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Abstract

Oil palm (Elaeis guineensis Jacq.), also referred as ‘Golden palm’, is the most
efficient oil-yielding perennial crop in the world. Unfortunately, basal stem rot
(BSR) disease poses a major menace to the palm oil industry and hence to
farmers’ livelihoods. Ganoderma, the causal agent, has been known for almost
a century and is still a growing economic concern without proper remedy. A
crucial factor in managing the BSR disease is the lack of well-grounded diagnos-
tic method(s) for early and accurate diagnosis. Rapid and early on-field detection
is very essential for proactive management of BSR. Practice of curative methods
in infected trees and their economic feasibility is a matter of great concern as the
disease is asymptomatic till its advanced stages of infection. Integrated BSR
disease management should employ all successful cultural practices control,
chemical control and biological agents.
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9.1 Introduction

Oil palm (Elaeis guineensis Jacq.), also referred as ‘Golden palm’, is world’s most
efficient oil-yielding perennial crop, extensively cultivated in South-East Asia. It is
presumed to be originated in Africa and classified under order Arecales and family
Arecaceae. Palm oil (75.45 Mt) surpasses soybean oil (60.27 Mt) and rapeseed oil
(28 Mt) in terms of global vegetable oil production ranking first among the
oil-yielding crops (Shahbandeh 2021). The unparalleled yield advantage of the oil
palm to that of other oilseed crops in terms of seasonal long harvest and high
productivity (4–6 tonnes of vegetable oil per hectare) led to expansion of oil palm
cultivation in the last two decades. Oil palm is highly productive in humid tropical
regions receiving high light intensity, thus extensively cultivated in Indonesia,
Malaysia, Thailand, Nigeria and Colombia. Recent estimates state that oil palm
occupies 19.04 million hectares of global agricultural land (0.36%) (Kushairi et al.
2018). There are two types of oils, such as palm oil and palm kernel oil, that can be
extracted from mesocarp and kernel of fruits, respectively. Palm oil has worldwide
demand for consumption and accounts for 15% of oil requirements of the local food
industry. In addition, palm oil is exploited for biofuels, lubricants, cosmetics and
other products. Palm oil is widely recognized as the healthiest oil since it is rich in
phenolic antioxidants, carotene and free of trans-fatty acids and cholesterol. Culti-
vation of oil palm in India is also fast expanding to the tune of 3.5 lakh ha with a
production of 16.33 lakh tonnes of fresh fruit bunches and 2.70 lakh metric tonnes of
crude palm oil (Oil World 2020). India is one of the largest consumers of vegetable
oil, and 133.5 lakh tonnes of edible oil worth Rs. 80,000 crore imported in 2020–21,
with palm oil accounts for 55% of the total vegetable oil imports. India may witness
a substantial increase in oil palm area and production in future in order to achieve
self-sufficiency in palm oil.

The rapid expansion of oil palm cultivation in both forest and arable land is
posing severe disease and pest outbreaks, threatening its commercial cultivation.
Aderungboye (1977) described 32 different types of diseases and disorders in palm
cultivation, emphasizing nine major diseases that greatly hamper production of palm
oil. Basal stem rot (BSR), Fusarium wilt, spear rot-bud rot and sudden wither
(Corley and Tinker 2003) are becoming devastating fungal diseases in the recent
past. Several other diseases such as Armillaria trunk rot (Armillaria mellea), blast
(Pythium splendens), Corticium leaf rot (Corticium solani), Marasmius bunch rot
(Marasmius palmivora), red ring (Rhadinaphelenchus cocophilus) (Aderungboye
1977) and heart rot (Phytophthora palmivora) (Elliott and Uchida 2004) are also
reported in oil palm. Of all the diseases reported in oil palm, basal stem rot disease



caused by wood rotting basidiomycete, Ganoderma spp., is becoming the most
annihilating disease in major oil palm cultivating areas of the world (Flood et al.
2005; Chong 2010).
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9.2 Basal Stem Rot of Oil Palm: Phytopathological Aspects

9.2.1 Geographical Distribution and Economic Loss

BSR is categorized as most devastating disease of oil palm cultivation in the recent
years (Corley and Tinker 2003; Susanto et al. 2005). It was first described by
Wakefield in 1915 from Republic of Congo of West Africa. When incidence of oil
palm basal stem rot was initially reported by Thompson in 1931, the disease was of
negligible economic importance. Later, with the rapid extension of oil palm cultiva-
tion from 1960, the young plantations in South-East Asian countries witnessed the
real and destructive impact of BSR (Turner 1981). The disease has now been
reported in every oil palm-producing regions of the world, with the most severe
cases occurring in Indonesia and Malaysia, the world’s largest producers and
exporters of palm oil. Infection with basal stem rot reduces the number and weight
of fresh fruit bunch, along with the stem weight of oil palm bunches. In extreme
cases, the disease has a potential to kill more than 80% of crop stands during its
normal economic life and necessitates early replanting (Razak et al. 2004). In spite of
the fact that it has been known for nearly a century, it continues to be a major
economic problem, with annual losses ranging from RM 225 million to RM 1.5
billion (up to US$ 500 million) (Arif et al. 2011; Ommelna et al. 2012). Ganoderma
infection has caused 80% and 50% yield losses in Malaysia and Indonesia, respec-
tively, during the last 40 years (Chong 2010; Chong et al. 2012a; Idris et al. 2010b;
Susanto et al. 2005), and it is predicted that BSR has the potential to wipe out
860,610 hectares of oil palm farms in Malaysia by 2040 (Olaniyi and Szulczyk
2020).

9.2.2 Causal Organism

Ganoderma is a basidiomycetes fungi, grouped in the sub-phylum Hymenomycetes,
order Polyporales and family Ganodermataceae (Cannon and Kirk 2007). Karsten
(1881) established G. lucidum as the single species under genus Ganoderma.
According to Seo and Kirk (2000), currently 322 species names of Ganoderma are
included in species Fungorum, although the number of true species may be limited to
60–80 (Moncalvo 2000). Among them, a handful of important species are
G. applanatum, G. australe, G. boninense, G. cupreum, G. lobatum, G. lucidum,
G. oerstedii, G. platense, G. resinaceum, G. sinense, G. tornatum, G. tsugae and
G. weberianum (in alphabetical order) (Roberts 2004).

Although basal stem rot is known for its high disease severity and wide
occurrence in oil palm, there is no general consensus on Ganoderma species



associated with the disease. Turner (1981) identified potential association of
15 species of Ganoderma such as G. boninense, G. applanatum, G. chalceum,
G. miniatocinctum, G. pseudoferreu, G. lucidum and G. tornatum with BSR, and
he also believed that the sole cause of the disease could not be attributed to a single
species in any given area. G. boninense is the major species that is highly pathogenic
to oil palm (Ho and Nawawi 1986; Khairudin 1990; Moncalvo 2000) in South-East
Asian countries. G. boninense has been reported to be more aggressive, causing
yield reductions of 20–40% and/or losses of 46–67%, if infected oil palm aged
15 years followed by G. zonatum (moderately aggressive) and G. miniatocinctum
(least aggressive). However, G. tornatum is reported to be non-pathogenic species
associated with BSR (Singh 1991; Hisham 1993; Idris et al. 2001). In spite of that,
G. boninense as the BSR real causative agent in different oil palm growing region is
yet to be confirmed. In India, G. lucidum and G. applanatum are known to cause
basal stem rot disease in oil palm as well as coconut (Mandal et al. 2003).
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9.2.3 Host Range

BSR disease incited by Ganoderma spp. has got a wide host range, infecting mainly
palms, forest, avenue and fruit trees belonging to 19 families, 36 genera and
48 species (Naidu et al. 1966). Ganoderma exhibits saprophytic and parasitic life
on logs (Singh et al. 2007) and plays a significant ecological role. It acts a as good
decomposer in the breaking down or delignification of hard wood as well as soft
wood causing white rot. Apart from oil palm, many Ganoderma species have long
been found to cause stem and root rot diseases in many commercial perennial crops
such as coconut (Cocos nucifera), tea (Camellia sinensis) and betel nut (Areca
catechu) (Miller et al. 2000).

9.2.4 Morphology

Ganoderma fructification produces bracket like large and woody basidiocarps. Their
fruiting bodies are generally double walled, generating truncate spores (with round
base and shorter tip) having yellow to brown ornamented inner layers (Adaskaveg
and Gilbertson 1988). Basidiocarps are made up of hymenium (tissue that produces
spores) and pileus (cap-like structure) (Seo and Kirk 2000). G. boninense is mor-
phologically distinguished from other species by light coloured thin pileus with
elongated basidiospores that are uniformly brown coloured. The colonies of
G. boninense grows into undulating whitish mycelial growth on top and having
dark pigmentation on the reverse side of growth media plate.
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9.2.5 Taxonomy

Many attempts have been made in the past in differentiating Ganodermataceae
taxonomically based on host specificity, geographical distribution and phenotypic
characteristics such as colour and consistency of basidiocarp, shape of margin of
pileus, stipitate or sessile fruiting body and size and shape of basidiospores
(Adaskaveg and Gilbertson 1986; Bazzalo and Wright 1982; Pegler and Young
1973; Steyaert 1972, 1980). The colour (deep red, light yellow to white) and size of
pileus and hymenium vary between different species. However, the size of the pore
remains almost similar in all species of Ganoderma. Later, the cultural, morphologi-
cal and physiological characters of mycelial state of Ganoderma was used for
taxonomic delimitation at species level (Miller et al. 2000). Variation in morpholog-
ical features under different growth conditions resulted in ambiguity in species
identification of Ganoderma (Ryvarden 1991). This can also be interpreted from a
study conducted by Mandal et al. (2009) on colony morphology and sporulation
stating the morphological plasticity in different isolates of Ganoderma in India. As a
result, molecular identification using ribosomal DNA (rDNA) region (Moncalvo
2000; Smith and Sivasithamparam 2000), intergenic spacer (IGS1) region, cultural
and mating features, isozyme-based studies and cladistic methods (Seo and Kirk
2000) are exploited nowadays. However, only a limited number of taxa have been
identified in this way so far.

9.2.6 Symptoms

The delayed expression of symptoms is one of the biggest obstacles in diagnosing
and managing BSR disease. The initial symptoms are observed generally after
60–70% of damage to vascular tissue of the plant and consequently mortality is
quick in young palms (Rees et al. 2007). The infection by G. boninense results in
lignin degradation of xylem vessels of plants, which is expressed as water stressed
wilt conditions in the palms. The earliest symptoms include multiple unfolded fronds
that become chlorotic on one side with subsequent necrosis of tips in young plants.
Adult palms also produce similar symptoms giving sickened yellow canopy and
skirting of lower leaves (Turner 1981). Gradually, all necrotic leaves shed off,
leaving twigs die back resembling stag-horn-like appearance to the palm. Under
severe xylem decay on lower parts of stem, stem bleeding symptoms can also be
observed. A cross-sectional view of the diseased trunk appears as rotten tissue with
irregular zones and cavities representing active growth of the white mycelium.
Infected roots become friable and gives desiccated appearance internally. The
cortical tissue discolours to brown and peel off easily, whereas the stele turns
black in colour (Singh 1991). Ganoderma takes at least 2–3 years to kill mature
palms, whereas the young palms are killed within a short span of 6–24 months.
Fructification of basidiomata at the stem base or base of leaf, or infected root during
rainy seasons is a critical sign in the in situ diagnosis of the disease (Paterson 2007).
In advanced stages, infected trees fall over due to high winds, leaving bole tissue
within the ground or some dead palm remains erected with hollow trunks (Fig. 9.1).
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Fig. 9.1 Symptoms of basal stem rot: (a) snapping of old fronds at the petiole and drooping, (b)
skirting and severe desiccation of lower leaves, (c) stem bleeding, (d) formation of basidiocarp, (e)
internal disintegration of basal portion, (f) mycelial mat formation and (g) collapse of palm

9.2.7 Epidemiology and Favourable Conditions

Generally, wide occurrence of BSR had been reported in poorly managed and older
plantations. However, in the recent past, the infection has been observed in palms
regardless of plant growth stage, making it a major economic concern for oil palm
growers. It is noteworthy that younger palms incited by more aggressive isolates of
Ganoderma species when compared to older palms (Nur-Rashyeda et al. 2021).
Ganoderma is a soil-borne pathogen and directly depends on various soil factors.
Sandy soils or sandy loam soils of the coastal tracts and peat soil favour the disease
development and spread. Soils having poor drainage facilities and prolonged water
stagnation in rainy seasons also aggravate the disease (Latiffah and Ho 2005). Now,
it is known to occur in all oil palm-cultivating soil types (Idris 1999; Khairudin and
Tey 2008). Soil pH level is another important factor in determining the microbial
activity and disease severity (Chong et al. 2017). High pH (Parthiban et al. 2016) as
well as very low pH (Chong et al. 2017) do not favour growth of the fungus. An
optimum pH range of 3.7–5.0 along with a temperature range of 27–30°C favour the
fungal growth (Nawawi and Ho 1990). Interestingly,Ganoderma has the potential to



manipulate the pH levels of the surrounding host tissue in accordance with its
favourable range (Vylkova 2017). Thus, this ability of Ganoderma to survive and
adapt in varying pH poses a serious imbalance in the soil micro-ecosystem and paves
a way for other soil-borne infections. When coconut was a previous crop, early
infection of Ganoderma was observed in 12–24 months old palm plantings (Singh
1991), and subsequently, disease progressed to 40–50% by the time they reached the
age of 15 years. Similar observations were recorded for high incidence of BSR in oil
palm when rubber (Ariffin et al. 1989) and pineapple were grown as the previous
plantations (Ariffin et al. 1989; Rao 1990). Later, Khairudin (1993) proved the direct
relationship among nature of previous crop, age of palm and BSR disease severity is
inappropriate, and suggested that high disease inoculum that comes into contact with
palm roots and subsequent congenial factors for disease development are more
critical. Organic debris with high inoculum load left behind by previous natural
forest ecosystem, infected stumps of previous trees, poor maintenance of the planta-
tion, non-adoption of the recommended cultural operation, type of planting and poor
management of irrigation and drainage are other possible reasons for severity of BSR
disease.
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9.2.8 Survival and Spread

Rees et al. (2009) suggested that Ganoderma infection cycle comprises initial
biotrophic and subsequent necrotrophic phases. This is followed by the formation
of melanized mycelium that results in the degradation of lignin and white rot
symptoms by G. boninense (Adaskaveg et al. 1990). The formation of blacklines
in the infected tissue transforms Ganoderma hyphae into thick-walled, swollen
structures, which might play an important role in the perpetuation of inoculum in
soil (Ariffin et al. 1989). The inoculum left by coconut (Abdullah 2000) and rubber
(Flood et al. 2005) plantations, both of which contain Ganoderma as an endophyte,
is the major primary source of inoculum for the BSR in oil palm.

The spread of BSR disease to the healthy palms occurs in two possible ways. The
fungus, without a doubt, is a soil-borne pathogen but the air-borne basidiospores and
secondary mycelium are speculated to be involved in its spread in the existing
planation. However, there are no conclusive evidences on mode of initiation of the
disease and spread of the disease in the plantations. The infection from leftover
inoculum/tissue or diseased roots to healthy roots by contact is presumed to be main
mode of spread of BSR disease in oil palm (Turner 1965; Flood et al. 2000). The
infection from roots slowly spreads to trunk and is known to infect all kinds of
tissues there onwards in advanced stages.

The idea of basidiospore’s role in disease spread was put forth by Miller et al.
(1995) and Ariffin et al. (1996), who reported the existence of different vegetative
compatible groups and basidiomata within the same area of oil palm plantations,
indicating different sources of primary inoculum. Basidiospores that can germinate
and grow in non-living tissues may be the main sources for the disease dispersal
(Pilotti et al. 2003; Sanderson 2005). It is recorded that 14,000 spores/min can be



spread from 10 cm2 of the fruiting body (Rees et al. 2012). The significance of
basidiospores is overlooked when symptoms appear late after a long period of
incubation. However, the different isolates and long infection process are the
outcome of formation of dikaryotic strains from monokaryotic ones, which usually
takes long time (Bridge and Utomo 2005). Basidiospores germinated by
monokaryotic mycelium can colonize palm (Hasan and Flood 2003; Rees et al.
2007), but a dikaryotic heterokaryon, formed after anastomosis with a compatible
mating type, is essential for potential infection and disease production. The possible
little role of wind, rain and insect such as Oryctes beetle (Turner 1981) and larvae of
the Sufetula spp. in dissemination of basidiospores (Genty et al. 1976) was also
speculated.
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9.2.9 Artificial Inoculation Methods

Due to the asymptomatic phase and slow progression of BSR in mature palms,
screening cultivars resistant to BSR is an arduous task. Rubber wood blocks (RWB)
method has been conventionally used as a standard method for artificial inoculation
and proving Koch’s postulates throughout the world. This method was also success-
fully deployed in roots of the seedlings (Sariah et al. 1994; Breton et al. 2006) as well
as in germinated seeds (Rees et al. 2007). Alternatively, Chong et al. (2012b)
achieved successful root infection with spraying of Ganodermamycelial suspension
onto seedling roots. However, artificial inoculation with basidiospores was not
successful in initiating the disease in oil palm (Turner 1981; Ho and Nawawi
1986; Hasan et al. 2005; Cooper et al. 2011; Idris 2013). However, Lim et al.
(1992) proved that spore contact through wounded tissue of fronds could cause
infection. Despite its extensive usage, the RWB method is time-consuming and
labour-intensive, requiring at least 6 months from preparation to disease evaluation
(Chong et al. 2012a, b). Due to the long incubation period and difficulty in sterilizing
RWB, contamination rate of other fungi is also quite high. Alternatively,
Purnamasari et al. (2018) developed a rapid inoculation method using a root
immersion technique for routinely infecting oil palm seedlings that can be used to
develop resistant oil palm cultivars to G. boninense. In addition, Angel et al. (2021)
made first report of a non-invasive tissue culture method in plantlets using a sawdust
substrate for the establishment of Ganoderma infections.

9.3 Basal Stem Rot of Oil Palm: Detection and Diagnostic Tools

It is vital to monitor plant health and to detect infections at early stages in order to
avoid disease spread and to approach appropriate management strategies. Oil palms
must be assessed for disease severity and then categorized in terms of resistant and
susceptible cultivars to apply pesticides cost-effectively. Early detection of BSR can
extend the economic life of oil palms, although this is constrained by a number of
variables. The delayed detection of BSR in oil palm is due to the fact that it is



frequently misdiagnosed as G. zonatum, which is moderately pathogenic to oil palm,
and G. boninense isolates have a high intraspecific diversity.
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9.3.1 Manual Methods/Field Based

9.3.1.1 Based on Visual Symptoms
In the earlier days, the only way to diagnose disease was to look for symptomatic
indicators in the field (Lelong et al. 2010). BSR is identified by the presence of
unopened spear leaves of oil palm and basidiocarp at near soil level on the tree trunk
or primary roots (Aswad et al. 2011). The most common symptom is mild to severe
wilting of all leaves except the spear leaf. Other symptoms include general deterio-
ration, reduced growth, and off-colour foliage. Symptoms of the unhealthy plant
appear only after the plant becomes at least 7–16 years old (Abdullah et al. 2013).

9.3.2 Lab-Based Methods

9.3.2.1 Cultural Methods
Ganoderma-selective medium (GSM): Ganoderma-selective medium (GSM)
developed by Ariffin and Idris (1993) could isolate the pathogen selectively from
any portion of diseased tissue collected from the field, with or without surface
sterilization, to assist various studies on Ganoderma in oil palm. Infected oil palm
samples are obtained by drilling into a diseased stem at a height of about 5–10 cm
above the soil surface to culture the samples on semi-selective media (Utomo and
Niepold 2000).

9.3.3 Biochemical Methods

9.3.3.1 Ethylenediaminetetraacetic acid (EDTA)
It is a colorimetric technique using ethylenediaminetetraacetic acid (EDTA) to
identify Ganoderma in oil palm (Natarajan et al. 1986; Ariffin et al. 1995; Utomo
and Niepold 2000). The use of lab-based methods is limited due to their time-
consuming and labour-intensive nature. These techniques may provide
non-specific and inaccurate results and the necessity to bring all samples to labora-
tory makes them extremely unsuitable for large-scale field monitoring.

9.3.3.2 Isozyme Analysis
Isozyme analysis, such as pectinase zymograms, is used to identify palm-associated
fungal isolates by producing band patterns (Bridge et al. 2000). By using polyacryl-
amide gel electrophoresis (PAGE) and cellulose acetate gel electrophoresis (CAGE),
the isozymes of five Australian Ganoderma species were investigated. Pectic
isozymes were found to be sufficient in distinguishing three laccate Australian



species, G. weberianum, Ganoderma sp. and G. cupreum, but not the non-laccate
G. australe or G. incrassatum (Smith and Sivasithamparam 2000).
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9.3.3.3 Ergosterol Analysis
Ergosterol is a fungus-specific, primary sterol present in cell membrane of fungus,
which has been found in Ganoderma species as well (Axelsson et al. 1995; Paterson
2006). It is absent in plants and other microbes; hence, it could be used as an
effective biomarker for determining the amount of fungal biomass present (Choon
et al. 2012). According to Chong et al. (2009), ergosterol is linked with the prolifer-
ation of G. boninense and disease severity in oil palm. The separation and charac-
terization techniques of ergosterol from G. boninense mycelium are now commonly
available. Thin liquid chromatography (TLC) and ultra performance liquid chroma-
tography (UPLC) have been used to discover the ergosterol structure, which was
then verified using gas chromatography combined with mass spectrometry (GC-MS)
and nuclear magnetic resonance (NMR) analyses (Choon et al. 2012). The major
limitation with this technique is that it cannot discriminate between the ergosterols
produced by target Ganoderma or any other fungi present.

9.3.3.4 Altered Proteins
Infection of oil palms with G. boninense has been shown to alter the gene expression
and protein concentrations, which can serve as an important biochemical marker in
the detection process. Root proteins from both healthy and G. boninense-infected oil
palm seedlings were examined using two-dimensional gel electrophoresis. After
evaluation, proteins show a significant change in abundance under G. boninense
infection and 21 proteins with changed abundance were discovered, which might be
used as disease biomarkers (Al-Obaidi et al. 2014).

9.3.3.5 Metabolic Profiling
Plant metabolomics is a significant tool for system biology research. It has been
utilized to determine the whole profile of measurable metabolites in a biological
system. Plant metabolites play an essential role in host–pathogen interactions
(Hu et al. 2019). Rozali et al. (2017) used a metabolomics approach to investigate
the G. boninense-infected oil palm leaf using two-dimensional gas chromatography
coupled with time-of-flight mass spectrometry (GCxGC-TOF-MS). They discovered
that mannose, xylose, glucopyranose, myoinositol and hexadecanoic acid were
higher in partially tolerant oil palm, whereas cadaverine and turanose were found
to be more abundant in susceptible oil palm (OPLS-DA), demonstrating the differ-
ential pattern of metabolites under infected and healthy oil palms.

9.3.4 Molecular Methods

9.3.4.1 Nucleic Acid-Based Detection
Nucleic acid-based detection techniques are based on the sequence of DNA; hence, it
is important to get sufficient sequencing data to use them.
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1. Molecular markers: Molecular markers can be successfully used in biodiversity
screening, phylogenetic analysis, evolutionary research (Meyer et al. 2010),
geographical distribution and host–pathogen associations (Hong and Jung
2004). The following are some molecular markers used for the detection of
Ganoderma:
(a) Manganese-superoxide dismutase (antioxidant defence mechanism of

the cell).
(b) 18S rDNA (the small ribosomal subunit RNA: 16S in prokaryotes and 18S in

eukaryotes). Analysis of nuclear 18S rDNA can be exploited to give molec-
ular evidences for Ganoderma’s long-distance spread over the southern
hemisphere (Moncalvo and Buchanan 2008). Furthermore, this technique
has previously been used to demonstrate the diversity of wood-decaying
fungi in India (Singh et al. 2013).

(c) (Mitochondrial small subunit) mt SSU rDNA: It is recognized to be a locus
that led to the division of Ganoderma into six monophyletic groups,
indicating that complicated situations such as geographical region and
pathogen–host connections, as well as phylogenetic linkages, must be exam-
ined (Hong and Jung 2004).

2. PCR: Polymerase chain reaction (PCR) techniques were used to amplify and
detect certain DNA sequences of G. boninense in order to identify Ganoderma
species (Moncalvo et al. 1995; Idris et al. 2003). To discover and identify the
pathogen, researchers have used internal transcribed spacer (ITS) regions, poly-
merase chain reaction (PCR) amplification of ribosomal DNA, repetitive DNA
polymorphism analysis and oligonucleotide hybridization to amplified ribosomal
DNA (rDNA) spacers. The PCR detection approach can be used as a realistic
screen for Ganoderma detection and identification. Two primers, PER44-123 and
LR1 primer, were used to produce a 580 bp product solely for Ganoderma
isolates and not for any other fungi (Idris et al. 2003). Similarly, Idris et al.
(2010a) used multiplex polymerase chain reaction to distinguish Ganoderma
isolates, although further tuning is required to produce convincing results.

3. RFLP: Using the restriction fragment length polymorphism (RFLP) approach on
both highly conserved and variable ITS or rDNA sequences, it allows genetic
variation investigations to be facilitated at the species level (Nusaibah et al.
2011a, b). Because ITS1 sequences have more divergent than ITS2 sequences
(Moncalvo and Buchanan 2008), an experiment based on ITS1 sequences is
advised. Restriction fragment length polymorphism has the benefits of combining
highly conserved sequences in the ITS, 5.8S-ITS4 rDNA regions with variable
sequences in the ITS regions at the species level, where the ITS has a high inter-
specific variability but a very low intra-specific variability (Moritz et al. 2000).

4. RAPD: Random amplified polymorphic DNA (RAPD) can be modified for
examining various Ganoderma spp. isolates. The use of RAPD-PCR and ITS
sequence data yielded diverse results, with RAPD being shown to be better
method for lower taxonomic level systematics that cannot be resolved using
ITS sequence data. RAPD analysis indicated differences across G. boninense
isolates even if they showed a greater degree of similarities (Zakaria et al. 2009).
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Hence, RAPD can be effectively used in differentiating various G. boninense
isolates with identical ITS sequences (Hseu et al. 1996), although it cannot
provide accurate identification.

5. AFLP: A PCR-RFLP technique was created based on several sequential changes
between pathogenic and non-pathogenic Ganoderma spp. Compared to RAPD
and RFLP, AFLP (amplified fragment length polymorphism) is more accurate
and less prone to contamination (Utomo et al. 2005).

6. LAMP: A nucleic acid-based gene amplification approach, known as loop-
mediated isothermal amplification (LAMP), could be used to detect BSR in oil
palms in the field or at remote places. It amplifies DNA under isothermal
conditions with high specificity, rapidity and efficiency. The technology
eliminates the necessity for the reaction to be carried out in a thermal cycler
(Tomlinson and Boonham 2008). A battery-operated device has recently been
developed to identify phytoplasma infections in coconut farms by combining a
quick DNA extraction step of less than 2 min with the LAMP test (Dickinson
2015).

7. DNA microarray: DNA microarray is a detection method that makes use of the
selectivity of DNA binding to complimentary sequence nucleic acids. The appli-
cation of DNA oligonucleotide arrays for the sensitive and selective detection of
G. boninense was discussed, along with the use of polymer pen lithography for
the production of DNA oligonucleotide arrays. This technique can yield a clearly
detectable result in the presence of the target DNA when utilized in a sandwich
assay format using DNA-conjugated gold nanoparticles (Rani and Devaraj 2019).

8. DNA biosensors: Advances achieved in the field of molecular techniques have
allowed for the introduction of a number of novel tools for the identification of
BSR disease of oil palm. For the detection of G. boninense, an electrochemical-
based DNA biosensor was devised and calibrated (Dutse et al. 2012, 2013). An
interdigitated electrode (IDE)-based electrochemical biosensor for the early
detection of G. boninense DNA was proposed by Thivina et al. (2021). The
performance of IDE in combination with gold nanoparticles has been
demonstrated with hybridization times ranging from 30 min to 2 h.

9. Lateral flow assay: LFMs (lateral flow microarrays) enable quick nucleic acid
identification based on hybridization and utilization of a colorimetric signal that is
clearly visible (Carter and Cary 2007). These arrays are made of a tiny lateral flow
chromatography nitrocellulose membrane, hybridize rapidly with detection limits
similar to microarrays, and can help laboratories save money by reducing the
usage of expensive laboratory equipment. The system depends on the availability
of robust and reliable host and pathogen biomarkers found using transcriptomic
methods (Martinelli et al. 2015).

Although nucleic acid-based detection and molecular techniques offer an efficient
and reliable tool for detection of G. boninense, they do suffer from few limitations
such as being complex, expensive and time-consuming since these techniques
necessitate the collection of samples for laboratory testing (Ishaq et al. 2014).
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9.3.4.2 Protein-Based Detection Methods
1. Immunoassay: Immunoassays are based on the antigen–antibody interactions

and were used for the detection of Ganoderma in culture media (Reddy and
Ananthanarayanan 1984). To improve the accuracy of standard BSR disease
detection methods, enzyme-linked immunosorbent assays (ELISA) and dot
immuno-binding assays (DIBA) were developed (Rajendran et al. 2009).
Antibodies, both monoclonal and polyclonal, have been utilized to detect patho-
genic Ganoderma spp. The only problem is that other species of Ganoderma and
saprophytic fungi often present on diseased oil palm roots and trunks, such as
Penicillium, Aspergillus and Trichoderma, display cross-reactivity in the assays
(Shamala et al. 2006; Idris and Rafidah 2008), but when compared to the culture-
based approach GSM, ELISA-PAb demonstrates an 18% improvement in
detection.

9.3.5 Remote-Based Methods

9.3.5.1 VOC Profiling
VOCs (volatile organic compounds) are biomolecules having low molecular with a
high vapour pressure and low boiling point. Plants emit a variety of VOCs into their
immediate environment that are important for growth, defence, communication and
survival (Baldwin et al. 2006). Headspace solid-phase microextraction (HS-SPME)
method paired with gas chromatography mass spectrometry (GC-MS) could detect
VOCs generated from oil palm wood tissue infected by G. boninense. The approach
was capable of sampling VOCs with good repeatability and a well-balanced VOC
profile across chemical classes (Cheah et al. 2019).

1. E-nose: A platform for VOC profiling is the electronic nose (e-nose). These
systems employ a variety of specialized metal oxide sensors, each of which is
selective for specific VOC classes. Individual sensors provide an impedance
response when volatiles are introduced into the e-nose, which is measured and
presented concurrently (Gardner and Bartlett 1994; Laothawornkitkul et al.
2008). Artificial neural network (ANN) is another accurate method for
distinguishing healthy oil palms from diseased ones. By using the ANN classifi-
cation algorithm and multivariate statistical analysis approaches, hand-held
e-nose sensors are created, which are capable of categorizing the samples into
two groups, namely infected and non-infected based on the odour (Abdullah et al.
2014).

9.3.5.2 Tomography
Mohd Shu’ud and his colleagues sought to locate Ganoderma in oil palm stems
using tomography scans (Shu’ud et al. 2007). Tomography involves several quantity
measurements of ray transmission over the object cross section (Wang 2015). Four
types of tomography used for detection are described below.
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1. Electrical Capacitance Volume Tomography (ECVT) is a technology that uses
the considerable difference in permittivity values between air, soil and water to
quantify soil water content. The principle of ECVT is to rebuild a 3D image using
a signal from a capacitance sensor, with any changes in phase causing
non-linearity in the electric field distribution. The research was executed to see
the potential of electrical impedance tomography technology in early detection of
BSR-infected oil palm trees. It has the advantage of identifying unhealthy and
asymptomatic palms, hence reducing inoculum in the fields. As a result, it is a
valuable tool for detecting basal stem rot early and implementing a disease
management strategy (Arango et al. 2016).

2. GammaScorpion is a portable computed tomography (CT) technology that
employs gamma rays and a small amount of sealed radioactive source. Without
cutting the tree, it can detect BSR non-invasively and also accurately estimate the
extent and location of BSR damage. Radiation detectors capture gamma-ray
transmission data from a variety of angles inside the image plane, which are
then utilized to reconstruct meaningful cross-sectional images (Abdullah et al.
2013).

3. X-ray computed tomography (CT) is a minimally invasive structural imaging
technique that permits three-dimensional (3-D) reconstruction of scanned
structures (Khosrokhani et al. 2016). CT is now widely used in animal sciences,
mostly for cancer research, bone architecture studies, angiogenesis and small
animal in vivo imaging (Hamidon and Mukhlisin 2014).

4. Sonic tomography: Sonic tomography image is an internal construction of a solid
object generated by recording the speed differences of sonar wave transmissions
and it is used to detect the presence of lesions inside the stem (Khosrokhani et al.
2016).

9.3.5.3 Microfocus X-Ray Fluorescence (μXRF)
Microfocus X-ray fluorescence (XRF) sends a micro-sized X-ray beam to a specified
target for element mapping and analysis as a dispersive energy source. It is based on
the fact that Ganoderma-infected palms had a lower rate of inorganic elements than
healthy palms (Khosrokhani et al. 2016). When compared to an electronic micro-
scope, it does not necessitate sample degradation or coating. X-ray fluorescence has
been proposed as a useful sensor for detecting plant diseases (Yokhin and Tisdale
1993).

9.3.5.4 Electrical Resistance
Differential electrical resistance has been used to determine plant vigour using
electrical resistance (ER) (Paysen et al. 1992). Two devices, called Shigometer
and Resistograph, can measure ER and are used to diagnose faults in wood
(Johnstone et al. 2010; Aziz et al. 2019).
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9.3.5.5 Hyperspectral Imaging
Hyperspectral imaging sensors (HRS) have a large number of continuous spectral
bands to record spectral responses of materials over a long period of time. It
represents plant cell structure condition, chlorophyll pigment status, plant structural
water content and other useful information. High reflectance in the near infrared and
low reflectivity in the visible regions of the electromagnetic spectrum indicate
healthy vegetation covering. Visible–near infrared (VIS-NIR) hyperspectral imaging
was also used to detect G. boninense infections in palm trees that were 5 months old
and had no BSR symptoms. The uninoculated and inoculated seedlings were
classified with 100% accuracy using this approach (Azmi et al. 2020).

9.3.5.6 Multispectral Imaging
Sensors that capture reflected or emitted energy from a given area or item in
numerous discrete bands of the electromagnetic spectrum are known as multispectral
remote sensing sensors (Jensen 2006). The reflectance of BSR-infected oil palms
was reduced in the NIR and greater in the RGB electromagnetic areas (Santoso et al.
2011). For detection of BSR in oil palm plantations, ground-based (Bejo et al. 2015)
and spaceborne multispectral sensors (Santoso et al. 2011) could be used.

9.3.5.7 Terrestrial Laser Scanning
Terrestrial laser scanning (TLS) is a relatively recent technique that has a wide range
of applications. Precision agriculture has also used it to diagnose a variety of
biophysical and structural plant factors. One of the TLS uses would be the calcula-
tion of the leaf area index (LAI) (Zheng et al. 2012).

Ground-based LiDAR (Light Detection and Ranging) is an active remote sensing
imaging approach for plant phenotyping that employs laser light. Using point clouds
data from the TLS, a study presented a unique BSR classification technique for oil
palm canopy analysis. To get a full 3D image, the TLS scanner was installed at a
height of 1 m, and according to statistical research, the best single measure for early
detection of BSR disease was frond number with an average accuracy of 86.67%
(Husin et al. 2020).

9.3.5.8 RGB Cameras
A visible camera sensor is an imager that captures visible light (400–700 nm) and
transforms it to an electrical signal before organizing it to output images and video
streams. Visible cameras use light wavelengths between 400 and 700 nm, which are
the same wavelengths as the human eye sees. Using visible aerial photographs
(RGB-aerial photographs), a study was conducted with the goal to determine the
degree of severity of G. boninense infection in oil palm. The resulting images could
distinguish the infection severity on each individual palm with an average accuracy
value of 83% (Wiratmoko et al. 2020) (Table 9.1).
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Table 9.1 Summary of different types of detection and diagnosis methods for Ganoderma

Method type Particulars References

Manual
method

Visual symptoms Lelong et al. (2010); Aswad
et al. (2011); Abdullah et al.
(2013)

Lab-based
methods

Cultural
methods

Ganoderma selective
medium (GSM)

Utomo and Niepold (2000)

Ethylenediaminetetraacetic
acid (EDTA)

Ariffin et al. (1995); Utomo and
Niepold (2000)

Biochemical
methods

Isozyme analysis Smith and Sivasithamparam
(2000)

Ergosterol analysis Chong et al. (2009); Choon
et al. (2012)

Altered proteins Al Obaidi et al. (2014)

Metabolic profiling Rozali et al. (2017); Hu et al.
(2019)

Molecular
methods

Nucleic
acid-based
detection

Molecular markers Hong and Jung (2004); Meyer
et al. (2010)

PCR Idris et al. (2003); Wong et al.
(2012)

RFLP Moritz et al. (2000); Nusaibah
et al. (2011a, b)

RAPD Zakaria et al. (2009)

AFLP Utomo et al. (2005)

LAMP Dickinson (2015)

DNA microarray Rani and Devaraj (2019)

DNA biosensors Dutse et al. (2013); Thivina
et al. (2021)

Lateral flow assay Martinelli et al. (2015); Ishaq
et al. (2014)

Protein-
based
detection

Immunoassay Shamala et al. (2006); Idris and
Rafidah (2008); Rajendran et al.
(2009)

Remote-
based
methods

VOC
profiling

E-nose Gardner and Bartlett (1994);
Laothawornkitkul et al. (2008);
Abdullah et al. (2014); Tan et al.
(2021)

Tomography Electrical Capacitance
Volume Tomography
(ECVT)

Arango et al. (2016)

Gamma-ray computed
tomography

Abdullah et al. (2013)

X-ray computed
tomography (CT)

Khosrokhani et al. (2016)

Sonic tomography Khosrokhani et al. (2016)

Microfocus X-ray fluorescence (μXRF) Yokhin and Tisdale (1993);
Khosrokhani et al. (2016)
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Table 9.1 (continued)

Method type Particulars References

Electrical resistance Johnstone et al. (2010); Aziz
et al. (2019)

Hyperspectral imaging Azmi et al. (2020)

Multispectral imaging Jensen (2006); Santoso et al.
(2011); Bejo et al. (2015)

Terrestrial
laser
scanning

Ground-based LiDAR Zheng et al. (2012); Husin et al.
(2020)

RGB cameras Wiratmoko et al. (2020)

9.4 Basal Stem Rot of Oil Palm: Integrated Disease
Management Strategies

Management of BSR under field conditions is a challenging task. Although there are
different management strategies, none of them give satisfactory results for managing
Ganoderma. Slow progressing nature of BSR leads to difficulty in detection at early
stages of infection. Therefore, basal stem rot disease is often detected at advanced
stages and by then the infected trees may not be able to respond to any treatment
given (Sapak et al. 2008). Moreover, inefficient performance of existing manage-
ment strategies is attributed to the systemic infection, soil-borne nature, production
of resting structures, melanized mycelium, basidiospores and pseudo-sclerotia and
the ability to penetrate deeply inside palm (Bivi et al. 2010). Unfortunately, the
resistant sources for combating the disease are also limited (Chong et al. 2012a, b).
The curative methods are not economically feasible to save the infected trees; hence,
the current management practices are aiming at reducing the incidence of BSR and
delaying the progression of G. boninense (Azadeh et al. 2010).

9.4.1 Cultural Practices

Even if it is not possible to manage a field without pathogens (Sanderson et al. 2000),
yet, a good management system by maintaining healthy stands and further preven-
tion of various pathogen can reduce the hostile effects of a disease. Cultural practices
are effective and economical for managingG. boninense in oil palm. These measures
normally constitute eradication and reduction of the pathogen inoculums to prevent
further disease spread (Khairudin 1990; Susanto et al. 2005).

9.4.1.1 Preventing the Entry of Pathogens
The entry of pathogens can be prevented easily by carefully accomplishing the
harvesting process, preventing wounds in trees and improving treatment. Regular
practice of paint or dressing should be followed to treat large wounds in oil palm
trees.
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9.4.1.2 Clean Clearing/Sanitation
Clean clearing is the most important recommendation for reducing the incidence and
spread of Ganoderma in both existing and replanted oil palm plantations (Turner
1965; Singh 1990; Flood et al. 2000). The main goal is to clear the old-aged trees
before they reach extreme susceptibility and thereby eradicate all possible inoculum
that remain within an infected palm area. It is commonly implemented in two
situations, from where it is apparent and at the replanting stage. Gurmit (1991) had
studied that this technique gave lower disease incidence of 14% in comparison to
other replanting techniques. Different practices such as ploughing, harrowing,
trenching and burning are employed in this method to lower BSR incidence
(Flood et al. 2000; Rees et al. 2009; Hushiarian et al. 2013). In disease prone areas
of oil palm, it is often recommended that before planting of new seedlings, one round
of harrowing and two rounds of ploughing should be done to finely chop the leftover
roots (Flood et al. 2000). Idris et al. (2004a) described that large hole of
2 m × 2 m × 1 m of depth can be dug out for sanitation operation. Infected materials
are removed, cut into pieces and left for decaying. It is generally practiced at the time
of replantation. Researches show that trials up to 14–15 years sanitation, if done
properly, reduced the BSR incidence or if done poorly, the inoculum helped to
increase the incidence (Chung 2011). In addition to this, Khairudin (1990) showed
that at different levels of BSR points in which seedlings were bait, 93% of seedlings
grown around diseased stumps left in the field with 0.3 m distance, which became
infected within a period of 18 months. However, open burning is prohibited in many
palm oil growing countries, including Malaysia, under Air Regulation Act of 1978,
which deals with the issues of air pollution. These regulatory frameworks, however,
suffer from weak execution. Although it is exorbitantly expensive, this approach is
practiced in many palm producing countries.

9.4.1.3 Windrows
It is a technique in which excised root tissue and fallen palm trunks are laid beside
the old rows. Diseased palms are often pulverized, chipped and stacked to enhance
the process of natural decomposition. This method demands less efforts than clean
clearing and has been found capable in reducing losses in the successive oil palm
plantation. Hashim (1991) conducted a comparative study and find out clean clearing
as the most efficient way in lowering BSR incidence. Reduction in disease incidence
from 27.3% in the preceding stand to 14% in the replanted stand after next 15 years
was observed in plantations, followed by windrowed treatment (27.3–17.6%). This
is due to the efficiency of windrowed materials to cope up with the problems of
potential source of inoculum (Flood et al. 2000).

9.4.1.4 Soil Modification Practices
It is an economic practice, which is followed in almost all oil palm producing
countries. It commonly involves collection of healthy soil from the adjacent areas
and creation of a heap of about 75 cm height to prevent the toppling of infected palm
trunk by wind. Ho and Khairuddin (1997) and George et al. (2000) in their studies
found comparative economic advantage of soil mounding in controlling BSR



disease. However, this method could only extend the economic life of affected palm.
It could not even stop the spread of Ganoderma.
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9.4.1.5 Surgery
In this method, excision of infected tissue is done with the help of a black-hoe blade
(Singh 1991) or hand-held chisel in order to eradicate the primary source of inocu-
lum, i.e., basidiocarp (Turner 1981). Fungicides and paints are the commonly used
protectants that prevent further decay of the infected plants. Hasan and Turner
(1994) showed through their study that surgery enhanced the survival and yields
in case of palms. However, it is less successful due to delay in detection or an
extended underground lesion that includes infectious root masses. Furthermore,
surgery requires more rigorous efforts and repetition, as the revival of the infection
is possible if lesions are not removed completely. Studies by Panchal and Bridge
(2005) showed that if fresh cut is sealed, it would prevent the spores from coming in
contact with the wound region. In addition, Ho and Khairuddin (1997) reported that
surgery followed by soil mounding could decrease the loss of palm from 34% to 2%
in 2 years. Surgery would extend the lifespan of the infected palms up to 2–3 years
(Priwiratama et al. 2020).

9.4.1.6 Isolation Trenches
It is a common practice that is used to prevent contact between palms by digging
trenches (Hasan and Turner 1998; Chung 2011) and has been found to be a more
successful technique in delaying BSR occurrence for about 14 years. Trenches are
created in accordance with the size and age of the trees. Generally, the diseased palm
is isolated with 0.5 m wide and 1 m deep trench (Lim and Udin 2010). It is found to
be a better method than clean clearing and windrowing. Sometimes drenching of
chemicals in trenches is also practiced for enhancing effectiveness. However, if it is
not maintained properly, or the depth of trench is not enough, it will not prevent the
spread of infectious roots.

9.4.1.7 Fallowing
It is a process in which the land is left fallow for a certain period in order to reduce
the disease incidence in the subsequent plantation crop. Studies were conducted by
Virdiana et al. (2010) to assess the optimum time period for fallowing and the effect
of other potential crop to create a balance in the environment.

9.4.1.8 Planting Legume Cover Crops (LCC)
Legumes are widely grown as cover crops in oil palm plantation areas as they have
potential to fix the atmospheric nitrogen and their decomposition usually adds
nitrogen for the palm. It also helps to control soil erosion and weeds (Chung
2011).
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9.4.2 Nutritional Management

Nutritional status of plants plays a crucial role in disease resistance. Considering the
fact, optimum nutrient uptake by the plants is essential to avoid nutritional defi-
ciency. Mineral fertilizers have a major impact on overall plant health, and in many
circumstances, they are the foremost line of defence activators against plant pest and
diseases. It can also activate the disease resistance through induced defence
responses including the production of different types of metabolites, toxins and
lignification (Engelhard 1989). Supplementation of soil with nutrients is found to
influence the susceptibility of plants towards various fungal diseases (Veresoglou
et al. 2013). A balanced mineral nutrients application in the form of fertilizers can
improve the plants’ disease resistance in most of the cases (Usherwood 1980). In this
regard, manipulation of nutrient uptake is a key approach, as all essential plant
nutrients have influence on the plant health and their susceptibility to diseases
(Agrios 2005). Therefore, apart from fungicide treatments, enhanced nutritional
programmes (ENPs)—by employing mineral nutrients and plant hormones that are
applied at seedling stage—make plants resistant to BSR disease after transplanting
them in the field.

9.4.2.1 Major Nutrients
Experimental studies using macro- and microelements such as nitrogen (N), phos-
phorus (P) and potassium (K) have resulted in positive changes to disease status and
productivity of plant, but the actual role of fertilizers in controlling BSR disease is
still uncertain (Singh 1990; Chung 2011). Lately, Hasmah Mohidin (personal
communication) observed that seedlings raised on peat soil in nursery showed better
vegetative growth and reduction in BSR incidence when applied with a combination
of primary macronutrients such as N, P2O5 and high K2O at 17.37 g, 17.37 g and
41.34 g per plant, respectively. In addition to this, activities of defence-related
enzymes, including chitinase, β-1,3-glucanase, PAL and POX, were found to be
enhanced in the oil palm roots, thus confirming the role of macronutrients in
inducing resistance against G. boninense. In addition, potassium modifies plant
metabolism and thus limits the invasion of pathogen by inducing thicker outer
wall formation in epidermal cells (Dordas 2008).

9.4.2.2 Micronutrients
Micronutrients are less considered in BSR management strategies even if their
involvement in plant defence activation is well known. Micronutrients such as
boron (Stangoulis and Graham 2007), copper (Evans et al. 2007) and manganese
(Thompson and Huber 2007) are shown to assist in controlling many plant diseases
and they are closely associated with phenol synthesis in plants and have major
impact on plant susceptibility to diseases (Graham 1983).

Earlier reports revealed that application of calcium nitrate was adopted to sup-
press the symptoms of BSR on oil palm (Sariah and Zakaria 2000). In addition, it
was noticed that supplementing soil with calcium nitrate could enhance the popula-
tion of Trichoderma harzianum and other antagonistic fungal population. These



discoveries are in agreement with the findings of Nur Sabrina et al. (2012). Boron
(B), copper (Cu) and manganese (Mn) were shown to reduce the disease incidence
and severity in seedlings of oil palm inoculated with G. boninense (Bivi et al. 2014).
Under glass house conditions, oil palm seedlings exhibited increased resistance
against Ganoderma when applied with calcium (Ca) and copper (Cu) in combina-
tion. In studies conducted by Tengoua et al. (2014), double combination treatments,
namely B + Mn and Cu + Mn, alleviated the disease severity in oil palm seedlings
under nursery condition with reduction of 16% and 24%, respectively.
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9.4.2.3 Beneficial Elements
Studies conducted by Najihah et al. (2015) revealed that the use of calcium silicate,
potassium silicate, sodium silicate, silicon oxide and sodium meta-silicate reduced
the severity of BSR in oil palm seedlings. Endodermal deposition of Si enhanced the
cellular features by forming a mechanical barrier, hence restricting movement of
pathogen into the stems. Nursery study using beneficial nutrient proved that supple-
mentation of 1200 mg/L of SiO2 contributed to highest BSR reduction of 53%, with
less number of primary roots and bulb tissue lesions infected with the fungus.
Salicylic acid (SA) is a crucial plant hormone (Raskin 1992) that is well known
for activating host defence responses during pathogen infection and abiotic stress
(Gautam and Singh 2009; Pieterse et al. 2009) and is an essential factor in the
systemic acquired resistance (Nie 2006). Bivi et al. (2014) demonstrated that appli-
cation of a combination of calcium chloride, copper-EDTA and salicylic acid
(SA) has reduced the disease symptoms in BSR-infected palms. EDTA has potential
to inhibit ligninolytic enzymes produced by G. boninense (Siddiqui et al. 2019).
Calcium/copper/SA supplementation on a continuous basis can be a key approach to
improve resistance in oil palm (Bivi et al. 2016). An apparent increase in lignin
content was observed, which explained how resistance was induced. A new fertilizer
technology, GanoCare®, that is formulated by combining powdered empty fruit
bunches (EFB) and beneficial elements, was found to be effective in preventing
BSR infection in oil palm (Rebitanim et al. 2020).

9.4.2.4 Soil Amendments
Soil amendments application is one of the strategies for managing Ganoderma in
palms. Applying decomposed green manure or farmyard manure at 50 kg/palm/year
in combination with 5 kg of neem cake can check the disease spread in the field
(Prakasam et al. 1997). In a trial conducted, it is shown that phosphobacteria (200 g
peat inoculum + 10 kg of farmyard manure) could cause significant reduction in BSR
disease in coconut (Bhaskaran et al. 1994). In another study, Bhaskaran (2000)
showed that supplementation of phosphobacteria (200 g in 10 kg of farm yard
manure/tree/year) evidently lessened severity of the disease in coconut compared
to treatments with Azospirillum or the VAM fungus, Gigaspora calospora.
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9.4.3 Management of Ganoderma Using Chemical Fungicides

The use of chemicals tends to be a well-founded strategy for the oil palm plantations.
Chemical method of management is shown to be efficient only if applied judicially.
The use of fungicides requires careful consideration, and field level evaluation of the
results is necessary. This method combined with soil mounding shown to be
effective and the benefit-costs need reassessment.

A number of fungicides have detrimental effect on the growth of Ganoderma;
systemic fungicides, especially those in the triazole group, were noted to be highly
effective as they could penetrate and spread to different parts of the plant (Khairudin
1990; Gurmit 1991). Azoxystrobin (EC50 of 0.53 g/mL), carbendazim (EC50 of
0.026 g/mL), hexaconazole (EC50 of 0.026 g/mL) and pyraclostrobin (EC50 of
0.25 g/mL) are among the fungicides that have exhibited inhibition of G. boninense
(in vitro) with low EC50 values (Idris et al. 2010a, b; Said et al. 2019). It was
recorded that 74.4% of the hexaconazole-treated oil palms could stand alive with the
production of fruit bunches up to 5 more years. In contrast, none of the untreated
palms could survive the disease (Idris et al. 2010b).

9.4.3.1 Delivery Systems
Control of BSR by chemical method can be achieved only if properly applied.
Application of chemical fungicides for control of soil-borne pathogens constitutes
soil drenching, pressurized trunk injection or combination of both. Similarly, trunk
injection method was also assessed in the field by use of systemic fungicides with the
help of a pressure injector (Idris et al. 2010a). According to a study conducted by the
Malaysian Palm Oil Board (MPOB), it was demonstrated that the application of
hexaconazole onto infected standing palms using a trunk injector restricted the
spread of Ganoderma infection within the palm trunk (Idris et al. 2004b;
Mohammed et al. 2014). It was also recorded that cyproconazole was capable to
hold up 97% of the standing palms infected with Ganoderma. In another field study,
trunk injection treatment with carboxin–quintozene mixture was found efficient by
extending the lives of about 91% of the palms by 69 months after treatment (George
et al. 1996). These findings manifest promising results by confirming the restriction
of the disease progression in affected palms and thus prolonging the productive life
of palms.

Eradication of wood-decay fungi of tree crops using chemicals, which are
normally used for soil fumigation, has shown success in field studies. Dazomet
(a soil fumigant), which releases methyl isothiocyanate, was shown to move within
the stem tissues of palm and thus could subsequently limit the growth of
G. boninense. Furthermore, prophylactic spraying with dazomet was successful in
eradicating the pathogen inoculum in the infected stumps, hence limiting the spread
of the fungus within plantations (Idris and Maizatul 2012).

Nevertheless, the development of alternative means to manage diseases is the
need of current scenario as there is an increasing concern about the ecological issues
and high cost of pesticides. However, employing chemical control measures delay



the spread of the disease. Additionally, inhibition of defence mechanisms in plants
could be affected by the fungicidal action (Oostendorp et al. 2001).
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9.4.3.2 Chitosan-Based Nano Fungicides
Recently, chitosan-based nano-fungicides have emerged as a remarkable break-
through in enhancing the efficacy of fungicides. Such nano-delivery systems put
forward controlled release characters with high potency and efficacy in delivering
the fungicides at the target, compared to their counterparts (Duhan et al. 2017). It
also aims to enhance uptake and reduce volatilization as well as toxicity level, thus
keeping down their adverse effect on the environment (Worrall et al. 2018). In
addition, chitosan is non-toxic and compatible with other bio-agents and also known
for its potential to check the spread of pathogens and enhance the plant defence
responses (Maluin and Hussein 2020). Chitosan-based encapsulated formulations of
hexaconazole and/or dazomet can be encapsulated into the chitosan nanoparticles
and it would act as an efficient antifungal agent for the control of Ganoderma. This
new nano-formulation comprising chitosan (carrier) and hexaconazole (active ingre-
dient) can be a better option for the management of BSR, and the results suggested
the ability of these nanoparticles to persist in the crop longer than the conventional
formulations. As reported in previous works, the release period of chitosan–
hexaconazole nanoparticles was six times more than that of their counterpart
(Maluin et al. 2019). The findings also indicated the movement of the nanoparticles
in the internal parts of the stem and leaf, rather than being mobilized to the fruit. It
was noticed that the crude palm oil and crude palm kernel oil were devoid of residue.
Additionally, increased accumulation of the active ingredient in stem and leaf after
treatment with the hexaconazole nanoparticles is ideal for enhanced bioavailability
of the product for the prevention of G. boninense. Thus, the chitosan–hexaconazole
nanoparticles offer a better platform for the effective control of BSR disease as the
disease can be managed over a long period without any residue in the palm oil
matrices. This is the ideal property for furnishing nano-based fungicides for basal
stem rot disease management in oil palm (Maluin et al. 2019).

9.4.4 Biological Control of Ganoderma in Oil Palm

As the conventional control measures such as chemical, cultural and mechanical
practices are found to be unsatisfactory in field conditions (Susanto et al. 2005), there
is a need to switch on to alternate strategies for managing the disease to extend the
productive life of the palms in the field, and it is mainly focused on biocontrol agents
(BCAs). Biological control is generally the prime choice of prevention and control in
the integrated disease management approach. In this era of sustainable agriculture,
biological control with the use of natural enemies is a promising green tool as
compared to synthetics. The biological control and growth promotion activities of
these microbes could offer sustaining economic benefits for the palm oil industry.
Development and exploitation of biocontrol agents mainly focus on four pivotal
points: (1) biocontrol properties of the microbial agents, (2) evaluation of microbe–



plant interactions, (3) assessment of ecological and beneficial effects of the agent in
the rhizosphere and (4) formulation and proper delivery of the microbial agents
(Herrmann and Lesueur 2013; Miransari 2013). Studies conducted in plantation
seedlings with microbial antagonists have shown remarkable results in managing
BSR, but large-scale plantation-based evaluation is needed to validate the success of
using BCA for the long-term control of Ganoderma in field condition.
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A list of BCAs studied for the management ofGanoderma in oil palm is shown in
Table 9.2. Growth promotional activities of these microbes, including enhanced root
and plant development, induced resistance and solubilization of inorganic nutrients,
would assist in the control of the disease (Susanto et al. 2005).

9.4.4.1 Fungal and Bacterial Antagonists
Ascomycetes
Trichoderma spp. are the commonly utilized bio-agents to combat a wide range of
plant pathogenic organism, especially soil-borne pathogens. This beneficial free-
living fungus has antagonistic effects on many phytopathogens and can inhibit
growth and survival of pathogens by employing multiple mechanisms including
mycoparasitism, antibiosis, hydrolytic enzyme production, competition and plant
resistance induction (Nusaibah and Musa 2019).

Biocontrol of G. boninense using Trichoderma spp. has recorded high effective-
ness and potency in controlling the pathogen in both green house and field
conditions (Ilias 2000; Sariah et al. 2005; Susanto et al. 2005). Similarly, it is
found to induce plant defence activation in oil palm by enhancing the production
of fungal cell wall-degrading enzymes such as chitinases and glucanases (Naher
et al. 2011). These two enzymes have synergistic effect on each other and adversely
affect the hyphal growth of filamentous fungi (Latgé 2007). Similar defence
responses have previously reported in Ganoderma spp. infected tissues (Siswanto
and Darmono 1998). Investigations on control of G. boninense using T. harzianum
in green house showed that the T. harzianum-treated oil palm seedlings had reduced
disease incidence compared to the control (Naher et al. 2012; Izzati and Abdullah
2008; Susanto et al. 2005). T. harzianum solely or mixed with dried palm oil mill
effluent, calcium nitrate and mycorrhizal preparation were tried out in a nursery
and have showed a notable effect on the seedlings (Sariah and Zakaria 2000).
Furthermore, disease suppression was reported in seedlings of oil palm treated
with T. harzianum isolate FA1132 conidial suspension (Izzati and Abdullah 2008).
This isolate showed notable antagonistic activity against G. boninense in trials
conducted in plant house. It was also suggested that T. harzianum was a more
efficient biocontrol agent against G. boninense than other species such as
T. longibrachiatum and T. virens (Ilias 2000).

In addition to Trichoderma, many other ascomycetous fungus have been found to
be parasitic on Ganoderma spp. From oil palm, numerous mycoparasitic ascomyce-
tous fungi were isolated, which are capable of sporulating asexually and/or sexually
on G. boninense (Goh et al. 2015). Out of these, Scytalidium parasiticum was shown
to be a necrotrophic parasite on G. boninense and could be a possible biocontrol
agent against this basidiomycetous pathogenic fungi. In the in vitro studies,
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Table 9.2 Potential biocontrol agents for the control of BSR in oil palm

Bio-agent Effects Reference

1. Fungus

Hendersonia isolate
(GanoEF1)

Reduced incidence of BSR disease in
nursery seedlings after 6 months of
treatment

Nurrashyeda
et al. (2018)

Scytalidium parasiticum Suppressed fruiting body regeneration of
G. boninense
Reduced disease incidence and severity in
nursery trials
Improved seedling growth

Goh et al. (2016)

Trichoderma sp. Growth inhibition of G. boninense in
laboratory trials and plant growth
promoting activities
Delay of infection at early stages
Enhance the defence response in oil palm
by inducing the fungal cell wall-degrading
enzymes production, including chitinases
and glucanases

Hasan and Turner
(1998); Ilias
(2000); Sariah
et al. (2005);
Susanto et al.
(2005) Naher
et al. (2011)

Trichoderma sp. + dried palm
oil mill effluent, calcium
nitrate and mycorrhiza

Notable effect on disease suppression in
oil palm seedlings

Sariah and
Zakaria (2000)

Soil mounding + T. harzianum Extended life of infected palm by 3 years
in field trials

Priwiratama and
Susanto (2014)

Hymenomycetes (Pycnoporus
sanguineus, Trametes lactinea
and Grammothele fuligo)

Growth inhibition of G. boninense under
in vitro screening

Naidu et al.
(2018)

Talaromyces apiculatus and
Clonostachys rosea

Disease reduction by 4.9–60% in treated
seedlings
Plant growth promoting traits

Goh et al. (2020)

Scytalidium parasiticum Reduced fruiting body regeneration and
inhibited the mycelial survival of
G. boninense. In nursery trials, reduced
disease severity of Ganoderma

Goh et al. (2016)

2. Bacteria

Burkholderia sp. Decreased disease incidence in seed-
treated plants up to 3 months in nursery

Buana et al.
(2014)

Burkholderia cepacia,
Pseudomonas aeruginosa and
Serratia marcescens

Inhibition of G. boninense in nursery trials Sapak et al.
(2008); Azadeh
et al. (2010)

Bacillus sp. and Enterobacter
sp.

Reduced incidence of disease in seedlings
Growth promotional activity

Suryanto et al.
(2012)

3. Actinomycetes

Streptomyces spp. and
Nocardiopsis sp.

Reduced disease incidence and severity by
81.6% in seedlings
Reduced severity of foliar symptoms in
nursery trials

Tan et al. 2002;
Ting et al. 2014;
Sujarit et al.
(2020)



S. parasiticum remarkably reduced fruiting body regeneration and inhibited the
mycelial survival of G. boninense. In addition, nursery trials suggested that
S. parasiticum was non-pathogenic on seedlings of oil palm and it could also limit
infection by Ganoderma and thus the disease severity (Goh et al. 2016).
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Basidiomycetes
Attempts to control stump infection using basidiomycetes have been made in forest
trees (Roy et al. 2003). No such investigation has been done in BSR-affected oil
palm. Non-pathogenic hymenomycetes, naturally found on oil palm trunk, were
tested for their antagonistic activity against Ganoderma. Out of 25 fungi isolated,
8 appeared to be antagonists against the pathogen. Three potential antagonists
including Grammothele fuligo, Pycnoporus sanguineus and Trametes lactinea
restricted the mycelial growth of G. boninense with higher PIRG (percentage
inhibition of radial mycelial growth) in dual culture (Naidu et al. 2018). Nonetheless,
further studies are required to validate their potential use for the management of
infection of G. boninense in field.

Actinomycetes
The actinomycetes isolated from mangrove area, including Streptomyces and
Micromonospora sp., were antagonistic to G. boninense in oil palm, and Streptomy-
ces genus has high inhibitory effect on G. boninense in vitro by hyphal lysis and
antibiosis (Tan et al. 2002). Non-pathogenic actinomycetes such as Nocardiopsis
sp. and Streptomyces spp. isolated from empty fruit bunches of oil palm were also
identified as antagonists against G. boninense (Ting et al. 2014). Anti-Ganoderma
activity of three Streptomyces species such as S. palmae, S. sioyaensis and S. noursei
was proved in vitro, and S. palmae CMU-AB204T isolate was found as effective
inoculant, which reduced the severity of foliar symptoms and showed lowest
percentage disease severity. Additionally, the treated seedlings marked highest
plant vigour in terms of biomass and stem diameter (Sujarit et al. 2020). Thus,
S. palmae could be an assuring biocontrol candidate to protect the palm trees
from BSR.

9.4.4.2 Fungal and Bacterial Endophytes
Nowadays, antagonistic endophytes are drawing attention as a promising bio-agent
for plant disease control, resulting in replacement of harmful chemicals (Kobayashi
and Palumbo 2000). Endophytes live asymptomatically within plants, bringing with
them additional benefits such as improved crop development and health, as well as
the ability to generate plant resistance through the secretion of secondary compounds
and antibiotics (Zhao et al. 2015). As they colonize and move within the plant, they
are suitable for the holistic control of diseases like BSR and are usually unaffected by
environmental changes. Apart from Trichoderma spp., microbes such as
Gliocladium viridae, Bacillus spp. (Susanto et al. 2005), Burkholderia cepacia and
Pseudomonas aeruginosa (Sapak et al. 2008) were also studied as a promising
biocontrol agent for BSR management. Shamala (2013) made the first record of
endophytic Trichoderma isolated from oil palm with biocontrol activity towards



G. boninense. In an attempt to evaluate their competency for managing BSR disease,
four endophytic fungi—a Dothidiomycetes species, Lasiodiplodia venezuelensis,
T. longibrachiatum, and T. harzianum—were investigated. It was hypothesised
that these fungi could stimulate the production of pathogenesis-related protein in
the palm (Esyanti et al. 2017).
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Some of the gram-negative and gram-positive endophytic bacteria can be a
potential biocontrol agent against G. boninense pathogen of oil palm. Bacteria
such as Bacillus spp., Burkholderia cepacia, Pseudomonas aeruginosa and Serratia
marcescens have been recorded as possible bio-agents to control BSR disease
(Zaiton et al. 2006; Bivi et al. 2010). Chitinolytic bacteria including Bacillus
sp. and Enterobacter sp. could cause hyphal abnormalities in Ganoderma in vitro
and are capable of minimizing the disease incidence in nursery seedlings. Endo-
phytic Bacillus subtilis was isolated from oil palm, and it was revealed that these
antagonistic isolates would limit the growth of Ganoderma with an inhibition of
8.13–49.38% (Nasahi et al. 2016). The effectiveness of induction of resistance by
B. subtilis has not been evaluated well in oil palm. Other species including
B. cepacia and B. amyloliquefaciens were also shown to restrict the mycelial growth
of G. boninense in vitro (Azadeh et al. 2010; Azizah et al. 2015). P. aeruginosa has
been reported to enhance the growth of plants by producing various growth promot-
ing hormones such as auxin and cytokinin and also other volatile compounds
including ethylene, acetonin and 2,3-butanediol (Lambrecht et al. 2000; Persello-
Cartieaux et al. 2003; Ryu et al. 2003). P. aeruginosa was found to improve the root
mass and seedling growth and was effective in controlling G. boninense in compari-
son to B. cepacia (Zaiton et al. 2008). Furthermore, Ramli et al. (2016) reported the
effectiveness of P. aeruginosa in reducing the disease incidence and foliar symptom
severity in treated oil palm seedlings, compared to P. fluorescence and B. cepacia.

9.4.4.3 Arbuscular Mycorrhizal Fungi (AMF)
In recent times, the usage of endophytic arbuscular mycorrhizal fungi has
accelerated in the field of agriculture in an attempt to enhance yield and plant health
with further advantage of restricted use of pesticides and fertilizers (Barea et al.
2002; Gianinazzi et al. 2010). AMF are symbiotic fungi of mycorrhizal origin which
carry out essential ecological functions such as augment plant nutrients uptake,
enhancement of plant tolerance to environmental stress and improvement of soil
structure (Smith and Read 1997). AMF are found to be associated with oil palm roots
and may hinder G. boninense (Sundram et al. 2015). Azizah (2003) recorded that oil
palm seedlings treated with mycorrhiza could combat the infection by Ganoderma.
Evaluations in nursery trials proved the efficacy of the arbuscular mycorrhizal fungi
in suppression of the Ganoderma incidence (Priwiratama and Susanto 2014). Appli-
cation of the mycorrhizal fungus, Glomus intraradices, restricted the disease pro-
gression of BSR, and a combination of this fungus with endophytic bacteria further
improved the biocontrol potency (Sundram et al. 2015). Moreover, treatment with
the mycorrhizal fungi was effective in prolonging the incubation period of the
pathogen, and mycorrhizal fungal inoculants could significantly enhance the growth
of the seedlings of oil palm artificially inoculated with Ganoderma, in terms of dry



and fresh weight of seedling and leaf number (Widiastuti 2011). Thus, the use of
AMF can be a promising approach for the management of BSR disease, but there is a
necessity for further large-scale trials and review of their field efficacy.
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9.4.4.4 Delivery Mechanism
A possible approach to deliver the biocontrol agents like endophytes is the seed
enrichment. The use of microbes such as Trichoderma spp. and AMF is regarded as
a standard operational procedure (SOP) in the production of seedlings of oil palm
especially in Ganoderma endemic area. The dose of these microbial agents to be
applied can vary based on the developmental stage of the plant. Thus, seed coating of
these biocontrol agents can be a solution for the efficient transportation and delivery
in the field. Even though seed coating and enrichment is a general approach in
horticultural seeds, this method has not been practiced much in oil palm due to the
susceptibility of the seeds to mechanical damage. The delivery of the consortium of
AMF, T. asperellum and E. sacchari, followed by Carboxymethyl cellulose (CMC)
coating, is likely to improve the seedling vigour of oil pam in pre-nursery stage
(Jawak et al. 2018).

9.4.4.5 Challenges in Field Level Testing of Biocontrol Agents
• The use of biocontrol agent (BCA) in field conditions often faces difficulty

because of susceptibility of microbes to combative environmental conditions.
Various obstacles such as alteration in the rhizosphere, inability to colonize in
different soil conditions, interaction with non-target organisms, genetic diversity
of the pathogen, the presence of other microbes and vulnerability to climate
change lead to poor performance of BCAs in field (Meyer and Roberts 2002).
The use of bio-agents for field applications can be effortful due to (a) difficulty in
handling and transport, (b) poor storage and (c) intricate application requisite
(Vidhyasekaran et al. 1997). In addition, some fungal bio-agents produce
mycotoxins that are harmful to the environment and also contaminate the eco-
nomical product (palm oil). Thus, only few BCAs could be commercialized due
to the instability of many of the microbes in field.

• Although the potency of BCAs for the management of BSR has proven, most of
the studies are nursery-based trial without field assessments, which is a time-
taking process. The effectiveness of different biocontrol agents has been
investigated in nursery (Soepena et al. 2000; Izzati and Abdullah 2008; Sapak
et al. 2008; Sundram et al. 2008; Suryanto et al. 2012), but a regular field
evaluation needs at least 3–5 years monitoring to obtain relevant results. Hence,
establishment of a shorter time scale-based effective system is required for the
appraisal of biocontrol agents at the field level. Flood et al. (2000) exploited a bait
seedling trial to assess the implication of inoculum intensity of G. boninense, in
which the bait seedlings were planted adjacently to the differing inoculum
intensities of the pathogen for determining the significance of removal of infected
tissues while replanting. This technique comes up with benefits such as possibility
of field assessment and shorter observation time.
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9.4.4.6 The Concept of Biocontrol Consortium
Most of the investigations on biocontrol agents for the plant health management are
focused on the application of a solitary BCA against a single pathogen. Yet, the use
of a single BCA may not be efficient in all types of soils, as optimum conditions for
growth and multiplication of each microbe vary. Combining multiple microbial
agents has benefits over a sole biocontrol agent in controlling diseases (Lemanceau
et al. 1993; Pierson and Weller 1994; Crump 1998). Thus, researchers have been
trying to improve the efficacy of biocontrol by exploiting multiple biocontrol agents
(Multi-BCAs). Moreover, it is obvious that the naturally happening biocontrol is the
result of action of a mixed population of antagonists rather than by an individual
organism. Hence, introduction of Multi-BCAs will help in expanding their mode of
action for the management of pathogens with stable broad spectrum activity (Mishra
et al. 2011).

Based on initial studies, a combination of T. asperellum and P. aeruginosa was
selected and assessed for the control of G. boninenese in terms of antagonistic
activity, enzymatic action and also plant growth promoting properties. Both could
inhibit the mycelial growth of G. boninense with Percentage of inhibition radial
growth (PIRG value of more than 50%. In addition, both showed positive results to
IAA production and phosphate solubilization, whereas only T. asperellum exhibited
siderophore production properties (Muniroh et al. 2019). Studies have also reported
that endophytic bacteria could assist the mutualistic interaction of AMF with the host
plant and encourage the defence responses against plant pathogens (Garbaye 1994;
Pivato et al. 2009). This combination would offer notable benefits including
enhanced chitinase production and growth promotion of plants. Even though AMF
could assure protection against pathogens (Smith and Read 1997; Gianinazzi et al.
2010), picking the suitable endophytic bacteria was crucial for assessing the biocon-
trol potential of the consortium againstG. boninense. Two such potential endophytic
bacteria, Burkholderia cepacia UPMB3 and Pseudomonas aeruginosa UPMP3,
were isolated and evaluated by Sapak et al. (2008) and found effective suppression
of G. boninense both in vitro (Sundram et al. 2011) and in vivo studies (Sapak et al.
2008). In the previous study, it was observed that the same strains of endophytic
bacteria could also increase the hyphal growth and spore germination of Glomus
clarum BR152B and Glomus intraradices UT126 (Sundram et al. 2011). It was also
recorded that the endophytic bacterial strains had similar activities like mycorrhizal
helper bacteria (Garbaye 1994).

Other possibilities were also explored by researchers, and apart from the common
endophytic microbes, two ascomycetous fungi were studied for their compatibility
and potential use in the control of BSR. Plant growth promoting activity and
biocontrol traits of Clonostachys rosea AAB0114 and Talaromyces apiculatus
AT0115 consortium against BSR disease were evaluated in nursery. Inoculation of
the consortium as well as the individual fungus brought about significant increase in
both bole girth and leaf area of the seedlings after 5 months of treatment. Addition-
ally, the treated seedlings showed considerable reduction in disease incidence
compared to the control treatment. Co-inoculation of the two fungi came up with



notable disease control efficiency, indicating its potential use as a biocontrol strategy
against G. boninense (Goh et al. 2020).
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9.5 Breeding for Genetic Resistance

The use of resistant planting materials would be a better option for the long-term
control of BSR disease in plantations. The crucial factor in the breeding programmes
for the disease resistance is the source of resistance. Sources of susceptibility and
genetic resistance against Ganoderma have been recognized in field experiments,
suggesting the reflection of genetic resistance as a component of Integrated disease
management (IDM) of BSR (Idris et al. 2006; Chung 2011). Oil palms with varying
genetic origins have been shown to be tolerant to G. boninense (Durand-Gasselin
et al. 2005; Idris et al. 2004b). Franqueville et al. (2001) reported sources of genetic
resistance in field studies in North Sumatra and it was further confirmed by Durand-
Gasselin et al. (2005). Oil palms of Deli origin (both Indonesia and Malaysia) were
appeared to be more susceptible compared to those originated from Africa (Durand-
Gasselin et al. 2005), revealing the presence of possible genetic resistance. These
findings point out that the enhancement of resistance of planting materials using
available genetic sources could be a promising disease management strategy in BSR
risk area. Breeding and selection of palms with greater lignin deposition (Casler et al.
2002) or modifying the lignin structure may be another key approach for the
improvement of resistance in palms (Rees et al. 2009).

9.5.1 Genetic Engineering

Exploitation of genetic engineering tools could be a surpassing choice for the
improvement of planting materials owing to their cost and time effectiveness
(Sambanthamurthi et al. 2009). Enhanced expression of chitinases and glucanases
to combatGanoderma can be realized with the help of genetic engineering approach.
In previous studies, two genes, rice chitinase (RCH10) and alfalfa glucanase
(AGLU1), were employed to genetically engineer oil palm in view of resistance
against G. boninense. Rashdan and Abdullah (2000) were able to successfully
transform the oil palm through Agrobacterium-mediated transfer of chitinase gene
against Ganoderma.

9.5.2 Application of Omic Technologies

9.5.2.1 Transcriptomics
The global-based gene expression analysis in oil palm in response to pathogen could
be achieved through transcriptomic databases. This information available on the
differential gene upregulation and expression upon oil palm–pathogen interaction is
a great source for designing markers for the selection of resistance in oil palm. In



contrast, the down-regulated genes during the interaction can be utilized for identifi-
cation of markers linked with susceptibility, and therefore it further helps in selecting
the susceptible seedlings. The use of the molecular markers at least avoids the
deployment of susceptible materials to the field. Moreover, these susceptible genes
would be a potential target for the gene editing approaches.
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Transcriptomic analysis conducted by Tee et al. (2013) indicated involvement of
defence-associated genes, encoding phenylalanine ammonia lyase (PAL), isoflavone
reductase (IFR) and cinnamate 4-hydroxylase (C4H). Chong et al. (2012b) identified
the accumulation of three antifungal compounds including caffeic acid,
4-hydroxybenzoic acid and phenolic acids such as syringic acid (SA) during oil
palm–Ganoderma interaction. In another study carried out by Wulandari et al.
(2018), it was shown that the EMLP1 gene was up-regulated amid the
G. boninense infection. Faizah et al. (2019) identified 16 susceptibility response-
related genes from the oil palm roots.

9.5.2.2 Proteomics
Comparative proteomic analysis during Ganoderma and oil palm interaction has
revealed the variation in expression of defence-related proteins, including adenosine
triphosphate (ATP) synthase, cysteine synthase, caffeic acid O-methyltransferase
(COMT), caffeoyl-CoA O-methyltransferase (CCoAOMT), malate dehydrogenase,
enolase and fructokinase, upon the progression of BSR disease (Al-Obaidi et al.
2014). Likewise, proteins associated with oxidative burst such as ascorbate peroxi-
dase (APx), 2-Cys peroxiredoxin (Prx), APx catalase and superoxide dismutase
(SOD) were also identified (Daim et al. 2015) and characterized (Caverzan et al.
2012).

9.5.2.3 Metabolomics
A wide range of metabolites can be assessed by employing metabolomics approach
for phenotyping and diagnostic analysis in plants (Fernie and Schauer 2009). There
have been several reports on metabolite diversity of oil palm roots with a potential
role in disease resistance, including the pre-formed phytoanticipins and inducible
phytoalexins (Diabaté et al. 2009). Dzulkafli et al. (2019) detected and identified
chelidonic acid in the leaves of oil palm upon artificial inoculation with
G. boninense. Syringic acid (a phenolic acid) accumulation in Ganoderma-infected
oil palm roots indicates the possible anti-fungal activity of these compounds against
the pathogen (Chong et al. 2012a, b). Furthermore, the presence of sterols and
tocopherols was detected in infected oil palm roots by using gas chromatography-
mass spectrometry (GC-MS) (Nusaibah et al. 2011b). In previous studies, it has been
reported the resistance against vascular wilt pathogen (Fusarium oxysporum) in the
presence of phenolic acids, and thus it suggests their role in indication of disease
infection (Diabaté et al. 2009).
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9.6 Conclusion

Basal stem rot caused by wood rotting basidiomycete, Ganoderma spp., is consid-
ered to be the deadliest disease of oil palm. For proper monitoring and early
identification of disease in oil palm, more automated, objective and sensitive
approaches such as artificial intelligence, multispectral imaging and sensor-based
techniques may be used. Management strategies for controlling BSR in oil palm
should integrate the existing and advanced technical knowledge. Different models of
integrated disease management should be evaluated under large scale across plant
species and ecosystems to come out with an effective package of practice. Marker-
assisted early disease resistance phenotyping, histological characterization, pathogen
genome and diversity analysis, and host–pathogen interaction investigations should
all be included in disease resistance breeding in oil palm, in addition to traditional
breeding methodologies.
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