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INTRODUCTION

Stem rots caused by Ganoderma boninense remain 
the greatest challenge to sustainable oil palm 
production in Southeast Asia and the Pacific (Flood 
et al., 2022). In Malaysia, fresh fruit bunches (FFB) 
yield reduction at the rate of 0.04  to 4.34 t/ha at  
10 to 22 years of planting respectively was reported 
by Roslan and Idris (2012) with economic losses 
reported of up to USD500 million (Bharudin et al., 
2022; Zakaria, 2023). In North Sumatra, by the time 
of replanting (25 years), 40%–50% of palms in some 
fields were lost with the majority of those remaining 
showing disease symptoms (Rees et al., 2007). The 
level of basal stem rot (BSR) in Papua New Guinea 
(PNG) is not as high as in Southeast (SE) Asia 
although 50% has been recorded (Pilotti et al., 2018).

In recent years, there have been numerous 
reviews about Ganoderma-induced stem rots in oil 
palm (e.g., Bharudin et al., 2022; Chong et al., 2017a; 
2017b; Mercière et al., 2017; Siddiqui et al., 2021; 
Supramani et al., 2022; Zakaria, 2023). Although 
these publications have, to varying degrees,  

considered both historical perspectives and new 
research, several basic questions remain to be 
answered before much of the existing research 
can be fully utilised for possible control strategies. 
Siddiqui et al. (2021) and Flood et al. (2022) 
both published updated reviews of the current 
knowledge on BSR of oil palm and also briefly 
highlighted some of the key challenges that remain 
for researchers and the oil palm industry in general. 
This approach was expanded by Pilotti and Bridge 
(2023) who reviewed Ganoderma diseases of 
several tropical crops and also identified several 
fundamental issues and areas where further 
research and interpretation are required. 

In this article, we have attempted to discuss 
the paradigms that have impacted Ganoderma 
research over many decades and have identified 
the “knowledge gaps” that we believe may be 
significant for the development of robust monitoring 
and husbandry required to improve disease control. 
We have considered the historical and current 
information in two sections that are essentially 
“What do we know?” (Current Knowledge) and 
“What are we unsure of?” (Uncertainties). We 
have then attempted to identify what activities 
may be required to clarify the uncertainties that 
remain in Ganoderma research that require further 
investigation. These are provided as several 
specific recommendations in different aspects of 
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Ganoderma research that we believe should be 
considered by researchers who continue to study 
this economically important disease.

CURRENT KNOWLEDGE

The Fungus 

Historically, various species of Ganoderma  
were suggested as responsible for BSR in oil 
palms. In 1985, Ho and Nawawi determined 
that all occurrences of BSR in Malaysia were due  
to the single species G. boninense (Ho & Nawawi, 
1985). Subsequently, all instances of BSR on oil 
palm in Southeast Asia and Oceania have been 
identified as G. boninense. Although the names  
G. miniatocinctum and G. zonatum have been used 
for some collections in Malaysia, molecular and 
mating studies have repeatedly confirmed that 
these isolates have been misidentified and that 
they are examples of G. boninense (Flood et al., 
2022; Fryssouli et al., 2020; Midot et al., 2019; 
Pilotti & Bridge, 2023). Ganoderma boninense was 
first described in 1888 and has been recorded 
from a wide range of palm hosts throughout SE 
Asia and Oceania (Patouillard, 1889; Pilotti & 
Bridge, 2023; Steyaert, 1975). The species was 
therefore present in the region and probably widely 
distributed on native palms before the commercial 
introduction of oil palm (Mercière et al., 2017;  
Midot et al., 2019).

Systematically, G. boninense has been placed 
together with a small number of other species in 
a distinct clade within the genus (Fryssouli et al., 
2020). This clade was originally termed the “palm 
clade” by Moncalvo (2000) and includes G. zonatum 
and G. ryvardenii which occur on palms in the 
Americas and Africa respectively. Modern species 
within Ganoderma are thought to be relatively 
young in evolutionary terms and probably 
diverged around 30 million years ago (MYA). This 
is after the origin of palms (around 100 MYA) and 
the formation of the modern continents (around 
60 MYA (Flood et al., 2022). Ganoderma species are 
largely associated with soil and plant debris and 
recent studies suggest that there may be significant 
biogeographic distributions within the genus 
(Fryssouli et al., 2020; Moncalvo & Buchanan, 
2008). It is therefore likely that the modern palm 
pathogens have evolved independently on each 
continent from a common ancestor (Loyd et al., 
2019; Pilotti & Bridge, 2023).

The fungus is typical of many basidiomycetes 
in that the fruiting body (bracket) produces 
monokaryotic spores. These basidiospores 
germinate to produce monokaryotic mycelium 
and this then fuses with mycelium from another 
compatible spore to produce dikaryotic mycelium 

that ultimately, produces a new fruiting body. 
Ganoderma boninense has a tetrapolar mating system 
and this favours outbreeding between spores 
from different fruiting bodies (Pilotti et al., 2002).  
[Bharudin et al., (2022) and Pilotti & Bridge, (2023)] 
described the detailed life cycle of G. boninense.

The Disease 

Ganoderma diseases are generally confined to 
woody plants and palms. A small number of species 
can infect many tropical and sub-tropical crops 
including rubber, tea, other beverage crops, citrus, 
and Acacia spp. as well as betel, coconut and oil 
palms (Pilotti & Bridge, 2023). The fungi occur as 
decomposers of dead wood in natural ecosystems 
and no doubt have evolved with specific enzyme 
systems capable of degrading a variety of materials 
(Papp, 2019; Pilotti & Bridge, 2023). This is evident 
in the ‘palm specific’ species that appear to have 
become specialised and pathogenic on palms  
viz. G. boninense, G. ryvardenii and G. zonatum.

Basal stem rot (BSR). Most instances of Ganoderma 
diseases on palms manifest as a basal rot of the bole 
tissue which may subsequently move into the roots. 
Initially, infection in oil palms was thought to begin 
in root tissue and move into the bole area, but it is 
believed that the inoculum potential in single palm 
roots is inadequate to initiate infection in basal 
tissue and multiple infections would be needed 
(Rees et al., 2009). Anecdotal evidence indicates that 
the infection may begin in the base of the palm, via 
pruned frond butts, a route first suggested some  
90 years ago by Thompson (1931). Panchal and 
Bridge (2005) detected the pathogen’s DNA 
in the tissue behind pruned frond bases while  
G. boninense has also been detected in inoculated  
cut fronds (Rees et al., 2009). These findings were 
from palms before disease symptoms were apparent 
and so suggest early colonisation in the frond bases 
might occur. Unlike other palms such as coconut, 
it is necessary to prune the green fronds of oil 
palm to allow access to the fruit bunches during 
harvest. Pruning typically begins two to two and a 
half years after planting and continues throughout  
the economic life of the palm. It is possible that 
mechanical injury at the bole-root interface of palms 
caused by strong winds could also provide an avenue 
for the entry of fungal inoculum in the form of 
basidiospores. Mechanical weeding could also cause 
wounds to the base of the palms and the root ring 
providing an avenue of infection.

The decay is typically a tan-coloured dry 
rot with or without darker ‘zone’ lines and an 
advancing yellow margin. The latter area is 
believed to be composed of extracellular fungal 
enzymes that begin the decay process, possibly by 
removing hemicellulases and starting to expose 
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the target constituents of cellulose and lignin  
(Ariffin et al., 2000).

The duration of the disease cycle may depend 
on the susceptibility of the breeding line and the 
time of infection. Diseased palms have been known 
to survive after early symptom expression from as 
little as six months to as long as two to three years 
(Ariffin et al., 2000; Zakaria, 2023). However, this 
field-based evidence does not take into account 
the incubation period which is as yet unknown 
but appears to be variable, possibly relating to 
the genetics or nutritional status of the palm. 
Some evidence from field trials in PNG shows 
that the application of Muriate of Potash (MoP) 
may play a role in reducing Ganoderma disease 
incidence (Papua New Guinea Oil Palm Research 
Association [PNG OPRA], 2002). It is generally 
believed that the disease cycle will be faster and 
disease incidence will increase with increasing 
replantings. This is generally true for areas with 
relatively high initial disease incidence (<10%>) 
but there may be some exceptions to this general 
assumption, especially in areas where oil palms 
have been planted into primary or secondary 
forested areas. Under this scenario, the build-up 
of disease inoculum may take longer to manifest 
since the initial inoculum source is likely to be 
basidiospores liberated from naturally decaying 
native palms or distant fields of coconut or oil palm  
(Sanderson, 2005).

The association of previous plantings of 
coconut with Ganoderma disease of oil palms is 
well established (Abdullah, 2000; Ariffin, 2000; 
Sanderson et al., 2000) and isolates from both hosts 
are conspecific (Pilotti et al., 2002). Although the 
disease incidence in individual plantation blocks is 
variable, the incidence of basal stem rot is generally 
higher in plantings after coconut (Ariffin, 2000; 
Pilotti, 2005; Singh, 1991). Stem rots of coconut 
have not been of consequence in most countries 
except India where the disease has a different and 
as yet unresolved etiology (Pilotti & Bridge, 2023). 
The fungus does however, grow saprophytically 
on dead coconut trunks in most countries where 
oil palm is planted and these are believed to be 
an initial source of infection for newly planted oil 
palms, either through basidiospores liberated from 
basidioma, or mycelium. A similar situation exists for 
ornamental palms attacked by G. zonatum in North 
America where initial infections are believed to be 
initiated by basidiospores (Elliot & Broschat, 2000;  
Loyd et al., 2018; Pilotti & Bridge, 2023).

Expression of symptoms is similar among palm 
species with progressive wilting and yellowing 
of fronds as the disease advances throughout the 
basal elements (Pilotti & Bridge, 2023). Usually 
when symptoms are observed in oil palms, it is 
not possible to apply remedial treatments and the 
palm will eventually succumb to the infection.  

Basidioma of Ganoderma will be evident when 
symptoms (and assumed bole decay) are at an 
advanced stage in infected palms. It has been 
observed in PNG and Solomon Islands (SI) that 
about 10% of palms expressing varying levels of 
disease symptoms do not produce basidioma on 
the exterior of the trunk (PNG OPRA, 2007). The 
reasons for this are unknown but could relate to 
the state of the fungal mycelium (monokaryotic, 
see The Fungus section) or secondary infections by 
other fungi or bacteria that may out-compete the 
initial infection by G. boninense.

The spread of Ganoderma differs among crops; 
particularly between palms and hardwood trees. 
However, molecular evidence suggests that both 
basidiospores and mycelium play a role in the 
persistence and spread of stem rots (Flood et al., 2022; 
Pilotti & Bridge, 2023). In a plantation environment 
such as for oil palm, disease spread will differ for 
different stages of the planting cycle. For example, in 
a first-generation planting, basidiospores will largely 
be responsible for disease initiation, and spread 
away from initial foci will become evident as palms 
reach the end of the first planting cycle of normally, 
25 years. Under this scenario, disease patterns will 
generally be random in the first half of the planting 
cycle and become more aggregated in the latter half 
due to hypothetical spread between palms, although 
the overall disease pattern will still be considered 
random (Pilotti, personal communication, 2023; 
Pilotti & Bridge, personal communication, 2023). 
Evidence for this has been obtained from molecular 
and somatic incompatibility studies between 
isolates from field palms (Miller et al., 2000; Pilotti, 
2018; Pilotti et al., 2018). As the planting cycles 
increase, it is considered that the fungal mycelium 
will feature more prominently in disease spread. 
This is by way of residual inoculum in the debris 
remaining in the soil from the previous planting 
as well as increased spread between palms with 
readily available routes for mycelium to follow (e.g. 
dead and severed roots) from the previous planting. 
Such a scenario leads to more aggregated disease 
patterns but this does not rule out the continuing 
establishment of new infection foci by basidiospores 
in secondary infections. Sanderson (2005) estimated 
that around 2 million spores could be released from a  
100 x 50 mm bracket every minute (equating to 
2.9 x 10–12 spores per day) and although the great 
majority of these will fall to the ground, Rees et 
al. (2012) reported 2–11,000 spores/m−3 in oil palm 
plantation air samples.

Upper stem rot (USR). The incidence of USR in 
oil palms tends to increase towards the end of the 
planting cycle. Low incidences of USR were observed 
in the first-generation oil palm plantings (Pilotti, 2005) 
and may increase in subsequent plantings, although 
this may be correlated to the expected increase in 
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the incidence of basal stem rot. Current thinking is 
that USR is initiated from secondary infections by 
basidiospores liberated from basidioma produced 
from palms with basal stem rot in the same field or 
plantation. It is known that basidiospores can travel 
and survive long distances (Pilotti et al., 2003) and 
that mating between compatible monokaryons (to 
form dikaryons) takes place readily in a plantation 
environment (Pilotti, 2005; Pilotti & Bridge, 2023). 
Therefore, chance infections in the upper portion of 
palm trunks are possible and do occur. Data collected 
on USR incidences in oil palm seed gardens in PNG 
and Indonesia indicate that higher levels of USR 
are observed, probably due to mechanical injury to 
palm trunks with regular climbing of mother palms 
for hand pollination. Insects and small mammals 
may also play a role in disseminating basidiospores 
but obtaining proof of this would require careful 
observation and study.

Early Detection

One major barrier to the management of 
BSR is early detection. The earlier the disease is 
detected, the quicker management options can 
be considered. Traditionally, this was done using 
a six-month census of the estates by trained staff 
based on external symptoms or detection through 
culturing of the fungus; both are time-consuming 
and labour-intensive so new technologies have been 
investigated. These have been reviewed in detail 
by Flood et al. (2022) and Pilotti and Bridge (2023) 
and only broad details of the main remote detection 
methods and laboratory methods will be provided 
here.

Remote detection methods. Geospatial technologies 
have been increasingly used with varying degrees 
of success. These include hyperspectral remote 
sensing, multispectral remote sensing, terrestrial 
laser scanning tomography, intelligent electronic 
nose, micro-focus X-ray fluorescence (XRF), spatial 
maps, and the increased use of machine learning 
methods. These methods are discussed in detail in 
Flood et al. (2022).

Khosrokhani et al. (2016) concluded that 
hyperspectral remote sensing (HRS) was capable 
of detecting BSR in oil palm estates using either 
aerial or ground-based sensors and that these 
technologies could also determine disease severity, 
but differentiation between healthy and slightly 
infected palms was more difficult. HRS sensors 
work well in combination with other data sets and 
models. Modified red edge simple ratio (MRS) 
sensors can discriminate between healthy and 
infected palms but can less differentiate infection 
severity. The intelligent nose system (Abdullah et 
al., 2011, 2012a, 2012b) can also distinguish infected 
and non-infected using artificial neural network 

algorithms (ANN) and multivariate statistics but 
more research is needed to determine BSR severity. 
Electrical capacitance volume tomography is a 
quick and non-destructive method and sonic 
tomography combined with expert knowledge 
can detect BSR and determine severity levels. 
Micro XRF (µXRF) sensors have some potential but 
distinguishing BSR severity is difficult. Santoso  
et al. (2011; 2017) used spatial maps to determine 
BSR distribution and using the Kriging 
interpolation method, the distribution appeared 
as random. However, QuickBird imaging-derived 
maps, showed that disease distribution was 
sporadic in older palms and dendritic in young 
palms which may be linked to different methods 
of disease spread (see Basal Stem Rot section). 
Izzuddin et al. (2020) analysed BSR in the field using 
unmanned aerial vehicles linked to field-based 
ground truthing. A three-band combination of the 
multispectral images plus object-based analysis 
did detect moderately and severely infected palms. 
However, as with many of these technologies, 
detection of slightly infected palms from healthy 
ones was problematic and this distinction  
is key for early detection.

Light detection and ranging (LiDAR) works 
well in forestry applications (Lefsky et al., 2002) 
and in oil palm (Shafri et al., 2012). LiDAR 
technologies have shown promise for early 
detection of BSR. Khairunniza-Bejo and Vong 
(2014) used a ground-based LiDAR technique, 
known as Terrestrial Laser Scanning (TLS) and 
their results indicated correlations between the oil 
palm trunk’s perimeter, Diameter-Based Height 
(DBH) and canopy area, with BSR disease although 
Ganoderma incidence is known to increase with 
age. Subsequently, Husin et al. (2020) used TLS as 
a means of early detection of BSR in nine-year-old 
palms. Palms were categorised into four health 
levels – T0, T1, T2 and T3, representing healthy, 
mildly infected, moderately infected and severely 
infected, respectively. Statistical analysis revealed 
that frond number was the best single parameter to 
detect BSR disease as early as T1 (slightly affected). 
In classification models, although a linear model 
with a combination of parameters, ABD – A (frond), 
B (frond angle) and D (S200 – canopy strata at 
200 cm from the top) delivered the highest average 
accuracy (86.7%) for classification of healthy/
unhealthy trees.

Much research effort has been undertaken into 
remote sensing but problems remain including 
differentiating between slightly infected palms and 
healthy palms in the field which is vital for early 
detection. 

Laboratory methods. Over the last 50 years, 
numerous researchers have looked at methods to 
detect Ganoderma in palm tissues and their potential 
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to provide early diagnostic tests. Essentially, the 
methods can be grouped under the four headings 
culture, physiology, immunology, and molecular 
(Pilotti & Bridge, 2023).

Culturing. The ability to isolate and culture a 
viable fungus from plant material may indicate a 
disease, but this approach has many complications. 
Failure to isolate an organism may not indicate its 
absence as the isolation methods and the culture 
medium need to be optimal and the location of 
viable fungal material in the plant sample needs 
to be considered. Similarly, positive isolation may 
be due to fungal propagules on the surface of the 
sample or in soil associated with the sample, so 
considerable care has to be taken with any isolate 
and culture method including appropriate and 
thorough surface sterilisation of the sample. A 
significant barrier to identifying Ganoderma by 
isolation and culture is that the mycelial form of 
the fungus has few diagnostic characteristics to 
differentiate it from many other basidiomycetes. 
A selective culture medium (GSM) (Ariffin & Idris, 
1992) has been developed but this is only semi-
selective and it will also support the growth of 
other genera of wood-rotting fungi (Farid et al., 
2018). Unfortunately, some components of GSM 
are either not widely available or considered  
environmentally unacceptable and so a replacement 
medium is needed (Amanda & Prakoso, 2018; 
Pilotti & Bridge, 2023).

Physiology. Various workers have attempted to 
detect Ganoderma in palm material by identifying 
or assaying different fungus components or the 
biochemical activity associated with infection. 
Probably the earliest of these were the studies of 
Ganoderma in coconut palms which measured some 
physiological properties and developed colorimetric 
and spectroscopic assays for some chemical 
properties (Natarajan et al., 1986; Pilotti & Bridge, 
2023) and reviewed by Raju et al. (2015). In oil palm, 
several chemical components of either the fungus 
or of the plant defenses have been considered, and 
these are detailed in Pilotti and Bridge (2023), but 
to our knowledge, none of these methods has been 
widely adopted in practice.

Immunology. The first attempts to obtain specific 
antibodies to Ganoderma and to use them to detect 
the fungus in palm tissue were with betel nut and 
coconut palms (Ananthanarayanan & Reddy, 1984; 
Reddy & Ananthanarayanan, 1984). Subsequently, 
Indonesian researchers developed both polyclonal 
and monoclonal antibodies and they were able 
to detect Ganoderma in diverse oil palm tissues 
(including leaves) at various stages of the disease 
(Darmono, 2000; Utomo & Niepold, 2000a). These 
antibodies can be linked to various markers to 

provide ELISA and dot blot-based diagnostic 
tests for plant tissue (Darmono, 2000; Rajendran 
et al., 2009). Although some questions have been 
raised regarding specificity, and these need to be 
considered alongside what other fungi might be 
expected in the samples, immunological tests can 
be easily automated to allow for bulk screening of 
multiple tissue samples (Hushiarian et al., 2013; 
Pilotti & Bridge, 2023; Utomo & Niepold, 2000b).

Molecular. DNA sequence data is now a  
fundamental character for classifying and 
identifying fungi (Borman & Johnson, 2020; May, 
2020). Although DNA sequences obtained from 
numerous genes have been used by various 
workers for both classification and identification, 
the internal spacer regions (ITS) of the nuclear 
ribosomal RNA gene cluster have been adopted as 
a universal marker for fungi (Schoch et al., 2012). 
ITS sequences have been widely considered in 
the classification and identification of Ganoderma 
species (e.g., Frysouli et al., 2020; Moncalvo, 2000).  
A benefit of ITS sequences is that they contain 
various variable regions that can be correlated 
with species identity and so can be used to develop 
primers that can then be used to selectively amplify 
DNA from individual species by the Polymerase 
Chain Reaction (Atkins & Clarke, 2004). This 
approach was developed to allow specific detection 
of Ganoderma in oil palm tissues in the late 1990s 
and several specific primers and associated 
methodologies have been published (Bridge et al., 
2000; Pilotti & Bridge, 2023; Utomo & Niepold, 
2000a, 2000b). ITS-PCR methodology has been 
used for palm samples obtained in surveys and has 
shown the presence of Ganoderma in frond bases 
and root material of young palms that subsequently 
developed BSR (Panchal & Bridge, 2005;  
Utomo et al., 2005).

More recently ribosomal nucleic acid (RNA) 
markers that occur during early disease stages have 
been investigated as potential diagnostic markers 
(Faizah et al., 2020). There are indications that the 
detection of these markers in palm tissue through 
reverse transcriptase (RT) PCR could also provide 
a potential early diagnostic test (e.g. Permatasari 
et al., 2023). However, RNA can be somewhat 
transient in samples.

Management of Basal Stem Rot (BSR) 

Management of BSR is currently based on a 
combination of cultural, biological, and breeding 
approaches; chemical control has also been 
attempted. These aspects have been discussed in 
depth in Flood et al. (2022) and Pilotti and Bridge 
(2023). What follows are short summaries of various 
aspects of BSR management in SE Asia and the 
Pacific. 
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Cultural control. When BSR emerged as a serious 
problem of oil palm in SE Asia, cultural control 
was all that was available. The disease incidence 
was low and cultural approaches were confined to 
treating individual palms. Initially, the removal of 
the decayed part of the bole and trunk sometimes 
accompanied by the application of chemicals was 
tried, as was mounding of palms using soil around 
the palm base and isolation of symptomatic palms, 
by digging trenches to prevent the possible mycelial 
spread of the pathogen to neighbouring healthy 
palms or root contact between diseased and healthy 
palms; all were generally ineffective. Measures were 
only applied to visibly diseased palms; untreated 
symptomless palms remained a potential source of 
infection. Also, this strategy assumed that infection 
occurred by mycelial spread or root-to-root between 
neighbouring palms. As disease incidence increased 
in first-generation plantings, the recommendation 
to isolate individual palms was changed to the 
removal of these palms. However, after 10 years of 
growth, it is not feasible to continue to resupply and 
any management is left to replant. Economically, the 
labour costs needed became prohibitive for many 
oil palm plantations as well as for smallholders and 
many infected palms remained in situ (Chung, 2011; 
Flood et al., 2022).

As the industry in SE Asia faced replanting of 
the first generation of oil palm, it was recommended 
that preparation of the site at replanting time (clean 
clearing) offered the best practical opportunity 
to remove infected material (Ariffin et al., 2000; 
Singh, 1991). Such practices have been subsequently 
widely adopted throughout the region, to different 
degrees, dependent on BSR incidence in previous 
plantings, labour availability, and costs involved. 
These practices have continued as more generations 
of oil palm have been planted. Removing stumps 
and large pieces of debris will reduce viable residual 
inoculum in the form of mycelium from the field 
before planting the next crop. Whilst “clean-
clearing” practices generally result in lower disease 
incidence in replanted oil palms (in comparison 
with other replanting techniques), the incidence of 
the disease may still be unacceptably high (Pilotti 
& Bridge, 2023). In cases where debris from the first 
generation remained buried (or partially buried) and 
seedlings were planted near this material, disease 
incidence was observed earlier in the replanted field 
(e.g., within 2 years of planting) (Flood, personal 
communication, 2023). Windrowing was practised, 
where all palm material (trunks, boles and roots) 
was placed unshredded in rows on the soil surface. 
Later, shredding of oil palm material was advocated 
to allow natural microorganisms to colonise the 
material to out-compete the pathogen, and this 
method is widely used in Malaysia. In Sumatra, 
Virdiana et al. (2012) reported 13 years of field 
observation and suggested seedlings be planted at 

least 2 m away from the edge of windrows to delay 
infection in the next generation. Fallowing for one 
year also significantly reduced Ganoderma infection 
in the subsequent planting and shredding reduced 
infection in the next generation (Virdiana et al.,  
2012).

Fallowing has major economic implications 
for estates (Virdiana et al., 2019) but fallowing can 
be a useful option for smallholders and is already 
recommended to them in PNG where half of  
the block is felled and fallowed with the other half 
still under production. For replanting in larger 
plantations, field preparation includes machine-
felling, windrowing of trunks and removal of all bole 
tissue remaining in the planting holes when palms 
are felled. Holes created by felling are immediately 
back-filled and the boles of infected palms exposed 
during felling are chipped with an excavator bucket. 
Shredding is not practiced due to the high cost of 
the machinery required and its questionable benefit 
compared to mechanical chipping. Burial of whole 
palm trunks is strongly discouraged unless they can 
be buried at depths >3 m from the surface, a practice 
that would incur considerable cost.

Monitoring through regular surveys and 
removal of BSR palms in PNG and SI begins at  
six years of age and is a continuous annual activity 
until replanting at 23–25 years. The rationale behind 
the recommended sanitation program in these 
countries was based on both field evidence and 
later, on scientific evidence obtained from studies 
on the population biology of G. boninense (Pilotti 
et al., 2003; Sanderson, 2000; Sanderson & Pilotti, 
1997, 1998). Emphasis was placed on the presence 
of G. boninense fruiting bodies and infected boles 
as potential sources of inoculum with little or no 
regard for subsurface roots and higher portions of 
the trunk, unless they were infected with upper stem 
rots. Palm removal was critical as the recommended 
procedure also prevented the regrowth of 
Ganoderma brackets, considered a high risk for new 
infections by basidiospores (Sanderson et al., 2000). 
At low levels of disease (<5%), manual removal of 
palms identified in biannual disease surveys was 
manageable and cost-effective (Griffiths et al., 2001; 
Marshall et al., 2004). 

In addition, it is thought that continuous and 
regular removal of diseased palms potentially 
reduces the inoculum levels remaining from the 
previous crop at replanting. Sanitation practices 
continue to be implemented in PNG and SI 
although much of the plantations have undergone 
replanting in the last 10 years. The true effects of the 
recommended disease management strategies in 
PNG and SI should be seen in 10–15 years although 
recommendations in both PNG and SI, now 
include early replanting in blocks severely affected 
by BSR disease (Pilotti, 2019). The uptake of this 
recommendation remains to be seen.
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Management of USR is similar to that of BSR. 
USR is usually only detected when palms fracture 
after severe wind events or when heavily laden 
with fruit bunches (Sanderson, 2000). Diseased 
palms are removed following the same procedures 
for palms with BSR where diseased portions are 
manually chipped with harvesting chisels and 
scattered on the plantation floor (Pilotti, personal 
communication, 2023).

Chemical control. Early studies indicated some 
success with the use of various chemicals and 
application methods including pressure injection 
of fungicides (Ariffin et al., 2000) but Chung (2011) 
stated that while chemicals such as hexaconazole 
had been investigated, the approach was rarely 
practiced as it did not provide effective control. 
Additional difficulties include the effective 
placement of fungicides where they are needed and 
significantly, food safety problems as concentrations 
of fungicide residues in palm oil may prevent 
adoption within the industry.

More recently, novel chemical methodologies 
have been undertaken. Maluin et al. (2020) 
reported more than 74% disease reduction in 
seedlings compared to untreated seedlings where 
hexaconazole and/or dazomet were encapsulated 
into chitosan nanoparticles for the formulation of 
chitosan-based agro-nanofungicides. Further work 
on the effect of surfactants on the fungitoxicity of 
a dazomet-micelle nano delivery system against 
G. boninense has also been reported (Mustafa et al., 
2023). Whilst interesting research, field-orientated 
work is needed to demonstrate the effectiveness 
of these new methodologies at the field level. 
Currently, for smallholders and plantations alike, 
chemical control remains an expensive option and 
is not recommended at all in PNG/SI due to RSPO 
guidelines.

Biological control. Biological control refers to 
the use of one organism to limit the growth and 
multiplication of another and the degree of disease 
suppression achieved with biological agents can 
be comparable to that achieved with chemicals 
(O’Brien, 2017). Modes of action include antibiosis, 
hyper-parasitism, induced resistance, competition, 
and toxin inactivation (Kohl et al., 2019). Usually, 
Biological Control Agents (BCA) are isolated by 
screening organisms from the rhizosphere or 
endophyte populations in host plants, and control 
is based on the inhibition of growth of the target 
pathogen in vitro. The use of BCA to control BSR 
on oil palm has been extensively studied in both 
Malaysia and Indonesia (Sariah & Zakaria, 2000; 
Susanto et al., 2005). Various microorganisms are 
antagonistic to Ganoderma including fungi such as 
Penicillium, Aspergillus, Hendersonia, and Trichoderma 
along with various mycorrhizal fungi, and bacteria 

largely from the genera Bacillus, Burkholderia and 
Pseudomonas as well as Actinomycetes. Combinations 
of various amendments such as calcium nitrate have 
been recommended (Sariah & Zakaria, 2000) and 
mixed antagonists have also been studied (Sundram 
et al., 2015). Different application methods such as 
soil augmentation, in combination with mulches, as 
seed coatings, and in conjunction with composting 
have been proposed (Jawak et al., 2018).

An alternative biocontrol approach is removing 
nutrients available to the pathogen through 
degrading the diseased material. Ganoderma is 
known to be a poor competitor in soil (Rees et al., 
2007), and increasing the rates of decay of oil palm 
material in the field would be an attractive solution 
for estates - reducing both Ganoderma inoculum and 
Oryctes spp. nesting sites, reducing nutrient loss 
and so reducing fertiliser application. Rees (2006) 
identified several basidiomycetes that successfully 
degraded oil palm wood blocks in vitro and then 
trialed candidates in the field in Sumatra but with 
only limited success. Early unpublished studies in 
PNG using field-isolated basidiomycetes arrived at 
the same conclusion as decay was slow in inoculated 
oil palm trunks. Studies using Thielaviopsis paradoxa 
were promising and rapid degradation of the upper 
portions of the mostly hemicelluose-containing oil 
palm trunks was achieved (50% degradation within 
3 weeks). However, due to the apparent implication 
of T. paradoxa in other palm diseases, this avenue 
of control was not pursued (PNG OPRA, 2000). 
More recently, Naidu et al. (2017) reported in vitro 
degradation of oil palm wood blocks but degradation 
was mainly of wood polysaccharides with only 
minimal degradation of lignin. Nevertheless, these 
authors considered the work to be a first step toward 
developing a solution to degrading palm waste. 

Host resistance. Breeding programs for resistant 
planting material have been set up across SE Asia 
(Wening et al., 2020). Many companies and institutes 
involved have extensive germplasm collections from 
diverse origins to allow screening and selection. 
Sources of resistance within existing Elaeis guineensis 
commercial germplasm include material from the 
centre of origin of E. guineensis (West Africa) and  
E. oleifera (South American oil palm).

Breeding for resistance/tolerance in oil palm is 
not easy. Durand-Gasselin et al. (2005) reported field 
observations on a series of planting materials of  
E. guineensis and E. oleifera of known origins 
which showed differences in disease susceptibility.  
E. guineensis material was highly variable, and 
material of Deli origin (used as female parental 
palms for seed production) was highly susceptible 
to Ganoderma compared to material of African 
origin. Differences in reactions between parents 
and between crosses from within a given origin 
were observed. Durand-Gasselin et al. (2005) also 
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reported variable resistance in clones derived 
from palms of the same origin and concluded that 
an early selection test in the nursery was needed. 
Due to space and time constraints, it is essential 
to screen out very susceptible material and allow 
only the most promising material to be screened 
in the field. Screening at the nursery stage with 
artificial inoculation with rubber wood blocks is a 
common approach (Breton et al., 2006). Purba et al. 
(2012) suggested that the inheritance of Ganoderma 
tolerance is generally additive and therefore, the 
performance of crosses can be predicted if parental 
genotypes have been tested for susceptibility/
tolerance or the Deli dura material is introgressed 
with Ganoderma tolerant material. 

Tisné et al. (2017) identified four Ganoderma 
resistance loci in oil palm from data obtained from 
25 years of field observations. Two loci control the 
development of the first Ganoderma symptoms 
while the other two are related to the death of the 
palms. Favourable haplotypes were detected among 
a major gene pool from the ongoing breeding 
programs. This provided important information for 
the selection and improvement of resistant varieties. 
However, the long-term nature of breeding for 
resistance to Ganoderma is very costly and requires 
reliable access to the field so, many researchers have 
started to examine alternative approaches to aid 
breeding programs.

Daval et al. (2021) reported the use of computer 
modelling using extensive data sets derived from 
an ongoing breeding program. A pedigree-based 
Quantitative Trait Loci (QTL) mapping approach 
was applied to more than 10 years of data collected 
during pre-nursery tests. The study revealed the 
quantitative nature of Ganoderma resistance and 
identified underlying loci segregating which were 
relevant to the breeding program. To assess the 
reliability of QTL effects between the pre-nursery 
and the field, data was also collected on the disease 
status of specific individuals planted in the field 
and modelled with the pre-nursery-based QTL 
genotypes. Results indicated that in the field, 
individuals were less likely to be infected with 
Ganoderma when they carried more favourable 
alleles at the pre-nursery QTL. Daval et al. (2021) 
suggested that their studies provided proof of 
concept for an approach that was both efficient 
and cost-effective and could be applied to other 
breeding programs.

Another alternative to traditional breeding 
is mutation breeding (Nur et al., 2018) which is 
faster than traditional approaches but is not a 
genetic modification (GM) technology. However, 
for oil palm, the length of time needed to develop 
mutant varieties as well as the need for field 
access to allow populations to mature does mean 
that constraints are similar to those of traditional 
breeding. New tissue culture approaches may 

allow more efficient methods for the selection 
and development of mutant lines. Genomic  
screening in early generations could provide a 
means to short-cut generations and accelerate 
mutation breeding in perennial crops. Haploid 
production methods have been developed for oil 
palm (Dunwell et al., 2010), and these now offer a 
new target for mutation induction, as homozygous 
mutants can be produced instantly by the conversion 
of haploids to double haploids. This is significant, as 
the vast majority of induced mutations are recessive, 
and therefore their phenotype cannot be seen until 
the mutant alleles are made homozygous. Ithnin 
and Kushari (2020) provided a comprehensive 
review of breeding and genetic improvement in 
oil palm while Martin et al. (2022) summarised 
biotechnological methods that can transform 
traditional breeding including genomics, marker-
assisted breeding, genetic engineering and genome 
editing techniques; these authors also address the 
concerns connected to these techniques and their 
applications in practical breeding. 

Breeding for resistance to Ganoderma is a 
major goal in the management of BSR strategy. 
Such improved material would benefit both the 
commercial sector and smallholders, and could 
reduce financial investment in sanitation practices. 
However, Purba et al. (2012) considered it essential 
that the SE Asian oil palm industry continues 
to investigate alternative management options 
as breeding is such a long-term enterprise. An 
integrated approach to BST management is expected 
for the foreseeable future.

THE UNCERTAINTIES

Having summarised the current knowledge of 
Ganoderma disease in oil palms, we now examine 
the uncertainties within the study of this pathogen 
and its effects. Many of these uncertainties relate 
to the lack of fundamental research that remains 
to be done including the gaps in knowledge that 
exist around the infection process, disease spread, 
identification of the pathogen, mechanisms of 
resistance, etc. While management practices are 
being conducted, without greater knowledge 
of these fundamental gaps, such management 
practices will continue to fail.

The Fungus

Although G. boninense has been studied 
extensively, there are some areas and aspects where 
some uncertainties remain.

Systematics. Modern mycological systematics is 
determined by phylogenetic analyses. The rDNA 
ITS sequence has been adopted as a universal 
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“barcode” for fungi. Still, there are some limitations 
in the use of this sequence and so it is desirable 
also to consider DNA sequences obtained from 
additional genes (Nilsson et al., 2008; Schoch  
et al., 2012, 2014; Simon & Weiss, 2008). Wide-scale 
taxonomic studies of the genus or specific sections 
of it, generally use only a few representatives of 
each species and so although other gene sequences 
have been used for G. boninense, they are available 
for only a few isolates (Hapuarachchi et al., 2015; 
Tchoumi et al., 2019). Another concern with 
Ganoderma species is that reference DNA sequences 
are frequently not linked to type material. In the 
case of G. boninense, two sequences from later 
collections from Bonin Island are generally used 
although the type collection is available in at least 
two public herbaria (Kew & Paris, see Pilotti & 
Bridge, 2023).

Many of the molecular studies of Ganoderma 
have included only a small number of ITS  
sequences from G. boninense but Fryssouli et al. 
(2020) included over 80 ITS sequences obtained 
from different isolates, and Flood et al. (2022) 
considered some 143 sequences. Both of these 
studies demonstrated around 2% variation 
within the sequences, and Fryssouli et al. (2020) 
suggested that some of these could be considered 
as new “cryptic” species. High sequence variability 
and multiple ITS forms are not uncommon in 
basidiomycete fungi (Chen et al., 2016; Lindner & 
Banik, 2011; Simon & Weiss, 2008), but have not 
been widely considered in G. boninense. 

Wang and Yao (2005) recovered multiple ITS 
sequences from single strains of four Ganoderma 
species. Most molecular studies with G. boninense 
have used either fruiting bodies or mycelial 
cultures derived from these. Both types of material 
are dikaryotic and have resulted from a previous 
mating between monokaryotic basidiospores. To 
our knowledge, there have not been any studies 
that have considered ITS sequence variation or 
inheritance during this process in G. boninense.

Ecology/disease initiation and spread. Ganoderma 
species are prevalent on oil palm throughout 
Southern Asia and Oceania. They also occur and 
cause disease on other perennials to varying extents 
from limited (e.g., Casuarina spp.) to extensive (e.g., 
Acacia spp.) (Pilotti & Bridge, 2023). The differences 
in prevalence may be largely attributed to the level 
at which different crops are cultivated with more 
intensively cultivated crops having the highest 
incidences of stem and butt rots caused by Ganoderma. 
The species identified on oil palm appear to be very 
closely related and have probably originated from 
other naturally occurring palms (Mercière et al., 
2017). Although G. boninense has been implicated 
in Thanjuvar wilt of coconut, this identification has 
not been confirmed and further investigations on 

this disease in coconuts are warranted, particularly 
since this species occurs prolifically as a saprophyte 
on dead coconut in SE Asia but does not appear to 
cause disease in living palms outside the Indian 
subcontinent.

The widespread occurrence of BSR on 
new oil palm plantings suggests that potential 
inoculum is relatively common in the surrounding  
environment. In a “new” planting, the first 
occurrence of G. boninense will probably originate 
from either debris from previous vegetation, or 
the surrounding vegetation. There are however 
relatively few reports of G. boninense on native 
palms and we are not aware of any surveys for the 
pathogen that have been conducted before planting. 
This information could be important as planting in 
an area where the pathogen was already present, 
would likely lead to earlier and greater infection 
levels compared to areas where the pathogen was 
either absent or only present at low levels.

The relatively high level of variability in ITS 
sequences seen in G. boninense is unusual when 
compared to the other Ganoderma palm pathogens. 
Midot et al. (2019) identified eight ITS haplotypes 
for G. boninense from oil palm in Sarawak, Malaysia 
and Flood et al. (2022) found some 59 distinct ITS 
sequence types among all sequences available 
from multiple countries and hosts. Fryssouli et al. 
(2020) suggested that the ITS sequences from some 
oil palm isolates from Indonesia were sufficiently 
different to possibly constitute a separate “cryptic” 
species. In contrast, Elliott et al. (2018) reported very 
little ITS sequence variation in G. zonatum isolates 
from multiple palm hosts in the US, and the same is 
true for the Thanjuvar wilt pathogen of coconut in 
Southern India, which could be a single homothallic 
population (Rolph et al., 2000).

It is unclear if the ITS sequence variation seen 
in G. boninense is the result of the huge numbers 
of individuals present, segregation or crossover 
from multiple mating events, or if there are 
multiple species involved. Some recent research 
has suggested that both non-random mating 
and bottlenecks occur in G. boninense in oil palm 
plantations (Wong et al., 2022). Although there have 
been some studies linking mating events and some 
microsatellite markers (Pilotti et al., 2021) it would 
be useful to ascertain what effect mating has on 
ITS sequences and if isolates from the different ITS 
sequence groups are all interfertile. 

For disease initiation in the field, it is well 
established that in the absence of larger mycelium-
bearing inoculum sources such as palm trunks or 
root debris, the fungus primarily establishes in the 
field as basidiospores (Miller et al., 1999; Pilotti  
et al., 2003, 2018). Although a large number of isolates 
derived from spore inoculum have been observed 
in seedlings growing near Ganoderma-infected oil 
palms (Pilotti et al., 2018), it is not clear how, when, or  
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if, the disease manifests in young seedlings and the 
conditions necessary for disease initiation via either 
spores or mycelia in young palms are uncertain. 
Nursery testing currently requires a large mycelial 
inoculum source to initiate infections in young 
seedlings (Flood et al., 2022). 

The survival of both basidiospores and 
fungal mycelia under natural conditions has 
not been investigated fully. It is known that  
G. boninense can survive for several years in oil 
palm and coconut trunks but the fate of liberated 
basidiospores and movement and translocation 
away from infected trunks is still unclear. Unlike 
fungi such as Armillaria, Ganoderma does not 
form rhizomorphs although it does form mycelial 
cords in sterilised soil (Rees, 2006). The fungus is 
considered to be a poor soil competitor (Rees et al., 
2007) and requires plant material to survive and 
persist within the soil thus forming inoculum for  
subsequent planting. 

Evidence for both mycelial spread and spore 
spread between mature oil palms has been 
obtained from several studies using vegetative 
compatibility and mating studies on field isolates 
of G. boninense. It is clear that disease is spread 
between neighbouring mature palms but what is 
not clear is when and how palms become infected 
after replanting as well as during the entire planting 
cycle. In a mature plantation, disease foci do not 
necessarily expand continuously, and in fields with 
high disease incidence, ‘hotspots’ tend to develop 
in confined areas with continuous initiation of new 
foci and subsequent expansion of these to varying 
extents (Pilotti, personal communication, 2023). 
Both anecdotal and scientific evidence for disease 
spread between mature oil palms is available 
but clear spatial and space-time studies of these 
relationships are rare. 

Infection. To date, artificial inoculation has only 
been achieved using inoculated rubber wood 
blocks attached to roots or by coating roots in 
mycelial suspensions. While these are useful tools 
for inducing infections for detailed laboratory-
based studies (resistance mechanisms etc.) and 
for nursery screening in association with breeding 
trials, they are unlikely to represent the natural 
infection process in the field. One significant 
feature of BSR in oil palm is the high level of 
infection, which is much greater than is seen in 
other crops such as rubber and tea where infections 
are usually restricted to local clusters of plants. 
Ganoderma species are widely regarded as “wound 
pathogens” and cut frond bases could provide 
a “natural” infection route. However, to date, 
artificial inoculation of stems, peduncles, frond 
bases, and cut fronds with a range of inocula has 
failed to initiate infection, although G. boninense 
has been detected at these locations in both 

symptomatic and asymptomatic palms in the field  
(Panchal & Bridge, 2005; Pilotti & Bridge, 2002; 
Rees et al., 2007).

Oil palm is largely planted commercially 
from seeds produced through sexual mating, 
therefore plantings consist of groups of genetically 
different individuals. Similarly, G. boninense is 
an outbreeding dikaryotic fungus and so also 
represents a genetically heterogeneous population. 
Alleles associated with resistance have been 
identified in some plants (see earlier) and it is also 
possible that individual strains of G. boninense may 
show differing levels of vigour or pathogenicity. 
A molecular survey has shown that not all young 
palms shown to carry G. boninense subsequently 
went on to develop BSR (Panchal & Bridge, 
2005; Pilotti & Bridge, 2002) and this will have 
implications for both developing pathogenicity 
tests and early detection methods.

Early Detection

Remote sensing. Despite investment in various 
forms of remote sensing methods, detection of 
slightly infected palms (as compared to healthy 
palms) has remained a challenge and this is crucial 
for early detection. TLS has shown some promise in 
the detection of slightly infected palms and may be 
developed further using a combination of techniques 
but challenges remain. These technologies are 
costly in terms of equipment and the technical 
analysis needed and skilled technical advice would 
be needed to advise producers. These costs may 
put these remote sensing technologies beyond the 
budget of smallholders and even plantations.

Laboratory tests. At present, most laboratory-
based detection methods have been developed 
with artificially inoculated plants or environmental 
samples from single time points. Costs for simple 
molecular and immunological tests have decreased 
in recent years, particularly with the wider 
adoption of laboratory automation. Although 
immunological and molecular methods for  
detecting G. boninense have been available for 
over 20 years, we are only aware of one published 
study that has used any of these (specific ITS 
primers) to follow infection in the field as an oil 
palm block becomes established (Panchal & Bridge, 
2005; Pilotti & Bridge, 2002). As a result, it is not 
possible to compare the comparative predictive 
performance of these methods. As mentioned 
above early detection of the pathogen needs to be  
shown to give rise to subsequent disease.

Management. Many studies of biocontrol of BSR, 
concentrate on in vitro work or nursery trials on 
seedlings.  While these are useful for understanding 
the host/pathogen interaction and help with the 
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selection of effective candidates, more field studies 
are needed (Sundram et al., 2015, Virdiana et al., 
2019).  These trials need to include those where 
BCAs in the oil palm ecosystem are quantified over 
time so that persistence and activity in the field are 
more fully understood. Ease of mass production of 
the putative BCA is needed and Trichoderma is easily 
mass produced on many estates throughout SE 
Asia and is consequentially routinely used as a soil 
amendment both at replanting and after diseased 
palms are removed. Many of the larger estates 
manufacture their formulations and basic techniques 
are available for the multiplication and application 
of Trichoderma (Virdiana et al., 2019). Commercial 
formulations containing a range of microorganisms 
are also available (Idris et al., 2014) for use by 
both estates and smallholders but independent 
comparisons of the different commercially available 
formulations are lacking.

Mature oil palms planted in soil are known 
to support an extensive mycorrhizal community 
(Kaonongbua, 2018; Phosri et al., 2010). It is 
generally assumed that this community is acquired 
naturally from the planting environment, largely 
after the nursery stage (Phosri et al., 2010). The 
natural acquisition of a mycorrhizal community 
will depend on the levels of suitable inoculum 
available in the soil and the species diversity will 
vary depending on soil type, location, and fertiliser 
usage (Auliana & Kaonongbua, 2018; Phosri et al., 
2010). Early inoculation with various mycorrhizae 
has been proposed on many occasions to help 
increase the growth and vigour in young plants 
on planting out (Galindo-Castañeda & Romero,  
2013; Phosri et al., 2010; Widiastuti & Tahardi, 
1993). There have also been some reports that 
suggest the presence of mycorrhizae may reduce 
the incidence of basal stem rot (Rini et al., 2022). 
Commercial formulations such as MycoGold are 
available but at the current time there is probably 
insufficient detailed information on natural 
mycorrhizal species diversity at the various sites 
(and soils) where oil palm is grown and the full 
range of interactions that may occur. For example, 
how do added mycorrhizal products interact with 
natural indigenous populations?

One of the main uncertainties for the 
management of BSR is access to the field where 
cultural approaches, putative BCA, and resistant/
tolerant material can be tested (and independently) 
verified as part of an integrated approach. Many 
approaches to control are undertaken in vitro or in 
glasshouses as there is little access to the field for 
students and researchers alike and this inevitably 
leads to a lack of what is practical to the industry. 
Whilst the development of resistant/tolerant 
material would be very beneficial to estates and 
smallholders alike, the development of such 
material is long term even with the development 

of novel approaches such as QTLs, potential 
use of biomarkers, and mutant breeding. It is 
essential that the use and efficacy of BCA (whilst  
interesting in the laboratory or glasshouse as the 
first steps in a selection process) can be verified in 
the field. Understanding the ecology of any BCA 
in different environments and under different 
management practices is essential. Similarly, 
the long-term effects of cultural controls such 
as delayed replanting (fallowing), windrowing, 
shredding and removal of fruit bodies need to 
be investigated as does the potential for the use 
of improving the degradation of palm waste 
at replanting to deny the pathogen a base for 
colonisation, survival and subsequent infection  
of the next generation.

RECOMMENDATION

Given the uncertainties listed above, we have  
listed some specific recommendations but in general, 
it would be sensible for the public and private 
funded sectors of the oil palm industry to work more 
closely together. This could include sites for long-
term field access for the testing of new management 
options but also would allow increased dialogue 
of the practicalities that producers (estates and  
small-holders) are facing. This is particularly true 
of the costs of some high-tech approaches and the 
need for highly skilled technical support for the  
producers. In addition, some fundamental 
questions remain to be answered and some of the 
paradigms that have been developed over decades 
need to be challenged and tested further. We have 
recommended some specific areas for further 
research and development.

Systematics

Recommendation 1. When compared to many 
other species of Ganoderma, G. boninense is  
relatively well-defined. The ITS sequences that 
have been proposed as reference sequences 
are from later collections made from the Type 
location and are “typical” for the species (Pilotti 
& Bridge, 2023). Further gene sequences have 
been obtained from these collections (Zhou et al., 
2015) and are also considered to be “typical” of the 
species (Ćilerdžić et al., 2018; Nguyen et al., 2023).  
However, the species name is tied to the historic 
Type collection, and material from this is available 
in at least two herbaria. It would appear sensible to 
obtain further reference sequences from the Type 
material to fully validate the species.

Recommendation 2. The ITS sequence range 
discussed above is relatively wide for a single 
species and further investigation with additional 
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gene sequences is required to fully resolve any 
subgroups or possible cryptic species (e.g., the 
“d3” group identified by Fryssouli et al. [2020]). 
In addition, relationships between ITS sequence 
variation and mating events need to be considered. 
For example, if monokaryons with different ITS 
sequences mate, do a single or both ITS sequence 
types occur in the subsequent dikaryon? This needs 
to be undertaken in conjunction with the species/
cryptic species delineation to determine if any 
“molecular” species are interfertile or if there is a 
level of sequence variation above which mating  
will not occur.

Ecology/ Disease Initiation and Spread

Recommendation 3. There is a need to determine 
further, where and at what levels, the fungus occurs 
in the natural environment as done by Pilotti 
et al. (2018). Ideally, this would require surveys 
of both the planting area and the surrounding 
environment before planting or replanting. 
Historically, Ganoderma colonisation of debris 
and nearby non-oil palm plants has often been 
reported in single studies at a single time point. 
We need to ensure a timeline can be established 
to determine the direction of transfer between 
oil palm and the surrounding environment as 
well as understand Ganoderma colonisation in the 
previous vegetation before planting e.g. in native  
palms.

Recommendation 4. The origins of fungal inoculum 
in the field remain an important question to 
answer. Progress has been made and although 
it may not be fully resolved, new insights may be 
gained by understanding the relationships between 
saprophytic and pathogenic isolates. The collection 
of Ganoderma from natural environments and 
research into their genetic and host relationships 
could provide added insight into what is already 
known (and assumed) regarding the opportunistic 
nature of Ganoderma infections. Such studies, 
while useful from a taxonomic and evolutionary 
perspective would also begin to establish the 
foundation for disease initiation in monoculture 
crops growing in the vicinity of natural fungal  
populations. 

Recommendation 5. Once established, the spread 
of BSR requires long-term monitoring through 
accurate data collection and is one reason 
why long-term access to the field is required.  
This is necessary to determine spatial patterns 
in the spread of BSR and assess the survival and 
infection potential of infected palms in the field 
(over several generations). Such studies would 
allow management decisions to be made on the 
value of roguing in fields with varying disease 

incidence levels. Where successive generations of 
oil palm are planted, and even at first plantings, 
it may be useful to attempt to quantify the levels 
of inoculum when fields are being prepared 
for planting (Recommendation 3). This would 
provide some idea of the potential disease 
incidences that could be expected within a given  
plantation.

Recommendation 6. Assessing levels of inoculum 
should include quantifying spore loads in the air 
as well as inoculum in the soil. The value of such 
an exercise, on its own, would be questionable 
without continuous monitoring following 
planting and other management interventions 
during the planting cycle. The application of 
such techniques might be more applicable 
where fallowing is an option and inoculum 
levels above a determined threshold at planting 
could trigger decisions on the need for a fallow  
period.

Recommendation 7. From experience, the long-
term control of Ganoderma largely depends on 
reducing inoculum levels. This can only be 
achieved by continuous vigilance, monitoring, and 
application of practices to reduce soil and airborne 
inocula throughout the growing cycle. Given the 
large numbers of basidiospores produced into the 
environment by mature fruiting bodies, it would 
seem likely that the removal of fruiting bodies 
from the plantings and windrows will help to 
reduce the inoculum potential. Aside from the 
roguing of diseased palms, novel ways that can 
be applied in the future to reduce inoculum levels 
could be through the use of tolerant planting 
material and replanting at an earlier palm age, 
for example between 16–20 years. The use of 
more tolerant material may be some years away 
but early replanting is a good option provided 
plantations can sustain yields at suitable levels to 
remain profitable. Other management techniques 
such as the application of biological control agents, 
require further investigation into their mechanism 
and effectiveness in reducing Ganoderma inoculum 
resident in the soil.

Infection

Recommendation 8. Given that the only 
successful inoculation method involves 
artificially inoculated blocks, closely attached 
to roots, a greater understanding of how the 
fungus becomes established in the oil palm in 
the field would be useful. This should include 
inoculation of recently cut fronds and inoculation 
of the root ring. Thompson (1931) suggested 
that infection was possible via cut and broken 
frond bases, which would be in keeping with the  
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view that Ganoderma is generally a wound 
pathogen. Although sealing pruned frond bases 
to prevent subsequent infection (as is practiced 
with various other tree crops) has been suggested 
as a possible control method (Hushiarian et al., 
2013; Paterson et al., 2009; Pilotti & Bridge, 2023) 
we are not aware of any extended field trials for 
this. Given that cut and open frond bases are a 
continuing feature of both new and established 
plantings, they could provide a route to the bole 
tissue in young palms and the upper trunk tissue 
in older palms. We suggest that this is a significant 
gap in the knowledge for infection control and 
some initial trials with wound dressings/coverings 
should be established for both newly planted and 
established palms to determine their effect on  
BSR and USR.

Early Detection Methods - Remote Sensing

Recommendation 9. Some methods such as TLS 
which have shown promise in differentiation 
of slightly affected palms (Husin et al., 2020) 
could be developed further. Specifically,  
about answering practical questions eg early 
detection to identify individual palms that could 
receive specific management measures early in 
the planting cycle or for assessing disease severity 
to guide the timing of replanting the estate or 
specific areas of the estate where more intensive 
management activities could be undertaken.

Early Detection Methods - Laboratory Methods

Recommendation 10. A single study in PNG 
combined molecular detection of the pathogen 
in the tissue of young palms with continued 
monitoring of the palms for disease symptoms 
over some years (Panchal & Bridge, 2005; 
Pilotti & Bridge, 2002). We are not aware of any 
similar long-term published studies linked to 
either molecular or immunological detection 
methods. When first developed, the molecular 
and immunological methods could potentially 
be expensive and time-consuming but the wider 
availability of reagents, equipment and increased 
laboratory automation will have substantially 
reduced those costs. All such methods are highly 
dependent on tissue handling and extraction 
again these have been extensively examined in 
the subsequent years (Karthikeyan et al., 2006;  
Rajendran et al., 2009). The PNG study showed that 
while early detection could identify the fungus 
in palms in the field, not all of these palms went 
on to develop significant BSR. We recommend 
that there should be a wider assessment of the 
accuracy and outcomes available from existing 
methodology before further methods for  
“early detection” are developed.

Management

Recommendation 11. There are many commercial 
formulations available that claim efficacy to 
BSR but they need to be tested and verified 
independently through field trials. This is also true 
of many BCA formulations (e.g., Trichoderma). Do 
they actually reduce Ganoderma infection in the 
field? This needs to be demonstrated over several 
years. Linked to this there is a need for an improved  
understanding of the interactions of the BCA 
with the host plant and other members of 
the oil palm microbiome to fully achieve the 
potential of biocontrol for BSR. Trials with 
mixtures of organisms, application methods, 
testing the longevity in different soils and the 
effect of environmental conditions are also 
needed. In short, a more ecological approach 
is needed. In addition, improved molecular 
approaches could allow the identification of 
effective BCA based on a genetic profile and 
could allow a more directed approach (Benítez &  
McSpadden-Gardener, 2009).

Recommendation 12. The role of mycorrhizae 
needs to be considered in both the infection and 
establishment stages of basal stem rot. Current 
pathogenicity tests with rubber wood blocks 
and exposed roots will probably not include any 
naturally occurring mycorrhizae and so we have 
no information on any competitive effects that may 
reduce pathogenicity. As with disease progression, 
mycorrhizal effects are likely to occur over relatively 
long periods. Phosri et al. (2010) suggested that 
the natural mycorrhizae on newly planted palms 
become established after around six months, and 
beneficial effects are unlikely to be seen before this. 
Similarly, any “added” mycorrhiza will need to be 
able to compete with the natural microbiota and 
the interactions of these two populations are not 
understood. 

Recommendation 13. Rees (2006) suggested that 
targeting windrowed material at replanting with 
fungi that had enhanced degradative abilities (as he 
had attempted) was unrealistic and an alternative 
approach was to target individual palms that 
succumbed to Ganoderma in the first year after 
replanting. To our knowledge, this has not been 
attempted but could be and linked to the early 
detection of palms in the early year after replanting. 
Longer-term field trials targeting the degradation 
of oil palm material at replanting combined with 
shredding or other replanting practices are also 
needed.

Recommendation 14. Breeding for disease 
resistance will always be an important part of 
the management of diseases and breeding oil 
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palm for resistance to Ganoderma is no exception.  
Daval et al. (2021) combined the use of data sets 
derived from the breeding programme with QTLs 
described from pre-nursery tests. More of this 
approach of combining computing methods with 
long-term breeding trials would be very beneficial. 
The uses of biomarkers for evaluating the resistance 
of oil palm progenies in the field should also be 
investigated further. 

CONCLUSION

Considerable studies has been undertaken into 
Ganoderma diseases of oil palm and although this 
has resulted in many publications and reviews, 
the disease continues to be a major concern for 
the industry. It is clear that there are gaps in 
our knowledge and that some of these relate to 
fundamental issues. These need to be investigated 
before we can fully understand and accurately 
interpret the various processes occurring and 
treatments suggested. 

Some gaps, such as the variability of some 
DNA sequences and the incorporation of current 
taxonomic concepts and validated reference  
materials can be met from existing methodologies 
and a wider incorporation of existing literature. 
Many of the others relate to the use and performance 
of laboratory-derived tests and processes in a field 
environment. It is perhaps surprising that we 
have not found any instances of the quantitative 
measurement of sealing cut fronds, or the effects of 
biological control agents, in the field over a planting 
cycle. Similarly, while early detection methodologies 
such as molecular and immunological tools, and 
remote sensing methods, can provide an initial 
insight into disease occurrence, this relates only to the 
single point in time when the work was undertaken. 
For the predictive performance of these methods 
to be demonstrated they need to be considered in 
the long term. Probably the most basic question for 
such methods is - do all early detections result in 
subsequent disease? and do interventions provide a 
positive benefit over the life of the crop?

There are considerable practical problems with 
assessing laboratory-derived research in the field. 
These include costs and logistics in obtaining and 
transporting samples, the availability of training 
and instrumentation, and the available personnel. A 
further complication is that much scientific research 
is funded through short-term grants with sponsors 
expecting a “result” within the grant period. There 
may therefore be a need to consider how a long-
term monitoring and survey programme could be 
established for the industry.

In 1994, the failures of morphological taxonomy 
for Ganoderma were summarised by Ryvarden who 
proposed that “no new species be described in 

Ganoderma in the decade to 2005 and those authors 
breaking this law be sentenced to do taxonomic 
work on at least 10 old names” (Ryvarden, 1995). 
The application of molecular methods has now 
provided a lot more clarity in the taxonomy of the 
genus but this in turn did require considerable re-
examination of older names. It may be appropriate 
to consider a similar moratorium on the introduction 
of further methods for Ganoderma disease detection 
and control until the existing knowledge has been 
clarified and tested in context.
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