
Bioactive Coating from Melastoma malabathricum Enhances Fusarium Wilt Resistance and 

Plant Growth in Shallots on Peatland Soils 

Dian Novriadhy* , Sri Maryani

Sriwijaya Botanical Garden, Regional Research and Development Agency of South Sumatra Province, Palembang 30128, 

Indonesia 

Corresponding Author Email: dian.novriadhy@gmail.com

Copyright: ©2025 The authors. This article is published by IIETA and is licensed under the CC BY 4.0 license 

(http://creativecommons.org/licenses/by/4.0/). 

https://doi.org/10.18280/ijdne.200916 ABSTRACT 

Received: 18 August 2025 

Revised: 20 September 2025 

Accepted: 25 September 2025 

Available online: 30 September 2025 

Fusarium wilt constrains shallot cultivation on peatlands, where acidic conditions favor 

the pathogen. This study evaluated bioactive coatings from Melastoma malabathricum 

(MM) and Azadirachta indica (AI) as sustainable fungicide alternatives. A completely

randomized design was used with ten replicates per treatment: negative control,

chlorothalonil (positive control), MM, and AI coatings. Under natural pathogen pressure,

the MM coating—a unique acidic gel—significantly delayed Fusarium wilt onset until

24 days after planting (DAP) and showed the lowest disease incidence (20% vs. 40% in

control). The AI coating (a neutral slurry) also showed activity (30% incidence).

Furthermore, the MM treatment promoted synergistic plant growth, achieving the highest

growth coefficient (0.795 from the quadratic model YBDS = 0.795(DAP)-0.015(DAP)2) 

and a strong positive interaction between treatment and leaf area development (β = 0.023,

p < 0.001 in Generalized Linear Model analysis). A key observation was the recruitment

of beneficial Trichoderma sp. by MM, suggesting a novel self-reinforcing mechanism,

though this requires quantitative confirmation. Conversely, AI exhibited allelopathic

effects that impeded early growth. The MM-based coating is a multifaceted technology

for concurrent disease management and growth promotion in peatlands.
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1. INTRODUCTION

Shallots (Allium cepa var. aggregatum) are a strategic 

commodity in Indonesia, but their economic viability 

fluctuates due to climate change [1] and Fusarium sp. wilt 

disease [2]. Indonesia's shallot production in 2023 reached 

1,985,233.3 tons with a very small increase of 0.14% 

compared to the previous year, while in the same period, the 

harvested area decreased by 3,301 ha [3, 4]. Yield losses due 

to Fusarium sp. wilt in 2024 are estimated to reach 10,012.67 

tons, with the area of disease attack reaching 6,356.37 ha [5]. 

Not only does it damage shallot plants in the fields, but 

Fusarium sp. also causes 50% of harvested bulbs in the 

warehouse to experience root rot [6]. For these reasons, 

Fusarium sp. wilt control is a priority.  

Previous research results show that the strategy for 

controlling Fusarium sp. wilt in shallots is towards an 

integrated approach [7]. Use of biological agents 

(Trichoderma) [8], selective fungicides [9], improved 

cultivation techniques [10], and storage innovations [11] 

shows varying degrees of success in controlling attacks. 

Recent research focuses on identifying antioxidant enzymes 

[12] and genetic markers for resistance to Fusarium infection

[13, 14] as a basis for sustainable solutions. However,

challenges such as pathogen adaptation, field efficacy, and

environmental concerns of chemical inputs still require the

development of novel, multi-functional solutions.

Conversely, the tolerance of shallots to abiotic stresses such 

as drought and saline soil under field conditions has been 

previously evaluated [15]. However, research on their 

adaptability to acidic soils—particularly peatlands—remains 

limited, to the best of the author's knowledge. This scarcity of 

studies is unsurprising, given that peatlands are primarily 

designated as carbon sinks and critical climate regulators, 

warranting restricted agricultural utilization [16]. Nevertheless, 

in accordance with Indonesian Government Regulation No. 

57/2016, shallow peatlands (with a peat thickness of <100 cm) 

may be used for agricultural purposes, provided that the 

groundwater level is maintained at ≤ 40 cm from the surface 

[17]. This regulatory framework, coupled with the need for 

sustainable intensification, creates a niche for innovative 

agricultural technologies that can enhance crop resilience in 

these marginal soils while minimizing environmental impact. 

One promising avenue is the development of bioactive 

coatings that can deliver plant-based phytochemicals to protect 

bulbs and stimulate growth directly from the point of planting. 

Despite their promise as a sustainable alternative to 

chemical treatments, current research on bioactive coatings 

faces significant limitations. These include a frequent narrow 

spectrum of action against pathogens and inconsistent 

performance when moving from controlled laboratory 

conditions to variable field environments. This area of 

research is also constrained by a limited understanding of 

precise ecological interaction and the long-term effects on soil 
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microbiomes, alongside economic and regulatory barriers that 

complicate scaling and commercialization [18]. 

These challenges are particularly pronounced in specialized 

agricultural contexts. A critical literature gap exists at the 

intersection of botanical seed coatings and Allium crop 

cultivation on peatlands. To our knowledge, no prior study has 

developed an environment-specific bioactive coating for this 

purpose. This lack of research is significant, as peat soils 

present a unique set of abiotic and biotic stresses that generic 

coatings may not address. Our work is positioned to fill this 

specific void by leveraging local plant adaptations to create a 

targeted solution. 

To address these limitations, this study investigates an 

innovative bioactive coating designed to enable sustainable 

shallot cultivation on peatlands. We developed a coating 

formulated with phytochemical extracts from peatland-

abundant species, including Melastoma malabathricum (MM) 

–chosen for its native adaptation to acidic soils–while 

Azadirachta indica (AI) was included as a comparative control 

with well-established antifungal properties. The core 

innovation lies in the coating matrix, engineered to stabilize 

the phytochemicals and facilitate a slow release. This design 

is intended to provide simultaneous protection against disease 

and promotion of plant growth–a dual functionality that is 

often lacking in conventional treatments. This study sought to 

answer the following questions: (1) Can bioactive coating 

formulated from local peatland plant phytochemicals provide 

effective protection against Fusarium wilt and enhance growth 

parameters in shallots cultivated in peat soil? and (2) What are 

the potential mechanisms–including direct antifungal effects, 

modulation of the plant’s physiological responses, and 

interactions with the peat soil microbiome–that underpin the 

efficacy of these phytochemical coatings? 

 
 

2. MATERIALS AND METHODS 

 
The study evaluated the efficacy of MM and AI leaf extracts 

in enhancing the resistance of A. cepa var. aggregatum against 

Fusarium sp. The experiment, conducted from June to August 

2025 at the Sriwijaya Botanical Garden, employed a 

Completely Randomized Design with four treatments: 1) no 

treatment (negative control), 2) use of 75% chlorothalonil 

(positive control), 3) MM leaf extract, and 4) AI leaf extract. 

Each treatment was replicated ten times (N = 40 bulbs total), 

a sample size consistent with common replication standards in 

similar phytopathological screening trials. During the research 

period, the average atmospheric conditions had a relative 

humidity (RH) of 83% (74% - 93%) and temperature (T) of 

28.4℃ (22.4℃ - 35.3℃) [19]. 

 

2.1 Phytochemical profiling 

 
The phytochemical compounds profile with potential as 

biostimulants and antifungals was identified based on 

published literature and databases, referring to target species 

or the same genus if species-specific data were unavailable. 

The online reference sources/websites used for data collection 

were: 1) Dr. Duke’s Phytochemical and Ethnobotanical 

Databases [20], 2) PubChem [21], and 3) sciencedirect.com. 

The phytochemical compounds included in the study met the 

following criteria: 1) extracted from leaves, 2) water used as 

the solvent, and 3) sourced from the target species, or, if 

unavailable, phytochemicals from the same genus were 

utilized. 
 

2.2 Pathogen source and inoculum conditions 
 

No artificial inoculation was performed; instead, the 

experiment relied on natural pathogen pressure to simulate 

real-world disease dynamics. The pathogen population reflects 

the native field conditions under which the bioactive coatings 

are intended to be applied. This approach was chosen to 

evaluate the efficacy of the coatings under practical, farmer-

relevant conditions, where multiple Fusarium strains and other 

soilborne microbes may coexist. 
 

2.3 Material preparation 
 

Preparation of experimental materials consists of five stages: 

1. Collecting and drying. Fresh leaves were collected in 

the morning [22] (08:00 AM, UTC+7), with total 

weights of 1240 g for MM and 644 g for AI at the 

research site. The leaves were washed clean and then 

wind-dried for 4 days. The final weight loss was 

known to be MM 66.05% and AI 66.92%. 

2. Powdering. The dried leaves are then ground using a 

chopper and then filtered using a 60-mesh sieve. 

3. Extracting. MM extract (EMM) was obtained by 

heating 100 g of dried MM leaf powder using 1000 

cc of water for 30 minutes at a temperature of 75℃, 

then cooled at room temperature for 90 hours. AI 

extract (EAI) was obtained by the same method as 

EMM. 

4. Binding paste preparation. The preparation of 

adhesive material refers to the method of Qin et al. 

[23] with modifications. MM paste (MMP) is 

formulated by boiling 7.5 grams of tapioca powder in 

60 ml of EMM heated to around 60℃ until thickened, 

then cooled to room temperature. The procedure for 

making AI paste (AIP) follows the same method. 

5. Freshly prepared EMM for supplemental treatment 

(EMMST) was produced by heating 30 g dried MM 

leaf powder in 600 ml water (75℃, 30 min), followed 

by immediate cooling to room temperature before 

same-day application. EAI for supplemental 

treatment (EAIST) was similarly prepared using AI 

leaves. 
 

2.4 Bulb selection and treatment 
 

A. cepa var. aggregatum bulbs of Bima Brebes type were 

obtained from onion seed breeders in Demak Regency, Central 

Java, Indonesia, in bulk weighing 1 kg with the specification 

of having been dried using sunlight for 14 days and having a 

shelf life of 8 weeks (April-June 2025). The readiness of the 

bulbs for planting was determined by cutting the bulbs 

crosswise and ensuring the presence of buds in the center of 

the bulb. 

Bright reddish single bulbs are manually selected and then 

visually inspected to ensure they are free from physical 

damage, root rot, soft-watery bulbs, and/or hollow bulbs. A 

total of 40 bulbs, selected for uniformity with an overall 

average diameter of 12.75 ± 0.18 mm and an overall average 

weight of 1.76 ± 0.04 g, were used as seeds. These bulbs were 

then randomly divided into four treatment groups (n = 10 per 

group), with the initial characteristics of each group detailed 

in Table 1. The outermost layer of skin was peeled off cleanly 

(Figure 1) before receiving the treatment, as in Table 1.  
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Table 1. Bulb’s characteristics and treatments 

 

Code Treatment Repetition Physical Characteristics of Seeds 

C Seeds did not receive antifungal treatment 10 

Diameter 13.02 ± 0.44 mm, weight 1.84 ± 0.06 g, 

bright purplish red color, no lesions on the bulbs, 

and good condition 

MM 

The seeds were soaked in EMM for 10 minutes, after which the 

entire surface was coated with MMP and MM powder. 

EMMST applied at 14 and 28 DAP 

10 

Diameter 12.82 ± 0.38 mm, weight 1.88 ± 0.11 g, 

bright purplish red color, no lesions on the bulbs, 

and good condition 

AI 

The seeds were soaked in EAI for 10 minutes, after which the 

entire surface was coated with AIP and AI powder. EAIST 

applied at 14 and 28 DAP 

10 

Diameter 12.48 ± 0.34 mm, weight 1.59 ± 0.07 g, 

bright purplish red color, no lesions on the bulbs, 

and good condition 

PL Seeds coated with fungicide (Chlorothalonil 75%) 10 

Diameter 12.67 ± 0.32 mm, weight 1.72 ± 0.04 g, 

bright purplish red color, no lesions on the bulbs, 

and good condition 

 

 
 

Figure 1. Initial bulb and encapsulated bulb appearance 

 

Table 2. Research variables and definitions 

 
Variables 

(Code) 
Definition 

Fusarium sp. 

infection (FI) 

The diagnostic symptoms of infection consist of browning of vascular tissues, epinastic leaf curvature, growth 

retardation, gradual wilting, premature leaf drop, and eventual plant mortality [28]. 

Leaf height 

(LH) 
Average leaf height is measured from the base of the leaf to the tip of each clump (mm) 

Leaf diameter 

(LD) 
Average diameter of leaves per clump (mm) 

Leaf area (LA) Area of all leaves per clump (mm2) 

Leaf count (LC) The number of leaves per clump 

Tiler count 

(TC) 
Average number of bulbs per clump 

Root length 

(RL) 

The length of the root system from the base of the bulb to the tip of the longest root, measured using a ruler after 

carefully washing the roots free of planting media per clump 

Above-ground 

biomass (AGB) 

Average weight of all plant parts located above the soil surface (leaves and shoots), measured after harvesting per clump 

(mg) 

Below-ground 

biomass (BGB) 

Average weight of the entire root system, measured after carefully washing the roots free of planting media per clump 

(mg) 

Synergy Index 

(SI) 

An index quantifying the synergistic efficiency of biomass allocation toward leaf development. It was calculated using 

the formula: SI =
ABG

(ABG LH⁄ )+(ABG LC)⁄
, where higher values indicate a more efficient conversion of biomass into vertical 

growth and leaf proliferation, reflecting a synergistic balance between biomass production and morphological 

development. 

 

2.5 Planting media preparation, growth conditions, and 

research variables 

 

The soil uses sapric peat, which is dried in sunlight for 5 

days to enhance the mobilization of metal elements and adjust 

the pH [24]. The sapric peat extracted at -3.1569 South 

Latitude; 104.5493 East Longitude in the Sriwijaya Botanical 

Gardens area, Indonesia. Dried sapric peat has the 

characteristics of 36.20% organic carbon; Nitrogen 0.78%; pH 

6, and Cation Exchange Capacity (CEC) 64.58 cmol+/kg. The 

dried sapric peat is then sieved to improve drainage and 

aeration, which can increase the availability of phosphorus 

[25]. Dry sifted sapric peat as much as 4.2 kg/bag enriched 

with Nitrogen:Potassium:Kalium (NPK) = 16:16:16 fertilizer 

as much as 3 g/bag [26] and dolomite 25 g/bag [27], 

homogenized, became planting media (PM). 

The bulb is cultivated in a 50 cm × 50 cm planting bag filled 

with PM measuring 20 cm in height and 30 cm in diameter. 

PM at the time of sowing has a pH of 6.9 ± 0.2 and soil 

moisture of 75%. Cultivation is carried out in an open space 
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without any obstructions to sunlight. Watering is done in the 

morning and evening sufficiently on days without rain. NPK 

fertilization is carried out 7 days after planting (DAP) and 14 

DAP, as much as 3 g/bag. EMMST or EAIST (50 cc) was 

applied to the respective samples at 14 and 28 DAP. Weeding 

is carried out if necessary.  

 

2.6 Statistical analysis 

 

Data were analyzed using SPSS v.22 and are presented as 

mean ± standard deviation of 10 replicates. A detailed 

description of all variables included in these analyses is 

provided in Table 2. The normality of data distribution was 

verified using the Shapiro-Wilk test, and the homogeneity of 

variances was confirmed with Levene’s test. For data meeting 

parametric assumptions, a one-way ANOVA was performed 

to determine significant differences among treatment means. 

Relationships between growth parameters were examined 

using correlation analysis. Model fitting was conducted to 

identify the best-fitting regression equations describing 

growth patterns over time. To evaluate interactions between 

treatment effects and physiological parameters, a Generalized 

Linear Model (GLM) was employed where appropriate. 

Model selection was based on goodness-of-fit statistics. For all 

analyses, differences were considered statistically significant 

at p < 0.05. 

 

 

3. RESULTS 

 
3.1 Material transformation and physicochemical 

properties 

 
The processing leaves from MM and AI into bioactive 

coatings reveals significant differences in their 

physicochemical properties. A key visual distinction observed 

during drying is that MM leaves change color from green to 

yellowish-brown, suggesting an increase in anthocyanins. In 

contrast, AI leaves maintain a relatively stable green 

pigmentation, indicating the retention of chlorophyll content. 

Furthermore, the aqueous extract of MM is more acidic (pH 

6.2 ± 0.1) than that of AI (pH 6.8 ± 0.1). The most notable 

difference is in the final product’s rheology: the coating 

derived from MM forms a viscous gel, while the AI remains a 

thin slurry (Figure 2). 

 

Table 3. Phytochemical compounds exhibiting plant growth regulatory effects 
 

Melastoma malabathcirum Azadirachta indica 

Phytochemical Compounds Source/Reference Phytochemical Compounds Source/Reference 

Betulinic acid; Ellagic acid; Quercetin; Procyanidin B2; Gallic 

acid; Ursolic acid; Asiatic acid; Naringenin; Rutin; Malvidin-

3-5-diglucoside; β-sitosterol; 1,4,6-Tri-O-galloyl-β-

Dglucoside; Kaempferol; Kaempferol-3-O-β-Dglucoside; p-

Hydroxybenzoic acid 

[29] 

Hyperoside; Nimbolide; 

Quercetin; Quercitrin; Rutin; β-

Sitosterol; Nimbandiol 

[20] 

Epicatechin; Quercetin; Isoquercitrin; Citric acid; Quercitrin; 

Rutin; 7-hydroxycoumarine 
[30] 

Chlorogenic acid; luteolin-7-O-

glucuronide 
[31] 

Arjunic acid; Ellagic acid; Maslinic acid; Corilagin; 

Neochlorogenic acid; Kaempferol; Quercetin; Astragalin; 

Rutin; Apigetrin; Asiatic acid; Tricoumaroyl spermidine; 

Quercitrin 

[32] 

Ascorbic acid; Cyclic 

trisulphide; tetrasulphide; 

7-Hydroxyazadiradione 

[33] 

 

 
 

Figure 2. Sample material form 

 

3.2 Phytochemical profile and bioactive potential 

 

MM and AI produce diverse phytochemicals, including 

both species-specific compounds and a greater number of 

shared metabolites. Both plant species have been extensively 

utilized in traditional medicine, agriculture, and livestock 

management, with pharmacological studies validating the 

efficacy of their bioactive phytochemical constituents [33, 34]. 

While both species produce over 200 identified metabolites, 

Table 3 specifically highlights those with phytochemical 

compounds demonstrating plant growth regulatory activity. 

MM predominantly contains phenolic acids (e.g., gallic acid, 

ellagic acid) and flavonoids (e.g., quercetin), while AI is rich 

in terpenoids (e.g., nimbolide) and sulfur-containing 

compounds (e.g., trisulfide). 

 

3.3 Biological efficacy: Disease suppression and plant 

growth 

 

3.3.1 Disease onset and incidence 

The initial onset of Fusarium wilt disease symptoms varied 

significantly among treatments. The control group exhibited 

the earliest signs of infection, with Fusarium symptoms first 

observed at 10 days after planting (DAP). In contrast, the PL, 

AI, and MM treatments showed delayed symptom appearance, 

with disease indications recorded at 12 DAP, 16 DAP, and 24 

DAP, respectively. Notably, the MM treatment demonstrated 

the latest disease onset. The incidence of Fusarium wilt varied 

across treatments during the study period. Disease incidence 

was highest in the control group (4 cases), followed by the AI 

and PL treatments (3 cases each), and lowest in the MM 

treatment (2 cases). This indicates that the MM treatment has 

the greatest potential to inhibit Fusarium wilt.  

 

3.3.2 Plant growth parameters 

At 7 DAP, all bulbs remained healthy, exhibiting a green 

dot indicative of shoot potential. At 10 DAP, leaves displayed 

normal growth, and roots had developed, though shoots were 

absent in some bulbs. Differences among treatments became 
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apparent at this stage. In the control group (C), 5 out of 10 

bulbs developed shoots and leaves, with leaf height (LH) 

ranging from 5–75 mm and the leaf count (LC) between 1–4. 

The MM treatment showed the most advanced growth, with 9 

out of 10 bulbs producing shoots and leaves. LH varied 

markedly (2−98 mm), and LC ranged from 1–7. In the AI 

group, 7 out of 10 bulbs had shoots and leaves, with LH 

measuring 3–40 mm and LC varying between 1–5. The PL 

treatment resulted in 8 out of 10 bulbs developing shoots and 

leaves, with LH and LC values comparable to the control (5–

75 mm and 1–4, respectively). At 14 DAP, further divergence 

in growth and health was observed. One bulb (C9) decayed, 

while the others continued to grow, with green leaves 

increasing in height and count. All bulbs in the MM treatment 

thrived, exhibiting taller leaves and higher leaf counts. 

Notably, bulb MM10 hosted fungal colonisation (Figure 3); 

microscopic analysis revealed dark-green pigmentation, 

whorled phialides, and conidiophores with a tree-like structure, 

resembling Trichoderma sp. 
 

 
 

Figure 3. Colonization of Trichoderma sp. on bulbs and 

growing media treated with M. malabathricum extract 

3.4 Statistical analysis and synergistic relationship of 

growth 

 

The cumulative count of bulbs showing a growth response 

throughout the study period is displayed in Figure 4. An outlier 

occurred in the AI treatment, where one bulb (AI1) produced 

a shoot at 32 DAP. Bulb Days to Sprouting (BDS) in all 

treatments followed quadratic polynomial relationships (Eq. 

(1)-Eq. (4)), where YBDS is the predicted BDS and DAP is days 

after planting. 

Control: 

 

YBDS = 0.615(DAP) - 0.010(DAP)2  (1) 

 

R2 = 0.941; F = 39.950; p < 0.001. 

MM: 

 

YBDS = 0.795(DAP) - 0.015(DAP)2 (2) 

 

R2 = 0.930; F = 33.391; p < 0.001. 

AI: 

 

YBDS = 0.566(DAP) - 0.009(DAP)2 (3) 

 

R2 = 0.939; F = 38.332; p < 0.001. 

PL: 

 

YBDS = 0.713(DAP) - 0.013(DAP)2 (4) 

 

R2 = 0.931; F = 33.840; p < 0.001. 

 

 
 

Figure 4. Best-fit quadratic models of bulb days to sprouting 
 

Table 4. ANOVA summary of shallot growth response variables at 35 DAP based on treatments 
 

Growth Response 
Value (mean ± SD) Welch’s F (df1, df2) 

C (N=8) MM (N=9) AI (N=9) PL (N=9)  

Root length (mm) 91.75 ± 27.71 97.25 ± 21.82 123.89 ± 51.53 138.71 ± 31.96 3.618 (3, 18.245) * 

Leaf diameter (mm) 2.04 ± 0.46 1.80 ± 0.18 2.50 ± 0.14 2.22 ± 0.37 26.235 (3, 16.893) ** 

Leaf area (mm2) 603.80 ± 332.25 381.87 ± 117.75 941.00 ± 363.30 731.49 ± 297.37 8.656 (3, 17.528) ** 

Leaf height (avg., mm) 166.51 ± 37.59 148.88 ± 37.25 186.14 ± 65.10 184.96 ± 40.43 1.443 (3, 19.672) 

Leaf count 10.00 ± 2.93 11.56 ± 3.71 12.67 ± 4.61 10.56 ± 3.64 0.753 (3, 20.114) 

Tiller count 2.63 ± 0.74 3.44 ± 0.88 3.11 ± 1.17 3.00 ± 0.50 1.355 (3, 18.956) 

Above-ground biomass (g) 2.21 ± 1.31 2.21 ± 1.13 4.12 ± 2.49 3.27 ± 1.44 2.001 (3, 17.832) 

Below-ground biomass (g) 1.21 ± 0.59 0.90 ± 0.33 1.21 ± 0.52 1.21 ± 0.70 1.064 (3, 19.447) 

Synergy Index 9.94 ± 2.92 11.05 ± 3.71 12.59 ± 4.62 10.94 ± 3.90 0.637 (3, 20.338) 
Note: *: Significant at 0.05; **: Significant at 0.01. 
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Table 5. Generalized linear models summary 
 

Parameter B Std. Error 
95% Wald CI Hypothesis Test 

Lower Upper Wald Chi-Square df Sig. 

(Intercept) 2.569 4.57 -6.381 11.520 0.317 1 0.574 

RL 0.032 .01 0.010 0.054 8.287 1 0.004 

LD 2.553 2.94 -3.204 8.310 0.755 1 0.385 

LA -0.001 .005 -0.011 0.008 0.080 1 0.777 

T_PL -7.069 2.78 -12.509 -1.629 6.487 1 0.011 

T_AI -8.547 3.60 -15.604 -1.490 5.635 1 0.018 

T_MM -7.671 3.37 -14.272 -1.069 5.186 1 0.023 

T_C 0a . . . . . . 

T_PL * LA 0.008 .004 0.001 0.016 4.478 1 0.034 

T_AI * LA 0.010 .004 0.001 0.019 5.140 1 0.023 

T_MM * LA 0.023 .006 0.010 0.035 12.831 1 0.000 

T_C * LA 0a . . . . . . 

(Scale) 4.879b 1.22 2.989 7.965    
Note: Dependent variable: Synergy index (SI); Model: (intercept), Treatments, Root length, Leaf diameter, Leaf area, and the Treatments * Leaf area interaction; 

AIC: 163.533; BIC: 179.656; a. Set to zero because this parameter is redundant; b. Maximum likelihood estimate. 

 

Analysis of first-order coefficients revealed that the MM 

treatment produced superior BDS to the control, with PL 

treatment showing intermediate performance and AI treatment 

demonstrating inferior results. The pattern implies that 

growth-stimulating phytochemicals may be present in MM, 

while growth-inhibiting compounds likely exist in AI. Partial 

correlations analysis identified significant positive 

relationships between leaf height and leaf count (r = 0.546; p 

< 0.001) and between above-ground biomass and below-

ground biomass (r = 0.646; p < 0.001). These strong 

interdependencies suggest a synergistic effect may exist, 

where improvements in one growth parameter co-occur with 

enhancements in another, potentially indicating coordinated 

resource allocation or physiological coupling between plant 

organs. 

In contrast to other treatments, the AI treatment exhibited 

statistically superior performance (Table 4), demonstrating 

28–146% greater leaf area and 12–38% larger leaf diameter, 

whereas the PL treatment showed significantly longer roots 

(11–51% increase). While not statistically significant, the AI 

treatment demonstrated numerically superior values for leaf 

height, leaf count, above-ground biomass, and synergy index, 

while MM showed increased tiller count. Below-ground 

biomass was comparable across treatments, with MM 

exhibiting marginally lower values. 

The generalized linear model analysis revealed significant 

treatment-specific effects on the synergy index (SI), 

demonstrating how physiological parameters interact to 

influence overall plant performance (Table 5). Treatments 

exerted statistically significant main effects (Wald χ² = 8.567, 

p = 0.036), with particularly strong treatment × leaf area 

interactions (Wald χ² = 13.811, p = 0.003). Notably, the MM 

treatment showed the most pronounced synergistic 

relationship with leaf area (β = 0.023, p < 0.001), suggesting 

that its growth-promoting effects become substantially more 

effective as foliar expansion increases. This pattern was 

similarly observed, though to lesser degrees, in AI (β = 0.010, 

p = 0.023) and PL (β = 0.008, p = 0.034) treatments. While all 

treatments exhibited negative direct effects on SI compared to 

controls (AI: β = -8.547; MM: β = -7.671; PL: β = -7.069; all 

p < 0.05), these were counterbalanced by their positive 

interactions with leaf area. Root length emerged as an 

independent positive predictor of SI (β = 0.032, p = 0.004), 

underscoring its role in growth synergy, whereas leaf diameter 

showed no significant association (p = 0.385).  

These findings collectively suggest that treatment efficacy 

is modulated by leaf development status, with MM displaying 

the strongest capacity to convert foliar expansion into whole-

plant growth synergy. The dual significance of root elongation 

and treatment-specific leaf area responses highlights the 

integrated nature of plant growth regulation, where above- and 

below-ground processes interact to determine overall 

performance. 

 

 

4. DISCUSSION 

 

4.1 Linking material properties to functionality 

 

The distinct physicochemical properties of the MM and AI 

extracts directly inform their functionality as bioactive 

coatings. The color change in MM leaves from green to 

yellowish-brown during drying suggests an increase 

anthocyanin, a group of unstable acidic compounds 

comprising at least 71 phytochemical compounds divided into 

8 subgroups: cyanidin (16), peonidin (11), delphinidin (10), 

pelargonidin (9), flavonoids (8), malvidin (7), petunidin (6) 

and procyanidins (4) [35]. Conversely, the stable green 

pigmentation of AI leaves indicates successful chlorophyll 

retention, aligning with studies showing high phytochemical 

preservation at low drying temperature [36, 37]. The most 

notable difference was the rheology: MM formed a viscous gel 

while AI remained a thin slurry. This is likely due to the 

interaction of anthocyanins with starch, which can alter the 

material’s microstructure and chemical-physical properties 

[38, 39]. These properties necessitate advanced stabilization 

strategies for liquid applications, with cassava starch emerging 

as an optimal coating matrix due to its low amylose content 

and high viscosity [40]. While its neutral characteristics enable 

versatile applications, coating performance critically depends 

on additive selection – as evidenced by the trade-off between 

sorbitol’s superior water-vapor permeability but inferior 

antioxidant preservation compared to glycerol [41, 42]. 

Research findings indicating increased antioxidant 

compounds in dried MM and AI leaves are supported by prior 

studies showing that drying technologies not only facilitate 

phytochemical handling but also enhance bioactive content, 

such as phenolic and alkaloids, offering a sustainable solution 

for plant-based applications [43]. While dried materials offer 

straightforward handling, maintaining phytochemical efficacy 

in liquid extracts necessitates careful degradation prevention 

and storage optimization. This is particularly relevant for MM 
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and AI extracts, which demonstrate marked sensitivity to 

environmental factors – showing rapid degradation under 

oxygen exposures [44], elevated temperatures/alkaline pH 

[45], and UV/microbial activity [46]. These stability 

limitations underscore the need for advanced stabilization 

approaches in phytochemical applications.  

 

 
 

Figure 5. Proposed self-reinforcing mechanism of M. malabathricum bioactive coating for enhanced shallot resilience on 

peatland 

 

4.2 Mechanisms of biological action 

 

The observed biological efficacy–delayed disease onset and 

enhanced plant growth–can be directly correlated to the 

phytochemical profile of each species. The MM treatment 

demonstrated the latest onset of Fusarium wilt and the lowest 

disease incidence. This superior antifungal activity is likely 

multifactorial. Anthocyanin-rich extracts are known to inhibit 

Fusarium conidial germination [47], while specific 

compounds like rutin found in MM act as alpha-glucosidase 

inhibitors and disrupt Fusarium effector proteins (SIXPs) and 

biofilms [30, 48]. Furthermore, the unique colonization by 

Trichoderma sp. on an MM-treated bulb (Figure 3) suggests a 

synergistic relationship [49]. Furthermore, the efficacy against 

Fusarium is supported by the documented mode of action of 

phytochemicals. Phytochemicals exhibit broad-spectrum 

antifungal activity through multiple synergistic mechanisms, 

including cell wall disruption, plasma membrane damage, 

genetic material interference, biofilm inhibition, and hyphal 

growth suppression [50]. 

The application of phenolic compounds, including 

quercetin, has also been reported to stimulate root expansion 

[51], a finding consistent with our results. The quercetin-

induced increase in chlorophyll levels not only mitigates iron 

chlorosis but also directly enhances plant biomass 

accumulation through improved photosynthetic efficiency 

[52]. Coupled with its growth-promoting capacity (up to 117% 

in ryegrass [53]) and pathogen-inhibiting properties [54], 

quercetin demonstrates triple-action potential in crop 

management. Conversely, certain phenolic acids present in AI 

leaves–namely ferulic, caffeic, and vanillic acid [55]–are 

known for their allelopathic effects [51], which account for the 

relative delay in bulb sprouting observed in the AI treatment. 

Beyond direct antifungal and plant growth-promoting action, 

AI leaf extract effectively counteracts oxidative damage 

induced by water stress, leading to improved overall plant 

growth [56]. Furthermore, phytochemical compounds derived 

from MM ameliorate acidic soils by directly reducing 

available Fe and exchangeable Al, and indirectly promoting 

the availability of P, N, and K [57] through metal chelation 

and stimulation of microbial activity, thereby enhancing soil 

microbial diversity, which is beneficial for plant health. 

Our results reveal that MM treatment uniquely enhances 

both plant performance (bulb sprouting, Fusarium resistance) 

and beneficial Trichoderma colonization, contrasting with AI 

treatment effects. This dual functionality aligns with 

established mechanisms whereby: (1) Trichoderma coatings 

promote plant growth [58], and (2) Trichoderma seed 

pretreatment upregulates anthocyanin biosynthesis [59]. 

Beyond merely documenting the efficacy of the coatings, our 

study proposes a novel, self-reinforcing mechanistic model 

(Figure 5) that integrates direct phytochemical action with 

beneficial microbiome recruitment. This synergistic feedback 

loop, particularly prominent in the MM treatment, explains the 

sustained resistance and growth promotion observed. 

Furthermore, the model elucidates the trade-off between direct 
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antifungal strength and growth inhibitory effects in AI, 

providing a nuanced understanding of plant-phytochemical-

pathogen interactions.  

These findings expand the documented benefits of 

anthocyanin coatings in seed preservation [60], while 

highlighting formulation constraints – excessive 

concentrations may compromise tensile strength and water-

vapor permeability despite improved phytochemical stability 

[61]. While our experimental trials demonstrated the coating’s 

multifunctional efficacy–enhancing bulb sprouting, Fusarium 

resistance, and Trichoderma colonization–scalable adoption 

requires addressing socio-economic constraints, such as raw 

material accessibility and cost-efficiency compared to 

conventional treatments. 

While this study demonstrates the clear superiority of MM 

over AI in promoting synergistic growth and Trichoderma 

recruitment, we acknowledge that the comparative analysis 

primarily highlighted their mechanistic differences rather than 

a comprehensive efficacy ranking. The distinct performance -

where MM excelled in growth synergy and microbiome 

recruitment, while AI showed stronger direct antifungal 

properties but allelopathic effects- reveals a fundamental 

trade-off between different modes of action. This functional 

contrast underscores that “effectiveness’ is multi-dimensional, 

and the optimal choice of plant extract may depend on specific 

agricultural priorities: growth promotion and soil health 

(favoring MM) versus immediate pathogen suppression 

(where AI has value). Future formulations could even explore 

combining these extracts to leverage their complementary 

strengths. 

 

4.3 Socio-economic and environmental perspectives 

 

The International Union for Conservation of Nature (IUCN) 

classifies AI as a least concern species with a stable population 

across South and Southeast Asia [62], while MM remains 

unassessed. However, studies indicate MM is invasive [63] 

and adapts well to degraded soil [64], suggesting both species 

are viable bioresources with low conservation risks. 

Consequently, their availability is predicted to be abundant, 

making them economically affordable or even free. In the 

Indonesian context, tapioca flour holds a distinct economic 

and practical advantage over other starches. This economic 

resilience stems from its supply chain independence; unlike 

imported wheat flour, cassava is cultivated domestically, 

creating a more stable value shield from foreign exchange 

volatility. This is complemented by its ready market 

availability and simple processing technology [65].  

This study establishes MM as a safer alternative to synthetic 

fungicides, addressing ecological and health risks from 

persistent residues [66, 67]. Quantitative analysis reveals a 

nuanced efficacy profile: while the chlorothalonil treatment 

showed superior root development (138.71 ± 31.96 mm), the 

MM coating demonstrated comparable Fusarium wilt 

suppression with the added advantage of significantly 

enhanced growth synergy. This dual functionality -direct 

pathogen suppression coupled with microbiome recruitment 

and growth promotion-represents a key advantage over single-

mode chlorothalonil. For farmer adoption, bridging the yield 

gap with conventional chemical remains crucial; however, the 

multifunctional benefits of MM may offer compelling value 

where soil health and sustainable practices are prioritized. 

 

 

4.4 Statistical robustness and study limitations 
 

The statistical analysis provides robust evidence for the 

treatment-specific effects, demonstrated by the highly 

significant (p < 0.001) quadratic models of BDS (R2 ≥ 0.930) 

and the compelling treatment × leaf area interaction in the 

GLM (Wald χ² = 13.811, p = 0.003). These results, coupled 

with large effect sizes (Cohen’s f = 0.55-1.48) for key growth 

parameters, strongly confirm that the MM coating dynamically 

enhances growth synergy in a leaf development-dependent 

manner, despite the sample size (N = 40) and 35-day duration 

being optimized for proof-of-concept rather than long-term 

yield assessment.  

However, certain limitations contextualize these findings. 

The proposed mechanism involving Trichoderma colonization, 

while observationally supported, lacks molecular validation. 

Furthermore, the reliance on natural pathogen pressure–

though ecologically relevant–precludes precise pathogen 

identification, and the exclusion of coating mechanical 

properties represents a necessary trade-off between practical 

applicability and material standardization. These limitations 

do not diminish the statistical robustness of our central 

findings but precisely define critical pathways for future 

research, particularly regarding microbial dynamics, 

molecular characterization, and extraction standardization for 

commercial scaling. 

 

 

5. CONCLUSION 
 

This study demonstrates the profound potential of MM and 

AI leaf extracts as bioactive coatings for sustainable shallot 

cultivation. The distinct physicochemical properties of each 

extract—a viscous, acidic gel for MM and a neutral, thin slurry 

for AI—directly stem from their unique phytochemical 

compositions, rich in flavonoids/phenolic acids and 

terpenoids/sulfur compounds, respectively. Biological 

efficacy assays revealed a critical trade-off: while both 

coatings delayed Fusarium wilt onset, the MM coating 

provided superior, synergistic growth promotion and the 

highest level of disease suppression. This enhanced 

performance is attributed to a proposed self-reinforcing 

mechanism where MM phytochemicals not only act directly 

against the pathogen but also facilitate beneficial Trichoderma 

colonization, which in turn bolsters host defenses. In contrast, 

the AI coating's allelopathic properties, though antifungal, 

impeded early growth, resulting in inferior performance. 

Statistical modeling quantitatively confirmed MM's 

superiority, showing it had the highest growth coefficient and 

the most significant synergistic interaction between treatment 

application and leaf area development. These findings 

collectively position the MM-based coating as a multifaceted, 

sustainable technology that concurrently addresses disease 

management and growth enhancement. Therefore, this 

research validates a novel plant-based strategy to reduce 

dependency on synthetic fungicides, paving the way for more 

resilient agricultural systems. The next phase of research 

should focus on stabilizing anthocyanin–starch interactions 

within the coating matrix, preventing oxidation and pH-

induced degradation that limit field durability. Equally 

important is quantifying Trichoderma recruitment dynamics 

and phytochemical persistence across soil moisture gradients 

in peatland environments to validate the long-term efficacy of 

this mechanism. 
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