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Abstract

Basal stem rot of oil palm caused by Ganoderma boninense is the most
serious disease of oil palm in Malaysia, Indonesia, and other oil-palm-
producing countries. Economic losses caused by the disease can be up
to USD500 million a year. For many years, basal stem rot was found to
infect older palm trees of more than 25 to 30 years in age. Only in the
1950s, the disease began to appear in much younger palm trees,
10 to 15 years old, and, in the last decade or so, palm trees as young
as 1 year were infected by the disease. The highest incidence occurs
in coastal areas of Southeast Asia but the disease has now infected
oil palm in inland areas, mainly oil palm planted in peat soils.
Disease incidence is also high in areas previously growing coconut
or forest. Basal stem rot infection and spread occur through root-to-
root contact, and basidiospores that colonize the roots also play a role.
In the early stages of infection by G. boninense, the pathogen behaves
as a biotroph and later as a necrotroph, secreting cell-wall-degrading

enzymes and triggering host defense responses. Genes, gene prod-
ucts, and metabolic pathways involved in oil palm defense mechanisms
against G. boninense have been identified and these metabolites have
the potential to be used as markers for early detection of the disease.
Integrated disease management used to control basal stem rot in-
cludes cultural practices, chemical control, and application of bio-
control agents or fertilizers. Early detection tools have also been
developed that could assist in management of basal stem rot infec-
tions. Development of resistant or tolerant oil palm is still at an early
stage; therefore, the existing integrated disease management practices
remain the most appropriate methods for managing basal stem rot of
oil palm.
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Oil palm (Elaeis guineensis Jacq.) is grown in tropical regions of
Asia, Africa, and South and Central America that receive high
rainfall. The major producing areas are located between the latitudes
7°N and 7°S. Oil palm is the second major vegetable oil crop after
soybean and constitutes approximately 40% of all commercially
produced vegetable oils (Murphy et al. 2021). Oil palm is regarded as
the most space-efficient vegetable oil crop, because 1 ha of trees
can produce up to eight times more oil than other oil crops (Zulkifli
et al. 2010). Globally, annual palm oil production is approx-
imately 81 million tons from approximately 19 million ha of plant-
ing area (Murphy et al. 2021). Palm oil is used to manufacture
various edible and nonedible products, including food, cosmetics,
biofuels, detergents, plastics, and industrial chemicals (Murphy
et al. 2021).
Oil palm trees thrive in hot and humid conditions, which are

common in Southeast Asian regions. The first oil palm plantation
was established in Peninsular Malaysia (also known as West
Malaysia) in 1917; large-scale cultivation began in 1961 owing to the
Malaysian government’s encouragement for agricultural di-
versification to reduce dependence on natural rubber (Hartley 1977).
Over the years, oil palm plantations have expanded to East Malaysia
in the states of Sabah and Sarawak. In Indonesia, oil palm plantations
are concentrated on the islands of Sumatra and Kalimantan (Fig. 1)
(Paterson 2020). Malaysia and Indonesia have dominated the palm

oil trade since 1966 and currently account for over 84% of the global
palm oil production, with Indonesia being the largest producer
(Statista 2020). Approximately 60% of palm oil is exported to India,
Pakistan, Bangladesh, China, and European Union countries (Statista
2020).
Apart from Malaysia and Indonesia, oil palm is grown in at least

43 other countries (Fig. 2), including Thailand, the Philippines, and
Myanmar; in the latter two countries, oil palm plantations are at an
early stage of development (Corley and Tinker 2003; Murphy et al.
2021). In Africa, major oil-palm-cultivating countries are Nigeria,
Ghana, Côte d’Ivoire, Cameroon, Sierra Leone, Benin, Angola, and
the Democratic Republic of Congo. Only Cameroon and Côte
d’Ivoire produce palm oil for export, whereas the other African
countries use it for local consumption (Paterson 2021). Currently,
Colombia and Ecuador are the primary oil palm producers in the
Americas, although the oil palm industry in Brazil is also expanding
(Murphy 2014; Nahum et al. 2020).
One of the major disease concerns associated with large-scale oil

palm plantations in Malaysia and Indonesia is basal stem rot (BSR),
caused by the white rot fungus Ganoderma boninense. The problem
is especially acute in replanted plantations; disease incidence has
increased over the decades due to repeated replanting, and can reduce
yield by 50 to 80% (Paterson 2019).
Early studies on BSR and Ganoderma spp. were conducted in the

1960s, particularly in Malaysia, when information related to their
incidence, infection, spread, treatment, and control methods was
published (Navaratnam 1964; Tan 1968; Turner 1965a, b, c, d;
Turner and Bull 1967). Research published in the 1980s through
early 2000s focused on pathogen species identification, pathoge-
nicity, and pathogen mating systems, as well as quantifying in-
cidence and spread of BSR. Characterization studies of Ganoderma
spp. using molecular methods and host–pathogen interactions were
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also performed. More data were obtained after the establishment of
oil palm plantations in Indonesia and Papua New Guinea.
Although information on the cause of infection and spread of

BSR has been well documented, development of early detection
methods for this disease is still ongoing. This review presents an
overview of recent progress in improving detection methods and
disease management, and offers possible future directions for BSR
research.

Oil Palm

Oil palm (E. guineensis Jacq.) originated in West Africa, particularly
in the tropical forests of Côte d’Ivoire, Nigeria, Ghana, Cameroon,
Democratic Republic of Congo, and Angola (Hartley 1988). In African

countries, palm oil has long been used as a primary ingredient in several
traditional dishes (Poku 2002).
Oil palm is a monocot in the family Arecaceae (Palmae), which

bears both male and female inflorescences separately on the same
tree (Hartley 1988). Two major species of oil palm are E. guineensis,
known as African oil palm (Fig. 3A and B), and E. oleifera, the
American oil palm, found in South and Central America.
E. guineensis is widely planted commercially because of its high oil
content. E. oleifera is not planted for commercial purposes but it
contains sources of genetic resistance against BSR, which is useful in
breeding programs (Durand-Gasselin et al. 2005).
The three recognized cultivars of E. guineensis are Dura, Tenera,

and Pisifera, categorized according to the shell thickness or endocarp
and mesocarp contents (Fig. 4) (Corley and Tinker 2003; Latiff
2000). Dura has a large kernel, a thick shell (Fig. 4A), large bunches
of fruit, and a high oil yield, whereas Pisifera is shell-less and has a
small kernel, large mesocarp, and poor oil yield owing to high female
infertility; it is mainly used in breeding (Fig. 4B). Tenera is a hybrid
of Dura and Pisifera (Fig. 4C), with a good kernel size, a thin shell
that makes processing easier, a large mesocarp, and an oil yield 25 to
30% higher than that of Dura fruit (Corley and Tinker 2003). Two
types of palm oil are produced by E. guineensis: from the fibrous
mesocarp and from the palm kernel (Corley and Tinker 2003). Fruit
bunches of Dura, Pisifera, and Tenera are shown in Figure 5.
Oil palm fruit can be harvested after 2 to 3 years of planting, al-

though the productive age is 9 to 15 years. Oil palm has a life span of
25 to 30 years, after which the tree becomes too tall for harvesting the
fruit bunches. In Malaysia, some long-established oil palm planta-
tions are already in their third generation (Basiron 2007).

Pathogen

Several species ofGanoderma have been reported to be associated
with BSR. Initially, G. lucidum was reported as the causal pathogen
but later it was found that G. lucidum is limited to temperate re-
gions (Steyaert 1972). Six species of Ganoderma, G. boninense,
G. miniatocinctum, G. chalceum, G. tornatum, G. zonatum, and
G. xylonoides, either saprophytic or parasitic on oil palm, wereFig. 1. Map of Southeast Asia region and countries.

Fig. 2. Map of oil-palm-producing countries (Koh and Wilcove 2008).
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identified based on their fruiting bodies and basidiospore charac-
teristics (Steyaert 1972). The basidiocarp of G. boninense at the base
of an oil palm tree and a bracket-shaped basidiocarp of the fungus are
shown in Figure 6.
In Peninsular Malaysia, Ho and Nawawi (1985) found that

G. boninense was the most common species associated with BSR.
G. boninensewas later confirmed, using pathogenicity tests, to be the
causal agent of BSR (Khairudin 1990). Furthermore, G. boninense
has been reported as a causal pathogen of BSR in Sabah and
Sarawak, Malaysia (Chong et al. 2011; Midot et al. 2019), Indonesia,
and Papua NewGuinea (Haryadi et al. 2019; Pilotti et al. 2004; Purba
et al. 2019). In addition to oil palm, G. boninense also causes BSR in
several other palm trees, including foxtail palm (Wodyetia bifurcata),
which is a landscape palm (Mohd Farid et al. 2018); coconut
(Snehalatharani et al. 2016); and the ornamental palmChrysalidocarpus
lutescens (Lim and Fong 2005).
G. boninense isolates fromMalaysia, Sumatra, Indonesia, and Papua

New Guinea originating from the same oil palm plantation, as well as
from the same individual tree, were genetically variable (Latiffah et al.
2005; Mercière et al. 2017; Miller et al. 1999; Pilotti et al. 2003; Wong
et al. 2021). High levels of genetic variation in G. boninense isolates
may be associated with the ability of G. boninense isolates to adapt to
various substrates such as soil, plant debris, and new oil palm stands
(Latiffah et al. 2005). Genetic variation of G. boninense also may be
associated with heterothallism and the tetrapolar mating system of the
pathogen, with multiple alleles occurring at both mating type loci,
which favors outcrossing (Sanderson et al. 2000).
More information on the population structure and genetic variation

of G. boninense in Malaysia and Indonesia was obtained using
microsatellite markers. Based on the data from 11 microsatellite
markers, G. boninense isolates from Peninsular Malaysia and
Sumatra, Indonesia exhibited a high degree of genetic variation.
Genetic differentiation of G. boninense isolates from both areas was
not observed, which demonstrated that spores may play a role in
spreading the pathogen in these two areas (Mercière et al. 2017).
Similar results were also reported by Wong et al. (2021) using

16 polymorphic microsatellite markers, among which G. boninense
in the Peninsular Malaysia, in Sarawak, Malaysia, and in Sumatra,
Indonesia, demonstrated a high level of genetic variation. High ge-
netic variation was observed among isolates within a population as
well as among different populations due to the outcrossing of the
pathogen’s basidiospores. High gene flow was detected among

G. boninense populations but genetic differentiation was not ob-
served, which indicated that the BSR pathogen populations in the
three oil palm planting areas were similar. Moreover, three admixed
genetic clusters of the pathogen population were detected in
Peninsular Malaysia, in Sarawak, Malaysia, and in Sumatra,
Indonesia (Wong et al. 2021). Based on mating studies, internal
transcribed spacer (ITS) sequences, and microsatellite genotyping,
conspecificity ofG. boninense isolates from four oil-palm-producing
countries (Indonesia, Malaysia, Papua New Guinea, and Solomon
Islands) was demonstrated (Pilotti et al. 2021).
In contrast to the high genetic variation reported in a few studies,

low genetic variation was observed inG. boninense isolates collected
from eight locations of coastal areas in the state of Sarawak,
Malaysia. Low genetic variation was detected in 117 isolates using
sequences from the ITS region (Midot et al. 2019). The low genetic
variation might be because the plantation was a first-generation
planting and was previously a secondary forest, which may be as-
sociated with low disease pressure. G. boninense isolates in first-
generation plantations are regarded as the founder population and
are later adapted to oil palm as the host (Midot et al. 2019).
Other species ofGanoderma reported from BSR-infected oil palm

trees are G. miniatocinctum, G. chalceum, and G. zonatum.
Pathogenicity tests revealed that these species are pathogenic and
cause BSR in oil palm (Idris et al. 2000). In Sarawak, Malaysia,
G. zonatum and G. miniatocinctum are also associated with BSR
(Wong et al. 2012). In Papua NewGuinea,G. tornatumwas found on
infected oil palm trees and considered a minor pathogen (Pilotti et al.
2004). G. zonatum was identified as the causal pathogen of BSR in
Colombia (Castillo et al. 2022).
BSR of oil palm has also been reported in southwestern Cameroon,

where G. ryvardense was found to be associated with the disease
(Kinge and Mih 2011). According to Wang et al. (2014),
G. ryvardense is closely related to G. boninense, and they may be
synonymous. G. ryvardense may also be conspecific to the BSR
pathogen in Malaysia and Papua New Guinea (Pilotti et al. 2021).
Another causal pathogen of BSR reported in Cameroon is
G. lobenense (Kinge and Mih 2014). Further studies such as mating
compatibility tests and molecular genetic analysis may help to clarify
the identity and confirm the conspecificity of G. ryvardense with
G. boninense as well as its relatedness with G. lobenense.
G. boninense is heterothallic with bifactorial incompatibility due

to two nonlinked loci, mating-type A and mating-type B (Pilotti et al.

Fig. 3. African oil palm (Elaeis guineensis). A, Mature tree. B, Young tree.
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2002). Mating tests indicated that G. boninense is compatible with
G. miniatocinctum and G. zonatum as well as Ganoderma isolates
from two ornamental palm trees: sealing wax palm and McArthur
palm. Mating test results indicated that the alleles involved in mating
occurred between different mating types, resulting in formation of 100%
fertile dikaryons. The findings suggested thatG. boninense,G. zonatum,
and the other isolates could belong to the same biological species, and
cross infection could occur among Ganoderma spp. and between the
ornamental palm and oil palm (Chan et al. 2015).

Occurrence of BSR in the Oil Palm

BSR has been reported in almost all palm-oil-producing countries.
The incidence of serious diseases has increased over the years as
replanting of oil palm occurs, particularly in Malaysia and Indonesia.
In some plantations, replanting of the crops is in the third generation,
which makes the palm trees more susceptible to BSR infection due to
inoculum buildup.
Incidence of BSR is much more serious in Peninsular Malaysia

than in the states of Sabah and Sarawak in East Malaysia. The higher
BSR incidence in Peninsular Malaysia might be due to earlier large-
scale cultivation of oil palm and high occurrence of replanting. BSR
can be found in oil palm trees as young as 1 year old (Ariffin et al.

1989a; Turner 1981). In Indonesia, a higher BSR incidence was
reported in Sumatra and Java than in Kalimantan, Sulawesi, and
Papua, probably due to younger plantings in the former regions
(Suryantini and Wilandari 2018). In North Sumatra, after 25 years,
40 to 50% of the oil palm trees were infected (Subagio and Foster
2003).
Although incidence of BSR in Papua New Guinea is not as high as

in Malaysia and Indonesia, 50% disease incidence has been reported
in some oil palm plantations there. According to Murphy et al.
(2021), the incidence rate of BSR infection in Papua New Guinea is
likely to be 25% on average, considerably lower than inMalaysia and
Indonesia. BSR incidence is relatively low in oil palm plantations in
Thailand, where the disease mainly affects older palm trees and is
more widespread and serious in the southern part of the country
(Pornsuriya et al. 2013).
Colombia is the largest oil-palm-producing country in the

Americas, with a low BSR incidence rate. However, in the last de-
cade, BSR has emerged as a growing concern, posing a serious threat
to the oil palm industry there (Arango et al. 2016; Martı́nez 2011).
In Africa, BSR has been reported in Nigeria, Ghana, Democratic

Republic of the Congo, Angola, Tanzania, North Mozambique, and
Cameroon (Turner 1981). However, recent information on the oc-
currence of BSR in sub-Saharan Africa is lacking, probably due to
the prevalence of Fusarium wilt in the region. The only available
information on the occurrence of the disease is in Cameroon. In
southwestern Cameroon, BSR incidence was higher in younger oil
palm trees (16 years old or younger) than in older ones (more than
30 years old). In general, BSR incidence in oil palm trees of the same
age in Cameroon was lower than that inMalaysia and Indonesia (Mih
and Kinge 2015).
In Malaysia, BSR was first reported by Thompson (1931) in

oil palm that was over 25 years old, and which was due for
replanting. For several years, BSR was considered to be a dis-
ease of older palm trees. It was only in the late 1950s that it
began to appear in much younger palm trees (10 to 15 years old)
and, in the last three decades, palm trees as young as 1 year old
were found to be infected (Ariffin et al. 1989b; Turner 1981).
Infected young palm trees commonly die within 6 to 24 months
after initial symptoms appear, whereas mature palm trees can
survive for 2 to 3 years or more after infection (Corley and
Tinker 2003). Similar BSR occurrence was also observed in
North Sumatra, Indonesia. The disease was found to infect

Fig. 5. Oil palm fruit bunches of cultivars A, Dura; B, Pisifera; and C, Tenera. Photos taken at United Plantation, Teluk Intan, Perak, Malaysia.

Fig. 4. Cross section of three oil palm cultivars. A, General structure of oil palm fruit; B,
Dura (thick shell); C, Pisifera (shell-less); and D, Tenera (less thick shell).
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younger palm trees in a first-generation planting. The survey
also indicated that BSR incidence was higher in younger palm
trees, which was attributed to existing inoculum in the field
(Lisnawita et al. 2016; Susanto et al. 2008; Treu 1998).
The highest BSR incidence is observed in coastal areas (Khairudin

1990; Turner 1981). This is attributed to the prevalence of plantings in
previous coconut stands and the nature of the soil and its water table.
Coastal soils are mainly clay, silty clay, or clay loam. These types of
soils with poor internal drainage and a high water-retention capacity
are likely favorable for the growth of Ganoderma spp., since the
fungus prefers high moisture conditions (Singh 1990; Turner 1981).
The disease is severe in areas where old coconut trees are felled

and their stumps are buried or left on the ground to rot. Disease
incidence is also high when old coconut trees are poisoned and left
standing to rot in situ. The coconut stumps that are left on the ground
to rot become a substrate for formation of G. boninense fruiting
bodies (Turner 1981).
A recent study byMohd Shukri et al. (2020) on the incidence of BSR

in oil palm plantations owned by smallholders indicated that, re-
gardless of the soil type, oil palm is susceptible to BSR infection.
Highest disease incidencewas detected in lateritic soil (27.7%), followed
by coastal (14%), inland (8.72%), and peat (6%) soils. Earlier, it was
predicted that peat soil is not favorable for BSR incidence but that claim
has now been disproved (Ariffin et al. 1989b; Cooper et al. 2011). BSR
has also infected oil palm plantations grown on peat soil in Indonesia,
and high incidence of the disease has been observed (Susanto and Huan

2010). A study on BSR incidence in peat soil plantations that was
conducted in North Sumatra andWest Kalimantan, Indonesia suggested
that high incidence of BSR in peat soil may be due to several factors
(Supriyanto et al. 2020; Susanto et al. 2008).G. boninense survives as a
saprophyte and has adapted to the conditions of the peat soil environ-
ment. Monocultures that eliminate other woody plants may increase
likelihood of oil palm infection (Supriyanto et al. 2020). In addition to tree
susceptibility, selective pressure on the pathogenmay also play a role due to
changes of the ecosystem (Lucas et al. 2015). G. boninense infection may
also be associated with deficiencies of copper and zinc, which are common
in the very-low-pH conditions of peat soil (Supriyanto et al. 2020).

Infection Process

Spread of BSR to healthy palm trees is associated with root contact
with a source of inoculum, including stumps, trunks, and infected oil
palm trees (Fig. 7). A high disease incidence has been observed in
areas where the trunks and stumps of coconut colonized by
G. boninense act as inoculum. The pathogen enters the roots and then
spreads to the stem base (Fig. 7) (Ho and Khairudin 1995; Turner
1981). In a field trial by Rees et al. (2007), inoculum (Ganoderma-
infested palm or rubber wood blocks) was required to infect over the
course of 6 to 8 months.
Infection occurs when mycelia penetrate the root and spread to the

cortex and stem base. In the pathogen’s biotrophic phase, numerous
intracellular hyphae invade and occupy the host roots and stem base

Fig. 6. Basidiocarp of Ganoderma boninense. A, Basidiocarp at the base of an oil palm tree. B, Spore deposits on the upper part of basidiocarp. C and D, Reddish-brown
basidiocarp.
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tissues. At this stage, the oil palm tissues remain intact. Later, the
pathogen switches to necrotrophy, with extensive cell wall degrada-
tion. The third phase is the formation of pseudosclerotia embedded in
extensive and tough mycelia surrounding the roots (Rees et al. 2009).
During root colonization, the pathogen secretes cell-wall-degrading

enzymes to degrade root components, including lignin and cellulose
(Cooper 1984). The breakdown of lignin results in bleaching, which is
indicative of the white rot phase of the disease (Paterson 2007).
Colonization of the root cortex and stem parenchyma produces holes in
cell wall layers, leading to cell wall degradation. During infection,
starch can be used by the pathogen as a carbon source (Rees 2006).
Infected oil palm trees are not easy to diagnose at this stage, except for
external symptoms such as unopened spear leaves (the youngest
emerging leaves) and the appearance of fruiting bodies at the base of
the trunk (Figs. 8 and 9).

Role of basidiospores
Basidiospores can colonize felled oil palm trees as well as stumps and
trunks in the oil palm field, and these substrates become infection foci
(Turner 1981). Genetic diversity studies of G. boninense isolates
associated with BSR showed high levels of variability, implying that
infection could be caused by basidiospores (Latiffah et al. 2005;
Mercière et al. 2017; Miller et al. 1999; Pilotti et al. 2021;Wong et al.
2021). Pilotti (2005) detected multiple isolates in a single oil palm,
which clearly demonstrated multiple infections and suggested ba-
sidiospores as the source of the infection. Infection by means of root-
to-root contact may occur relatively infrequently (Pilotti et al. 2018).
In oil palm plantations, basidiospore germination often occurs at

25 to 31°C (Ho and Nawawi 1986). Nongerminated and germinated
basidiospores of G. boninense are shown in Figure 10. At this early
stage, monokaryotic mycelia are saprophytic. Germination leads to
the formation of monokaryotic mycelia and colonization of the
available substrates in the field but this stage is not infectious (Rees
et al. 2007). When monokaryotic mycelia encounter compatible
monokaryotic mycelia, dikaryotic mycelia are formed, which can
cause BSR infection (Chan et al. 2011).
Basidiospores can germinate on the cut surfaces of fronds, pe-

duncles, and stems, which indicates their ability to germinate and
grow on different parts of oil palm (Rees et al. 2012). G. boninense

has also been detected in the rachis, bole, and roots of asymptomatic
seedlings, and root colonization by basidiospores and dikaryons is
common (Pilotti et al. 2018). Molecular studies revealed highly di-
verse G. boninense isolates from oil-palm-producing regions, sup-
porting the hypothesis that basidiospores play major roles in BSR
infection and spread (Pilotti et al. 2018, 2021; Wong et al. 2021).

BSR symptoms
Initially, an excessive number of spear leaves are observed (Fig. 6A
and 6). In healthy plants, only two to three spear leaves are produced
per month. The foliage color of infected palm trees is generally much
paler green than on healthy palm. Eventually, the fronds die; necrosis
begins in the oldest frond and spreads to the younger fronds. In most
cases, the dead fronds either droop at the base or fracture at some
point along the rachis and hang down to encircle the trunk (Fig. 6B).
Ultimately, the trunk fractures at the base and the tree falls. However,
the bole, which still contains diseased tissue, remains in the ground
(Turner 1981).
A reliable disease symptom is the appearance of lesions at the stem

base. The lesion appears as a light brown area of rotting tissues
marked by irregular dark zones with an outer edge of irregular yellow
zones. The dark zone is called the reaction zone (Turner 1981) or
black line (Ariffin et al. 1989a) and consists of masses of swollen
hyphal cells that form resting structures. Roots of infected palm trees
usually become friable and easily disintegrate (Ariffin et al. 1989a;
Turner 1981).
G. boninense basidiomata may or may not develop before the

appearance of foliar symptoms. The basidiocarp emerges as white
buttons or white small fungal swellings that develop into bracket-
shaped fruiting bodies (Fig. 9A). The basidiomata develop at the
stem base and occasionally on infected roots near the stem base (Fig.
9B). Eventually the palm dies, either remaining upright or falling
over (Turner 1981).

Metabolites and defense-related genes involved in
BSR infection
The necrotrophic phase of G. boninense infection results in the se-
cretion of cell-wall-degrading enzymes and triggering of a defense
response from the host.

Fig. 7. Disease cycle of basal stem rot (BSR) of oil palm.
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Metabolites that may be involved in defense mechanisms against in-
fection byG. boninense include fatty acids, phenols, lipids, phytohormones,
and aromatic compounds. Al-Obaidi et al. (2014) reported several
host-derived proteins associated with BSR infection in the root of

oil palm such as caffeoyl-CoA O-methyltransferase, caffeic acid
O-methyltransferase, enolase, fructokinase, cysteine synthase,
malate dehydrogenase, and ATP synthase.
Fatty acids and phenols were detected as defensive compounds in

the root extract of infected oil palm. Some of the identified fatty acids
and phenols were benzoic acid, hexadecanoic acid, 9,12-octadeca-
dienoic acid (Z,Z), 9-octadecenoic acid (Z), and their respective
methyl esters (Rozlianah et al. 2015).
Several steroid compounds have been identified as plant defense

metabolites against G. boninense infection. Three main steroids,
namely sitosterol, g-sitosterol, and stigmasterol, were found in the
crude root extracts of both infected tolerant and susceptible oil palm
progenies. Other compounds detected were stigmast-5-en-3-ol,
campesterol, cholestan, and an ergosterol (a-tocopherol and
b-tocopherol) (Nusaibah et al. 2011). Other metabolites associated
with the early defense mechanism of oil palm included hetero-
cyclic aromatic organic compounds such as pyridine, benzo[h]
quinoline, and pyrimidine; lipids such as fucosterol, betasito-
sterol, g-sitosterol, palmitic acid, and linoleic acid; and antioxi-
dants such as a-tocopherol and b-tocopherol (Nusaibah et al. 2011).
These metabolites were detected in the root extract of infected
samples, and their concentrations were found to be higher in resistant
than susceptible oil palm progeny.
Jee and Chong (2015) reported that growth of G. boninense in

infected oil palm trees can be suppressed by treatment with caffeic

Fig. 9. External symptoms of basal stem rot. Formation of A, white buttons and B, basidiocarp at the base of oil palm tree.

Fig. 8. External symptoms of basal stem rot. A and B, Infected oil palm showing
formation of spear leaves and skirting (frond hanging downward).

Fig. 10. Basidiospores of Ganoderma boninense. A, Nongerminated spores and B, germinated spores.
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acid, syringic acid, or 4-hydroxybenzoic acid in concentrations
ranging from 0.1 to 0.4 mg/ml. Benzoic acid and salicylic acid not
only suppress infection by G. boninense but also promote oil palm
growth (Surendran et al. 2018).
Some of the antifungal activities of the metabolites are produced

by interactions between the host and the pathogen. The pathogen
activates oil palm defense mechanisms via secretion of elicitors and
the plant, in turn, secretes various types of metabolites to inhibit
pathogen colonization. These interactions occur before BSR is
established in the host.
Defense-related genes involved in G. boninense infection in oil

palm have been identified in several studies. Tee et al. (2013)
identified several genes associated with oil palm defense mecha-
nisms, including genes associated with plant signal transduction and
genes involved in phytoalexin production. These genes were either
upregulated to enhance oil palm defense mechanisms against in-
fection byG. boninense or downregulated to allow it to overcome the
oil palm defense system.
Ho et al. (2016) studied transcriptomes of inoculated and non-

inoculated oil palm seedlings to infer molecular responses of oil palm
roots against G. boninense infection. The transcriptomes recovered
from inoculated roots included biochemicals involved in the initial
stage of infection, including receptors (receptor-like kinases and
receptor-like proteins) and cell-wall-degrading enzymes (chitinases
and glucanases).
In another transcriptome study, Bahari et al. (2018) identified

upregulated and downregulated gene sequences associated with the
transition from biotrophic to necrotrophic phases of G. boninense.
Differentially expressed genes included defense-related genes
(pathogenesis related-proteins, protease inhibitors, and chitinase),
the transcription factors EgERF113 and EgMYC2 (regulators of
necrotrophic phase), and reactive oxygen species elicitors (peroxi-
dase and NADPH oxidase).

Early detection of BSR
The main aim of early detection of BSR in oil palm tissues is to
develop a more effective method to treat the infected palm before the
disease spreads further. The earliest methods for BSR detection in-
clude laboratory-based methods such as enzyme-linked immuno-
sorbent assay (Shamala et al. 2006) and designing PCR specific
primers to detect Ganoderma spp. pathogenic to oil palm (Idris
et al. 2010). In addition to laboratory-based methods, there is a
rapid progress in the development of methods that use geospatial
technologies. Among the geospatial technologies tested, multi-
spectral and hyperspectral remote sensing, terrestrial laser scan-
ning, spatial maps, tomography images, intelligent e-nose and
microfocus X-ray fluorescence were found to be able to differ-
entiate between infected and noninfected oil palm (Khosrokhani
et al. 2018).
Methods for the early detection of BSR have also been developed

in Colombia and Indonesia. Arango et al. (2016) developed electric
impedance tomography based on the color spectrum to distinguish
between healthy and infected oil palm trees. In Indonesia, satellite
images have been used to identify the spatial patterns of BSR in-
fection in oil palm plantations (Santoso et al. 2011). Multispectral
aerial photographs from unmanned aerial vehicles, combined with a
vegetation index, have also been used to map BSR incidence and
estimate the levels of infection (Wiratmoko et al. 2018). Levels of
BSR infection have also been detected using an electric nose device
(Kresnawaty et al. 2020).
Reliable and rapid early detection of BSR can be used as a

complement to other control methods. However, most of these
methods are at the preliminary stage and have been tested in only a
few plantations. Moreover, some of the methods require specialized
equipment or highly skilled workers to collect and interpret the data,
which leads to high costs. Currently, only established, large-scale
plantations can afford these technologies. Smallholders still de-
pend on conventional methods such as the observation of typical
BSR symptoms to detect infection.

Management of BSR

Integrated disease management by combining several control
methods is required to manage BSR because there is no single ef-
fective control measure that can stop the spread of this disease.
Current control measures include chemical fungicides, cultural
practices, and biological methods, as well as fertilizer application.
The aim of BSR integrated disease management is to minimize the
incidence of BSR after replanting.

Fungicides
Since early studies of BSR, fungicides have long been used to treat
the oil palm trees infected with G. boninense. For example, organo-
mercury formulations and potassium hydroxyquinoline sulfate have
been injected into diseased palm trees. However, because of the large
mass of many lesions, it is difficult to accurately estimate the extent
of trunk lesions. Therefore, trunk injection using these materials has
had only limited success (Turner 1981).
Khairudin (1990) reported slowing the spread of BSR by injecting

systemic fungicides such as fusilazol, hexaconazole, cyproconazole,
flutriafol, triadimenol, tridemorph, and oxycardoxin. Ariffin and
Idris (1991) showed that injection of a fumigant fungicide, dazomet,
into the stem lesion could inactivate the production of fruiting bodies,
which further slowed the spread of BSR. Idris and Maizatul (2012)
later reported that dazomet reduced the spread of BSR by killing
Ganoderma inoculum, thereby improving the productivity of the oil
palm.
Application of hexaconazole via pressure injection, trunk in-

jection, soil drenching, and soil injection into diseased oil palm trees
reduced the spread of BSR in the infected oil palm trees (Idris et al.
2002, 2004c). Pressure injection can be used to accurately apply the
fungicide to the infected area. Idris et al. (2004c) reported that, after
5 years, 70% of treated oil palm trees could produce fruit bunches.
Pyraclostrobin, a broad-spectrum fungicide with preventive, cu-

rative, and long residual properties, was evaluated for its efficacy in
inhibiting the growth of G. boninense. Pyraclostrobin was effective
in controlling BSR in oil palm seedlings and showed positive
physiological effects on seedlings, including increased height, bole
diameter, root mass, photosynthesis rate, PSII quantum efficiency,
and relative leaf chlorophyll content (Nurfaezah et al. 2019).
However, the effectiveness of this fungicide on oil palm trees beyond
the seedling stage has not yet been tested.
Nanotechnology tools are also being applied for delivery of fun-

gicides (Maluin et al. 2019, 2020). A nanodelivery system consisting
of hexaconazole encapsulated into chitosan nanoparticles as carrier
effectively transported the fungicides to G. boninense cells. The
nanodelivery system showed low phytotoxicity and high antifungal
activity against the pathogen (Maluin et al. 2019).
Despite the availability of some effective fungicides, control

methods using fungicides can lead to environmental pollution as well
as development of fungicide resistance. For those reasons, alternative
control methods such as cultural practices and biological control are
preferred.

Cultural practices
Three replanting techniques (underplanting, windrowing, and clean
clearing) have been widely used in Malaysian oil palm plantations.
Replanting techniques have been reported to have a significant effect
on disease incidence in new oil palm stands (Khairudin 1990; Turner
1981).
Underplanting is associated with a relatively high risk of BSR

disease. In this method, old coconut palm trees or oil palm trees are
poisoned and left to rot, with younger palm trees planted between the
older palm trees. Khairudin (1990) showed that 93.0% of the oil palm
seedlings grown near diseased stumps were infected.
When a 15-year-old plantation was renovated, the clean clearing

technique resulted in 14.0% BSR incidence compared with 33% for
underplanting (Khairudin 1990). Similarly, Singh (1990) reported
that clean clearing treatment of previous oil palm plantations led to
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3.2% disease incidence after 8 years compared with 13.5% for
underplanting. In the clean clearing technique, stumps and trunks
from previous crops are excavated and split for drying, followed by
burning. Plowing of any pieces of Ganoderma-infected tissues from
the soil is carried out to prevent them from becoming infection foci
(Turner 1981).
The windrowing replanting technique is similar to clean clearing

except that the stumps and trunks of previous crops are stacked in the
alleys between row without splitting for drying and burning. Disease
incidence in oil palm fields that adopt the windrowing replanting
technique differed little from that in fields adopting clean clearing
(Khairudin 1990, 1993). Thus, of the three replanting techniques,
clean clearing and windrowing are safer than underplanting.
In northern Sumatra, Indonesia, impacts of windrowing, fallowing

for 1 year, and poisoning on BSR infection were compared for
7 years. Windrowing without poisoning resulted in 41% infection on
replanted palm, whereas windrowing with fallowing but without
poisoning resulted in 10% infection after 1 year. Windrowing alone
led to 28% incidence of BSR. In contrast, windrowing plus poisoning
and fallowing led to only a 3% incidence, and fallowing without
poisoning resulted in 6% incidence (Virdiana et al. 2010). Based on
the study, fallowing of 1 year before transitioning to a new oil palm
planting seems to reduce BSR disease incidence substantially. It is
reasonable to assume that microbial competition and antagonism can
diminish inoculum loads during this fallow period.
In larger oil palm plantations, infected oil palm trees detected in

existing plantation are pushed over, using a backhoe. The stumps and
root masses are excavated by digging a hole (2 by 2 by 1 m). The
large hole also minimizes the risk of transmitting BSR to neighboring
palm trees. The stumps, trunks, and root masses are shredded into
small pieces and composted (Chung 2011; Idris et al. 2004b). In
North Sumatra, Indonesia, similar methods were applied and BSR
incidence 9 years later was only 6.3% (Priwiratama et al. 2020).
In existing oil palm plantations, digging trenches around diseased

palm trees has been used to restrict the disease from spreading by root
contact. The trenches must be deep enough to prevent the roots from
passing beneath them. A trench of 2 by 2 m was effective in slowing
down the spread of BSR for up to 14 years (Chung 2011; Hasan and
Turner 1998). However, the cost of digging and maintaining trenches
makes this practice too expensive to be practical (Turner 1981).
Soil mounding piles soil around the base of the stem up to a height

of 75 cm. This method stimulates growth of new roots and helps to
prevent trees from being toppled over by wind. Soil mounding in
combination with chemical fumigants and organic and inorganic
fertilizers lengthened the economic life of infected palm trees by 2 to
3 years (Ho and Hashim 1997; Priwiratama et al. 2014). Removing
the outer diseased tissue, followed by soil mounding, can also
lengthen the trees’ economic life (Lim et al. 1993). The lesion is
removed by chisels; exposed tissues are than treated with protectant
chemicals such as coal tar or a mixture of coal tar and thiram.
Removing symptomatic trunk tissue can be effective on palm trees
over 12 years old but only in the short term; if the lesion is not
completely removed, infection may reoccur (Priwiratama et al. 2014;
Singh 1990; Turner 1981).

Biological control
Significant efforts have been made in Malaysia and Indonesia to
control BSR pathogens, using bacteria and fungi as biocontrol
agents. Trichoderma spp. have shown some success in inhibiting the
growth of G. boninense in vitro, in plant houses, and under field
conditions (Ilias 2000; Nur Ain Izzati and Abdullah 2008; Sariah
et al. 2005). Some of the Trichoderma spp. tested were Trichoderma
harzianum (Nur Ain Izzati and Abdullah 2008), T. reesei, and
T. asperellum (Haryadi et al. 2021). However, Trichoderma is ef-
fective against the pathogen only at very early stages of infection
(Abdullah et al. 2003).
Other potential fungal biocontrol agents, tested singly or in

combination in vitro as well as in nursery trials, have diminished the
severity of BSR. These potential biocontrol agents include
Scytalidium parasiticum (Goh et al. 2016), a combination of

Talaromyces apiculatus and Clonostachys rosea (Goh et al. 2020),
and a combination of the mycorrhizal fungus Glomus intraradices
with Pseudomonas aeruginosa and G. clarum with P. aeruginosa
(Sundram et al. 2015).
Bacterial biocontrol agents such as Burkholderia and Streptomyces

spp. suppressed growth of Ganoderma boninense in nursery trials
(Maizatul et al. 2012; Shariffah Muzaimah et al. 2012). In an in vitro
study, a P. aeruginosa isolate recovered from a soil sample inhibited
growth of G. boninense (Lim et al. 2019).
Although several biocontrol agents have shown promising results

in nursery assessments, field trials are necessary to determine their
effectiveness in field conditions. However, field trials for BSR are
time consuming, and a minimum of 3 to 5 years are required to assess
effectiveness (Susanto et al. 2005). To overcome this drawback,
Flood et al. (2000) developed a bait seedling method wherein
seedlings were planted in close proximity to varying concentrations
of G. boninense inoculum. This method facilitates conducting field
trial observations over a shorter (20 to 24 months) time frame.
Two products containing biocontrol agents that are effective

againstG. boninense are commercially available in Malaysia. One of
the products, known as Hendersonia GanoEF, containing the en-
dophytic fungus Hendersonia toruloidea, was formulated in organic
and inorganic fertilizers as a carrier. The formulation with the en-
dophytic fungus can prevent pathogen infection and increase soil
fertility and vegetative growth (Idris et al. 2012). Another product,
EMBIO actinoPLUS, was developed from the soil actinomycete
Streptomyces nigrogriseolus GanoSA1, with a dry powder for-
mulation comprising vermiculite and biochar (Shariffah Muzaimah
et al. 2012, 2021). Similarly to Hendersonia GanoEF, EMBIO
actinoPLUS also inhibited the growth of G. boninense and reduced
infection.

Fertilizer
Mineral nutrition plays a major role in plant disease resistance against
pathogens through the production of secondary metabolites, in-
cluding saponins, glucosinolates, phytoalexin, and terpinoids
(Piasecka et al. 2015), and lignification (Engelhard 1989). The se-
verity of plant diseases can be reduced by providing adequate mineral
nutrients through proper fertilizer programs. Mineral nutrient sup-
plementation is also one of the strategies to control or manage
G. boninense infection. Studies have been performed on infected oil
palm trees, and treatment with nutrient fertilizer reduced disease
severity and inhibited the growth of BSR pathogens (Bivi et al. 2016;
Najihah et al. 2015; Rebitanim et al. 2020; Tengoua et al. 2014).
Foliar application of salicylic acid, copper, and calcium reduced

BSR severity and suppressed the growth of G. boninense in infected
oil palm seedlings (Bivi et al. 2016). Supplementation with mineral
nutrients may restrict pathogen penetration into the host tissues
through lignification of the cell wall, particularly thickening of the
secondary cell walls and middle lamella (Bivi et al. 2016).
A new fertilizer, GanoCare, was formulated to improve the

physiology and growth of oil palm, as well as to prevent BSR in-
fection. The product contains powdered empty oil palm fruit bunches
and several minerals, including N, P, K, Ca, Mg, Fe, Si, B, Cu, Zn,
andMn (Rebitanim et al. 2020). Application of GanoCare to oil palm
seedlings in nursery and field assessments improved vegetative
growth, including height, bulb diameter, and leaf area. Chlorophyll
content and the photosynthesis rate also increased. Pretreatment and
continuous treatment with GanoCare reduced BSR severity
(Rebitanim et al. 2020).
Treatment with Cu, B, andMn combined with N-P-K-Mg fertilizer

reduced BSR severity in oil palm seedlings (Tengoua et al. 2014).
The combination of two micronutrients (B+Cu, B+Mn, and Cu+Mn)
also reduced incidence and severity of BSR in oil palm seedlings
(Tengoua et al. 2014). However, field studies have not been per-
formed to determine the efficacy of micronutrient treatment in oil
palm trees.
Five forms of silicon (calcium silicate, potassium silicate, sodium

silicate, silicon oxide, and sodium meta-silicate) at four concentra-
tions (0, 800, 1,200, and 2,000 mg liter−1) were used as supplemental
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fertilizers for oil palm seedlings. After 8 months, the seedlings
supplemented with silicon oxide at 1,200 mg liter−1 showed 53%
disease severity, compared with 95% disease severity for the non-
treated control (Najihah et al. 2015). As assessed from the foliar
symptoms and infection in the roots and bole, silicon fertilization
restricted G. boninense colonization of the host tissues and, thus,
reduced the extent of root infection and development of lesions in the
stem.

Resistant varieties
Resistant or tolerant oil palm trees may provide a long-term control
method against BSR. However, the development of resistant or
tolerant varieties is hindered by inadequate plant genetic resistance
sources and absence of rapid and effective screening methods (Soh
2017). Moreover, oil palm has a narrow genetic base, with available
genetic resources only from E. guineensis originating from Africa
and E. oleifera from South America. These species are crossable and
used in genetic improvement programs as a source of diversity (Le
Meunier 1975; Rajanaidu 1986). Regarding the development of re-
sistant or tolerant oil palm planting materials, differences in sus-
ceptibility to BSR were detected within both E. guineensis and
E. oleifera (de Franqueville et al. 2001; Durand-Gasselin et al. 2005),
which paved the way for using both species as genetic resources.

To distinguish the sources of susceptibility and resistance, early
screening tests are conducted at the prenursery stage or at the nursery
using artificial inoculation of the pathogen (Breton et al. 2006, 2009).
Artificial inoculation includes germinated seed inoculation (Breton
et al. 2006) and root inoculation (Ariffin and Idris 1991). Several
parameters used in the screening test have been standardized, in-
cluding the oil palm planting material, physiological stage, shade
during the prenursery trial, temperature, inoculum source size, and
incubation period (Breton et al. 2006). The duration of the early
screening tests should be as short as possible to evaluate a large
number of oil palm progenies or planting materials.
Partial resistance of oil palm to BSR has been reported from the

early screening of planting materials in Malaysia and Indonesia. Idris
et al. (2004a) tested 12-month-old seedlings from 23 oil palm
progenies, and partially resistant progenies were found in the crosses
of Congo and Cameroon germplasm sources. Partial resistance was
evident from reduced severity of foliar symptoms and slow pro-
gression of root and stem infection. Partial resistance was also re-
ported by Durand-Gasselin et al. (2005) and Breton et al. (2006) in
their studies on private oil palm plantations in Indonesia. The source
of resistance reported by Durand-Gasselin et al. (2005) was the
Mangenot line of E. oleifera. The results of these studies are very
promising and can lead to the development of Ganoderma-resistant
varieties.
Resistant oil palm development is hampered by limited information

on defense-related genes. In a study by Tisné et al. (2017), four
Ganoderma resistance loci were identified based on the mapping of
multiparental oil palm populations from nine major founders of
ongoing breeding programs in Indonesia and Benin. Two of the
identified resistance loci affected occurrence of BSR symptoms and
two loci were associated with the rate of death of the oil palm tree.
The study was performed using a QTL mapping method and gen-
erated important data for the selection of oil palm varieties resistant to
BSR. Although the results appear promising, it is unlikely to provide
an immediate solution for developing resistant or tolerant planting
materials.

Conclusion and Future Outlook

Studies on BSR conducted since the 1960s have improved our
understanding of the occurrence, infection, and development of this
disease. G. boninense is the main causal pathogen of BSR, partic-
ularly in Malaysia, Indonesia, and Papua New Guinea, although
other species have also been reported. Biotrophic and necrotrophic
phases of the pathogen have been revealed through gene expression
evaluation of the infected oil palm and histological studies of in-
fection. Gene expression studies revealed the molecular defense

mechanisms of oil palm against BSR, which is useful for un-
derstanding the underlying resistance mechanisms of the oil palm.
This information can also be used in the screening and development
of BSR-resistant or -tolerant oil palm.
To date, various studies have focused on the early detection of

BSR in oil palm, particularly in Malaysia and Indonesia. Several
detection methods or tools have been developed. However, some of
these methods lack information on the effectiveness when applied in
the field, because they have been tested only in laboratory or plant
house trials. Moreover, many of these methods require specialized
knowledge to handle the equipment and analyze the data before they
can be applied in decision making on disease management.
Nevertheless, development of early detection methods and tools for
BSR could aid in improving the management of BSR infections.
In addition to diagnostic tools, several products, including bio-

fertilizers, nutrient supplementation, and products containing bio-
control agents, have also been developed and are commercially
available. These products can help reduce the risk of G. boninense
infection and avoid potentially higher yield losses.
Currently, BSR is considered manageable in Malaysia and

Indonesia through integrated BSR disease management. The main
aim of integrated BSR management is to minimize the occurrence of
this disease, particularly in replanting plantations, because high
disease incidence commonly occurs in these fields. Integrated BSR
management is also aimed at extending the productive life of oil palm
trees. Until a more effective method to controlG. boninense infection
is developed, the existing integrated BSR management strategy in-
cludes cultural methods such as sanitation, clean clearing, and ap-
plication of fungicides.
Studies on the development of resistant or tolerant oil palm trees are at

an early stage, and there is still a long way to go. Germplasm collections
of oil palm from Africa and South America are available in Malaysia,
and partial resistance against BSR has been reported to facilitate the
breeding of resistant or tolerant oil palm trees. Moreover, the oil palm
genome has been sequenced (Singh et al. 2013), which will provide an
opportunity to determine genes associated with disease resistance and to
identify marker alleles useful for breeding purposes.
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