detam 2 + AMF + Non-Biosilica nanoparticles 3.43 2+1.66 0.1635 2¢+0.00058  111.23#20.02  15.39 #1.77
Detam 2 + AMF + Biosilica nanoparticles 50 4.71 ®£2.66 0.1641 *+£0.00066  114.57 *40.26 23.10 a+12.29
Detam 2+ AMF + Biosilica nanoparticles 100 0.44 #0.51 0.1636 #¢+0.00031  132.55 *25.46 28.74 *20.53
Detam 2 + AMF + Biosilica nanoparticles 150 0.65 **0.39 0.16312+0.00012  102.86 *32.17  16.56 **2.73
Detam 2 + AMF + Biosilica nanoparticles 200 1.96 2+2.22 0.1637 2¢+0.00043  112.55*+£55.09 16.43 *£2.04

Note: Values represent mean+SD (n = 3). Different letters within a column indicate significant differences at p<0.05 according to

Duncan's Multiple Range Test (DMRT). Biosilica nanoparticles concentration (0, 50, 100, 150, 200 ppm)

Root development responses

Root system development (Figures 5-6) was
significantly influenced by cultivar, AMF inoculation, and
biosilica nanoparticle concentration; with the strongest
effect at 21 DAP. Detam 2 generally exhibited a tendency
toward longer and more voluminous roots than Malika,
particularly under AMF inoculation combined with 150-
200 ppm biosilica nanoparticles. The interaction between
AMF and biosilica nanoparticles enhanced root elongation
and branching, improving water and nutrient uptake under
drought stress (Cheng et al. 2021; Sharifian et al. 2022). By
28 DAP, root elongation reached its peak with a maximum
root length of 37 cm observed in Detam 2 (Figure 5) and
the highest root volume of 4.30 cm?® in Malika (Figure 6).

However, these differences were not statistically significant
(p>0.05), likely because uninoculated plants grown under
non-sterile field conditions may have experienced
background AMF colonization. Notably, at 21 DAP, a
significant cultivar x AMF x Biosilica nanoparticle interaction
was detected: when both cultivars were inoculated with
AMF and supplied with 200 ppm biosilica nanoparticles,
Detam 2 exhibited a greater root volume (3.17 cm®) and
longer maximum root length (31.33 cm) than Malika (1.00
cm?® and 14.67 cm, respectively). These stage-dependent
and genotype-specific responses reinforce our primary
conclusion that AMF, particularly when combined with an
optimal biosilica nanoparticle concentration, promote root
development under drought stress conditions.
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Figure 5. Effect of biosilica nanoparticle concentration and Arbuscular Mycorrhizal Fungi (AMF) inoculation on maximum root length

of two black soybean cultivars at 14, 21, and 28 DAP. Different letters above the bars represent significant differences according to
Duncan's Multiple Range Test (DMRT, p<0.05, n = 3)

E Root Velume 14 DAP
E Root Volumes 21 DAP
B Root Volume 28 DAP

Figure 6. Effect of biosilica nanoparticle concentration and Arbuscular Mycorrhizal Fungi (AMF) inoculation on maximum root length
of two black soybean cultivars at 14, 21, and 28 DAP. Different letters above the bars represent significant differences according to
Duncan's Multiple Range Test (DMRT, p<0.05, n = 3)

showed a weak negative correlation with ICs (r = -0.205),
suggesting that higher proline accumulation was associated
with stronger antioxidant capacity. Although the correlation
between proline, ascorbic acid, and H»>O, was non-
significant, the negative direction indicated complementary
antioxidant pathways acting to reduce oxidative stress.

Correlation analysis of biochemical parameters

A correlation test was performed to measure the strength
of the relationship between biochemical parameters.
Correlation analysis (Table 2) further elucidated these
relationships among biochemical parameters. Proline content
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Table 2. Correlation analysis of biochemical parameters

Proline H:20: Ascorbic acid ICso
Proline 1
H20:2 0.167 1
(»=0.202)
Ascorbic acid -0.38 0.048 1
(=0.775) (p=0.715)
ICso -0.205 -0.166 0.160 1
(p=0.116) (p=0.204) (p=0.223)

Note: +: Positive correlation, -: Negative correlation, *: Correlation
is significant at p<0.05 level (2-tailed), n=3

Taken together, the integrated findings from biochemical
responses (Table 1), root development (Figures 5 and 6),
and correlation patterns (Table 2) demonstrate that AMF
and biosilica nanoparticles acted synergistically to enhance
drought tolerance in black soybean. Increased proline and
ascorbic acid levels were associated with lower H20:
accumulation and higher antioxidant efficiency, reflecting
improved redox regulation. These biochemical adjustments
were accompanied by enhanced root growth and volume,
particularly under AMF inoculation, indicating that drought
resilience results from coordinated osmotic, antioxidant,
and morphological adaptations operating in a genotype-
specific response.

Discussion

Silica (SiO) has long been applied in agriculture for
enhancing plant growth and improving productivity under
abiotic stress (Sangeetha et al. 2017). Nanomaterial-based
fertilizers are increasingly favored because of their efficiency
and reduced environmental impact (Amin et al. 2023). Our
characterization data confirms that the synthesized rice-
husk-derived bionanosilica possesses structural and
physicochemical properties suitable for agricultural
applications. TEM analysis revealed an average particle
size of 58.31 nm, EDX confirms high purity of 98.79% by
mass, FTIR spectra show characteristic silanol bands and
water adsorption at 3435 cm™ and 1630 cm™, along with
Si-O-Si stretching at 1101, 798, and 468 cm™, and XRD
analysis identified an amorphous structure with a 20 peak
at 21.8°. According to (Sankar et al. 2016) and (Dang et al.
2018), slightly larger nanoparticle sizes are obtained from
differences in calcination equipment. The 1N HCI extraction
achieves high purity, demonstrating effective removal of
metal ions (De Valgaz et al. 2025). The amorphous form
offers advantages for sustainable agriculture, including
environmental safety, high surface area, improved nutrient
binding, and rapid plant uptake under stress (Goswami et al.
2022). Thus, utilizing rice husk-derived biosilica nanoparticles
not only contributes technologically but also aligns with
sustainable agricultural practices. This characterization was
directly quantified, whereas the subsequent physiological
mechanisms discussed below are inferred from observed
biochemical and morphological responses rather than direct
molecular measurements.

The synergistic interaction between AMF and biosilica
nanoparticles may involve concurrent improvements in
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redox balance and root development, as inferred from reduced
H20: accumulation and enhanced root development during
vegetative stages. This agrees with reports by Soliman et
al. (2025), who demonstrated improved drought resilience
through simultaneous AMF inoculation and biosilica
nanoparticle application. Likewise, Begum et al. (2023)
observed that such combinations were most effective at
early growth stages. The exact biochemical processes, like
enzymatic antioxidant regulation, were not directly
measured, but the lower levels of H>O, and better growth
parameters suggest that cellular redox stability was
indirectly improved (Sachdev et al. 2021). This synergy
highlights the complementary role of AMF in improving
water and nutrient uptake, and of biosilica nanoparticles in
supporting cellular redox stability, which may indirectly
contribute to membrane protection, forming an eco-friendly
strategy for legume drought tolerance.

The genotypic differences can be explained by
contrasting biochemical and morphological strategies, as
supported by ANOVA, effect size, DMRT, and correlation
analysis, which were observed between Malika and Detam
2, strongly supported by ANOVA and effect size across
biochemical and morphological traits. Malika maintained
stable H,O, levels across treatment, consistent with the
large effect size of biosilica nanoparticle (n> = 0.24) and
small but significant contribution from AMF (p = 0.025; n?
= 0.01)—those reflecting biochemical tolerance based on
oxidative regulation. In contrast, Detam 2 showed greater
proline accumulation (Biosilica nanoparticle p = 0.019; n?
= (.25; CultivarxBiosilica nanoparticle p = 0.031; n? =
0.23) and more pronounced root elongation and root
volume expansion (Root Length 21 DAP: p = 0.001, n* =
0.23; Root Volume 21 DAP: p = 0.125, n* = 0.16) under
combined biosilica nanoparticle and AMF. It suggests a
morphological adaptation strategy. Successful AMF
colonization confirmed the establishment of functional
symbiosis under the experimental conditions (Supplementary
Tables 3 and 7; Supplementary Figures 1 and 2). The
slightly higher colonization observed in Detam 2 suggests
genotypic variation in AMF-root compatibility, which may
influence the strength of the symbiotic response under
drought stress. Although Detam 2 accumulates more proline,
this may indicate greater cellular dehydration rather than
superior tolerance (Bandurska et al. 2017). Higher biosilica
nanoparticle doses (150-200 ppm) decrease proline content
in Detam 2, suggesting that stress alleviation reduced
osmolyte accumulation demand (Etesami et al. 2022). The
main effect of AMF was small (n?> = 0.003) for ascorbic
acid content, but it had a significant effect on the
interaction between cultivar and biosilica nanoparticle (p =
0.036; n? = 0.11), which means that AMF did not work
alone but changed how antioxidants worked depending on
the genotype. In Malika, this interaction manifested as
increased ascorbic acid accumulation following AMF
inoculation, reinforcing the role of mycorrhiza in enhancing
non-enzymatic antioxidant activity and maintaining redox
homeostasis. Meanwhile, lower ICsy values in Malika
compared to Detam 2 indicate stronger total antioxidant
capacity, supporting its efficiency in reactive oxygen species
scavenging under combined treatments. Together, these
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genotype-dependent adjustments, supported by a large
effect size in oxidative (H»O,), osmotic (proline), and
morphological root traits, alongside moderate interaction
for ascorbic acid, highlight the complementary biochemical
and structural strategies of drought adaptation. This pattern
aligns with the integrated tolerance model described by
Kamau et al. (2021), where contrasting genotypes achieve
resilience through distinct but coordinated redox and
osmotic regulatory pathways.

The correlation analysis further strengthens the proposed
synergistic mechanism between AMF and biosilica
nanoparticles. A weak but negative correlation between
proline and ICso (r = -0.205) suggests that osmolyte
accumulation modestly enhances antioxidant activity
(Papagiouvannis et al. 2024). Even though higher proline is
associated with reduced H.O: levels (Tiika et al. 2023).
This research reports a weak positive correlation and non-
significant (r = 0.167), indicating that proline accumulation
alone cannot fully explain variation in H20: levels. The
balance between enzymatic (e.g., SOD, CAT, APX) and
non-enzymatic antioxidants may differ among genotypes
(Khan et al. 2025). A weak positive correlation between
ascorbic acid and ICso (r = 0.160) indicates that increases in
ascorbate content were not directly associated with higher
total antioxidant efficiency. This study suggests that while
ascorbic acid contributes to the overall antioxidant pool, it
is not the primary determinant of total ROS scavenging
capacity. This observation aligns with previous findings
indicating that enzymatic antioxidants such as CAT, APX,
and POD play more dominant roles in ROS detoxification
(Seminario et al. 2017). Likewise, the non-significant
correlation between H20: and ascorbic acid supports the
interpretation that H.O: detoxification is mainly driven by
enzymatic pathways rather than non-enzymatic antioxidants.
The negative association between proline and ascorbic acid
(r = -0.38) suggests a physiological trade-off between
osmolyte accumulation and antioxidant metabolite production
(Mahmud et al. 2023; Khan et al. 2024). These weak
correlations collectively indicate that drought tolerance in
black soybean involves multiple independent yet coordinated
mechanisms  balancing osmotic  regulation, ROS
detoxification, and root plasticity.

Collectively, the findings of this study suggest that
black soybean cultivars employ dual drought adaptation
pathways mediated by the interaction of AMF and biosilica
nanoparticles. In Malika, drought tolerance was primarily
associated with antioxidant-based osmotic adjustment,
reflected by higher ascorbic acid content, stronger DPPH
radical scavenging activity, and lower hydrogen peroxide
(H202) accumulation. Meanwhile, Detam 2 exhibited a
morphological adaptation pathway, supported by significant
increases in root length and root volume, particularly at 21
DAP when AMF inoculation was combined with 200 ppm
biosilica nanoparticles and accompanied by elevated
proline accumulation. The higher proline levels in Detam 2
likely contributed to both osmotic regulation and root tissue
development under drought stress. These results indicate
that Malika relies more on biochemical antioxidant defense,
whereas Detam 2 integrates osmotic and morphological
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mechanisms, illustrating complementary strategies that
jointly enhance drought tolerance in black soybean cultivars.

The broader effects of using show how important
biosafety and environmental sustainability are. Although
nanosilica application can enhance plant growth response
and yield, the response differs among species. Long-term
application practices need to consider the correct dosage
due to its potential phytotoxicity (Kumar et al. 2019),
impact on soil microbes (Sharma and Kumar 2024), as its
behavior is shaped by its characteristics and interactions
with the soil environment (Usman et al. 2020). However,
the use of biological resources such as bacteria, plants, and
agricultural waste to produce nanomaterials has recently
received substantial attention. This strategy is different
from traditional ones because it is more adaptable to
changing economy conditions and has less of a negative
effect on the environment (Chakroborty et al. 2023).

While this study provides comprehensive physiological
and statistical evidence, several limitations remain.
Enzymatic antioxidants such as CAT, SOD, and APX were
not measured, and some parameters exhibited relatively large
standard deviations, reflecting natural biological variability
under greenhouse conditions. The experiment was conducted
under controlled greenhouse conditions with a relatively
short observation period, which limits the generalizability
of the findings to long-term field conditions. Accordingly,
future research should include the quantification of
enzymatic antioxidant activity, AMF colonization rate, and
extended field trials to confirm whether vegetative-stage
tolerance contributes to yield performance. A dose-response
analysis is essential to assess potential phytotoxicological
effects of nanosilica application. Moreover, subsequent
investigation utilizing transcriptomic analysis and high-
resolution root imaging is recommended to validate whether
specific pathways regulate the identified biochemical and
morphological responses.

In conclusion, this study demonstrated that the
combined application of bio-silica nanoparticles and
Arbuscular Mycorrhizal Fungi (AMF) effectively enhanced
drought tolerance in black soybean cultivars Malika and
Detam 2. The integration of AMF symbiosis and bio-silica
treatment improved root development and antioxidant
activity under drought conditions. Malika exhibited stronger
biochemical tolerance through reduced hydrogen peroxide
(H202) accumulation, while Detam 2 showed significant
improvement in root development at 21 DAP when AMF
inoculation was combined with 200 ppm biosilica
nanoparticle. These findings emphasize that integrating
biosilica nanoparticles and AMF enhances both forms of
drought adaptation, providing a balanced framework for
improving legume resilience under dryland conditions.

However, the experiment was limited to short-term
greenhouse conditions and did not assess soil microbiome
dynamics, enzyme activity, or long-term bio-silica
accumulation effects. These constraints may have restricted
the full understanding of plant-microbe nanomaterial
interactions. Future studies should include multi-season and
field-scale evaluations, molecular and enzymatic analyses
to confirm stress response pathways, and investigation of
optimal nanoparticle dosages under diverse soil conditions.
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Integrating bio-silica and AMF applications into sustainable
dryland farming systems could significantly improve legume
productivity and resilience to climate-induced water stress.
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SUPPLEMENTARY DATA

Supplementary Table 1. Recapitulation of ANOVA and effect size analysis in biochemical parameters

Parameters Source df F Pvalue Effectsize (partial eta squared/I]?) Interpretation
H202 Cultivar 1 0.297 0.589 0.01 Small
Biosilica nanoparticles 4 3.141 0.487 0.24 Large
AMF 1 0.491 0.025 0.01 Small
Cultivar X Biosilica nanoparticles 4 0936 0.453 0.09 Medium
Cultivar X AMF 1 0.648 0.426 0.16 Large
Bionanosilika X AMF 4 0.629 0.644 0.59 Large
Cultivar X Biosilica nanoparticles X AMF 4 1.962 0.119 0.16 Large
Prolin Cultivar 1 2.498 0.122 0.06 Medium
Biosilica nanoparticles 4 332 0.019 0.25 Large
AMF 1 0.011 0916 0.00 Small
Cultivar X Biosilica nanoparticles 4 2959 0.031 0.23 Large
Cultivar X AMF 1 1.679 0.203 0.04 Small
Bionanosilika X AMF 4 0.636 0.639 0.06 Medium
Cultivar X Biosilica nanoparticles X AMF 4 0.436 0.782 0.04 Small
Ascorbic acid Cultivar 1 0.03 0.864 0.001 Small
Biosilica nanoparticles 4 0.101 0.753 0.01 Small
AMF 1 0.128 0.971 0.003 Small
Cultivar X Biosilica nanoparticles 4 4705 0.036 0.11 Medium
Cultivar X AMF 1 0.481 0.750 0.05 Small
Bionanosilika X AMF 4 0.327 0.858 0.03 Small
Cultivar X Biosilica nanoparticles X AMF 4 0.609 0.658 0.06 Medium
ICso Cultivar 1 543 0.025 0.12 Medium
Biosilica nanoparticles 4 2.193 0.087 0.18 Large
AMF 1 0.016 0.899 0.00 Small
Cultivar X Biosilica nanoparticles 4 1.737 0.161 0.15 Large
Cultivar X AMF 1 0.846 0.363 0.21 Large
Bionanosilika X AMF 4 2.693 0.044 0.21 Large
Cultivar X Biosilica nanoparticles X AMF 4 3.847 0.010 0.28 Large

Supplementary Table 2. Recapitulation of ANOVA and effect size analysis in root development parameters

Parameters Source df F P value Effect size (partial eta squared/I}>) Interpretation
Root lenght 14 DAP  Cultivar 1 0.127 0.723 0.003 Small
Biosilica nanoparticles 4 0.737 0.572 0.07 Medium
AMF 1 3.155 0.083 0.07 Medium
Cultivar X Biosilica nanoparticles 4 1.084 0.378 0.10 Medium
Cultivar X AMF 1 0231 0.634 0.01 Small
Bionanosilika X AMF 4 1264 0.300 0.11 Medium
Cultivar X Biosilica nanoparticles X AMF 4 1.497 0.221 0.13 Medium
Root lenght 21 DAP  Cultivar 1 12.226 0.001 0.23 Large
Biosilica nanoparticles 4 1.17 0338 0.11 Medium
AMF 1 0.038 0.847 0.00 Small
Cultivar X Biosilica nanoparticles 4 1957 0.12 0.16 Large
Cultivar X AMF 1 126 0.268 0.03 Small
Bionanosilika X AMF 4 0464 0.761 0.04 Small
Cultivar X Biosilica nanoparticles X AMF 4 3.793 0.010 0.28 Large
Root lenght 28 DAP  Cultivar 1 9.38 0.004 0.19 Large
Biosilica nanoparticles 4 1.667 0.177 0.14 Large
AMF 1 0.064 0.802 0.00 Small
Cultivar X Biosilica nanoparticles 4 1.824 0.143 0.15 Large
Cultivar X AMF 1 0.021 0.886 0.00 Small
Bionanosilika X AMF 4 1.386 0.256 0.12 Medium
Cultivar X Biosilica nanoparticles X AMF 4 1.957 0.120 0.16 Large
Root volume14 DAP Cultivar 1 1231 0.274 0.03 Small
Biosilica nanoparticles 4 2962 0.031 0.23 Large
AMF 1 2.769 0.104 0.07 Medium
Cultivar X Biosilica nanoparticles 4 1.038 0.399 0.09 Medium
Cultivar X AMF 1 1.231 0.274 0.03 Small
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Bionanosilika X AMF 4 1423 0.244 0.13 Medium
Cultivar X Biosilica nanoparticles X AMF 4 0.269 0.896 0.03 Small
Root volume 21 DAP Cultivar 1 6.782 0.013 0.15 Large
Biosilica nanoparticles 4 1968 0.118 0.16 Large
AMF 1 2331 0.135 0.06 Medium
Cultivar X Biosilica nanoparticles 4 0.774 0.549 0.07 Medium
Cultivar X AMF 1 0395 0.533 0.01 Small
Bionanosilika X AMF 4 1927 0.125 0.16 Large
Cultivar X Biosilica nanoparticles X AMF 4 3.137 0.025 0.24 Large
Root volume 28 DAP Cultivar 1 0.278 0.601 0.01 Small
Biosilica nanoparticles 4 0.756 0.56 0.07 Medium
AMF 1 0278 0.601 0.01 Small
Cultivar X Biosilica nanoparticles 4 1.601 0.193 0.14 Medium
Cultivar X AMF 1 0993 0.325 0.02 Small
Bionanosilika X AMF 4 0.399 0.808 0.04 Small
Cultivar X Biosilica nanoparticles X AMF 4 1.835 0.141 0.16 Large
Supplementary Table 3. Recapitulation of ANOVA and effect size analysis in AMF colonization (%)
Source df F P value Effect size (partial eta squared/ I)?) Interpretation
Cultivar 1 0.1297 0.262 0.03 Small
Biosilica nanoparticles 4 3.693 0.012 0.27 Large
AMF 1 12236 0.01 0.23 Large
Cultivar X Biosilica nanoparticles 4 1576  0.199 0.14 Large
Cultivar X AMF 1 0.099 0.755 0.002 Small
Bionanosilika X AMF 4 0747  0.566 0.07 Medium
Cultivar X Biosilica nanoparticles X AMF 4 0.105 0.980 0.01 Small

Supplementary Table 4. Biochemical activity of Malika and Detam 2 with application of biosilica nanoparticle and mikorhiza under

drought stress

Cultivars Mikorhiza Bionanosilika (ppm) Prolin (u mole g'' FW) H:0: (umol g FW)

Malika Non AMF
AMF

Detam 2  Non AMF
AMF

Cutivars

AMF

Bionanosiika

Cutivars X AMF

0
50
100
150
200
0
50
100
150
200
0
50
100
150
200
0
50
100
150
200

Cutivars X Bionanosilika
Mikorhiza X Bionanosiika
Cultivars X AMF X Bionanosiika

0.57 *+0.21
1.86 2>+1.48
2.26 +0.38
1.33 1+0.66
1.60 ®£2.59
1.29 2+0.94
3.25 241,02
3.06 2+2.03
0.62 *+0.44
2.28 3+1.55
4.58 0.76
5.00 *+5.14
2.58 @42 45
1.95 °£1.88
0.46 *+£0.15
3.43 ®+1.66
4.71 °+£2.66
0.44 2+0.51
0.65 +0.39
1.96 2+2.22

ns
ns
%

ns
*

ns
ns

0.1635 2b¢+(0.00021
0.1644 °+0.00030
0.1636 2°°+0.00048
0.1636 #¢+£0.00036
0.1637 #¢+0.00088
0.1643 °+0.00011
0.1642 °+0.00053
0.1636 2¢+0.00031
0.1635 #¢+0.00055
0.1632 2°+0.00018
0.1642 °+0.00037
0.1636 2¢+0.00047
0.1636 22¢+0.00024
0.1636 2%+0.00035
0.1640 2*<£0.0011
0.1636 #¢+0.00058
0.1641 +0.00066
0.1636 2*+0.00031
0.1631 2+0.00012
0.1637 2¢+(0.00043

ns
ns
%
ns
ns
ns
ns

ns
ns
ns
*
ns
ns
ns

Ascorbic acid (ppm) ICso (ppm)
114.64 *38.15 15.44 3+£2 .46
125.58 #37.10 15.29 2+£3.28
115.73 *+41.42 15.30 #4.01
109.21 2+22.66 14.55 *+4.33
114.95 2+30.43 14.92 3+3.55
146.66 +38.79 16.50 *+£3.94
108.67 #37.00 14.01 #2.18
115.57 2+33.37 16.94 *+0.74
142.47 *+38.35 19.33 3+5.45
148.217+ 22.51 19.27 2+4.77
120.46 *+21.01 15.22 2+0.54
137.67 2+£34.90 14.48 3+0.17
139.99 2+11.64 18.61 2+4.97
138.44 +31.13 14.86 +0.84
146.58 *+42.10 45.06 *+21.60
111.23 2+20.02 15.39 #1.77
114.57 2+40.26 23.10 2£12.29
132.55 #*25.46 28.74 +£20.53
102.862+32.17 16.56 2.73
112.55 *55.09 16.43 +£2.04

*

ns
ns
ns

ns
*

*

Note: *: Substantially different according to the F test with o 5%, ns: Not significantly different. According to the DMRT test with a

5%, numbers in the same column that are followed by the same letter do not differ substantially
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Supplementary Table 5. The maximum root length of Malika cultivar and Detam 2 cultivar under drought stress

Mikorhiza Biosilica nanoparticle (ppm)

Maximum root length (cm)

14 DAP 21 DAP

28 DAP

Cultivars

Malika Non AMF
AMF

Detam 2 Non AMF
AMF

Cultivars

AMF

Biosilica nanoparticle

Cultivars x AMF

Cutivars x Biosilica nanoparticle
Mychorrizae x Biosilica nanoparticle
Cultivars x AMF x Biosilica nanoparticle

0
50
100
150
200
0
50
100
150
200
0
50
100
150
200
0
50
100
150
200

11.83®+£1.04 23.67 °+5.13
14.67 +£4.04 15.67 “+7.64
12.83 342,47 16.83 #+2.75
12.33 %®+£4.51 19.33 2493
13.912£1.23  18.00 *+3.46
13.33 242,84 16.33 2:4.04
11.50 ®£1.80 21.67 **°+5.51
14.33®£3.33  16.33 %£2.52
11.172®£3.79 17.33 ®+3.21
9.832+2.75  14.67 *£1.53
10.27 #1.17  14.67 *1.53
10.83 £2.47 29.83 4£14.37
15.17 24£3.55 17.67 #1.53
12.83 #4+6.93 21.33 3°£5.13
17.00 ™4.36 28.33 bedet5.13
11.83 +3.33 28.67 “de+6.11
13.00 2£0.50 19.67 >£0.58
9.33 321 22.33 %1929
9.50 %£1.32  20.00 **£1.0
13.00 ®+£2.65 31.33 °+11.50

ns *
ns ns
ns ns
ns ns
ns ns
ns ns
ns *

30.33 abede15 69
26.00 2bcde£9 54
17.00 *+4.00
23.00 2bede£8 89
22.33 abed1D 52
26.67 2ede=12.22
27.33 abeder7 09
24 abede13 00
21.67 ¢£2.31
22.67 247,09
19.33 ®£3.06

37.00 °+12.77
23.00 2bedet? 65
33.33 bedet9 07

35.67 ¢dex2.52
34 cde=5 57

25.33 abedey] 53
26.33 @bcde19 29
27.67 x4 16
36.00 %£11.53

ns

ns

*

ns

ns

ns

ns

Note: *: Substantially different according to the F test with a 5%, ns: Not significantly different. According to the DMRT test with a
5%, numbers in the same column that are followed by the same letter do not differ substantially

Supplementary Table 6. Root volume of Malika cultivar and Detam 2 cultivar under drought stress

Root volume (¢cm?)

Cultivars Mikorhiza  Biosilica nanoparticle (ppm) 14 DAP 21 DAP 28 DAP
Malika Non AMF 0 0.67 ®+0.29 1.339%+£0.58 2.17 *+1.80
50 0.67 ®+0.29 1.0 %%+0.00 4354252
100 0.67 +0.29  0.83°£0.29  1.332+0.58
150 0.83 ®+0.29  1.17 **0.29 2.0 #1.00
200 0.52£0.00 1.67 +0.58 2.67 2*0.58
AMF 0 0.67#+0.29  1.172+0.76  2.67 *+2.08
50 0.5%+0.00 1.333+0.58 2.0 °£1.00
100 0.83 ®+0.29 1.339%+0.58 2.0 *+0.00
150 0.832°+0.29 2.02d£1.,00 2.0 2+£1.00
200 0.67®+029 1.0°°£0.00 1.67*%1.15
Detam 2 Non AMF 0 0.83%£0.29  2.67 °*#0.58 2.33 2 £0.58
50 0.5 2+0.00 1.00 ®+0.5  1.33%0.58
100 0.67 ®+0.29  1.53%0.5 2.0 *0.00
150 0.83®+0.29  1.5%°x£0.5  2.33%+0.58
200 0.520.00  1.172+0.29 2.332+(.58
AMF 0 1.0°+0.00 1.672°£1.15 2.0 2+£1.00
50 0.52:0.00  1.67 *0.58 2.0 *+0.00
100 0.83°£0.29 1.0°°£0.00  1.67 *+0.58
150 0.8320+0.29 2.33bd£].53 2.33201+(.58
200 1.0%0.00  3.17%1.44  3.02*1.73
Cultivars ns * ns
AMF * ns ns
Biosilica nanoparticle * ns ns
Cultivars x AMF ns ns ns
Cutivars x Biosilica nanoparticle ns ns ns
Mychorrizae x Biosilica nanoparticle ns ns ns
Cultivars x AMF x Biosilica nanoparticle ns * ns

Note: *: Substantially different according to the F test with a 5%, ns: Not significantly different. According to the DMRT test with a
5%, numbers in the same column that are followed by the same letter do not differ substantially
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Supplementary Table 7. AMF colonization of Malika cultivar and Detam 2 cultivar under drought stress

Cultivars Mikorhiza Biosilica nanoparticle (ppm) AMF Colonization (%)
Malika Non AMF 0 87.77bcd+3.87
50 50.00 a+20.00
100 80.00 bed+17.32
150 60.00 ab+30.00
200 76.67 abed+5.77
AMF 0 95.83 d+7.22
50 77.77 abed+6.93
100 93.33 cd=11.55
150 73.33 abcd+30.55
200 90.00 bed+10.00
Detam 2 Non AMF 0 86.67 bed+11.55
50 73.33 abed+25.17
100 83.33 bed+11.55
150 63.33 abc+20.82
200 83.33 bed+20.82
AMF 0 83.33 bed+5.77
50 96.67 d+5.77
100 100.00 d+0.00
150 80.00 bed+10.00
200 86.67 bcd+5.77
Cultivars ns
AMF *
Biosilica nanoparticle *
Cultivars x AMF ns
Cutivars x Biosilica nanoparticle ns
AMEF x Biosilica nanoparticle ns
Cultivars x AMF x Biosilica nanoparticle ns

Note: *: Substantially different according to the F test with o 5%, ns: Not significantly different. According to the DMRT test with a

5%, numbers in the same column that are followed by the same letter do not differ substantially

Supplementary Figure 1. Root colonization was also observed in
Malika plants under the: A. Non-AMF treatment, and B. AMF
treatment as confirmed by microscopic observation at 10x40

magnification

Supplementary Figure 2. Root colonization was also observed in
Detam 2 plants under the under the: A. Non-AMF treatment, and
B. AMF treatment as confirmed by microscopic observation at

10x40 magnification



