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ABSTRACT: Basal stem rot (BSR) caused by Ganoderma boninense represents the most devastating disease threatening the sustainability of 

Indonesia's oil palm industry, the world's largest palm oil producer. This qualitative literature review synthesizes current knowledge on the 

pathogenicity mechanisms, economic impacts, and management strategies for Ganoderma disease in the Indonesian context. Through a thematic 

analysis of 60+ peer-reviewed publications from 2010 to 2026, this study reveals that BSR incidence is increasing across all plantation ages and 

soil types, with projected infection rates reaching 100% in Sumatra under climate change scenarios by 2100. Economic losses are estimated at 

USD 500 million annually, with individual infected palms experiencing 43% yield reduction within six months. Current management approaches 

demonstrate that no single control method provides complete protection; however, integrated disease management combining cultural practices 

(clean clearing with one-year fallowing reducing incidence to 3-6%), biological control agents (Trichoderma spp. achieving 83-89% disease 

suppression), moderate resistant varieties, and early detection technologies (UAV multispectral imaging with >90% accuracy) offers the most 

promising pathway. Critical gaps include the absence of completely resistant varieties, limited smallholder access to advanced technologies, 

and inadequate national biosecurity frameworks. This review provides evidence-based policy recommendations, including establishing a 

national Ganoderma biosecurity program, dedicated research funding, mandatory integration into the Indonesian Sustainable Palm Oil (ISPO) 

certification system, and technology democratization mechanisms to safeguard the sustainability of Indonesia's palm oil industry. 
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1. INTRODUCTION 

1.1 Background 

Indonesia is the world's leading producer of oil palm (Elaeis guineensis Jacq.), accounting for approximately 60% of global palm oil supply and 

producing more than 47 million tonnes annually. The industry encompasses 16.7 million hectares of cultivation, providing livelihoods for millions 

of smallholder farmers and generating substantial foreign exchange revenues critical to national economic stability. The Indonesian government 

has set an ambitious production target of 100 million tonnes by 2050 to meet escalating global demand for food, cosmetics, and biodiesel feedstock 

under the B30 and B100 mandates[1]. 

However, this economic cornerstone faces an existential biological threat: basal stem rot (BSR) disease caused by the white rot fungus Ganoderma 

boninense Pat.. This pathogen, endemic to Southeast Asia, has emerged as the most devastating disease affecting oil palm plantations across 

Indonesia, particularly in Sumatra, where infection rates exceed 80% in some areas. Unlike foliar diseases amenable to chemical intervention, 

BSR manifests as a chronic, progressive root and stem infection that inexorably leads to palm mortality, with no curative treatment currently 

available[2]. 

The pathogen's lifecycle and transmission mechanisms exacerbate control challenges. Ganoderma boninense persists as a saprophyte on woody 

debris and infected stumps, creating persistent inoculum reservoirs that contaminate successive plantation generations. Basidiospore dispersal via 

wind and root-to-root contact facilitates rapid disease spread within and between plantations. Most insidiously, infected palms remain 

asymptomatic for 60-70% of the infection period, enabling cryptic transmission before visual symptoms manifest. By the time characteristic foliar 

chlorosis, rotting lower fronds, and basidiocarp emergence occur, internal tissues have sustained irreversible damage, and the palm typically 

succumbs within 6-24 months[3], [4], [5]. 

1.2 Research Urgency 

The urgency of addressing Ganoderma disease stems from converging factors that threaten industry viability. First, BSR incidence demonstrates 

alarming temporal acceleration. Historically, infections were observed in palms older than 25 years; contemporary observations document 

infections in palms as young as 1 year post-planting. In North Sumatra, mortality rates reach 40-50% by age 25 years in first-generation plantings, 
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with a significantly higher incidence in second- and third-generation replantings, where accumulated soil inoculum overwhelms management 

interventions[1]. 

Second, the economic ramifications are catastrophic at both the micro and macro levels. Infected palms experience a 43% yield reduction within 

six months of symptom onset. At the national level, BSR-associated losses are conservatively estimated at USD 500 million annually, with 

projections indicating cumulative export revenue losses of approximately IDR 111.8 trillion if current disease trajectories persist. These losses 

directly threaten Indonesia's capacity to meet production targets and maintain its global market share amid competition from Malaysia, Thailand, 

and emerging producers[6]. 

Third, climate change amplifies disease pressure through multiple mechanisms. Paterson's seminal model predicts that BSR infection rates will 

reach 100% by 2100 in Central and South Sumatra, as rising temperatures and altered precipitation patterns create optimal conditions for pathogen 

proliferation and virulence. Concurrently, suitable climate zones for oil palm cultivation are projected to contract post-2050, creating a geographic 

pincer in which productive lands diminish while disease pressure intensifies[7].  

Fourth, replanting dynamics concentrate risk. Indonesia's plantation estate includes extensive first-generation plantings approaching economic 

senescence, necessitating widespread replanting over the coming decades. However, replanting into Ganoderma-contaminated soils, particularly 

when using high-risk underplanting methods, exponentially increases the probability of infection, creating a pathogen-enrichment cycle that 

degrades land productivity[8]. 

1.3 Research Objectives 

This qualitative literature review aims to achieve three primary objectives. First, to synthesize current scientific understanding of the pathogenic 

mechanisms of Ganoderma boninense, infection dynamics, and factors that modulate disease severity in Indonesian plantation contexts. Second, 

to critically evaluate the efficacy, scalability, and economic viability of management strategies spanning cultural practices, chemical interventions, 

biological control, resistant variety development, and early detection technologies. Third, to formulate evidence-based policy recommendations 

that integrate biosecurity frameworks, research prioritization, technology transfer mechanisms, and sustainability certification to safeguard the 

Indonesian oil palm industry's viability against Ganoderma threats. 

By addressing these objectives through a systematic thematic synthesis of peer-reviewed literature, this review aims to provide actionable insights 

for policymakers, plantation managers, researchers, and smallholder support organizations navigating the complex challenge of sustaining oil palm 

productivity amid intensifying disease pressure. 

 

2. LITERATURE REVIEW 

2.1 Ganoderma boninense: Pathogen Characteristics and Pathogenicity 

Ganoderma boninense, classified within Basidiomycota, Polyporales, Ganodermataceae, represents the predominant etiological agent of BSR in 

Southeast Asian oil palm cultivation. Morphologically, the pathogen produces distinctive sessile or stipitate basidiocarps (fruiting bodies) 

characterized by a reddish-brown pileus, white pore surfaces, and dark brown context tissue, releasing copious rust-colored basidiospores (8-11 × 

5.5-7 μm) that facilitate dispersal [1]. 

Molecular phylogenetic analyses using ITS, β-tubulin, and translation elongation factor 1-α sequences confirm that Ganoderma boninense is a 

monophyletic species complex exhibiting conspecificity across Indonesia, Malaysia, and Papua New Guinea, suggesting recent geographic 

expansion rather than cryptic speciation. Population genetic studies employing microsatellite markers reveal high genetic diversity within Sumatran 

isolates, attributable to the pathogen's tetrapolar mating system, which necessitates outcrossing between compatible mating types. This obligate 

heterothallism generates genetic variability that may facilitate adaptation to host resistance and environmental stressors[1]. 

The infection process commences with basidiospore germination or hyphal contact with oil palm roots. Ganoderma boninense employs a biphasic 

infection strategy: an initial biotrophic phase involving epidermal penetration and intercellular cortex colonization, followed by a necrotrophic 

phase characterized by extensive tissue maceration and vascular invasion. During biotrophy, the pathogen modulates host defenses by suppressing 

expression of pathogenesis-related genes, thereby enabling asymptomatic colonization for months to years[1]. 

The transition to necrotrophy coincides with the secretion of cell wall-degrading enzymes (CWDEs), including laccases, manganese peroxidases, 

cellulases, and xylanases, which depolymerize lignin, cellulose, and hemicellulose. Enzymatic degradation of structural polysaccharides causes 

progressive loss of root and basal stem structural integrity, impeding water and nutrient translocation and culminating in palm collapse. Pathogen-

associated molecular patterns (PAMPs), including chitin, β-glucans, and ergosterol, trigger pattern-triggered immunity (PTI); however, effector-

mediated suppression of defense signaling enables sustained colonization in susceptible genotypes[9].  

Host resistance mechanisms, where present, involve upregulation of defense-related genes encoding chitinases, β-1,3-glucanases, pathogenesis-

related (PR) proteins, metallothioneins, and isoflavone reductases. Accumulation of antimicrobial secondary metabolites, including phenolic acids, 

flavonoids, and steroids, in root tissues of resistant genotypes correlates with disease suppression. However, Ganoderma boninense isolates exhibit 

considerable virulence variability, with aggressive strains overcoming partial resistance by increasing CWDE secretion and oxidative enzyme 

activity [10]. 

2.2 Genetic Characterization and Soil Suppressiveness Thresholds 

Recent molecular studies using microsatellite (SSR) markers reveal that Ganoderma boninense populations in Indonesia and Malaysia exhibit high 

genetic diversity, with no lack of distinct geographic structuring, indicating a continuous gene flow facilitated by basidiospore dispersal across the 

Strait of Malacca. This "panmictic" population structure implies that control strategies cannot rely on narrow-spectrum resistance, as the pathogen 

possesses a vast evolutionary potential to overcome specific host resistance genes. Furthermore, comparative genomics has identified specific 

pathogenicity genes encoding cell wall-degrading enzymes (CWDEs) and secondary metabolite clusters that drive virulence, which now serve as 

primary targets for the development of molecular-based control strategies[11]. 
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For soil health, specific physical, chemical, and biological thresholds have been identified that correlate with Ganoderma suppression. Research 

indicates that soil pH approaching neutrality (6.0–7.0) significantly inhibits Ganoderma mycelial growth compared to acidic conditions (pH < 4.5) 

typical of peatlands. Crucially, a balanced cation exchange capacity (CEC) with adequate levels of Calcium (Ca) and Magnesium (Mg) is essential; 

calcium acts by strengthening cell walls (pectate formation), while micronutrients such as Copper (Cu) and Zinc (Zn) act as cofactors for 

lignification enzymes (e.g., polyphenol oxidase) that form physical barriers against fungal penetration. Biologically, "suppressive soils" are 

characterized by a high abundance of specific antagonistic taxa, particularly Trichoderma, Streptomyces, and Pseudomonas, which must be 

maintained at a threshold of 10^6 CFU/g soil to effectively compete with Ganoderma inoculum [12]. 

2.3 Factors Modulating Disease Severity in Indonesia 

Disease severity manifests in differential patterns across environmental gradients, agronomic practices, and genotypes. Climatic variables exert a 

pronounced influence on pathogen biology and disease progression. Ganoderma boninense exhibits optimal growth at 25-30°C with high relative 

humidity (>80%), conditions prevailing throughout the Indonesian lowland tropics. Paterson's climate-disease modeling shows strong positive 

correlations between increases in mean annual temperature and BSR incidence, projecting infection rates approaching 100% in Central and South 

Sumatra under the RCP8.5 scenario by 2100. Conversely, North Sumatra's moderately cooler climate may confer a relative disease refuge, though 

not immunity [13]. 

Soil type emerges as a critical determinant of disease. Comparative surveys document significantly higher BSR incidence on peat soils (54.37%) 

relative to mineral soils (9.64%). An abundance of organic matter in peat provides a superior substrate for saprophytic survival of Ganoderma 

boninense on debris, sustaining elevated inoculum densities. Additionally, nutrient imbalances characteristic of acidic peat soils, particularly 

deficiencies in copper and zinc, may compromise host defense responses. Coastal soils and poorly drained lateritic soils similarly associate with 

elevated disease pressure[14]. 

The plantation age and the replanting generation profoundly affect infection probability. First-generation plantings on virgin forest land experience 

a relatively low incidence (3-15%), whereas second- and third-replanting cycles exhibit substantially higher rates (40-80%), attributable to 

accumulated soil inoculum from previous crop cycles. Stumps and woody debris from felled palms harbor Ganoderma boninense for extended 

periods, contaminating newly planted material through root contact. Replanting methods critically influence disease risk: underplanting 

(interplanting young palms among aging stands) facilitates direct transmission and consistently produces the highest incidence. At the same time, 

clean clearing with complete stump removal and one year of follow-up minimizes inoculum carryover[4], [5].  

2.4 Economic and Ecological Impacts 

The economic burden of BSR operates through multiple mechanisms. Infected palms exhibit progressive yield decline, with fresh fruit bunch 

(FFB) production decreasing by 43% within six months of symptom onset and approaching zero as the palm enters terminal decline. Premature 

mortality truncates economic lifespan from the normal 25-30 years to as brief as 3-5 years in severely affected plantations, necessitating costly 

replanting decades ahead of schedule[6]. 

National-scale economic analyses quantify aggregate losses in Indonesia at USD 500 million annually. PASPI Monitor (2024) projects cumulative 

export revenue losses reaching IDR 111.8 trillion if disease trajectories continue unabated, directly threatening Indonesia's  capacity to meet 100 

million tonne production targets by 2050. These macroeconomic impacts cascade through supply chains, affecting mill profitability, employment 

in the plantation and processing sectors, and government tax revenues[15]. 

For smallholder farmers, who cultivate approximately 40% of Indonesia's oil palm area, BSR poses an existential threat to their livelihoods. 

Limited access to disease management technologies, diagnostic capabilities, and certified disease-resistant planting material concentrates 

vulnerability among smallholders, exacerbating rural poverty and potentially driving unsustainable extensification into forest frontiers as farmers 

attempt to compensate for productivity losses through area expansion[16]. 

Ecologically, Ganoderma disease pressure intersects problematically with Indonesia's oil palm moratorium policies (Presidential Instructions 

8/2018 and 5/2019) that restrict new plantation licensing to protect forests and peatlands. While moratoriums serve critical conservation objectives, 

they intensify pressure for productivity gains on existing cultivated lands. BSR undermines intensification strategies, potentially creating perverse 

incentives for illegal forest conversion or weakening political will to maintain moratoriums amid production shortfalls[16]. 

 

3. METHODS 

3.1 Research Design 

This study employs a qualitative literature review methodology, distinguished from systematic literature reviews by its interpretive, narrative 

synthesis approach. Qualitative reviews prioritize depth of conceptual understanding, contextual interpretation,  and critical analysis over 

exhaustive inclusion and meta-analytical quantification characteristic of systematic reviews. This methodology is particularly appropriate for 

synthesizing knowledge on complex, multifaceted phenomena such as plant disease management, where contextual factors (geographic specificity, 

socioeconomic conditions, policy environments) critically mediate research applicability [17], [18], [19]. 

The analytical framework integrates three theoretical lenses: (1) host-pathogen-environment interaction theory, examining how genetic, 

environmental, and management factors conjointly determine disease outcomes; (2) integrated pest management (IPM) frameworks emphasizing 

synergistic deployment of multiple control tactics; and (3) sustainability science perspectives assessing economic, environmental, and social 

dimensions of disease management interventions[2]. 

3.2 Literature Search Strategy 

Literature searches spanned multiple databases with emphasis on high-quality, peer-reviewed sources. Scopus and Web of Science were used as 

primary databases due to their comprehensive coverage of high-impact agricultural and plant pathology journals. Complementary searches used 

PubMed for biomedical and molecular biology literature, ScienceDirect for Elsevier-published journals, and SpringerLink for European 

publications [20]. 
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Search strategies employed Boolean combinations of primary keywords: ("Ganoderma boninense" OR "basal stem rot" OR "BSR") AND ("oil 

palm" OR "Elaeis guineensis") AND ("Indonesia" OR "Sumatra" OR "Southeast Asia") AND ("management" OR "control" OR "biocontrol" OR 

"resistance" OR "detection" OR "economic impact" OR "climate change"). Secondary searches targeted specific control methods: ("Trichoderma" 

OR "biological control" OR "fungicide" OR "resistant varieties" OR "remote sensing" OR "UAV" OR "molecular detection"). 

The temporal focus is 2020-2025 to capture current knowledge, with the selective inclusion of seminal pre-2020 works that are foundational to the 

field. Language restrictions limited inclusion to Indonesian- and English-language publications, potentially excluding relevant non-English or non-

Indonesian literature. Geographic prioritization favored Indonesian studies, with Malaysian research as a supplement, given ecological and 

pathogen similarities. 

3.3 Inclusion Criteria and Source Selection 

Inclusion criteria specified: (1) peer-reviewed journal articles, conference proceedings, or technical reports; (2) primary research, reviews, or meta-

analyses addressing Ganoderma boninense pathogenicity, epidemiology, detection, or management; (3) relevance to Indonesian oil palm 

production contexts; (4) publication in journals indexed in Scopus or Web of Science (preferred) or demonstrable quality through citation metrics 

and institutional affiliation. 

Exclusion criteria eliminated: (1) publications addressing other Ganoderma species or host crops without oil palm relevance; (2) non-empirical 

opinion pieces lacking data support; (3) duplicate publications or conference abstracts superseded by full articles; (4) literature focused exclusively 

on non-Indonesian geographies without transferable insights. 

Initial database searches yielded 347 potentially relevant publications. Title and abstract screening reduced this to 156 publications warranting 

full-text assessment. Quality appraisal prioritized Scopus Q1 and Q2 journals, high-citation works (>20 citations), and recent publications (2010-

2026). Final inclusion comprised 63 sources: 44 peer-reviewed journal articles, 12 review articles, and 7 technical reports or institutional 

publications. 

3.4 Data Extraction and Thematic Analysis 

Data extraction employed structured templates capturing: bibliographic information (authors, year, journal, DOI); study objectives and research 

questions; methodological approaches; key findings (qualitative themes and quantitative data); geographic context; and practical implications. 

Extraction emphasized Indonesia-specific data while incorporating relevant comparative international evidence. 

Thematic analysis followed iterative coding procedures. Open coding identified emergent themes through line-by-line examination of findings 

sections, generating 127 initial codes. Axial coding grouped related codes into thematic categories: pathogen biology (18 codes), disease 

epidemiology (22 codes), detection technologies (15 codes), cultural control (16 codes), chemical control (12 codes), biological control (20 codes), 

resistant varieties (14 codes), economic impacts (8 codes), and policy implications (12 codes). Selective coding synthesized categories into 

overarching narrative themes that addressed the research objectives [17]. 

3.5 Methodological Limitations 

Several limitations warrant acknowledgment. First, Indonesian and English-language restrictions may exclude relevant publications in other 

languages.  Second, publication bias toward positive or statistically significant results may overestimate the efficacy of management interventions. 

Third, heterogeneity in study designs, geographic contexts, and outcome measurements precludes meta-analytical quantification of effect sizes. 

Fourth, access limitations to grey literature may underrepresent industry research and government reports. These limitations suggest that the 

findings represent the best available evidence, while acknowledging potential knowledge gaps. 

 

4. RESULTS 

4.1 Pathogenicity Mechanisms and Infection Dynamics 

Synthesis of molecular and cellular research elucidates the pathogenicity mechanisms of Ganoderma boninense. The pathogen's secretome 

comprises >200 proteins, including a battery of carbohydrate-active enzymes (CAZymes) that facilitate lignocellulose degradation. Laccase and 

manganese peroxidase families exhibit particularly high expression during necrotrophic phases, catalyzing the oxidative depolymerization of 

lignin. Cellulolytic enzymes, including endoglucanases, cellobiohydrolases, and β-glucosidases, synergistically hydrolyze crystalline cellulose, 

whereas xylanases and mannanases target hemicellulose networks [9].  

Transcriptomic comparisons between biotrophic and necrotrophic infection stages reveal dramatic remodeling of gene expression. During 

biotrophy, Ganoderma boninense upregulates genes associated with nutrient acquisition, oxidative stress tolerance, and effector secretion, while 

suppressing CWDE expression, thereby potentially minimizing host defense elicitation. Necrotrophic transition is accompanied by a massive 

upregulation of CWDE (100-1000-fold) and the activation of secondary metabolite biosynthesis genes [1].  

Host-response transcriptomics indicate that susceptible oil palm genotypes exhibit delayed and inadequate defense responses. Key differences 

between resistant and susceptible genotypes include: (1) faster and stronger upregulation of PR genes (EgCHI1, EgGLU) encoding chitinases and 

glucanases in resistant lines; (2) enhanced expression of defense signaling genes (EgMAPK, EgWRKY transcription factors); (3) heightened 

production of antimicrobial metabolites, including flavonoids, phenylpropanoids, and phytoalexins detected via GC-MS and 1H NMR 

metabolomics[21], [22]. 

4.2 Disease Incidence Patterns and Risk Factors 

Comprehensive field surveys across Indonesian plantations reveal heterogeneous but universally concerning incidence patterns. In North Sumatra, 

the country's largest production region, BSR incidence averages 30-40% in first-generation plantings aged 15-25 years, escalating to 60-80% in 

second-generation replantings. Central and South Sumatra demonstrate similar or higher rates, particularly on peat soils, where incidence exceeds 

50% by age 15 [23]. 

Soil type exerts a pronounced influence. Mineral soils of volcanic origin support the lowest incidence (9-15%), coastal sandy soils intermediate 

levels (25-35%), and peat soils the highest incidence (45-60%). This stratification reflects both differential survival of inoculum (organic matter 
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substrate availability) and host nutritional status, both of which affect immunity. Peat soil studies demonstrate negative correlations between BSR 

incidence and soil copper and zinc concentrations, suggesting that micronutrient deficiencies compromise defense responses [5], [24]. 

Plantation age relationships defy simple linear patterns. Traditionally, BSR has been observed primarily in palms >20 years old. Contemporary 

observations document infections in nursery seedlings and field plantings as young as 1-2 years, indicating heightened inoculum pressure or 

increased pathogen aggressiveness. However, disease expression (symptomatic vs. asymptomatic infection) remains age-dependent, with visible 

symptoms most prevalent among individuals aged 10-25 years [2]. 

Replanting practices critically determine infection risk. Comparative studies demonstrate that underplanting (interplanting method) yields 70-90% 

incidence within 5 years, zero-burning windrowing 40-60%, and clean clearing with complete debris removal and one-year fallowing 3-6%. Cost-

benefit analyses indicate that, despite higher upfront costs (USD 2,000-3,000/ha for clean clearing vs. USD 500-1,000/ha for underplanting), the 

dramatic disease reduction justifies investment through a prolonged productive lifespan [4]. 

4.3 Early Detection Technologies 

Effective disease management requires detection in the asymptomatic stage, when interventions remain effective. Multiple detection approaches 

have emerged, each with distinct advantages and limitations. 

Molecular detection methods provide high sensitivity and specificity. Conventional PCR assays targeting Ganoderma boninense-specific ITS 

and β-tubulin sequences detect pathogen DNA in asymptomatic root tissues with 95-98% sensitivity. Quantitative real-time PCR enables 

quantification of the inoculum and correlates pathogen DNA concentrations with disease severity. Recently, recombinase polymerase amplification 

coupled with a lateral flow assay (RPA-LFA) has enabled on-site detection within 30 minutes without sophisticated equipment, offering promise 

for field deployment. However, molecular methods require destructive root sampling and remain labor-intensive for large-scale surveillance[25], 

[26]. 

Remote sensing technologies enable non-destructive, high-throughput disease monitoring. Unmanned aerial vehicle (UAV) platforms equipped 

with multispectral cameras that capture visible, red-edge, and near-infrared wavelengths achieve 91-96% accuracy in identifying infected palms 

before visible symptom onset. Spectral indices, including the Normalized Difference Vegetation Index (NDVI), the Enhanced Vegetation Index 

(EVI), and chlorophyll indices, reveal physiological stress 3-6 months prior to symptom onset. Machine learning classifiers, particularly 

convolutional neural networks (CNN), achieve optimal classification performance when trained on multi-temporal UAV imagery[27], [28]. 

Hyperspectral imaging (400-2500 nm) provides superior spectral resolution, enabling detection of subtle biochemical changes associated with 

infection. However, hyperspectral sensors remain costly, limiting widespread adoption. Thermal imaging to detect canopy temperature anomalies 

caused by impaired water relations shows promise but requires further validation [29], [30]. 

Cost-effectiveness analyses suggest UAV multispectral monitoring achieves break-even for plantations >500 hectares, where economies of scale 

offset equipment investment and skilled operator requirements. For smallholder contexts, cooperative or service provider models may enable 

technology access[27]. 

4.4 Cultural and Sanitation Practices 

Cultural control encompasses agronomic practices that minimize the introduction and accumulation of inoculum. Evidence synthesis identifies 

several best practices for Indonesian conditions. 

Replanting protocols exert paramount influence on subsequent BSR incidence. Clean clearing methodology involves: (1) complete felling and 

removal of senescent palms; (2) mechanical winching or chemical-assisted decay of stumps; (3) removal or in-field burning of all woody debris; 

(4) soil solarization or fumigation with dazomet (optional); (5) one-year fallowing with cover cropping to deplete residual inoculum. Comparative 

trials demonstrate that this approach reduces BSR incidence to 3-6% by age 10 years, compared with 40-80% with inadequate sanitation methods 

[4]. 

Dazomet application (400-600 kg/ha broadcast, followed by incorporation and tarping) provides additional inoculum suppression, reducing 

incidence by 60-75% compared with untreated controls. However, dazomet's high cost (USD 800-1,200/ha), fumigation logistics, and 

environmental concerns (soil microbial community impacts, groundwater contamination risks) limit routine use to high-value situations such as 

nursery beds or severely contaminated soils[31]. 

Planting techniques modify root-soil contact patterns, affecting infection probability. Mounding (raising planting point 30-40 cm above natural 

grade using topsoil from inter-rows) improves soil drainage, stimulates root growth in uncontaminated surface soil horizons, and reduces contact 

with inoculum-rich lower soil layers. Field trials demonstrate mounding reduces BSR incidence by 40-55% compared to flat planting while 

enhancing palm growth through improved aeration and root development[32]. 

Trenching or isolation barriers (1 m deep trenches excavated between healthy and diseased blocks) physically interrupt root-to-root transmission 

pathways. While labor-intensive, trenching is cost-effective for containing focal infections and protecting adjacent areas [1]. 

Cover cropping during fallow periods, particularly with legumes (Mucuna bracteata, Calopogonium mucunoides), accelerates the degradation of 

Ganoderma boninense inoculum by enhancing microbial competition and altering soil microbial communities. Cover crop benefits include 

nitrogen fixation (reducing fertilizer requirements), erosion control, and weed suppression, providing multiple agronomic co-benefits beyond 

disease management[8]. 

4.5 Chemical Control Strategies 

Chemical fungicides suppress symptoms and prolong productive lifespan, although they do not confer curative effects. Several active ingredients 

demonstrate efficacy in Indonesian trials. 

Hexaconazole (triazole fungicide) applied via trunk injection (10-20 ml of 5% formulation per palm, repeated quarterly) extends productive 

lifespan by 2-3 years and reduces symptom severity in infected palms. Hexaconazole inhibits ergosterol biosynthesis, disrupting fungal membrane 

integrity. Chitosan nanoparticle encapsulation enhances fungal cell wall penetration, increasing efficacy 2-3 fold compared to conventional 

formulations[33]. 
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Dazomet (methyl isothiocyanate-generating fumigant) applied as a soil drench or pre-plant incorporation provides broad-spectrum soil pathogen 

suppression, including Ganoderma boninense. Field applications demonstrate 60-75% BSR incidence reduction; however, phytotoxicity risks, 

application complexity, and environmental concerns constrain use[31].  

Pyraclostrobin (strobilurin fungicide) exhibits in vitro antifungal activity against Ganoderma boninense, inhibiting mycelial growth and spore 

germination. Field efficacy trials remain limited and warrant further investigation[34]. 

Nano-delivery systems employing chitosan nanoparticles for co-encapsulation of hexaconazole and dazomet enhance fungicidal efficacy through 

improved stability, controlled release, and enhanced penetration of the fungal cell wall. Laboratory bioassays demonstrate nano-formulations 

achieve equivalent efficacy at 40-60% reduced active ingredient concentrations, potentially mitigating environmental impacts and application 

costs[33].  

Despite demonstrated efficacy, chemical control limitations include: (1) inability to cure established infections (only symptom suppression); (2) 

requirement for repeated applications maintaining intervention costs; (3) environmental concerns regarding soil and water contamination; (4) 

potential for resistance development under continuous selection pressure; (5) limited accessibility for smallholders due to cost and application 

expertise requirements[1]. 

4.6 Biological Control Approaches 

Biological control employing antagonistic microorganisms provides a sustainable means of disease suppression. Extensive research identifies 

promising biocontrol candidates for Indonesian conditions. 

Trichoderma species demonstrate superior antagonistic activity against Ganoderma boninense. Multi-isolate mixture formulations combining 

Trichoderma harzianum, Trichoderma asperellum, and Trichoderma virens achieve 83-89% disease incidence reduction in seedling and young 

palm field trials. Mechanisms include mycoparasitism (direct hyphal parasitism via coiling and penetration), antibiosis (secretion of antifungal 

metabolites, including peptaibols and polyketides), competition for nutrients and colonization sites, and activation of induced systemic resistance 

in oil palm[35], [36].  

Trichoderma afroharzianum isolated from Bornean ecosystems exhibits particularly potent anti-Ganoderma activity, suppressing pathogen growth 

by 61.94% in vitro and reducing disease incidence 70% in greenhouse trials. Whole-genome sequencing reveals abundant CAZyme and secondary 

metabolite biosynthetic gene clusters that account for antagonistic capabilities [36], [37].  

Application modalities include: (1) soil inoculation at transplanting (10^6-10^7 spores/palm); (2) root dipping in spore suspensions pre-planting; 

(3) periodic soil drenching (quarterly applications); (4) incorporation into organic amendments (compost, empty fruit bunch mulch) for sustained 

release. Commercial Trichoderma formulations remain underutilized in Indonesia despite their proven efficacy, reflecting gaps in technology 

transfer and inconsistencies in quality control[35], [36].  

Actinomycetes, particularly Streptomyces species, isolated from peat soil rhizospheres, exhibit anti-Ganoderma activity. Streptomyces gelaticus 

produces extracellular enzymes and antimicrobial compounds inhibiting Ganoderma boninense mycelial growth by 65-78% in vitro. Field 

validation remains limited but warrants investigation given the established role of actinomycetes in disease suppression across diverse 

pathosystems[38].  

Polypore fungi indigenous to Bornean forests, including previously undescribed Trichoderma species, exhibit potent antagonism toward 

Ganoderma boninense. These wild fungal endophytes represent untapped genetic resources for biocontrol development, highlighting the 

importance of conserving forest ecosystems as reservoirs of beneficial microorganisms[20], [36].  

Mixed cropping systems provide indirect biological control. Intercropping oil palm with taro (Colocasia esculenta) varieties (Japanese, Bogor, 

Indralaya) reduces BSR root necrosis by 82-96% and disease index by 65-71% without compromising palm growth. Mechanisms likely involve 

taro root exudates modifying soil microbial communities and/or acting as competitive substrates diverting Ganoderma boninense from palm roots. 

This approach offers particular promise for smallholders seeking low-input management options[39].  

4.7 Host Resistance and Genetic Approaches 

Development of Ganoderma-resistant oil palm varieties represents the ultimate sustainable control strategy. However, complete resistance remains 

elusive, with breeding programs achieving only partial or moderate resistance. 

Genetic resistance sources include germplasm from Cameroon, Yangambi, and AVROS breeding populations exhibiting reduced susceptibility 

in field evaluations. Quantitative trait locus (QTL) mapping using biparental crosses and genome-wide association studies (GWAS) identifies 

multiple genomic regions associated with Ganoderma tolerance, confirming polygenic inheritance. These QTL collectively explain 30-45% of 

phenotypic variance, indicating substantial genetic complexity and environmental interaction effects [40].  

Genetic Markers and Tolerant Varieties 

Significant progress has been made in identifying genetic markers associated with Ganoderma tolerance, enabling more precise breeding programs. 

Transcriptomic studies have documented the upregulation of defense-related genes, including EgCHI1 (chitinase), EgVIR (viridiol synthase), and 

EgMT-1 (metallothionein), in the roots of resistant palms following infection. These genes, along with specific SNP markers identified through 

QTL mapping, are now used for Marker-Assisted Selection (MAS) to screen progenies at the seedling stage [10]. 

Currently, approximately 10 oil palm varieties have been officially released in Indonesia with "Moderate Ganoderma Resistant" status. These 

include DxP 540 NG (New Generation) from PPKS which utilizes "NG" breeding lines selected for high survival rates; the DxP AAL series 

(Nirmala MRG, Lestari MRG, Sejahtera MRG) released by Astra Agro in 2025; DxP MT Gano (Socfindo); and DxP Dami Mas (Sinarmas). 

These varieties generally exhibit a 30–50% lower disease incidence than standard commercial crosses in endemic areas. However, it is critical to 

note that these varieties are "tolerant" rather than fully "immune," necessitating their integration into a broader management system[41]. 

Marker-assisted selection (MAS) employing six validated SNP markers accelerates breeding cycles from 20 years (conventional phenotypic 

selection) to 10-12 years, though complete resistance breeding remains an ongoing challenge. Indonesian breeding programs, particularly Astra 

Agro and PT Dami Mas Sejahtera, released moderate Ganoderma-resistant (MGR) and intermediate Ganoderma-resistant (IGR) varieties in 2025, 
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representing significant commercial milestones. These varieties demonstrate a 30-50% reduction in incidence compared to standard susceptible 

material in multi-location trials, though not complete immunity[42]. 

Differential gene expression studies comparing resistant and susceptible genotypes reveal differences in the defense response. Resistant lines 

exhibit constitutively elevated expression of chitinases (EgCHI1), β-1,3-glucanases (EgGLU), metallothioneins (EgMT-1), viridiol synthases 

(EgVIR-1), and serine protease inhibitors (EgSPI-2). Following infection, resistant genotypes mount faster and stronger secondary responses, 

including phytoalexin biosynthesis and lignification[43]. 

Metabolomic profiling using 1H NMR and GC-MS identifies metabolite signatures that distinguish resistant and susceptible phenotypes. 

Resistant palms accumulate higher constitutive levels of phenolic acids (caffeic acid, ferulic acid), flavonoids (catechin, quercetin derivatives), 

and steroids in root tissues. Post-infection, resistant lines amplify production of antimicrobial compounds, including isoflavonoids and 

sesquiterpenes. These metabolites likely contribute directly to fungal growth inhibition and indirectly by reinforcing the cell wall[44], [45], [46]. 

Future genetic approaches include genome-editing technologies (e.g., CRISPR/Cas9) that target susceptibility genes or enhance resistance gene 

expression, although regulatory frameworks for genetically modified oil palm remain underdeveloped in Indonesia. Genomic selection, integrating 

whole-genome marker data, may further accelerate genetic gain [40].  

4.8 Integrated Disease Management Synthesis 

No single intervention provides adequate control of Ganoderma boninense; rather, synergistic integration of multiple tactics offers optimal disease 

suppression. Integrated disease management (IDM) frameworks for Indonesian oil palm recommend: 

Pre-planting phase: (1) Site selection, avoiding high-risk peat soils where feasible; (2) clean clearing with complete debris removal and stump 

extraction; (3) one-year fallowing with legume cover cropping; (4) soil amendment addressing nutrient deficiencies (copper, zinc on peat soils); 

(5) optional dazomet fumigation for severely contaminated sites. 

Planting phase: (1) Exclusive use of moderately resistant varieties (MGR/IGR) where available; (2) certified disease-free seedlings from reputable 

nurseries; (3) Trichoderma root inoculation pre-transplanting; (4) mounding or raised bed planting, improving drainage. 

Maintenance phase: (1) Quarterly Trichoderma soil drench applications; (2) Balanced fertilization maintaining optimal tree nutrition; (3) Prompt 

removal and destruction of symptomatic palms, preventing inoculum buildup; (4) Trenching to isolate disease foci; (5) Hexaconazole trunk 

injection for high-value palms showing early symptoms (lifespan extension). 

Monitoring phase: (1) Annual or biannual UAV multispectral surveys for early detection; (2) Ground-truthing via molecular diagnostics (RPA-

LFA) for suspected cases; (3) GIS mapping of disease distribution informing tactical interventions. 

Economic modeling suggests comprehensive IDM implementation costs USD 800-1,500/ha/year but generates positive returns through yield 

protection (maintaining a 20-25-year productive lifespan vs. 5-8 years under inadequate management), valued at USD 10,000-15,000/ha in net 

present value over the plantation cycle[15], [26]. 

 

5. DISCUSSION AND ANALYSIS 

5.1 Synthesis of Key Challenges 

This literature synthesis reveals that Ganoderma boninense poses a uniquely intractable challenge attributable to several convergent factors. First, 

the pathogen's dual saprophytic-pathogenic lifestyle enables persistence in soil and debris independent of living hosts, creating enduring 

inoculum reservoirs resistant to crop rotation or fallow approaches effective against obligate parasites. Second, the prolonged asymptomatic 

infection period (60-70% of the disease cycle) delays detection until irreversible damage occurs, undermining the efficacy of interventions. Third, 

the absence of complete genetic resistance necessitates perpetual reliance on management interventions rather than durable host immunity. 

Fourth, climate change amplifies disease pressure precisely as suitable cultivation zones contract, creating a geographic and temporal 

pincer that threatens the viability of production[7], [26].  

The Indonesian context amplifies these universal challenges through several country-specific factors. Indonesia's position as a mature plantation 

landscape undergoing large-scale replanting concentrates risk, as second and third-generation crops encounter accumulated soil inoculum. The 

prevalence of peat soils in major production regions (Central Kalimantan, Riau, South Sumatra) creates inherently high-risk environments in 

which the abundance of organic substrate sustains saprophytic pathogen populations. The predominance of smallholders (40% of the national 

area) complicates technology deployment, given their limited capital, technical expertise, and economies of scale relative to corporate estates. 

Finally, policy tensions between production intensification imperatives (meeting 100 million tonne targets) and sustainability mandates (forest 

moratoriums, peatland protection) constrain management options[13], [47]. 

5.2 Evaluating Management Strategy Efficacy 

A critical appraisal of the evidence reveals differential efficacy, scalability, and sustainability across management approaches. 

Cultural practices, particularly rigorous sanitation during replanting, demonstrate consistently strong efficacy (reducing incidence to 3-6%) and 

economic viability despite upfront costs. However, implementation requires discipline, capital investment, and the removal of productive land 

through fallowing, which poses challenges to smallholder adoption. Geographic scalability appears to be universal across soil types and climates, 

although cost-effectiveness improves in high-risk environments, thereby justifying investment [4].  

Biological control using Trichoderma species achieves impressive disease suppression (83-89%) with favorable environmental profiles and 

relatively low costs (USD 50-100/ha/year). However, variability in field efficacy due to formulation quality, application timing, and environmental 

conditions temper enthusiasm. Scalability challenges include production capacity constraints, quality control in tropical supply chains, and gaps 

in farmers' knowledge of proper application protocols. Research-to-practice translation remains inadequate, with many proven biocontrol 

technologies languishing in publications rather than achieving field adoption[35], [36]. 

Chemical fungicides extend productive lifespan but provide only symptomatic relief rather than a cure, necessitating repeated applications and 

ongoing costs. Environmental externalities, including risks of groundwater contamination and impacts on non-target organisms, raise sustainability 
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concerns. Nevertheless, fungicides serve valuable tactical roles in high-value mature plantations, where premature removal imposes severe 

economic penalties [33].  

Resistant varieties offer theoretically optimal sustainability but remain aspirational given only moderate levels of resistance achieved to date. The 

10-15 year breeding timeline to develop, validate, and multiply improved material creates temporal mismatches with urgent management needs. 

Nonetheless, deployment of MGR/IGR varieties should accelerate, given their superior performance relative to susceptible standards, even in the 

absence of complete immunity[42]. 

Early detection technologies enable timely intervention but face accessibility barriers. Molecular diagnostics remain laboratory-centric, with 

limited field portability, whereas UAV platforms require capital investment and technical expertise, thereby concentrating benefits in large estates. 

The 3-6-month pre-symptomatic detection window enabled by remote sensing provides actionable intelligence, although optimal integration with 

decision support systems remains underdeveloped[25], [26], [48].  

These analyses support integrated disease management (IDM) as the sole realistic approach, synergistically combining complementary tactics 

to achieve additive or multiplicative effects exceeding the efficacy of individual components. However, the complexity of IDM challenges 

extension services in translating research findings into farmer-accessible recommendations, particularly for smallholders lacking technical support 

infrastructure[9], [49], [50]. 

5.3 Operational Control Strategy: Tiered Standard Operating Procedure (SOP) for Ganoderma Control 

To bridge the gap between scientific research and field application, a tiered SOP (Standard Operating Procedure) is proposed, categorizing 

interventions based on resource availability and plantation scale: 

 

Level Target Operational Actions 

Level 1: Basic 

(Smallholders) 

Sanitation & Cultural 

Practices 

1. Mounding: Piling soil 30-40 cm around the base of palms to stimulate 

adventitious root growth and delay basal infection[32]. 

2. Sanitation: Removal of fruiting bodies (basidiomata) and deep burial/burning of 

infected stumps during replanting. 

3. Organic Amendments: Application of empty fruit bunch (EFB) compost to 

enhance general microbial activity. 

Level 2: Intermediate 

(Medium Estates) 

Soil Health & 

Biological Control 

1. Nutrient Balancing: Liming to reach pH 5.5–6.0 and applying Cu/Zn 

micronutrients (especially on peat) to boost host immunity[51]. 

2. Bio-Fungicides: Routine application of Trichoderma harzianum or Gliocladium 

spp. at nursery and planting hole stages ($10^7$ spores/palm)[36]. 

3. Census: Biannual visual census for early symptom detection (yellowing fronds). 

Level 3: Advanced (Large 

Companies) 

Molecular & Precision 

Agriculture 

1. Early Detection: UAV multispectral imaging to detect pre-symptomatic stress 

indices (NDVI/Red-Edge)[52]. 

2. Molecular Screening: DNA testing (PCR/RPA-LFA) of nursery seedlings to 

ensure "Ganoderma-free" status before planting [48], [53]. 

3. Genetic Deployment: Planting specific MGR varieties (e.g., DxP 540 NG, DxP 

AAL MRG) mapped to high-risk blocks[54]. 

This tiered approach ensures that mitigation strategies are operational and financially viable for all actors, from resource-poor farmers to capital-

rich corporations[55]. 

 

5.4 Climate Change and Future Projections 

Paterson's modeling provides sobering prognostications regarding climate-disease interactions. Projected temperature increases of 1.5-4.0°C by 

2100 across Indonesian production regions optimize Ganoderma boninense growth kinetics and potentially enhance virulence through accelerated 

enzymatic activity. Concurrently, altered precipitation patterns may create more favorable moisture regimes for basidiocarp formation and 

basidiospore dispersal, thereby amplifying transmission rates [13]. 

The projected 100% infection rate by 2100 in Central and South Sumatra under business-as-usual climate scenarios threatens to render vast areas 

unsuitable for economically viable oil palm cultivation. While North Sumatra remains relatively favorable, its limited land area cannot compensate 

for losses elsewhere. These projections underscore urgent imperatives for climate adaptation strategies, including: (1) accelerated breeding for 

climate-resilient, disease-tolerant varieties; (2) geographic production shifts to higher elevations or northern latitudes, maintaining suitable climate 

envelopes; (3) agroforestry systems moderating microclimate extremes; (4) enhanced disease surveillance enabling rapid response to emerging 

hotspots[7]. 

Critically, these climate-disease projections are subject to substantial uncertainty stemming from model assumptions, the selection of emission 

scenarios, and an incomplete understanding of pathogen evolutionary responses to changing conditions. Nevertheless, directional trends 

consistently indicate worsening disease pressure, justifying the precautionary intensification of management efforts and research investments [9]. 

5.5 Policy Implications and Recommendations 

Evidence synthesis supports several policy imperatives to safeguard the sustainability of Indonesian oil palm against Ganoderma threats. 

National Biosecurity Framework: Indonesia lacks a coordinated national program addressing Ganoderma boninense, unlike Malaysia's extensive 

research-extension infrastructure. Establishing a National Ganoderma Biosecurity Committee encompassing government (Ministry of Agriculture, 

Indonesian Palm Oil Research Institute), industry (GAPKI), research institutions (universities, BRIN), and smallholder representatives would 
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coordinate research prioritization, extension program development, and policy harmonization. This committee should develop and enforce 

biosecurity protocols, including mandatory disease reporting, quarantine measures for the interstate movement of planting material, and 

certification standards for disease-free nurseries. 

Research Funding Allocation: Current BPDP (formerly BPDPKS, the Palm Oil Plantation Fund Management Agency) research funding 

inadequately prioritizes Ganoderma relative to the magnitude of the threat. Dedicated funding streams totaling IDR 500 billion over five years 

should target: (1) complete resistance breeding through conventional and genomic approaches; (2) biocontrol scale-up, including mass production 

infrastructure and formulation optimization; (3) climate-disease modeling for adaptive management; (4) socioeconomic research on smallholder 

technology adoption barriers and incentive mechanisms. Public-private partnerships leveraging industry co-funding could amplify research 

capacity. 

ISPO Certification Integration: The Indonesian Sustainable Palm Oil (ISPO) standard currently addresses environmental and social criteria but 

inadequately emphasizes disease management. Incorporating Ganoderma management benchmarks into ISPO certification—including mandatory 

sanitation protocols, participation in disease surveillance, and adoption of moderately resistant varieties—would mainstream best practices. 

Market-based incentives that link certification compliance to price premiums or preferential access for sustainability-conscious buyers could 

motivate implementation. 

Technology Transfer Mechanisms: Bridging the research-practice gap requires revitalized extension services. Training 10,000 extension officers 

in integrated Ganoderma management over five years, deploying mobile diagnostic units to smallholder regions, and establishing farmer field 

schools would democratize access to technology. Subsidies covering 50% of MGR/IGR seedling costs and biocontrol agent purchases for 

smallholders would alleviate capital constraints that impede adoption. Cooperative or service-provider models enabling shared UAV access could 

extend early-detection capabilities to small-scale producers. 

Regional Cooperation: Ganoderma boninense transcends national borders, with basidiospore dispersal and germplasm exchange facilitating 

pathogen movement between Indonesia and Malaysia. ASEAN-level cooperation on quarantine protocols, research data sharing, and breeding 

program coordination would yield mutual benefits. Bilateral Indonesia-Malaysia initiatives could establish regional gene banks for resistance 

breeding and harmonize diagnostic standards. 

5.6 Research Gaps and Future Directions 

Despite substantial research progress, critical knowledge gaps impede the optimization of management. Complete resistance mechanisms remain 

elusive, with molecular and metabolomic studies revealing correlative defense responses but incompletely characterized causal pathways. 

Functional validation through gene silencing or overexpression experiments could identify targets for breeding or biotechnology. Pathogen 

effector biology remains largely uncharacterized in Ganoderma boninense, limiting understanding of virulence mechanisms and potential 

intervention targets. Climate-pathogen-host interaction modeling requires refinement to incorporate pathogen evolutionary dynamics and host 

adaptation capacity alongside environmental projections. 

Applied research priorities include: (1) large-scale, multi-location validation of promising biocontrol formulations under commercial conditions, 

assessing efficacy, cost-effectiveness, and farmer acceptability; (2) economic threshold determination, quantifying disease levels justifying various 

intervention intensities, enabling evidence-based decision support; (3) participatory research involving smallholder farmers in technology co-

development, ensuring relevance and appropriateness. 

Interdisciplinary approaches integrating genomics, metabolomics, and phenomics could accelerate resistance breeding by elucidating defense 

networks through systems biology. Social science research addressing technology adoption barriers, farmer risk perceptions, and policy 

effectiveness remains underrepresented despite its critical importance for impact. Life-cycle assessments quantifying the environmental footprints 

of alternative management strategies would support sustainability-oriented decision-making. 

 

6. CONCLUSION 

This qualitative literature review substantiates that Ganoderma boninense represents an existential threat to Indonesian oil palm sustainability, 

with disease incidence escalating temporally and spatially across the plantation landscape. Economic ramifications—conservatively estimated at 

USD 500 million annually, with cumulative losses projected to approach IDR 111.8 trillion—jeopardize Indonesia's capacity to maintain its global 

leadership in the palm oil market and to meet production targets essential to food security, export revenues, and renewable energy mandates. 

Current scientific understanding reveals the pathogen's formidable biological attributes: saprophytic survival capacity, creating enduring soil 

inoculum; prolonged asymptomatic infection, enabling cryptic transmission; genetic diversity, facilitating environmental adaptation; and potent 

enzymatic arsenals, degrading host structural barriers. These characteristics, amplified by climate change, which is creating increasingly favorable 

conditions for pathogen proliferation, necessitate urgent and comprehensive management responses. 

Evidence synthesis demonstrates that integrated disease management combining sanitation-intensive cultural practices (clean clearing with 

fallowing), biological control (Trichoderma biocontrol agents), moderate resistant varieties, chemical fungicides for tactical lifespan extension, 

and early detection technologies (UAV remote sensing, molecular diagnostics) offers the most viable pathway forward. No single tactic provides 

adequate protection; instead, synergistic integration achieves disease suppression, enabling economically viable production over 20-25 year 

plantation cycles. 

However, substantial implementation gaps separate research achievements from field practice, particularly among smallholder producers who 

cultivate 40% of Indonesia's oil palm area. Technology accessibility barriers, including capital constraints, technical knowledge deficits, and 

inadequate extension support, concentrate vulnerability among those least able to absorb economic losses. Policy frameworks inadequately address 

biosecurity, research funding, technology transfer, and the integration of disease management imperatives into sustainability certification. 

6.1 Policy Recommendations 

Based on evidence synthesis, this review advances the following prioritized policy recommendations: 
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Immediate Actions (2025-2027): 

1. Establish the National Ganoderma Biosecurity Committee coordinating multi-stakeholder response 

2. Allocate significant research funding over five years, targeting resistance breeding, biocontrol scale-up, and climate adaptation 

3. Mandate Ganoderma spp management integration into ISPO certification standards 

4. Initiate a subsidy program covering 50% of moderately resistant seedlings and biocontrol agent costs for smallholders 

5. Deploy 1,000 trained extension officers and 50 mobile diagnostic units to high-incidence regions 

6. Moving forward, national policy must prioritize the "Soil and Plant Health Resilience Roadmap," which operationalizes the findings 

of this review. 

a. Development of DNA-Based Identification: A national database of Ganoderma genetic diversity should be established to 

monitor virulence shifts, guiding the deployment of region-specific resistant varieties. 

b. Soil Health Mitigations: Regulations should mandate "Soil Immunization" practices in replanting SOPs, specifically requiring 

soil amelioration (pH and micronutrient adjustment) and biological agent pre-loading before introducing new palms into 

endemic areas. 

c. Democratization of Tolerant Genetics: The government must subsidize the distribution of the ~10 identified tolerant varieties 

(e.g., DxP 540 NG, DxP AAL MRG) to smallholders, preventing the use of uncertified seeds that exacerbate disease spread. 

d. Operational SOP Adoption: The tiered SOP proposed herein should be integrated into the ISPO (Indonesian Sustainable 

Palm Oil) criteria, ensuring that "Basic" level controls are mandatory for all growers. At the same time, "Advanced" practices 

are encouraged for larger operators to create an industry-wide buffer against the epidemic. 

Medium-Term Priorities (2027-2030): 

1. Achieve 50% adoption of MGR/IGR varieties in new plantings through seedling availability scale-up and farmer incentives 

2. Establish a regional Indonesia-Malaysia cooperation framework on quarantine protocols and research coordination 

3. Develop and disseminate decision support systems integrating UAV monitoring, GIS disease mapping, and intervention 

recommendations 

4. Implement a farmer field school network with 100,000 participants trained in integrated disease management 

5. Conduct economic valuation of ecosystem services from forest conservation as sources of biocontrol organisms, justifying protection 

investments 

Long-Term Strategic Directions (2030-2050): 

1. Transition 80% of the national planting area to complete or high resistance varieties once breeding programs achieve this milestone 

2. Geographic production optimization relocating plantations to climate-resilient zones (North Sumatra, higher elevations) as southern 

regions become increasingly unsuitable 

3. Circular economy development converting palm waste to biocontrol substrates and biodiesel, enhancing sustainability and reducing 

disease risks 

4. Digitalization achieves universal disease surveillance through satellite monitoring, AI-powered early warning systems, and blockchain-

verified disease-free germplasm traceability 

6.2 Concluding Remarks 

Indonesia stands at a critical juncture. Absent transformative intervention, Ganoderma boninense threatens to undermine the economic, social, 

and environmental sustainability of the world's most important vegetable oil crop, with ramifications extending far beyond Indonesian borders to 

global food security and tropical forest conservation. The convergence of escalating disease incidence, climate change amplification, and 

replanting-driven inoculum accumulation creates an accelerating threat trajectory that current management practices inadequately address . 

However, this review also documents substantial scientific progress that has yielded actionable solutions across resistant varieties, biocontrol 

technologies, early-detection capabilities, and best management practices. The challenge lies not in insufficient knowledge but in translating 

research achievements into field impact at scale, particularly among smallholder producers. Overcoming this implementation gap requires political 

will, resource allocation, institutional coordination, and sustained commitment to evidence-based policymaking. 

The window for effective action is narrowing, with climate projections indicating potential tipping points by mid-century, beyond which large 

production regions may become untenable. The time for incremental responses has passed; transformative action is imperative now. Indonesia's 

response to the Ganoderma crisis will determine not only the fate of its palm oil industry but also serve as a bellwether for  humanity's capacity to 

sustain tropical agricultural systems amid accelerating environmental change. The stakes could not be higher, nor the imperative for action more 

urgent. Success requires treating Ganoderma boninense not as a routine agronomic challenge but as the national biosecurity emergency it truly 

represents, mobilizing resources, political will, and institutional capacity commensurate with the existential threat it poses to Indonesian palm oil 

sustainability. 
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