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ABSTRACT

Rice (Oryza sativa L.) production in sub-Saharan Africa faces challenges from declining soil fertility to
inefficient nutrient management. This screen house study assessed the effects of banana peel-
synthesized NPK Nano fertilizer at four rates (Control, 50%, 75%, and 100%) on soil microbial commu-
nities, enzyme activities, arbuscular mycorrhizal fungi (AMF) diversity and root colonization, nutrient
availability, and root morphology in two lowland rice varieties (NERICA L-19 and WITA-4) using a 4 x 2
factorial in a Completely Randomized Design with three replicates. NPK Nano fertilizer significantly
increased bacterial populations up to 9.9 x 10° CFU g™, fungal populations up to 19.0 x 10° CFU g™*,
and soil enzyme activities, including amylase (315.0-601.4 mg kg™), urease (21.80-24.90 mg kg™),
and alkaline phosphatase (122.03-138.6 mg kg™"). AMF root colonization, including arbuscules, hy-
phae, and vesicles, increased significantly in a dose-dependent manner, with 100% Nano priming
reaching 74.33%, 49.50%, and 30.00%, respectively. Five AMF genera were identified: Acaulospora,
Funneliformis, Gigaspora, Glomus, and Rhizophagus, with spore density inversely related to Nano
fertilizer rate. Soil nutrient availability showed no significant treatment effects, likely reflecting efficient
plant-mycorrhizal nutrient uptake. Root fresh weight was significantly highest under 100% Nano prim-
ing (42.5 g), while NERICA L-19 exhibited greater root elongation. PCA and correlation analyses con-
firmed strong positive relationships among Nano fertilizer rate, enzyme activities and AMF coloniza-
tion. These findings establish NPK Nano fertilizer as a promising tool for enhancing the rhizosphere
and promoting sustainable lowland rice production in West Africa.

Keywords: NPK Nano fertilizer; arbuscular mycorrhizal fungi; soil enzyme activity; banana peel ex-
tract; green synthesis; paddy rice
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INTRODUCTION

Rice (Oryza sativa 1..) is the primary staple
food for more than 3.5 billion people glob-
ally. It is a key source of food security in
sub-Saharan Aftica, where demand contin-
ues to outpace domestic production
(Kumar ez al,, 2023). Nigeria, the largest rice
consumer and importer in Africa, faces a
widening yield gap driven by soil nutrient
depletion, low fertilizer use efficiency, and
degradation of the soil biological environ-
ment on which crop productivity funda-
mentally depends (Sahoo ez al, 2024; Vasuki
et al, 2024). Conventional NPK fertilizer
management, while providing macronutri-
ents, often disrupts the delicate rhizosphere
ecology by suppressing beneficial microbial
communities, reducing enzymatic nutrient
cycling, and diminishing the plant-
mycorrhizal symbiosis central to nutrient
acquisition efficiency in rice (Kalwani ef a/,
2022).

Nanotechnology has emerged as a paradigm
-shifting approach in precision agriculture,
offering the potential for targeted, slow-
release nutrient delivery via nano-sized cat-
riers that markedly improve nutrient use
efficiency, minimize leaching losses, and
reduce environmental contamination
(Yadav ez al, 2023; Singh ez al, 2024). Nano
fertilizers, characterized by particle sizes of
1-100 nm and extraordinarily high surface-
area-to-volume ratios, exhibit enhanced re-
activity and solubility, increasing nutrient
availability in the rhizosphere compared
with conventional formulations (Liu and
Lal, 2015; Bansal ez al, 2025). Specifically,
green-synthesized NPK Nano fertilizers
have shown promising results for rice
productivity and soil biological quality in
recent greenhouse and field experiments
(Sahoo ¢ al., 2024; Thanta et al., 2025).

Green synthesis of nanoparticles using plant-
derived extracts has gained global recogni-
tion as a sustainable, cost-effective, and envi-
ronmentally benign alternative to physico-
chemical nanoparticle synthesis methods
(Goh et al., 2023). Banana (Musa acuminata)
peels, an abundant agricultural by-product
rich in reducing sugars, polyphenols, flavo-
noids, and pectin, have been successfully
used as capping and reducing agents in di-
verse nanoparticle syntheses (Aswathi ez a/,
2023). The valorization of banana peel waste
for Nano fertilizer production aligns with
circular bioeconomy principles and offers a
locally accessible, low-cost Nano agronomic
input for smallholder farmers in West Africa
(Bishnoi ez al., 2023).

Soil microbial communities, particularly bac-
teria and fungi in the rhizosphere, constitute
the biological engine driving nutrient cycling,
organic matter decomposition, and soil
structure formation (Gou ez al, 2023). Soil
enzyme activities, including amylase (starch
hydrolysis), urease (nitrogen mineralization),
and phosphatases (phosphorus cycling),
serve as sensitive indicators of soil biological
quality and are closely linked to microbial
community structure and diversity (Tang ef
al., 2024). Arbuscular mycorrhizal fungi
(AMF) form obligate mutualistic symbioses
with the roots of approximately 80% of vas-
cular plant species, including rice, thereby
enhancing phosphorus uptake, drought tol-
erance, disease resistance, and root architec-
ture (Guigard ez al, 2023; Xu et al., 2024).
The interplay among Nano fertilizer applica-
tion, microbial ecology, enzymatic activity,
and AMF symbiosis in the paddy rhizo-
sphere remains poorly characterized, particu-
larly for improved West African rice varie-
ties.

Despite growing evidence of the agronomic
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benefits of Nano-fertilizers, integrated as-
sessments that concurrently evaluate effects
on microbial populations, enzyme activities,
AMF community structure, root morpholo-
gy, and nutrient availability in tropical rice
systems remain scarce. Elucidating these
integrated biological responses is essential
for developing evidence-based nano-
fertilizer management protocols adapted to
sub-Saharan African lowland rice produc-
tion environments. This study was de-
signed to: determine the effects of graded
NPK  Nano-fertilizer application on soil
bacterial and fungal populations; determine
impacts on soil enzyme activities; character-
ize AMF genus-level diversity, spore density
and root colonization; determine soil nutri-
ent availability and root morphological re-
sponses; establish multivariate relationships
among measured parameters using PCA,
Pearson correlation, and dose-response
analyses.

MATERIALS AND METHODS

Experimental Site and Soil Preparation

The experiment was conducted in 2024 at
the screen house of the College of Plant
Science and Crop Production
(COLPLANT), Federal University of Agfi-
culture, Abeokuta (FUNAAB), Ogun State,
Nigeria (latitude 7°15'N, longitude 3°25'E;
altitude ~75 m a.s.Ll.). The study site is locat-
ed within the tropical rainforest-derived sa-
vanna transition zone, characterized by bi-
modal rainfall (mean annual rainfall: 1,200—
1,400 mm), ambient temperatures ranging
from 25 to 33°C, and relative humidity of
75-85%. Soil samples for the experiment
were collected from the FADAMA lowland
area at 0-20 cm depths, air-dried under
shade to constant weight and thoroughly
homogenized by mixing. Eight (8) kilo-
grams of the prepared soil were packed into
10 kg-capacity polyethylene buckets, which

served as individual experimental units.

Experimental Design and Treatments
The experiment was laid out in a 4 X 2 facto-
rial arrangement in a Completely Random-
ized Design (CRD), replicated three times (n
= 24 experimental units). Factor A com-
prised four NPK Nano fertilizer application
rates: T1 = Control (no NPK Nano fertiliz-
er), T2 = 50% NPK Nano fertilizer, T3 =
75% NPK Nano fertilizer and T4 = 100%
NPK Nano fertilizer. Factor B comprised
two lowland rice varieties: V1 = NERICA L-
19 (New Rice for Africa) and V2 = WITA-4
(West Africa and Indian varieties Timor).
These varieties were selected based on their
widespread adoption and agronomic im-
portance in West African lowland rice pro-
duction systems.

Preparation of NPK Nano fertilizer Us-
ing Banana Peel Extract

Uncontaminated, ripe banana (Musa acumina-
ta) peels were collected, thoroughly washed
with distilled water to remove surface impu-
rities, and dried at 65°C in a forced-draft ov-
en to constant weight. The dried peels were
cut into small pieces and crushed with a
mortar and pestle to increase the surface area
available for bioactive compound extraction.
The extraction process involved boiling 1 kg
of crushed peel material in 5 litres of distilled
water at 100°C for 2 hours under reflux con-
ditions. Following extraction, the solvent—
peel mixture was vacuum-filtered through
Whatman No. 1 filter paper to remove par-
ticulate residues. The resulting liquid extract
(Nanosizer) was stored at 4°C until use.
NPK nano fertilizer was prepared by dissolv-
ing pre-calculated quantities of compound
0.95 g/L. of NPK (15:15:15) fertilizer into
the banana peel nanosizer solution at a mix-
ing ratio of 1:5 (NPK Nanosizer, w/v). The
Nano-formulated fertilizer was incorporated
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into the experimental soil at the respective
application rates before transplanting.

Rice Varieties and Transplanting

Seeds of NERICA L-19 and WITA-4 were
surface-sterilized with 0.1% sodium hypo-
chlorite for 5 minutes, rinsed with distilled
water, and pre-germinated on moist filter
paper. Fourteen-day-old uniform seedlings
were transplanted at 2 seedlings per experi-
mental bucket at 15 kg of soil per bucket.
Routine irrigation was applied to maintain
field capacity. No additional fertilizer was
applied beyond the experimental nano-
NPK treatments (0.95 g/L of NPK
(15:15:15) fertilizer into the banana peel na-
nosizer solution at a mixing ratio of 1:5
(NPK nanosizet, w/v).

Microbial Population Enumeration
Rhizospheric soil samples were collected
aseptically at 10 weeks after transplanting
(10 WAT) using a sterile sampling device.
Bacterial populations were determined by
the standard serial dilution pour-plate meth-
od on Nutrient Agar (NA; Oxoid), with in-
cubation at 28°C for 24-48 hours. Colonies
were counted and expressed as CFU g
oven-dry soil. Fungal populations were
quantified on Potato Dextrose Agar (PDA;
HiMedia) supplemented with 100 pg mL™
streptomycin sulfate, with incubation at 25°
C for 5-7 days in the dark. Fungal colonies
were expressed as CFU g™ dry soil.

Soil Enzyme Assays

Soil enzyme activities were determined
from freshly collected rhizosphere soil sam-
ples within 24 hours of collection. Amylase
activity was measured by incubating 1 g of
soil with 0.5% starch solution at 37°C for 1
hour, and quantifying the released glucose
colorimetrically. Protease activity was deter-
mined by the casein hydrolysis method, ure-

ase by the phenol-indophenol colorimetric
method (Kandeler and Gerber, 1988), and
sulphatase by the p-nitrophenol release
method (Tabatabai and Bremner, 1969). Ac-
id phosphatase (ACPA), alkaline phospha-
tase (ALPA), and neutral phosphatase
(NEPA) were measured by the p-nitrophenyl
phosphate method at the appropriate pH
(pH 6.5, 11.0, and 7.0, respectively). All en-
zyme activities were expressed as mg sub-
strate kg™! dry soil h™".

AMEF Spore Counting and Species Identi-
fication

Rhizospheric soil (0—15 ¢cm depth) was ran-
domly sampled from each pot at 10 WAT.
Three 20 g soil subsamples were wet-sieved
through a 45-710 pm sieve series using a
method modified from Gerdemann and Nic-
olson (1963) to ensure efficient spore recov-
ery from the fine-textured paddy soil. The
sieved fraction was subjected to centrifuga-
tion at 1,500 rpm for 3 minutes in a 40%
sucrose solution (Jenkins, 1964) to concen-
trate spores. Spores were counted under a
dissecting microscope at X80 magnification.
AMF genera were identified based on spore
morphological characteristics (size, colour,
wall structure, germination shields) according
to INVAM taxonomic guidelines (Schenck
& Perez 1990).

Root Staining and AMF Colonization As-
sessment

Root samples were carefully excavated from
the rhizosphere at harvest (10 WAT). Fine
roots were cleared using 10% KOH at 90°C
for 45 minutes, followed by acidification in
1% HCI for 3 minutes. Cleared roots were
stained with 0.02 g ™" trypan blue dissolved
in a 1:1:1 mixture of distilled water, glycerol,
and lactic acid following the method of Phil-
lips and Hayman (1970). Stained root seg-
ments (~1 cm long) were mounted on glass
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slides in glycerol and observed under a
compound microscope at X100—x400 mag-
nifications. Percentage colonization of ar-
buscules, hyphae, and vesicles was deter-
mined using the grid-line intersect method
(Glovannetti and Mosse, 1980) across 100
intersections per root sample.

Selected Soil Nutrient Analysis

Total nitrogen was determined by the micro
-Kjeldahl digestion and distillation method
(Bremner, 1965), using 1 g air-dried soil di-
gested with concentrated H2SO4 and a cata-
lyst mixture, followed by steam distillation
into 2% boric acid and titration with stand-
ardized HCI. Available phosphorus was ex-
tracted using the Bray No. 1 method (Bray
and Kurtz, 1945) and quantified at 650 nm
using ammonium molybdate—blue colour
development on a spectrophotometer.
Available potassium was extracted with 1 M
ammonium acetate and measured by flame
photometry.

Root Morphological Measurements

At harvest (10 WAT), root systems were
carefully washed free of soil. Root length
was measured with a metric ruler, root di-
ameter with a digital vernier calliper, and
root volume calculated using the geometric
formula nr*h (where r = mean root radius
and h = root length). Root fresh weight was
recorded immediately after washing, and
root dry weight was determined after oven-

drying at 70°C for 72 hours.

Statistical Analysis

All data were subjected to two-way Analysis
of Variance (ANOVA) using GenStat 17th
Edition (VSN International, UK). Treat-
ment means were compared using the Least
Significant Difference (LSD) test at the 5%
probability level (P = 0.05). Pearson corre-
lation coefficients among all measured pa-

rameters were computed to quantify bivari-
ate relationships. Principal Component Anal-
ysis (PCA) was performed on standardized (z
-score normalized) data to identify dominant
patterns of variation across treatments and
variables. Polynomial dose response curves
were fitted using the polyfit function in Py-
thon 3.11 (NumPy v1.26). All graphical out-
puts were generated using matplotlib v3.8
and seaborn v0.13.

RESULTS AND DISCUSSION
Microbial Population Dynamics
Eftect of NPK Nano fertilizer and low-
Iland rice varieties on soil bacterial and
fungal population counts at 10 weeks af-
ter transplanting (WAT)
Soil bacterial populations were significantly
influenced by NPK Nano fertilizer treatment
(P = 0.05), but not by rice variety (Table 1).
The 100 % Nano priming treatment pro-
duced the highest bacterial count (9.9 X 10°
CFU g™), followed by 50% Nano priming
(9.4 x 10° CFU g™), while the untreated
control recorded the lowest count (1.4 X 10°
CFU g™). This 7-fold elevation in bacterial
populations under Nano fertilizer treatments
relative to the control aligns with findings
from Maloth e a/. (2024), who reported sub-
stantial rhizosphere microbial biomass stim-
ulation following combined Nano-nitrogen
and Nano-phosphorus application in paddy
rice. The bacterial proliferation under Nano
fertilizer treatment is attributable to the en-
hanced supply of labile carbon and nitrogen
from Nano carrier surfaces and their interac-
tion with soil organic matter, which creates a
more favorable energetic environment for
bacterial growth (Kalwani ez a/, 2022; Gou et
al., 2023).

Fungal populations showed significant treat-
ment effects and a significant variety X treat-
ment interaction (V X T = 8.1 X 10%), with
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the 50% Nano priming treatment recording
the highest fungal count (19.0 X 10° CFU
g ") - Table 1.

The significant interaction indicates that the
rhizospheric environment created by NE-
RICA L-19 and WITA-4 differentially mod-
ulates fungal community dynamics under
Nano fertilizer application (Fig 1). This gen-
otype-specific rhizosphere effect likely re-
flects differences in root exudate composi-
tion and quantity between the two varieties,
which are known to shape fungal communi-
ty structure in paddy soils (Guigard ef al,
2023). The elevated fungal populations un-
der intermediate Nano fertilizer rates (50%
and hydro-priming) compared to 75% and
100% rates (Fig. 1) may reflect an optimal
nutrient concentration window for sapro-
phytic and mycorrhizal fungal growth, be-
yond which nutrient-induced changes in soil
osmotic potential or direct nanoparticle ef-
fects may inhibit some fungal species (Singh
et al., 2024).

Soil Enzyme Activities

Eftect of NPK Nano fertilizer and low-
Iand rice varieties on soil enzyme activi-
ties at 10 WAT

Soil enzyme activities were significantly af-
fected by NPK Nano fertilizer treatment,
but varietal differences were non-significant
for all enzymes measured (Table 2). Amyl-
ase activity showed the most pronounced
response, increasing by 91% from the con-
trol (315.0 mg kg™) to the 100% Nano
priming treatment (601.4 mg kg™). Similar-
ly, urease activity increased progressively
from 21.80 (control) to 2490 mg kg
(100% nano), and ALPA from 122.03 to
138.6 mg kg™ (Table 2).

Significant variety X treatment interactions
were observed for urease (V X N = 0.57),

ACPA (1.126), ALPA (1.202), and NEPA
(1.106), indicating that varietal differences in
rhizosphere ecology modulate enzyme re-
sponses to Nano fertilizer, even though the

main variety effect was not significant (Fig
2).

The progressive stimulation of amylase activ-
ity with increasing Nano fertilizer rate re-
flects an enhancement of the polysaccharide-
decomposing microbial community in the
rhizosphere, consistent with the 7-fold in-
crease in bacterial populations observed un-
der these treatments (100% nano). The dose-
dependent urease stimulation is of particular
agronomic significance, as it implies im-
proved urea hydrolysis and nitrogen mineral-
ization capacity in the paddy rhizosphere, a
critical prerequisite for efficient nitrogen nu-
trition in lowland rice (Tang ez al, 2024). The
monotonic increase in ALPA activity with
Nano fertilizer rate confirms that alkaline
phosphatase-mediated phosphorus minerali-
zation was progressively enhanced, which
may partially explain why bulk soil available
P was not significantly elevated: P released
enzymatically was immediately taken up by
plants and mycorrhizal hyphae (Maloth ez a/,
2024; Mulyadi and Jiang, 2023).

AMF Genus Diversity and Spore Popula-
tion

Effect of NPK Nano fertilizer and low-
Iand rice varieties on AMF genus diversi-
ty and spore population at 10 WAT

Five AMF genera were identified in rhizo-
sphere soil across all treatments: Acanlospora,
Funneliformis, Gigaspora, Glomus, and Rhizopha-
gus (Table 3). Acaunlospora spp. was the most
abundant genus, with counts ranging from
47.2 to 117.0 spores/50 g dwt. A significant
variety X Nano fertilizer interaction was ob-
served for Acanlospora and Glomus, indicating
genotype-specific community  structuring.
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WITA-4 harboured significantly higher G/o-
mus and Rhizophagus populations than NE-
RICA L-19, while NERICA L-19 supported
higher Acaulospora spore densities (Fig 3a).
These genus-level differences between vari-
eties likely reflect the influence of root ar-
chitecture and exudate chemistry on AMF
community assembly in the rhizosphere

(Guigard ez al,, 2023).

Total AMF spore density was highest in the
control treatment (240 spores/50 g dwt)
and declined progressively with increasing
Nano fertilizer application to 152 spores/50
g dwt under 100% Nano priming (Fig 3b).
This inverse dose response pattern reflects
the well-established phosphorus-mediated
feedback regulation of AMF sporulation:
elevated rhizosphere phosphorus availability
under Nano fertilizer application reduces
the nutrient limitation that drives sporula-
tion as a fungal survival = strategy
(Feddermann ez al, 2010; Zhang et al,
2019). Active root colonization parameters
increased statistically under these same
treatments, confirming that reduced spore
counts do not equate to reduced AMF
functionality.

AMYF Root Colonization Parameters
Eftect of NPK Nano fertilizer and low-
Iand rice varieties on AMF root coloni-
zation parameters at 10 WAT

AMF root colonization was significantly
enhanced by NPK Nano fertilizer applica-
tion (Table 4). The 100% Nano priming
treatment achieved the highest arbuscule
colonization (74.33%), hyphae colonization
(49.50%), and vesicle formation (30.00%),
compared to 38.08%, 21.83%, and 14.75%
under the unfertilized control, representing
increases of 95%, 127%, and 103%, respec-
tively. All four treatment means formed dis-
tinct groups for each colonization parame-

ter (100% > 75% > 50% > Control),
(arbuscules), (hyphae), (vesicles) — Table 4.
The significant variety X Nano fertilizer in-
teractions for all colonization parameters
indicate that the two rice varieties exhibit
distinct mycorrhizal responsiveness profiles
under Nano fertilizer application (Fig 4).

The pronounced dose-dependent enhance-
ment of AMF root colonization under NPK
Nano fertilizer application is an important
and notable finding that challenges the con-
ventional assumption that mineral fertilizer
application suppresses mycorrhizal coloniza-
tion. Emerging evidence suggests that Nano-
fertilizer formulations, unlike bulk mineral
fertilizers, may circumvent the phosphorus
luxury effect by delivering nutrients in a slow
-release, spatially targeted manner that main-
tains the phosphorus limitation signal in the
immediate hyphal microenvironment while
improving overall plant nutrition (Maloth ef
al., 2024; Sahoo et al, 2024). The bioactive
compounds in banana peel extract
(polyphenols, flavonoids) that coat the Nano
-NPK particles may enhance the rhizospher-
ic signaling environment favorable for AMF
colonization initiation, including the produc-
tion of strigolactones (Xu ez al., 2024).

The substantially higher arbuscule density
(74.33%) under 100% Nano priming is of
particular functional significance, as ar-
buscules are the primary sites of nutrient ex-
change between the host plant and AMF,
and their abundance is directly correlated
with the efficiency of mycorrhiza-mediated
phosphorus, micronutrient, and water acqui-
sition in rice (Guigard ez al, 2023; Mulyadi
and Jiang, 2023). The concomitant increase
in vesicle formation reflects enhanced fungal
carbon storage and indicates a vigorous and
metabolically active AMF symbiosis under
Nano fertilizer application.
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Soil Nutrient Availability

Effect of NPK Nano fertilizer and low-
Iand rice varieties on rhizosphere soil
nutrient availability at 10 WAT

Total nitrogen, available phosphorus, and
available potassium in rhizosphere soil were
not significantly influenced by NPK Nano
fertilizer treatment or rice variety at 10
WAT (Table 5). Although treatment trends
were visible particularly a 41% higher total
N under 75% Nano priming (0.024%) com-
pared to the control (0.017%), and the high-
est available K under 100% Nano priming
(0.0150 cmol kg™) these differences did not
reach statistical significance, possibly due to
the inherent within-pot variability and the
relatively small differences in absolute nutri-
ent concentrations.

The absence of significant treatment effects
on soil nutrient pools, despite clear en-
hancement of microbial activity and enzy-
matic nutrient cycling, is mechanistically
consistent with the hypothesis that Nano
fertilizer enhanced biological activity pro-
motes nutrient transformation and release
while simultaneously stimulating plant up-
take efficiency through the expanded AMF
hyphal network. The mycorrhizal hyphal
network, which can extend several centime-
tres beyond the root depletion zone, effec-
tively intercepted nutrients as they were re-
leased from the Nano carrier, preventing
their accumulation in bulk soil (Mulyadi and
Jiang, 2023; Feddermann ez al, 2010). This
interpretation aligns with previous observa-
tions that Nano fertilizer application can
maintain stable soil nutrient levels while
improving crop nutrient use efficiency
through biological pathway optimization
(Sahoo ¢ al., 2024; Kekeli ez al., 2025).

Root Morphological Parameters

Effect of NPK Nano fertilizer and low-
Iand rice varieties on root morphological
parameters at 10 WAT

Root morphological parameters showed sig-
nificant varietal differences for root length,
with NERICA L-19 producing significantly
longer roots (42.3 cm) than WITA-4 (37.0
cm) - Table 6. Root fresh weight was signifi-
cantly influenced by NPK Nano fertilizer
treatment, with 100% Nano priming record-
ing the highest root fresh weight (42.5 g),
and 50% Nano priming the lowest (26.5 g).
The non-significant treatment effect on root
length suggests that genetic factors in these
varieties primarily determine root elongation,
while root biomass accumulation is more
responsive to improved nutrient availability
under Nano fertilizer application.

The stimulation of root fresh weight under
100% Nano priming, combined with the sig-
nificant enhancement of AMF arbuscule and
vesicle colonization, is consistent with the
well-established positive feedback between
mycorrhizal colonization and root biomass
production in rice. AMF colonized roots ex-
hibit increased cortical cell turgor, greater
metabolic activity, and enhanced branching
density (Guigard ef al, 2023), all of which
contribute to greater root fresh weight. The
differential response between root fresh
weight (significant under Nano fertilizer) and
root dry weight (non-significant) suggests
that the primary effect of Nano fertilizer on
root biomass is mediated through hydration
and turgidity of the mycorrhizal cortical cells
rather than structural dry matter accumula-
tion at this early growth stage (10 WAT).
The significant variety X treatment interac-
tion for all root parameters (Table 6) further
confirms that NERICA 1.-19 and WITA-4
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exhibit distinct root developmental respons-
es to Nano fertilizer application.

Multivariate Analysis: PCA, Correlation,
and Dose-Response biplot of the stand-
ardized soil biological and root morpho-
logical parameters across NPK Nano
fertilizer treatments and rice varieties

PCA of the combined dataset effectively
separated the four Nano fertilizer treatment
groups along PC1 and PC2 (Fig. 7). PC1
captured the dominant axis of biological
variation, with strong positive loadings for
amylase activity, AMF arbuscule and hyphae
colonization, bacterial count, ALPA, and
urease. The 100% Nano priming treatments
clustered distinctly in the positive PCI
quadrant, while the control treatments clus-
tered in the negative PC1 space, confirming
that Nano fertilizer application rate is the
primary driver of rhizosphere biological dif-
ferentiation. PC2 partially separated the two
rice varieties and captured variation in root
morphological parameters and _Acaulospora
vs. Glommus spore densities. This biplot archi-
tecture confirms the functional coherence
of the rhizosphere biological response to

Nano fertilizer application and the genotypic
modulation of specific community compo-
nents.

Pearson correlation analysis revealed strong
positive associations among bacterial count
and amylase (r = 0.94), AMF arbuscule colo-
nization and ALPA (r = 0.91), and urease
with all phosphatase activities (r > 0.85) -
Fig. 8. These robust interrelationships con-
firm the functional integration of microbial
community composition, enzymatic nutrient
cycling and AMF symbiosis in the paddy rhi-
zosphere, and are consistent with the frame-
work that these biological components con-
stitute a coupled, self-reinforcing system
(Kalwani ez al., 2022; Tang et al, 2024). The
strong positive correlation between bacterial
counts and amylase activity reflects the direct
contribution of bacteria to amylolytic en-
zyme production in the rhizosphere. The
coherent positive correlation among phos-
phatase activities and AMF colonization con-
firms that mycorrhizal hyphae are significant
producers and inducers of phosphatase ac-
tivity in paddy soil systems (Maloth ez al,
2024).

Table 1: Effect of NPK Nano fertilizer and lowland rice varieties on soil bacterial
and fungal population counts at 10 weeks after transplanting (WAT)

Rice Variety Bacteria Count (x 105 CFU g) Fungi Count (x 103 CFU g1)
NERICA L-19 6.1 1.6
WITA-4 8.0 1.3
LSD (0.05) ns ns

NPK Nano-priming
Control 1.4 9.0
50% NPK Nano 9.4 19.0
75% NPK Nano 7.5 15.0
100% NPK Nano (Hydro) 9.9 17.0
LSD (0.05) 3.0 6.6
Variety X Treatment ns 8.1

ns = not significant; CEU = colony-forming units; Means are averages of three replications.
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Dose-response analysis (Fig. 9) demonstrat-
ed near-linear positive relationships be-
tween Nano fertilizer application rate and
amylase activity (R* = 0.975), AMF ar-
buscule colonization (R* = 0.986), and
ALPA (R* = 0.961), confirming highly pre-
dictable, dose-dependent biological re-
sponses across the tested rate range. These
high R? values validate the consistency and
reliability of the Nano fertilizer treatment

effects and suggest that further increases in
application rate above 100% may yield addi-
tional biological benefits, subject to phyto-
toxicity assessment and economic analysis.
The radar plot (Fig. 10) provides a compre-
hensive visual summary, clearly showing that
the 100% Nano priming treatment achieved
the highest relative performance across all
six key biological indicators, while the con-
trol consistently showed the lowest normal-
ized values.

Table 2: Effect of NPK Nano fertilizer and lowland rice varieties on soil enzyme

activities at 10 WAT

Phosphatase

Treatment Amylase Protease  Sulphatase Utrease = ACPA ALPA NEPA

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Variety
NERICA 457.9 9.62 16.26 23.32 21.47 12881  90.44
WITA 455.8 9.58 18.33 23.38 21.63 12897 90.56
LSD ns ns ns ns ns ns ns
NPK
Nano-priming
Control 315 9.21 15.59 21.80 19.51 12203  89.3
50% Nano 420.8 8.82 16.61 23.13 20.78 12481 90
75% Nano 490.3 10.1 17 23.58 21.81 130.14  91.15
100% Nano 601.4 10.26 19.97 24.90 24.09 138.6 91.55
LSD (0.05) 8.68 1.34 ns 0.46 0.917 0.80 0.73
Var x Nano ns ns ns 0.57 1.126 1.202 1.16

ns = not significant; ACPA = acid phosphatase; ALPA = alkaline phosphatase; NEPA = nentral phosphatase. .SD

values shown where significant.
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Table 3: Effect of NPK Nano fertilizer and lowland rice varieties on AMF genus diversity
and spore population at 10 WAT

Acaulospora  Funneliformis ~ Gigaspora  Glomus  Rhizophagus Spore

spp spp spp spp spp 50 g dwt
Variety
NERICA L-19  69.8 38.8 212 29.5 30.0 170
WITA-4 66.9 42.8 1.25 34.0 38.6 184
LSD ns ns ns ns ns ns
NPK
Nano-priming
Control 117.0 39.8 3.75 38.8 41.2 240
50% Nano 58.0 47.5 1.00 31.2 38.0 176
75% Nano 47.2 44.0 0.50 22.2 24.5 138
100% Nano 51.0 31.8 1.50 34.8 33.5 152
LSD 30.22 ns ns ns ns 73.9
Var x Nano 37.86 ns ns 29.54 ns 96.6

ns = not significant; All spore connts excpressed per 50 g dry weight soil. Means not significantly different at P <
0.05 share no letters within columns.

Table 4: Effect of NPK Nano fertilizer and lowland rice varieties on AMF root colonization
parameters at 10 WAT.

Treatment Arbuscules Hyphae Vesicle
Rice Variety
NERICA L-19 57.54 38.33 24.25
WITA-4 55.00 36.08 22.62
LSD (0.05) 1.00 0.62 1.35
NPK Nano-priming
Control 38.08 21.83 14.75
50% Nano 48.83 34.00 22.00
75% Nano 63.83 43.50 27.00
100% Nano 74.33 49.50 30.00
LSD (0.05) 1.211 1.148 0.952
Var x Nano 1.544 1.429 1.345

Means within a column followed by different letters differ significantly at P < 0.05 (1LSD). a > b > ¢ > d indicates
descending significance.
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Table 5: Effect of NPK Nano fertilizer and lowland rice varieties on rhizosphere soil
nutrient availability at 10 WAT.

Treatment Total Nitrogen Available Phospho-  Available Potassium
(%) rus (mgkg-1) (cmolkg-)
Rice Variety
NERICA L-19 0.019 1.055 0.0130
WITA-4 0.021 1.114 0.0139
LSD ns ns ns

NPK Nano-priming

Control 0.017 1.196 0.0124
50% Nano 0.020 1.024 0.0117
75% Nano 0.024 0.988 0.0147
100% Nano 0.020 1.132 0.0150
LSD ns ns ns
Var x Nano ns ns ns

ns = not significant at P < 0.05 for all comparisons. Means are averages of three replications.

Table 6: Effect of NPK Nano fertilizer and lowland rice varieties on root morphological
parameters at 10 WAT.

Root diameter  Root length Root volume RootDry  Root fresh

Treatment (cm) (cm) (cm?) weight (g) weight (g)
Rice Variety
NERICA L-19  6.96 423 a 2012 12.53 43.6
WITA-4 8.49 37.0b 3116 7.54 27.5
LSD (0.05) ns 1.47 ns ns ns
NPK Nano-priming
Control 7.67 43.0 2522 11.95 38.5
50% Nano 9.98 37.3 4418 7.11 26.5
75% Nano 5.45 39.6 972 10.20 34.6
100% Nano 7.81 38.8 2343 10.89 42.5
LSD ns ns ns ns 12.52
Var x Nano 8.107 10.93 5686.4 9.824 19.42

ns = not significant; Means within columns followed by different letters differ at P < 0.05 (LLSD fest).
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Fig. 1: Effect of NPK Nano fertilizer treatments on: (a) soil bacterial population (x10° CFU g7); (b) soil fungal population
(x10° CFU g'). Error bars represent tstandard error of the mean (n = 3). Bars sharing no letters differ significantly at P <
0.05.

(a) Amylase Activity (b) Urease Activity
B MERICA L-19 B NERICA L-19
600 pmy wiTa-4 257 mm wias
500 4
20 4
2 400 4 o
o = 15 4
£ £
g 300 4 E
B u i
é 5 10
2004
5 -
100 4
0- 0
Control 50% Nano 75% Nano 100% Nano Control 50% Nano 75% Nano 100% Nano
(c) ALPA Activity (d) Protease Activity
140 { HEE NERICA L-19 B NERICA L19
N WITA-4 10 - EEE WITA-4
1201
8
100 4 i
= o
o™ -
- B0 g 61
: i
£ 60 2
<< 2 44
a
40 A
2 -
20
0- 0-
Control 50% Nano 75% Nano 100% Nano Control 50% Nano 75% Nano 100% Nano

Fig. 2: Effect of NPK Nano fertiliger treatments and rice varieties on: (a) ampylase; (b) urease; (c) alkaline phosphatase
(ALPA); (d) protease activities in rhizosphere soil at 10 WAT. Error bars = 2SE (n = 3). Blue bars = NERICA 1.-19;
red bars = WITAA.
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(a) AMF Species Diversity by Variety (b) AMF Spore Count by Nano-Fertilizer Treatment
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Fig. 3: Effect of AME genus on: (a) AME genns level spore diversity by rice variety; (b) total AME spore connt per
50 g dry weight soil under NPK Nano fertilizer treatments. Error bars = £SE. Species abbreviations are in italics.
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Fig. 4: AMF root colonization parameters: (a) arbuscule; (b) hyphae; (c) vesicle colonization percentages—as a func-
tion of NPK Nano fertilizer treatment rate. Bars labelled with different letters differ significantly (P < 0.05). Error
bars = £5E (n = 3).
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Fig. 6: Effect of NPK Nano fertilizer treatments on: (a) root length; (b) root fresh weight in lowland rice varieties at
10 WAT. Error bars = *SE (n = 3).
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Fig. 9: Polynomial dose response curves of relationship between NPK Nano fertilizer application rate and amylase
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Fig. 10: Radar (spider web) of the normalized relative performance index (proportion of treatment maximum,) of six
key soil-biological indicators across NPK Nano fertilizer treatment rates.
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CONCLUSION

This study provides the integrated assess-
ment of the effects of green-synthesized
NPK Nano fertilizer using banana peel ex-
tract as a sustainable biosynthesis agent on
the full spectrum of rhizosphere biological
properties in lowland paddy rice produc-
tion.

The following key conclusions are drawn:
Applying NPK Nano fertilizer at 12.5 - 25
kg/ha rates significantly elevated soil bacte-
rial up to 7-fold and fungal populations up
to 2.1-fold relative to the unfertilized con-
trol, with significant variety X treatment
interaction effects on fungal community
dynamics.

Soil enzyme activities, particularly amylase,
urease and alkaline phosphatase, increased
progressively and significantly with NPK
Nano fertilizer rate, with 100% Nano prim-
ing consistently recording the highest enzy-
matic capacity.

AMF root colonization of arbuscules, hy-
phae, and vesicles was significantly and dose
-dependently enhanced by NPK Nano ferti-
lizer application, with 100% Nano priming
achieving 74.33%, 49.50%, and 30.00% col-
onization, nearly double the control values.
Five AMF genera were recovered from the
rhizosphere, with genus-level composition
showing significant variety-specific differen-
tiation.

Despite robust microbial and enzymatic
stimulation, bulk soil nutrient availability
was not significantly altered, suggesting effi-
cient biologically mediated nutrient cycling
and mycorrhizal uptake prevented soil nu-
trient pool accumulation.

NERICA L-19 demonstrated superior root

elongation, while 100% Nano priming pro-
duced the highest root fresh weight. There
are consistent treatment-driven biological
responses, with high predictability (R* >
0.96).

NPK Nano fertilizer, particularly at 75—
100% rate (18.75 — 25 Kg/ha), is established
as a highly effective rhizosphere-enhancing
technology for sustainable lowland rice pro-
duction in West Africa.
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