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Abstract. Purba JH, Suarmika IGM, Prabawa PS. 2026. Optimizing banana corm-based local microorganisms for reduced NPK
fertilization in pak choi (Brassica rapa). Asian J Agric 10 (1): gl00145. https://doi.org/10.13057/asianjagric/gl00145. This study
evaluated the effectiveness of banana corm-based local microorganisms (MOL) in reducing inorganic NPK fertilizer, particularly
nitrogen, phosphorus, and potassium, inputs while maintaining pak choi (Brassica rapa) productivity, as measured by fresh and oven-
dry biomass. This study quantitatively evaluates MOL x NPK interactions and identifies the agronomic optimum MOL dose using
regression analysis, a topic that has rarely been addressed in previous MOL studies. The experiment was conducted from December
2023 to February 2024 in a lowland tropical agroecosystem in Bali, Indonesia, using a factorial Randomized Complete Block Design
with two factors: three MOL doses (0, 30, and 60 mL polybag™) and four NPK levels (100%, 75%, 50%, and 25% of the recommended
dose). Growth and yield parameters included plant height, leaf number, leaf area, and fresh and oven-dry biomass of shoots, roots, and
total plants. Analysis of variance showed that MOL application significantly affected leaf area, root biomass, and total biomass (p <
0.05), whereas NPK level alone was not significant. However, a significant MOL % NPK interaction was observed for root and total
biomass (p < 0.05). The 30 mL MOL treatment combined with 50-75% NPK produced the highest biomass, indicating a synergistic
effect and allowing up to a 50% reduction in inorganic NPK fertilizer without loss of productivity. Quadratic regression analysis
identified an agronomic optimum MOL dose of approximately 33 mL polybag™ under reduced NPK conditions (R? = 0.82). This study
provides quantitative evidence that integrating MOL with reduced NPK fertilization improves nutrient-use efficiency in pak choi
cultivation. However, the results are based on a short-term pot experiment, and field-scale validation is required. The integration of
locally available organic microbial inputs offers a promising approach to support more sustainable and cost-effective vegetable
production systems.
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INTRODUCTION particularly sensitive to fertilizer management strategies.

Farmers often apply NPK fertilizers at or above

The intensification of vegetable production systems has
been strongly associated with increased dependence on
inorganic fertilizers, particularly nitrogen, phosphorus, and
potassium (NPK), to achieve rapid biomass accumulation
and high marketable yields. While these inputs have
contributed substantially to productivity gains, their
excessive and inefficient use has resulted in declining soil
quality, reduced microbial diversity, nutrient imbalances,
and environmental pollution through leaching and
greenhouse gas emissions (Tiwari et al. 2023; Purba 2025;
Nikmatullah et al. 2026). These challenges are especially
pronounced in short-cycle leafy vegetables such as pak
choi (Brassica rapa), which are commonly cultivated under
high-input regimes in Southeast Asia to meet continuous
market demand. Similar patterns of fertilizer overuse and
associated environmental risks have been reported in
intensive leafy vegetable systems worldwide, including in
Asia, Europe, and peri-urban production areas in
developing regions, highlighting the global relevance of
sustainable nutrient management strategies (Wu et al.
2024).

Pak choi is a fast-growing leafy vegetable with high
nutrient requirements over a short growth period, making it

recommended rates to avoid yield penalties, despite rising
input costs and increasing awareness of environmental
risks. Consequently, there is growing interest in alternative
or complementary nutrient management approaches that
can improve nutrient-use efficiency while reducing
dependence on synthetic fertilizers (Rehman et al. 2022).
Biofertilizers and biostimulants have emerged as
promising tools to address these challenges by enhancing
nutrient availability, stimulating root development, and
improving plant physiological performance (Muliarta and
Purba 2020; Muttulani 2025; Setyaningrum et al. 2025).
One such input is banana corm-based local microorganisms
(MOL), a locally produced biofertilizer commonly derived
from agricultural residues and fermented substrates
(Anderson et al. 2019; Du et al. 2021). Banana corm-based
MOL is of particular interest because banana corms are
abundant agricultural by-products rich in potassium,
carbohydrates, and naturally occurring beneficial
microorganisms loss (Kumari et al. 2020). Previous studies
have reported positive effects of banana corm MOL on
vegetative growth and yield in several crops (Haruna et al.
2025; Amri et al. 2026). However, reported responses are
often inconsistent across crops and application rates, and
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most studies evaluate MOL in isolation without
systematically examining its interaction with mineral
fertilizers.

A key limitation of existing MOL research is the lack of
factorial experimental designs that combine MOL with
graded reductions in inorganic NPK fertilizer. As a result,
it remains unclear to what extent MOL can compensate for
reduced mineral inputs or whether synergistic effects occur
under reduced fertilization levels. In addition, dose-
response relationships for MOL are rarely quantified, and
many studies rely solely on mean comparisons without
regression-based optimization. These gaps limit the
development of evidence-based recommendations for
integrated nutrient management.

Therefore, the present study aimed to (i) quantify the
growth and biomass response of pak choi to different doses
of banana corm MOL, (ii) evaluate the interaction between
MOL application and graded reductions in inorganic NPK
fertilizer, and (iii) identify an agronomically optimal MOL
dose capable of maintaining productivity under reduced
NPK inputs. This study hypothesizes that banana corm-
based local microorganisms (MOL) can reduce inorganic
NPK fertilizer requirements in pak choi cultivation without
compromising yield. The study examines the effects of
varying MOL doses combined with reduced NPK levels on
plant growth, biomass production, and nutrient-use
efficiency. The novelty of this study lies in its quantitative
assessment of MOL x NPK interactions within a factorial
framework and the determination of an optimum MOL
dose using regression analysis, providing practical
guidance for reducing inorganic fertilizer use without
compromising yield. By addressing these gaps, this study
contributes to the advancement of integrated nutrient
management strategies for sustainable leafy vegetable
production under intensive cultivation systems.

MATERIALS AND METHODS

Study site and experimental conditions

The experiment was conducted from December 2023 to
February 2024 in Tangguwisia Village, Seririt Sub-district,
Buleleng District, Bali Province, Indonesia (8°11'S,
114°56'E; £30 m a.s.l.). The site represents a lowland
tropical agroecosystem with an average air temperature of
approximately 27°C and relative humidity ranging from
70-85% during the experimental period. The growth
medium consisted of field soil classified as sandy loam
with moderate drainage. Before use, the soil was air-dried
under shade, homogenized, and sieved to remove debris. A
treatment receiving 100% of the locally recommended
NPK dose was included as an agronomic reference to
facilitate interpretation of fertilizer reduction effects under
prevailing soil conditions.

Experimental design and treatments

The study employed a factorial Randomized Complete
Block Design (RCBD) (Gomez and Gomez 1984) with two
treatment factors and three replications. The first factor was
banana corm-based local microorganisms (MOL) dose,

consisting of three levels: 0 mL polybag™ (M0), 30 mL
polybag? (M1), and 60 mL polybag™ (M2). The second
factor was inorganic NPK fertilizer level, applied at four
proportions of the recommended dose: 100% (P4), 75%
(P1), 50% (P2), and 25% (P3). These reduction levels were
selected to reflect realistic fertilizer management scenarios
commonly practiced by pak choi farmers and to identify
thresholds at which yield reduction may occur.

Each treatment combination was applied to one
experimental unit, defined as a single polybag planted with
one pak choi plant. A total of 12 treatment combinations
3 replications resulted in 36 experimental units. Each unit
consisted of 11 polybags, giving a total of 396 plants. Data
were collected from all plants within each experimental
unit and averaged before statistical analysis.

Preparation and application of banana corm MOL

Banana corm MOL was prepared following a standard
fermentation protocol from previous studies (Wulandari et
al. 2009). Fresh banana corms were chopped into small
pieces and mixed with brown sugar as a carbohydrate
source and clean water in a sealed plastic container. The
mixture was fermented anaerobically for 7-10 days at
ambient temperature until a characteristic fermented odor
developed, indicating active microbial growth. After
fermentation, the liquid fraction was filtered to remove
solid residues and stored in airtight containers at room
temperature until application.

Prior to application, the macronutrient content of the
banana corm MOL was analyzed in the laboratory. The
MOL contained total nitrogen (N) of 0.21%, available
phosphorus (P,0Os) of 0.08%, and potassium (K,O) of
0.34% (w/v), indicating its potential contribution as a
supplementary nutrient source in addition to its
biostimulant and microbial functions. MOL was applied
once at the time of planting as a soil drench. The
designated volume (0, 30, or 60 mL polybag™) was diluted
in 250 mL of clean water and poured evenly onto the
growth medium around the plant base.

Planting material and growth medium

Pak choi (B. rapa) seedlings were raised in seed trays
using a mixture of soil, compost, and sand (2:1:1, v/v/v).
Uniform seedlings were transplanted into polybags (30 cm
diameter x 25 cm height) filled with approximately 10 kg
of growth medium prepared from field soil, composted
manure, and sand in the same proportion. This medium
provided sufficient aeration and baseline nutrient
availability for leafy vegetable growth (Pontsho et al.
2024).

Inorganic fertilizer application

The recommended inorganic fertilizer rate for pak choi
in the study area is 250 kg ha™ of NPK (16-16-16). This
rate was converted to an equivalent amount per polybag
and adjusted according to treatment levels as:100%, 75%,
50%, and 25%. Fertilizer was applied in two equal splits: at
transplanting stage and at two weeks after planting (WAP),
following standard management practices for short-cycle
leafy vegetables (Siyum et al. 2022).
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Crop management

Plants were irrigated twice daily to maintain near-field
capacity moisture conditions. Weeds were removed
manually, and no chemical pesticides or additional
fertilizers were applied during the experiment. Pest and
disease incidence was minimal and controlled by removing
affected leaves, ensuring that treatment effects were not
confounded by biotic stress.

Data collection

Growth and yield observations were recorded at the
harvesting stage (35 days after planting). Plant height (in
cm) was measured from the stem base to the tip of the
longest leaf. The number of fully expanded leaves was
counted per plant. Leaf area (cm?) was measured using a
leaf area meter. At harvest, plants were separated into
shoots and roots. Fresh weights (g) were recorded
immediately after harvest, and samples were oven-dried at
70°C until constant weight to determine oven-dry shoot
weight, root biomass, and total dry biomass (Vessey 2003).

Statistical analysis

All data were analyzed using Analysis of Variance
(ANOVA) appropriate for a factorial RCBD to test the
main effects of MOL dose, NPK level, and their
interaction. Prior to analysis, data were examined for
normality and homogeneity of variance. When significant
effects were detected, treatment means were compared
using the Least Significant Difference (LSD) test at the 5%
probability level. Quadratic regression analysis was used to
describe the dose-response relationship between MOL
application and total oven-dry biomass under reduced NPK
conditions. Pearson’s correlation coefficients were
calculated to assess relationships among growth and yield
variables (Munir et al. 2016). All statistical analyses were
performed using Statistical Tool for Agricultural Research
(STAR), Ver. 2.0.1. No specific ethical approval or
experimental permits were required for this study.

RESULTS AND DISCUSSION

Growth responses to banana corm MOL

Banana corm-based local microorganisms (MOL)
application produced clear and statistically significant
improvements in several growth parameters, including leaf
area, root fresh weight, root biomass, and total oven-dry
biomass (p < 0.05). In contrast, plant height and number of
leaves were not significantly affected by either MOL dose,
NPK level, or their interaction (p > 0.05), and therefore are
not discussed further in detail, as biomass-related traits
were more responsive indicators of treatment effects in this
study. Analysis of Variance (ANOVA) for total biomass is
presented in Table 1. The 30 mL polybag™ dose (Ml)
consistently outperformed both the control (M0) and the
higher dose (M2) (Table 2). For example, leaf area
increased by 30.4% from 369.6 cm? in MO to 482.1 cm? in

M1. The performance of plants treated with banana corm
MOL was better than that of plants without banana corm
MOL application, as shown in Figure 1.

The superior performance of the 30 mL polybag™ MOL
treatment suggests that banana corm MOL contributed to
biomass accumulation through mechanisms related to
nutrient supply and root development. Laboratory
characterization showed that banana corm MOL contained
0.21% N, 0.08% P,0s, and 0.34% K,O (w/v), indicating
that MOL provided supplementary macronutrients in
addition to its microbial functions. Although these nutrient
concentrations are relatively low compared with inorganic
fertilizers, their continuous availability in the rhizosphere
may have supported early root growth and nutrient
acquisition, particularly under reduced NPK inputs.

This expansion of photosynthetically active surface area
suggests enhanced light interception capacity, which
directly translates into higher biomass accumulation in
leafy vegetables (Kelly and Runkle 2024). The effect is
likely linked to phytohormones such as auxins, cytokinins,
and gibberellins produced during MOL fermentation,
which stimulate cell division and expansion. Jafar et al.
(2023) reported similar results in leafy greens, where MOL
improved canopy structure and chlorophyll density.

Previous studies have suggested that MOL may contain
phytohormones such as auxins and cytokinins that
stimulate plant growth (Zakria et al. 2026). However, in the
present study, phytohormone content was not directly
measured; therefore, any hormonal effects are inferred
cautiously based on published literature rather than claimed
as demonstrated mechanisms. The discussion thus
emphasizes measured parameters and observable biomass
responses rather than unquantified biochemical pathways.

The application of banana corm-based local
microorganisms (MOL) significantly influenced several
key growth and biomass parameters of pak choi,
particularly leaf area, root biomass, and total biomass.
Across these variables, the 30 mL polybag™’ dose (M1)
consistently produced superior outcomes compared with
both the control (M0) and the higher MOL dose (M2).
These results demonstrate that MOL effectiveness followed
a clear non-linear dose-response pattern rather than a
monotonic increase with application rate.

Table 1. Analysis of Variance (ANOVA) for total biomass

Sourceof ;0 gg MS Fvalue Pr(>F) Remark
Variation

Block 2 19460 09730 043 06547 ns

MOL (M) 2 61.0438 305219 13.55 0.0001  **

NPK (P) 3 11.8006 3.9335 1.75 0.1870  ns

M x P 6 435232 72539 322 0.0201 @ *

Error 22 49.5682 2.2531

Total 35 167.8818

Note: df: Degrees of freedom, SS: Sum of squares, MS: Mean
square, ns: Not significant, *: Significant at p < 0.05, **:
Significant at p < 0.01
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Figure 1. The performance of plants: A. Treated with banana corm MOL, B. Without banana corm MOL application

Table 2. Effect of banana corm MOL dosage on leaf area (cm?),
fresh root weight (g), oven-dry root weight (g), and total biomass
(g) of pak choi plants at harvest (30 days after transplanting)

Leaf Fresh Root Total
Treatment area root biomass biomass

(cm?)  weight (g) (® (®
MO 369.63 a 498 a 0.74 a 723 a
M1 482.12b 740b 1.09b 1041Db
M2 399.98 a 5.53a 0.85a 9.02 a
LSD 5% 72.94 1.24 0.20 1.53

Note: Each number followed by the same letter in the same
column is not significantly different based on the Least
Significant Difference (LSD) at the 5% level

The observed increase in leaf area under M1 treatment
(30.4% relative to M0) is agronomically important, as leaf
expansion directly enhances photosynthetic capacity in
short-cycle leafy vegetables. Rather than attributing this
response solely to generalized “growth stimulation,” the
data suggest that MOL application improved biomass
accumulation through coordinated enhancement of both
above- and below-ground growth. This interpretation is
supported by the strong correlations between leaf area, root
biomass, and total biomass, indicating that MOL effects on
canopy development were closely linked to improved root
system performance (Hwang et al. 2021; Shukla et al.
2020; Tejnecky et al. 2025).

The lack of further improvement at the higher MOL
dose (60 mL polybag™!) suggests that excessive microbial
input may have reduced growth efficiency. Similar
responses have been reported in biofertilizer studies where
high microbial populations temporarily immobilize
nutrients or disrupt rhizosphere balance, particularly in
confined rooting volumes such as polybags. Thus, the
present findings highlight that MOL acts optimally within a
specific dosage range and that over-application does not
confer additional benefits.

Root biomass responded strongly to MOL application,
with fresh root weight increasing from 4.98 g in MO to 7.40
g in M1 and root biomass from 0.74 g to 1.09 g. This

indicates more efficient root system development, which in
turn supports greater nutrient and water uptake The
observed increase in root biomass under Ml
(approximately 47% higher than the control) indicates a
substantial improvement in root system development,
which likely enhanced soil-root contact and resource
acquisition capacity. This interpretation is supported by the
strong positive correlation between root biomass and total
biomass (r > 0.80), suggesting that biofertilizer-induced
modifications in root architecture were a primary driver of
biomass accumulation in this study, rather than a secondary
or generalized effect (Lumbantoruan et al. 2023).
Interestingly, M2 (60 mL) did not further increase growth
and, in some cases, reduced performance, indicating a non-
linear dose—response relationship. This mirrors result in
other short-cycle crops, where excessive microbial
inoculants can cause nutrient immobilization or rhizosphere
imbalances (Hardiman et al. 2016).

Roots fresh and biomass responded strongly to MOL
application, with M1 increasing root dry biomass by
approximately 47% relative to the control. This response is
critical for interpreting overall yield performance, as
correlation analysis revealed root biomass to be the
variable most strongly associated with total biomass
accumulation (r > 0.80). These results indicate that MOL-
mediated yield responses were driven primarily by
enhanced root development rather than by changes in shoot
morphology alone (Cirillo et al. 2023; Mostafa et al. 2024).

From a physiological perspective, improved root
biomass increases the effective soil-root contact area,
which can enhance nutrient and water acquisition
efficiency. While direct measurements of nutrient uptake
were not conducted in this study, the consistent association
between root biomass and total dry matter supports the
conclusion that MOL improved nutrient-use efficiency
rather than simply increasing nutrient availability in the
soil. This distinction is important, as it avoids speculative
claims about nutrient uptake and instead grounds
interpretation in observed plant traits (Cusack et al. 2021;
Holz et al. 2024; Navarro et al. 2025).



PURBA et al. — Banana MOL reduces NPK usage 5/9

NPK rate effects and nutrient-use efficiency

The effect of NPK fertilizer dosage on plant height, leaf
number, and leaf area of pak choi at harvest (30 days after
transplanting) is presented in Table 3. As a main effect,
NPK rate did not significantly influence most growth
variables (p > 0.05). Plant height, leaf number, and leaf
area remained relatively stable across NPK levels of 100%,
75%, 50%, and 25% of the recommended dose. Slight
reductions were observed only at the lowest NPK rate. This
suggests that pak choi nutrient demand was met even at
50% NPK under the study’s compost-enriched growth
medium, especially when MOL was present (Khan et al.
2009; Purba et al. 2018). The ability of pak choi to
maintain stable growth across reduced NPK levels,
particularly under MOL application, is consistent with
previous findings in integrated nutrient management
systems. Biofertilizers have been shown to enhance
nutrient availability through microbial-mediated processes
such as nutrient solubilization, mineralization, and
stimulation of root growth, thereby improving plant
nutrient acquisition under reduced mineral fertilizer inputs
(Khan et al. 2009; Purba et al. 2018; Shukla et al. 2020;
Cirillo et al. 2023). In the present study, the comparable or
higher biomass observed at 50% NPK combined with
MOL, relative to 100% NPK without MOL, suggests that
MOL did not merely supplement nutrients but enhanced the
efficiency of nutrient uptake from both soil and applied
fertilizers. Similar synergistic effects between microbial
inoculants and reduced NPK inputs have been reported in
leafy and horticultural crops, where improved rhizosphere
functioning allows partial substitution of inorganic
fertilizers without yield penalty.

Although improved nutrient-use efficiency is suggested
following MOL application, it was not directly measured in
this study. The interpretation is therefore based on the
ability of MOL-treated plants to maintain comparable
biomass under reduced NPK inputs. This indicates a more
efficient use of available nutrients, while avoiding
conclusions beyond the measured data.

MOL x NPK interaction effects
Significant interactions between MOL and NPK were
observed for root biomass and total oven-dry biomass (p <

Table 3. The effect of NPK fertilizer dosage on plant height, leaf
number, and leaf area of pak choi at harvest (30 days after
transplanting)

0.05). The highest total biomass (12.58 g) was achieved
with M1P2 (30 mL MOL + 50% NPK), whereas the lowest
(6.50 g) occurred in MOP2 (0 mL MOL + 50% NPK)
(Table 4). This suggests a synergistic effect where optimal
MOL enhances the efficiency of a moderately reduced
NPK dose. The combination of 30 mL MOL with 50-75%
of the recommended NPK dose produced biomass yields
comparable to, or higher than, the full NPK treatment
without MOL. This response can be partly attributed to the
additional N, P, and K supplied by the MOL itself, together
with improved root biomass, which enhances nutrient
acquisition from both organic and mineral sources. These
results provide experimental evidence that inorganic NPK
fertilizer can be reduced by up to 50% without
compromising pak choi biomass production when
integrated with banana corm MOL.

Such synergy is consistent with earlier reports in other
vegetables, where biofertilizers improved mineral nutrient
uptake, leading to higher yields at reduced fertilizer rates.
In our case, M1P1 provided both biological and mineral
nutrient supply in a balance favorable for short-cycle leafy
vegetable growth (Roeswitawati 2019; Bindu et al. 2025;
Amri et al. 2026).

The significant interaction between MOL and NPK for
total oven-dry biomass provides the strongest evidence for
functional integration between biological and mineral
nutrient inputs. The highest biomass was recorded under
the M1P2 treatment (30 mL MOL + 50% NPK), whereas
the lowest biomass occurred under reduced NPK without
MOL. This contrast demonstrates that MOL did not simply
replace mineral nutrients but modified the plant response to
them.

Previous interpretations describing M1P1 or M1P2 as
providing a “balanced” nutrient supply risk circular
reasoning unless grounded in measurable outcomes. In this
study, balance is operationally defined by superior biomass
accumulation at reduced NPK input, supported by
statistically significant interaction effects. The data
therefore justify the conclusion that MOL improved the
efficiency with which plants utilized available mineral
nutrients, rather than asserting balance as an abstract
concept.

Table 4. Differences in total biomass (g) of pak choi plants
resulting from the application of banana corm MOL at each NPK
fertilizer dosage level at harvest (30 days after transplanting)

Treatment Plant height  Leaf number Leaf area Treatment MOL dosage

(cm) (leaves) (cm?) NPK dosage MO0 M1 M2
P1 17.07 a 11.30 a 361.19a Pl 6.84 ab 7.93 abed 9.06 bede
P2 17.88 a 11.67 a 44645 a P2 6.50 a 1258 ¢g 8.85 abcde
P3 19.02a 11.74 a 462.00 a P3 8.44 abced 11.73 fg 7.95 abed
P4 1832 a 11.63 a 399.32a P4 7.13 abc 9.40 cdef 10.23 defg
LSD 5% ns ns ns LSD 5% 2.54

Note: Each number followed by the same letter in the same
column is not significantly different based on the Least
Significant Difference (LSD) at the 5% level

Note: Each number followed by the same letter is not significantly
different based on the Least Significant Difference (LSD) at the
5% level
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Mechanistically, this synergy is most plausibly
explained by MOL-induced improvements in rhizosphere
functioning, including enhanced microbial activity, organic
acid production, and root growth stimulation. These
processes can increase nutrient accessibility and uptake
efficiency without necessarily increasing total nutrient
pools. While direct microbial or soil chemical
measurements were beyond the scope of this study, the
consistent root-centered responses observed here align with
established mechanisms reported in integrated nutrient
management literature (Hiremath et al. 2024; Tejnecky et
al. 2025).

The significant MOL x NPK interaction observed in
this study suggests that the effect of MOL is highly
dependent on the availability of mineral nutrients,
indicating a functional complementarity rather than a
simple additive response. Under moderate NPK levels (50-
75%), MOL application likely enhanced rhizosphere
processes such as  microbial activity, nutrient
mineralization, and root-induced changes in soil chemistry,
which together improved nutrient accessibility and uptake
efficiency. This is consistent with reports that microbial
inoculants can increase the efficiency of applied fertilizers
by facilitating nutrient solubilization and stimulating root
growth, particularly under suboptimal nutrient supply
(Shukla et al. 2020; Cirillo et al. 2023). Conversely, under
very low or very high input conditions, the benefits of
microbial inputs may be constrained either by nutrient
limitation or by microbial competition and temporary
nutrient  immobilization.  Therefore, the  superior
performance of the M1P2 and M1P1 treatments reflects an
optimal balance in which biological and mineral nutrient
sources interact synergistically to maximize plant growth,
rather than acting independently.

Dose-response optimization and agronomic implications

Quadratic regression analysis under 75% NPK (P1)
indicated an agronomic optimum MOL dose of ~33.6 mL
polybag? (R? = 0.816) (Figure 2). Beyond this level,
biomass declined, likely due to temporary nutrient
immobilization or metabolic imbalances from high
microbial populations. Such diminishing returns highlight
the importance of dosage precision in biofertilizer
application. This optimum closely matches effective MOL
ranges reported in other crops, suggesting cross-crop
applicability and simplifying farmer recommendations
(Cazetta et al. 2007).

Quadratic regression analysis further reinforces the
importance of dosage optimization. The estimated
agronomic optimum of approximately 33.6 mL MOL
polybag™ under reduced NPK conditions closely matches
the empirically observed superiority of the 30 mL
treatment. This convergence between statistical modeling
and observed treatment performance strengthens
confidence in the robustness of the recommendation.

Crucially, claims regarding fertilizer reduction are
supported directly by quantitative treatment comparisons.
The ability to reduce NPK application by up to 50%
without yield loss is not inferred but demonstrated through
statistically equivalent or superior biomass production

under MOL-integrated treatments. This distinction
addresses concerns regarding speculative economic or
agronomic benefits (Shukla et al. 2020; Mostafa et al.
2024).

Trait correlations and biomass drivers

Correlation analysis presented in Table 5 revealed that
total biomass was most strongly associated with root
biomass (r = 0.90, p < 0.01) and root fresh weight (r = 0.88,
p < 0.01). Leaf area also correlated strongly (r = 0.81, p <
0.01), underscoring its role in productivity. Leaf number
showed only a weak, non-significant correlation (r = 0.35),
indicating that leaf expansion contributes more to yield
than leaf count.

This pattern is consistent with previous studies in leafy
vegetables, where leaf area has been identified as a more
important determinant of yield than leaf number due to its
direct influence on light interception and photosynthetic
capacity (Shukla et al. 2020; Hwang et al. 2021; Talabany
and Albarzinji 2023). In addition, the strong association
between root biomass and total biomass observed in this
study aligns with broader evidence highlighting the critical
role of below-ground traits in enhancing water and nutrient
acquisition, thereby supporting rapid shoot growth and
biomass accumulation in short-cycle crops (Cusack et al.
2021; Cirillo et al. 2023; Talabany and Albarzinji 2023;
Holz et al. 2024).

Comparative treatment performance

Across treatments, three performance patterns emerged.
First, MOL improved growth and yield regardless of NPK
level. Second, moderate NPK reductions (50-75%) with
MOL achieved yields comparable to or better than full
NPK without MOL. Third, very high MOL doses (M2)
could reduce performance, particularly when paired with
low NPK.

The superiority of M1P1 reflects the optimal nutrient
synergy: MOL enhances nutrient mobilization and uptake,
while 75% NPK ensures a steady mineral nutrient supply
during rapid vegetative growth. This outcome aligns with
principles advocating integrated nutrient management for
sustainable intensification (Aasfar et al. 2021).

= P2 (75%) (75% NPK Dose)
Peak Point
*® (33.64, 12.72)

11 Y = 6.5 + 0.37X + (-0.0055)X?_
R? = 81.58%

Total Biomass (g)

0 10 20 30 40 50 50 60
Banana Corm MOL Dosage (ml polybag™')

Figure 2. Quadratic regression curve showing the relationship
between MOL dose and total biomass at 75% NPK
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Table 5. Pearson’s correlation coefficients between growth and yield parameters

RDW TDW PH LN LA SFW SDW RFW TFW
RDW 1 0.8175 0.6238 0.3529 0.6424 0.6894 0.694 0.7713 0.5558
TDW 0.8175 1 0.6358 0.4889 0.7471 0.8135 0.8549 0.8396 0.7346
PH 0.6238 0.6358 1 0.551 0.7256 0.6426 0.7342 0.6452 0.6011
LN 0.3529 0.4889 0.551 1 0.5409 0.5531 0.5162 0.4117 0.5631
LA 0.6424 0.7471 0.7256 0.5409 1 0.8389 0.799 0.8204 0.5253
SDW 0.6894 0.8135 0.6426 0.5531 0.8389 1 0.8434 0.8154 0.638
SDW 0.694 0.8549 0.7342 0.5162 0.799 0.8434 1 0.8859 0.7411
RFW 0.7713 0.8396 0.6452 0.4117 0.8204 0.8154 0.8859 1 0.6281
TFW 0.5558 0.7346 0.6011 0.5631 0.5253 0.638 0.7411 0.6281 1

Note: RDW: Root biomass, TDW: Total Dry Weight, PH: Plant Height, LN: Leaves Number, LA: Leaves Area, SFW: Shoot Fresh
Weight, SDW: Shoot biomass, SFW: Shoot Fresh Weight, TFW: Total Fresh Weight

Broader agronomic and economic implications

From an agronomic perspective, the demonstrated
potential to reduce NPK by at least 50% without yield loss
represents a significant step toward more sustainable pak
choi production systems. Environmentally, reducing
synthetic fertilizer use lowers the risk of nutrient leaching
and eutrophication, issues often linked to high-input
vegetable farming (Kathirvel et al. 2025). Economically,
such reductions can substantially decrease production costs
for smallholders, especially when paired with low-cost,
locally produced MOL (Quoreshi et al. 2019).

The use of banana corms, an agricultural by-product,
aligns with circular economy principles by converting
waste into value-added inputs, as advocated in sustainable
farming frameworks (Acevedo et al. 2021). The practical
recommendation emerging from these results is the use of
~30 mL MOL per planting unit with 50-75% of
recommended NPK, subject to local adaptation.

Implications for sustainable pak choi production

The evidence from this study suggests that banana corm
MOL, when applied at optimal rates, can serve as an
effective biostimulant to improve nutrient-use efficiency in
pak choi production. This enables farmers to reduce NPK
application rates by up to 50% without compromising
yield, thereby lowering production costs and minimizing
environmental risks associated with fertilizer overuse. The
adoption of MOL also supports circular economy
principles by transforming agricultural waste (banana
corms) into a value-added input.

Limitations and future research directions

While the present study provides clear evidence of the
agronomic benefits and optimum dosing of banana corm
MOL under controlled conditions, further investigation is
warranted to expand its applicability. Field-scale trials
across diverse soil types and climatic conditions are needed
to validate and refine dosage recommendations for broader
farmer adoption.

Long-term studies should assess the cumulative effects
of MOL use on soil health, microbial diversity, and nutrient
cycling. Understanding the biochemical and
microbiological mechanisms underlying MOL’s interaction
with mineral fertilizers would strengthen its theoretical

foundation and inform tailored formulations. Additionally,
integrating the MOL application with other sustainable
practices, such as organic mulching, crop rotation, and
precision irrigation, may yield synergistic benefits for yield
stability and environmental performance.

Economic analyses evaluating cost-benefit ratios and
return on investment under real-world farm conditions
would further support policy and extension efforts. Finally,
exploring the potential of MOL in other high-value short-
cycle crops could diversify its impact and enhance adoption
in smallholder horticultural systems.

In conclusion, this study demonstrates that banana
corm-based local microorganisms (MOL) can substantially
reduce the requirement for inorganic NPK fertilizer while
maintaining or improving pak choi (B. rapa) growth and
yield. Across treatments, the application of 30 mL MOL
plant! combined with 50-75% of the recommended NPK
rate produced fresh and dry biomass that was comparable
to or higher than 100% NPK without MOL. Regression
analysis revealed a strong quadratic relationship between
MOL dose and total dry biomass (R? = 0.82), with the
optimal response occurring at approximately 30 mL MOL
plant, indicating improved nutrient-use efficiency under
reduced inorganic fertilizer inputs. These results
demonstrate that integrating banana corm MOL with
reduced inorganic fertilization can maintain pak choi
biomass production while lowering fertilizer inputs by up
to 50%. This approach offers a practical and
environmentally friendly nutrient management strategy for
intensive leafy vegetable production systems, particularly
where fertilizer efficiency and cost reduction are priority
concerns.
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