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ABSTRACT
Basal stem rot (BSR) caused by G. boninense is the most devastating and yield-limiting disease for the 
oil palm industry in South-east Asia. Information on the population biology of G. boninense for testing 
important hypotheses concerning BSR infection is lacking. This article describes the development of the 
most discerning molecular marker to date, i.e. cDNA-SSR, in an attempt to evaluate the genetic diversity 
and epidemiology of G. boninense. The Belitung Island in Indonesia was chosen for this study because 
it has BSR disease spread in first generation plantings of oil palm, and geographically not connected to 
the Sumatra main island. There are considerable field experiences alongside the indepth genetic analyses 
presented here. The basidiocarps of G. boninense collected from BSR and upper stem rot (USR) infected 
oil palm were confirmed as G. boninense by phylogenetic analysis. The marker data inferred that the                 
G. boninense isolates were very diverse, with heterozygosity of 0.777, reflecting random mating and the 
outcrossing nature of this fungus. Clonal spread was not found in the present study and isolates were 
genetically different, from palm to palm. The hierarchical cluster analysis and distance-standardised 
principal coordinates analysis suggested G. boninense spread from the coastal region (north) to inland 
areas (south) on Belitung Island. Despite the very small sample size, the thorough analyses revealed major 
shortcomings and difficuties in developing a set of polymorphic cDNA-SSR markers for epidemiology of  
G. boninense. 
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INTRODUCTION

Oil palm (Elaeis guineensis Jacq.) is a perennial oil 
crop that produces the highest oil yield per hectare 
in the world. Currently, Indonesia and Malaysia are 

the first and second largest palm oil exporters in 
the world but both are facing severe losses from the 
incidence of basal stem rot (BSR) infection in their oil 
palm plantations. BSR is the most devastating, yield-
limiting disease of the oil palm in both countries 
(Chung, 2011). It was first reported in Malaya (now 
Malaysia) by Thompson in 1931 and the causal agent 
was then identified as Ganoderma lucidum. In 1967, 
Steyaert reported another six Ganoderma species 
associated with BSR in the oil palm (i.e. G. boninense 
Pat, G. miniatocinctum Steyaert, G. chalceum [Cooke] 
Steyaert, G. tornatum [Pers.] Bers, G. zonatum Murill 
and G. xylonoides Steyaert). 

Although many more Ganoderma species had 
been associated with BSR, a number of studies in 
Indonesia and Malaysia indicated that the main 
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causal pathogen of BSR is the single species of 
Ganoderma boninense (Idris and Ariffin, 2004). BSR 
was mainly confined to palms more than 25 years 
old until the mid-1950s when it started infecting 
10- to 15-year old palms (Turner, 1981). Infection on 
palms as early as one to two years after planting have 
been reported by Singh (1991). Once considered a 
problem only in the coastal-marine-clay areas of 
western Peninsular Malaysia (Navaratnam, 1964), 
the disease has been frequently found in coastal 
(Khairudin, 1990), peat (Lim and Udin, 2010) 
and inland areas (Chung, 2011). Furthermore, the               
G. boninense is also the purported causal agent of 
upper stem rot (USR) in oil palm, which is neither 
related to BSR nor show rotting symptoms on trunk 
base or root (Flood et al., 2002). Currently, there is no 
effective treatment for BSR and USR due to limited 
knowledge of G. boninense invasion strategies and 
the absence of known resistance to the disease in oil 
palm. 

G. boninense, a basidiomycete, has heterothallic 
and tetrapolar mating system with multiple      
alleles at both mating type loci, which favours 
outcrossing (Pilotti et al., 2002; 2003; Pilotti, 2005). 
The basidiocarp morphology of G. boninense varies 
among the BSR diseased palms. The use of macro-
morphology to distinguish among isolates is 
unreliable and subjective because the morphology 
can vary substantially with the availability 
and quality of food sources and environmental 
conditions (Cannon and Sutton, 2011). Currently, 
Ganoderma selective medium (GSM) (Ariffin and 
Idris, 1991) was used to obtain pure culture  of G. 
boninense and its identity was confirmed using 
internal transcribed spacer (ITS) region and 18S 
fungal ribosomal gene. In order to accomplish the 
development of an effective control measure for BSR 
disease infection in oil palm, a precise molecular 
diagnostic method that enables the measurement 
of pathogen genetic diversity and spreads of the 
pathogen may be necessary.

Within a field, root-to-root contact was 
thought to be the main disease spread mechanism, 
primarily based on anecdotal evidence that BSR 
occurs loosely in patches of palms (Singh, 1991). 
Moreover, stumps and roots are thought to host the 
primary inoculum for the disease. Palms planted 
near or over excavated diseased stumps had low 
disease incidence, but palms planted near or over 
unexcavated stumps had high disease incidence 
(Khairudin, 1990; Ariffin and Idris, 2002). In 
1999, Miller et al. used a combination of mtDNA 
variability and somatic incompatibility to arrive at 
the postulation that BSR does not spread by direct 
root-to-root contact between palms. Research 
carried out by Cooper et al. (2011) provided further 
information on BSR spread through basidiospore 
dispersal and mode of root infection as well as 
lower stem invasion by G. boninense. 

With the advent of using genetic marker as 
a tool in recent years, it is now possible to apply 
it to population genetics to deduce the spread of 
pathogen populations and mode of reproduction 
in many fungi e.g. Heterobasidion annosum s.s. and                 
H. parviporum (Oliva et al., 2011), grape vine powdery 
mildew, Erysiphe necator (Brewer and Milgroom, 
2010; Frenkel et al., 2012) and Holocryphia eucalypti 
that causes stem cankers on Eucalyptus species 
in South Africa and Australia (Nakabonge et al., 
2008). The aim of this study was to investigate the 
genetic relationship among isolates collected from 
both coastal and inland areas of Gunung Nayo, 
Belitung Island (2°50’S 107°55’E), off the east coast of 
Sumatra, Indonesia where the oil palms are still at 
the first generation of planting. We also describe the 
development of genotyping using cDNA-SSR marker 
and provide an assessment of the advantages and 
shortfalls of using marker-inferred genetic diversity 
and molecular epidemiology of G. boninense. 

MATERIALS AND METHODS

Ganoderma boninense Isolates and Growth 
Conditions 

There are two isolates of G. boninense 
originating from basidiocarps collected by 
Advanced Agriecological Research Sdn Bhd (AAR) 
at Paloh Substation, Johor, Malaysia and Felda 
Global Ventures Research and Development Sdn 
Bhd (FGV R&D) at Serting Hilir Research Station, 
Negeri Sembilan, Malaysia, sent for transcriptome 
sequencing (unpublished data). A total of 17 isolates 
from basidiocarps collected from Gunung Nayo 
(GN), Belitung Island (2°50’S 107°55E), Indonesia 
(Table 1 and Figure 1) were cultured by the method 
described by Ariffin and Idris (1991). After isolation of 
G. boninense mycelia, pure cultures were maintained 
on solid malt extract agar (MEA). The culture plates 
were kept at 26±2°C in the dark condition. Another 
set of 15 isolates of G. boninense (12 from BSR and 3 
from USR), fungal and bacterial species (Table 2) that 
were used for marker polymorphism and specificity 
testing were obtained from fruiting bodies sampled 
from Ganoderma diseased oil palm in estates located 
in Peninsular Malaysia. The other fungi and bacteria 
species were included in the testing to remove the 
cDNA-SSR markers not specific to G. boninense.

Sampling of G. boninense Basidiocarps at Gunung 
Nayo

Sampling of basidiocarps was conducted when 
the size of basidiocarps growing on standing, infected 
palms in the field reached 50 mm in length/width 
of bracket-shaped form. This required monitoring 
the increasing size of basidiocarps every two weeks 
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Sampling point	 Ganoderma 	 Block	 Size	 Total palms	 Total palms at the 	
		  isolate		   (ha)	  (original)	 time of sampling

	 1	 B/1/001	
	 2	 B/1/002	 GN01	 116.7	 15 873	 14 848		
	 3	 B/1/003				  

	 5	 U/3/005	 GN03	 71.3	 9 702	 8 296	
	 8	 B/4/008	
	 9	 B/4/009	 GN04	 96.1	 13 072	 10 608	
	 13	 B/4/013				  
	 14	 B/4/014				  

	 11	 B/5/011	 GN05	 76.2	 10 366	 8 732
	 29	 B/5/029				  

	 17	 B/6/017		
	 19	 B/6/019				  
	 24	 B/6/024	 GN06	 87.0	 11 827	 8 340		
	 27	 B/6/027				  
	 39	 B/6/039				  

	 35	 B/7/035	 GN07	 83.1	 11 299	 9 045
	 37	 B/7/037				  

TABLE 1. Ganoderma boninense ISOLATES COLLECTED FROM GUNUNG NAYO (GN), 
BELITUNG ISLAND, INDONESIA

No.	 Sample code	 GenBank accession number	 Block	 Type	 Disease incidence

1	 B/1/001	 KY471673	 GN01	 BSR	 Low
2	 B/1/002	 KY471674	 GN01	 BSR	 Low
3	 B/1/003	 KY471675	 GN01	 BSR	 Low
4	 U/3/005	 KY471689	 GN03	 USR	 Severe
5	 B/4/008	 KY471676	 GN04	 BSR	 Very low
6	 B/4/009	 KY471677	 GN04	 BSR	 Very low
7	 B/4/013	 KY471678	 GN04	 BSR	 Very low
8	 B/4/014	 KY471679	 GN04	 BSR	 Low
9	 B/5/011	 KY471680	 GN05	 BSR	 Low
10	 B/5/029	 KY471681	 GN05	 BSR	 Moderate
11	 B/6/017	 KY471682	 GN06	 BSR	 Severe
12	 B/6/019	 KY471683	 GN06	 BSR	 Severe
13	 B/6/024	 KY471684	 GN06	 BSR	 Severe
14	 B/6/027	 KY471685	 GN06	 BSR	 Severe
15	 B/6/039	 KY471686	 GN06	 BSR	 Moderate
16	 B/7/035	 KY471687	 GN07	 BSR	 Severe
17	 B/7/037	 KY471688	 GN07	 BSR	 Severe

Note:  B - basal stem rot. U - upper stem rot. First coding digit (1-7) refers to the block number. The last three digits in the sample 
code refer to the palm sequence number given during the palm marking.

Figure 1. Location map and background information of each sampling point at Gunung Nayo (GN), Block 1 to Block 7.
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extraction protocols were tested and optimised 
for obtaining good quality DNA and high yield 
for genotyping. All purified G. boninense genomic 
DNA samples were sent to AAR Biotechnology 
Laboratory, AAR-UNMC Biotechnology Research 
Centre, Semenyih, Selangor, Malaysia, for genetic 
diversity determination using the selected highly 
polymorphic cDNA-SSR markers. 

Identification of Non-Ganoderma Fungi and 
Bacterial Species 

The identity of isolates after subjected to marker 
screening to remove non-G. boninense-specific   cDNA-
SSR markers, was confirmed using 16S and 18SSU- 
rRNA PCR-sequencing approach. The sequences 
obtained were examined by comparing them to the 
non-redundant nucleotide database at GenBank 
(NCBI). The 16S rRNA forward and reverse primer 
sequences used for bacterial species identification 
were 27F 5’-AGAGTTTGATCMTGGCTCAG-3’ 
and 1525R 5’-AAGGAGGTGWTCCARCC-3’, 
respectively (Lane, 1991). For the identification of 
non-Ganoderma fungi, the forward primer SSU-
817-5’ 5’-TTAGCATGGAATAATRRAATAGGA-3’ 
and reverse primer SSU-1536-3’ 5’- 
ATTGCAATGCYCTATCCCCA-3 were used to 
amplify 18SSU-rRNA region (Borneman and Hartin, 
2000) by using modified polymerase chain reaction 
(PCR) protocol described herein. The PCR reaction 
mixture (50 μl) contained 0.1 Unit of Taq DNA 
Polymerase (iNtRON Biotechnology, Korea), 0.4 
μM of each forward and reverse primers, 0.2 mM 

until the desired size of basidiocarp was reached 
(more than 50 mm). However, unexpected toppling 
of some BSR infected palms limited the number of 
basidiocarps that could be collected. Eventually, 
only 36 basidiocarps were collected, from which 
19 Ganoderma pure cultures were obtained. Two 
of the 19 Ganoderma mycelium cultures that were 
confirmed to be non-G. boninense by alignment  of the 
16S and 18S nucleotide sequences against the non-
redundant nucleotide database at GenBank (NCBI) 
using default setting of Nucleotide BLAST (Basic 
Local Alignment Search Tool, https://blast.ncbi.
nlm.nih.gov), were excluded from the phylogeny 
analysis and genotyping. Method of confirmation 
of Ganoderma identity confirmation is detailed in 
another section below. 

Ganoderma DNA Extraction 

Two sets of G. boninense isolates from Gunung 
Nayo, Belitung Island (Table 1) and BSR-affected 
plantations in Peninsular Malaysia (Table 2) were 
used in this study. The genomic DNA of G. boninense 
stored at the Indonesian Biotechnology Research 
Institute for Estate Crops (IBRIEC) was extracted 
according to the protocol described by Minarsih et al. 
(2011). The pure cultures of the isolates collected from 
Peninsular Malaysia were incubated for five days 
prior to genomic DNA extraction using FastDNA spin 
kit (MP Biomedicals, USA) for fungal isolates and 
GF-1 Bacterial DNA isolation kit (Vivantis, USA) for 
bacteria isolates as described by the manufacturers. 
Due to the different laboratory practices, two DNA 

TABLE 2. THE FUNGAL AND BACTERIAL SPECIES USED IN THE cDNA-SSR SCREENING TEST TO REMOVE THE 
cDNA-SSR MARKER THAT IS NOT SPECIFIC TO G. boninense 

No.	 Sample ID 	 Identity	 GenBank No. 	 Reference

1	 DG1	 Ganoderma boninense (USR)	 MF682418 	 This study
2	 DG3	 Ganoderma boninense (USR)	 MF682419 	 This study
3	 DG6	 Ganoderma boninense (USR)	 MF682420	 This study
4	 E5	 Ganoderma boninense (BSR)	 MF682421 	 This study
5	 GL0	 Ganoderma lucidum	 MF682422 	 This study
6	 KB2	 Bacillus shackletonii	 MF682426 	 This study
7	 KB5	 Paenibacillus sp.	 MF682427 	 This study
8	 KB10	 Sphingomonas sp.	 MF682428 	 This study
9	 OTU6	 Aspergillus nomius	 MF682423 	 This study
10	 RB5	 Colletotrichum lupini	 MF682424 	 This study
11	 TCF13	 Penicillium charlesii	 MF682425 	 This study
12	 T3, Paloh G14	 Ganoderma boninense (BSR)	 JQ665238	 Kok et al. (2013)
13	 T5, Ulu Pedas G6	 Ganoderma boninense (BSR)	 JQ665231	 Kok et al. (2013)
14	 T6, GBA G12	 Ganoderma boninense (BSR)	 JQ665237	 Koket al. (2013)
15	 T7, Jeram G5	 Ganoderma boninense (BSR)	 JQ665230	 Kok et al. (2013)
16	 T8, Pinji G1	 Ganoderma boninense (BSR)	 JQ665226	 Kok et al. (2013)
17	 T9, Pelam G11	 Ganoderma boninense (BSR)	 JQ665236	 Kok et al. (2013)
18	 T10, Batu Lintang G10	 Ganoderma boninense (BSR)	 JQ665235	 Kok et al. (2013)
19	 T11, Bebar G4	 Ganoderma boninense (BSR)	 JQ665229	 Kok et al. (2013)
20	 T12, Sungai Jernih G3	 Ganoderma boninense (BSR)	 JQ665228	 Kok et al. (2013)
21	 T13, Sungai Sokor G9	 Ganoderma boninense (BSR)	 JQ665234	 Kok et al. (2013)
22	 T14, Pasir Gajah G2	 Ganoderma boninense (BSR)	 JQ665227	 Kok et al. (2013)
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dNTPs (iNtRON Biotechnology, Korea), 1X PCR 
buffer (supplied with 2 mM MgCl2), 0.2 mg µl-1 
bovine serum albumin (Amresco, USA), 5 to 10 ng 
of template DNA and nuclease free water. The PCR 
programme used was one cycle of 94°C for 4 min, 
94°C for 20 s, 56°C for 10 s, 72°C for 60 s, followed 
by 34 cycles of 94°C for 20 s, 56°C for 10 s, and 72°C 
for 60 s. Finally, the reaction was terminated with an 
additional extension of 5 min at 72°C before cooling 
to 10°C. The thermocycling was performed with 
VeritiTM Thermal Cycler (Applied Biosystem, USA). 
PCR products were visualised in 1.0% w/v agarose 
gel (Vivantis, USA) in 1X TBE buffer with 0.5× 
SYBR® Safe DNA gel stain (Invitrogen, USA) under 
302 nm UV translumination using AlphaImager®HP 
(Alpha Innotech, USA). Purified PCR products 
(MEGAquick-spin, iNtRON Biotechnology, Korea) 
were sent to Macrogen, Korea for sequencing 
analysis. 

Confirmation of Identity of Ganoderma Isolates 

The 17 ITS sequences from the genomic DNA 
of Gunung Nayo Ganoderma were amplified and 
sequenced for phylogenetic analysis. The primer 
pairs ITS1F’: 5’ CTT GGT CAT TTA GAG GAA 
GTA 3’ and ITS4B’: 5’ CAGGAG ACT TGT ACA 
CGC TCC AG 3’ (Grades and Bruns, 1993) were 
used to amplify the ITS region. The PCR reactions 
were performed using HotStarTaq Plus master mix 
(Qiagen, USA) with one cycle of 95°C for 15 min, 
94°C for 60 s, 58°C for 60 s, 72°C for 60 s, followed 
by 34 cycles of 94°C for 60 s, 58°C for 60 s, and 
72°C for 60 s. Finally, the reaction was allowed to 
terminate with an additional extension of 10 min 
at 72°C before cooling to 10°C. The thermocycling 
was performed with VeritiTM Thermal Cycler 
(Applied Biosystem, USA). The PCR products were 
purified using Nucleospin Gel and PCR Clean-Up 
kit (Macherey Nagel, GmbH & Co. KG) prior to 
cloning and sequencing at AIT Biotech, Singapore. 
The newly generated ITS sequences were submitted 
to GenBank (http://www.ncbi.nlm.nih.gov, Table 
1). The phylogenetic analysis that was performed 
using Geneious R9 and MEGA 5.2 included the ITS 
sequences in this study and those from Genbank 
(Zhou et al., 2015). All ITS sequences were trimmed, 
and aligned with Clustal W using default setting. 
The phylogenetic trees were reconstructed using 
maximum likelihood (ML), Neighbour Joining (NJ) 
and unweighted pair group method with arithmetic 
mean (UPGMA). 

Ganoderma boninense Transcriptome Sequencing 
and Mining of Putative cDNA-SSR 

The two isolates from AAR and FGV R&D 
were used in transcriptome sequencing. The 
Norgen’s Plant/Fungi Total RNA Purification Kit 

(Norgen, Biotek Corporation, Canada) was used 
to isolate high quality total ribonucleic acid (RNA) 
from G.  boninense  cultured  in  oil  palm  extract 
liquid medium (Kok et al., 2013). The integrity 
and quantity of total RNA were measured using 
NanoDrop 2000 (Thermo Fisher Scientific Inc., USA) 
and Qubit 2.0 RNA Broad Range Assay (Invitrogen, 
USA). The RNA integrity number (RIN) was 
determined using Agilent Bioanalyser RNA Nano 
chip. The two G. boninense RNA samples originally 
from AAR and FGV R&D, with RIN more than 7.0, 
were recommended for transcriptome sequencing. 
Messenger RNA isolation and cDNA synthesis were 
performed using TruSeq RNA Sample Preparation 
Kit (Illumina, USA) and SuperScript II Reverse 
Transcriptase (Invitrogen, USA) according to 
manufacturer’s protocol. The synthesised cDNA 
was quantitated using Qubit 2.0 DNA Broad 
Range Assay (Invitrogen, USA). A minimum of 
15 ng cDNA was fragmented using Covaris S220 
(Covaris Inc, USA) to a targeted size of 200-300 bp. 
The fragmented cDNA were then end-repaired, 
ligated to Illumina TruSeq adapters, and PCR-
enriched using TruSeq RNA Sample Preparation 
Kit (Illumina, USA) according to manufacturer’s 
protocol. The final sequencing libraries were 
quantified using KAPA kit (KAPA Biosystem, USA) 
on Agilent Stratagene Mx-3005p quantitative PCR 
(Agilent, USA) and sizes were confirmed using 
Agilent BioAnalyzer High Sensitivity DNA Chip 
(Agilent, USA). The resulting sequencing libraries 
were sequenced using an Illumina flow cell and 209 
cycles on the Illumina HiSeq 2000 platform (Illumina, 
USA). G. boninense sequences were pre-processed 
by removing the low quality bases (average reads 
with quality score less than 20) before being de novo 
assembled using Trinity (Grabherr et al., 2013). The 
Trinity contigs were re-assembled by using PHRAP 
(http://www.phrap.org/phredphrap/phrap.html) 
to remove redundancies and contigs with higher 
reliability (i.e. more than 300 bp) were harvested. 
Using the MIcroSAtellite identification tool (MISA, 
http://pgrc.ipk-gatersleben.de/misa/misa.html) 
programme, the pool of di-, tri-, tetra-, penta- 
and hexa-nucleotide repeats of G. boninense were 
predicted. Only microsatellite sequences (minimum 
of six repeats) with flanking sequence longer than 
50 bp on both sides were chosen for primer design 
using BatchPrimer3 (http://probes.pw.usda.gov/
batchprimer3/). The parameters of the primer design 
were (1) primer length of 18-20 bases, (2) melting 
temperature ranging from 40°C-60°C, (3) 40%-60% of 
GC content and (4) product size of 100 to 400 bp. 

cDNA-SSR Polymorphism Analysis 

The initial screening for polymorphic cDNA-
SSR markers was carried out utilising a 6% 
polyacrylamide gel electrophoresis and banding 
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Ganoderma boninense Genetic Diversity Analysis 

The  mycelium  of  a  single   spore   culture   of 
G.  boninense  only  has  one  allele  at each locus, 
whereas pure mycelial culture isolated from 
basidiocarp (or rotted trunk tissue of BSR infected 
oil palm) showed either one or two alleles per 
locus. This confirmed that G. boninense has a 
dikaryon phase (n+n) in the course of invading an 
oil palm. For the purpose of measuring G. boninense 
genetic diversity in Gunung Nayo, we assumed 
that each pure mycelial culture represented at 
least two alleles per locus. The allele frequencies, 
heterozygosity, Shannon’s information index 
and Fixation index within the Gunung Nayo 
population were calculated according to 
frequency-based statistical procedures described 
in GenAlEx 6.5 (Peakall and Smouse, 2012). This 
information is useful for characterising the allelic 
diversity and genetic variation of the G. boninense 
isolates. Pairwise, isolate-by-isolate genetic 
distance matrix was generated from cDNA-SSR 
codominant marker data for subsequent Principal 
Coordinate Analysis (PCoA). In combination with 
the hierarchical clustering results, the distinct 
groups and spread patterns within the Gunung 
Nayo population were deduced and inferred by the 
selected high polymorphic cDNA-SSR markers.

RESULTS

Sampling of Ganoderma boninense in Gunung 
Nayo

At the initial stage of field sampling, we 
identified a total of 36 G. boninense infected palms 
comprising 34 BSR palms and two USR palms. As 
described by Rees et al. (2012), USR palm should 
have the basidiocarp positioned at trunk height 
more than 2 m above the ground level and without 
apparent BSR symptoms (Figure 2). However, we 
observed some of the basidiocarps could be found 
on the base of a few infected palms, extending to a 
trunk height exceeding 2 m. Therefore, we classified 
USR as an infected palm showing decay of upper 
stem without basidiocarp emergence at its base. A 
total of 21 basidiocarps were successfully sampled 
from Gunung Nayo. Two out of the 21 isolates 
were determined by 18SSU-rRNA as not Ganoderma 
boninense, and the DNA of another two isolates were 
difficult to re-dissolve in TE buffer and were not 
genotyped. This resulted in only 17 pure G. boninense 
cultures obtained from 21 out of 36 identified 
palms processed at the IBRIEC. To ascertain that 
G. boninense is predominantly responsible for 
the BSR infection in oil palms, basidiocarps were 
only sampled from standing infected oil palm. In 
Gunung Nayo, basidiocarp emergence tended to be 

profiles were detected using the silver staining 
protocol described by Gustavo and Peter (1994). 
The Peninsular Malaysia collection of G. boninense 
isolates that were obtained from BSR and USR 
diseased oil palm,  Ganoderma lucidum, Bacillus 
shackletonii, Paenibacillus sp., Sphingomonas sp., 
Aspergillus nomius, Colletotrichum lupine and 
Penicillium charlesii (Table 2) were used for cDNA-
SSR polymorphism testing. The PCR mixture 
consisted of 20 μl of DyNAzyme II PCR Master 
Mix (Finnzymes, Finland), 0.2 mg μl-1 of bovine 
serum albumin (Amresco, USA), approximately 
40 ng of DNA template and 1 µM of both forward 
and reverse SSR primers. The thermocycling 
programme was the same as described for 16S and 
18S rRNA analysis. The CERVUS software, version 
3.0.3 (Marshall et al., 1998) was used to analyse and 
calculate the informativeness of SSR markers, i.e. 
number of alleles (K) generated from genotyped 
isolates, observed heterozygosity (Ho), expected 
heterozygosity (He) and polymorphism information 
content (PIC).

Genotyping of Gunung Nayo Isolates 

The selected polymorphic cDNA-SSR 
markers were converted into IRDye®-detection 
markers, in which a fusion of the forward 
cDNA-SSR primer with an M13 (-29) tail, 
5’-CACGACGTTGTAAAACGAC-3’ (19 bp) at 
the 5’ end was synthesised for PCR amplification 
(Schuelke, 2000). During the PCR amplification, the 
universal IRDye®-labelled M13 (-29) primer was 
incorporated into the PCR reaction for labelling 
the PCR products with the fusion primer and 
standard reverse primer. Higher resolution of 
genetic profile for G. boninense was achieved 
when DNA genotyping was performed on NEN 
4300 DNA Analyser (Li-COR Biosciences, USA). 
PCR mixture consisting of 5 μl of TopTaq Master 
Mix Kit (Qiagen, Germany), approximately 40 ng 
of DNA template, 0.05 μM of M13 Forward (-29) 
IRDye® 700 primer, 0.5 μM of each primer and 1.5 
μl of nuclease free water to make up a volume of 
10 μl reaction. The PCR programme used was one 
cycle of 94°C for 3 min, 94°C for 30 s, 55°C for 30 
s, 72°C for 60 s, followed by 34 cycles of 94°C for 
30 s, 55°C for 30 s, 72°C for 60 s and an additional 
extension of 10 min at 72°C before cooling to 10°C. 
The thermocycling was performed with VeritiTM 
Thermal Cycler (Applied Biosystem, USA). Binary 
and codominant scoring was carried out manually 
to avoid misinterpretation of mixed intensity DNA 
fragment patterns. Hierarchical cluster analysis 
was carried out using the multivariate statistical 
package MVSP (Kovach Computing Services, 
Anglesey, Wales) to genetically distinguish the 
G. boninense isolates collected from areas with 
different levels of disease severity.

100 μm

100 μm
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50 μm
20 μm

higher after a period of heavy rainfall (November to 
December) compared to the drier season (August to 
September). Therefore, the most suitable sampling 
period was February to April, after the high rainfall 
season in Gunung Nayo. The weather effect on 
basidiocarp emergence outlined above suggests 
that multiple samplings in the same planting blocks 
at different time points, i.e. temporal sampling and 
assessment, could be a more precise approach to 
generate unbiased genetic relatedness information 
for studying the pattern of disease spread.

Identify of Gunung Nayo Isolates 

In this study, the identity of 17 isolates from 
Gunung Nayo were examined with molecular 
phylogenetic approaches. The amplification of 
internal transcribed spacer (ITS) region in the 
nuclear ribosomal repeat unit, to be specific to 
basidiomycetes, yielded approximately 765 bp.   

After the trimming of ambiguous sequence sites at 
the 3’ and 5’-ends, the sequences of the 17 isolates 
were aligned with the published ITS dataset of 
Ganoderma species (Zhou et al., 2015) and newly 
generated ITS sequence of G. boninense PER71 
(Taxonomy ID: 1262459 and GenBank accession 
No.: PRJNA182005) using the protocol described 
in this article. The phylogenetic trees constructed 
using distance methods, i.e. NJ and UPGMA and 
character-based method, i.e. ML shared similar 
topology in which all the Gunung Nayo isolates 
consistently grouped under the same Clade with 
G. boninense (designated as G. boninense_PER71, 
WD2025, and WD2028). 

The phylogeny results confirmed that the 17 
Gunung Nayo isolates were G. boninense. The topology 
derived from ML is presented in Figure 3. The topology 
derived from NJ and UPGMA analysis, as well as 
the matrix data are provided as supplementary 
material S1 and S2. 

Figure 2. Comparison of different basal stem rot (BSR) disease severity from the coastal area towards inland at Gunung Nayo. a-c: Severe infection 
area, >10% planted oil palm were visibly BSR infected oil palm (coastal area); d-f: moderate infection area, 4%-10%; g-i: low infection area, 2%-4% 
(inland area).
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Figure 3. Phylogeny of the Ganoderma species based on the internal transcribed spacer (ITS) sequences comparison between the Gunung Nayo isolates 
with the published list of Ganoderma species (Zhou et al., 2015) and G. boninense PER71 that originated from Malaysia (Taxonomy ID: 1262459).  
The topology is derived from the maximum likelihood analysis.
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Mining of Putative cDNA-SSR from Ganoderma 
boninense Transcriptomes 

Two de novo assembled Ganoderma boninense 
transcriptomes (unpublished data) were used 
for  the discovery of microsatellites or cDNA-SSR 
markers in this study. Using the program MISA, 
the di-, tri-, tetra and penta-nucleotide repeats 
of the G. boninense transcripts were identified. 
Only microsatellite sequences found in both 
transcriptomes, with a minimum of six repeats, and 
flanking sequences longer than 50 bp were chosen 
for cDNA-SSR marker development. 

The results showed that a total of 879 
microsatellites were identified from 857 G. boninense 
transcripts that accounted for 481 di-, 377 tri-, 17 
tetra- and 4 penta-nucleotide repeats. Microsatellites 
that were successfully used for designing the 
PCR primers with adequate amplification were 
screened for their polymorphism and specificity to                           
G. boninense using the samples listed in Table 2.    

Selection of Polymorphic cDNA-SSR Markers

A total of 24 polymorphic cDNA-SSR markers 
were pre-determined by their polymorphism using 
G. boninense, G. lucidum, B. shackletonii, Paenibacillus sp., 
Sphingomonas sp., A. nomius, C. lupine and P. charlesii, 
all originating from Peninsular Malaysia. The 
cDNA-SSR markers with PIC more than 0.35 (Table 
3) and without band amplification observed from 
other bacterial and fungal samples were chosen 
for genotyping the G. boninense isolates sampled 
from Gunung Nayo. Allelic diversity by locus was 
estimated using heterozygosity (Ho and He) and PIC 
value.

Further to this study, cDNA-SSR markers with 
PIC and discriminating power (Dj) of more than 
0.5 were used as a standard criterion to identify 
the informative and high polymorphic marker for 
distinguishing the G. boninense isolates by genotypic 
clustering approach. The Dj for each of the loci can 
be calculated according to Tessier et al. (1999). 

Results showed that 10 out of the 24 screened 
cDNA-SSR markers were each successful in 
genotyping all isolates from Gunung Nayo with He, 
PIC and Dj values exceeding 0.5. These 10 cDNA 
SSR markers were GBP4_1, GBP4_10, GBP4_24, 
GBP4_28, GBP4_40, GBP4_62, GBP4_64, GBP5_11, 
GBP5_13, GBP6_11 (Table 4). The mean expected 
heterozygosity for the population of 17 isolates was 
0.777 and the combined non-exclusion probability 
(identity) for this set of 10 SSR markers was 1.979E-11. 

Marker-inferred Spread Pattern of G. boninense 

Following a measure of UPGMA cluster 
analysis, the 17 Gunung Nayo G. boninense isolates 
can be resolved into five groups, designated A 

to E, at the EUCLID distance of 6.00 (Figure 4 and 
Supplementary Material S3).  The isolates collected 
from severe, moderate, low and very low disease 
incidence areas were distinctly separated using the 
10 selected cDNA-SSR marker without noticeable 
genetically similar or clonal G. boninense isolates in 
this study. 

Isolates B/7/037 and B/6/024 that formed 
Group A in cluster analysis were sampled closest to 
coastal areas between blocks GN07 and GN06 and 
had high BSR disease incidence whereas  isolates 
B/5/011 and B/4/014 (Group B) were collected from 
areas with low BSR disease incidence, i.e. in blocks 
GN05 and GN04. Their genetic profiles suggested 
that the corresponding isolates within and between 
the Groups A and B have closer genetic relatedness, 
compared to Group C (single isolate B/7/035) and 
the major groups of isolates, i.e. Groups D and E.

Group D consisted of isolates B/6/027, B/6/019, 
B/5/029, B/4/013, B/4/009, B/4/008 and U/3/005 
that could be further classified into two subgroups. 
The isolates in the first subgroup were collected 
from  high disease incidence area (i.e. B/6/027, 
B/6/019, B/5/029 and U/3/005) in the coastal, 
northern part of Gunung Nayo and the second 
subgroup in very low BSR disease incidence areas 
towards the inland south (i.e. B/4/013, B/4/009 
and B/4/008 in block GN04). The distinctive genetic 
clustering of isolates in Group D hints at the initial 
inoculum originating from the severe areas (coastal) 
moving towards the very low disease incidence 
areas (inland) as shown by the genetic linkage of G. 
boninense isolates from the inland areas to B/5/029 
and B/6/019 or B/6/027 in the coastal areas (Figure 
5). This suggested that the initial sources, B/6/019 
and or B/6/027, had spread from the coastal areas 
to inland areas over a significant distance (i.e. 
approximately 1 km) between blocks GN06 and 
GN04. The observed different disease incidences at 
blocks GN06 (severe), GN05 (moderate) and GN04 
(very low) may be a reflection of different infection 
times, i.e. disease started in severely infected fields 
first and subsequently spread to medium, low and 
very low disease incidence fields.

Similarly, clustering results showed that 
Group E comprised the majority of isolates from 
inland areas, i.e. blocks GN01 (i.e. B/1/001, 
B/1/002 and B/1/003) and GN06 (B/6/039). 
The only exception was isolate B/6/017 sampled 
from the north, closer to coastal area where BSR 
incidence was high. In Group F, the clustering of 
the isolates can possibly be used to deduce the 
disease spread from the north towards the south 
when more isolates are subjected to the same 
genotyping analysis. 

The current results from using the 10 selected 
cDNA-SSR markers profiles to examine the 
population structure of Gunung Nayo G. boninense 
isolates showed that the population may consist 
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TABLE 5.  THE DIVERSITY MEASURE OF  THE 17 
G. boninense ISOLATES FROM GUNUNG NAYO

	 Diversity 
	 Grand total

	 measure	 Mean	 Standard error

	 Na	 4.700	 0.396
	 Ne	 3.542	 0.340
	 SI	 1.345	 0.089
	 Ho	 0.325	 0.077
	 uHe	 0.719	 0.026
	 FI	 0.527	 0.116

Note: Na - mean number of alleles. Ne - number of effective alleles.
SI - Shannon’s information index. Ho - observed heterozygosity. 
uHe - unbiased heterozygosity. 
FI - fixation index. 

of several distinct subpopulations without clonal 
lineages. This needs further confirmation using 
larger sample size from the same sampling sites.  

Estimation of Genetic Diversity of Gunung Nayo 
Isolates 

A total of 47 alleles of G. boninense were successfully 
fingerprinted with the 10 cDNA-SSR markers (Table 4) 
in spite of the 11% missing data at the loci 'GBP4_64', 
'GBP5_11' and 'GBP6_11’. These 47 alleles were used 
to compute the Shannon’s Information Index (SI), 
unbiased heterozygosity (uHe) and Fixation Index 
(FI) over the 17 G. boninense isolates in Gunung 

TABLE 4. THE HETEROZYGOSITY, POLYMORPHIC INFORMATION CONTENT (PIC) AND  DISCRIMINATING POWER  OF 
THE 10 cDNA-SSR MARKERS USED FOR Ganoderma GENETIC DIVERSITY STUDY AT GUNUNG NAYO

No.	 Locus	 K	 N	 Ho	 He	 PIC	 Dj

1	 GBP4_1	 8	 16	 0.500	 0.881	 0.836	 0.910
2	 GBP4_10	 10	 17	 0.471	 0.847	 0.803	 0.873
3	 GBP4_24	 6	 17	 0.529	 0.665	 0.584	 0.686
4	 GBP4_28	 10	 17	 0.471	 0.824	 0.781	 0.849
5	 GBP4_40	 3	 16	 0.500	 0.635	 0.536	 0.656
6	 GBP4_62	 4	 17	 0.529	 0.654	 0.584	 0.675
7	 GBP4_64	 10	 17	 0.412	 0.845	 0.801	 0.871
8	 GBP5_11	 6	 17	 0.059	 0.790	 0.731	 0.814
9	 GBP5_13	 7	 17	 0.471	 0.793	 0.741	 0.818
10	 GBP6_11	 11	 17	 0.235	 0.840	 0.792	 0.866

Note: K - number of alleles at the SSR locus. N - number of individuals genotyped. Ho - observed heterozygosity. He - expected 
heterozygosity.

Figure 4. The unweighted  pair group method with arithmetic mean (UPGMA)-based dendogram generated from genotyping of 17 Gunung Nayo 
isolates using 10 polymorphic cDNA-SSR markers, i.e. GBP4_01, GBP4_10, GBP4_24, GBP4_28, GBP4_40, GBP4_62, GBP4_64, GBP5_11, 
GBP5_13 and GBP6_11. Genotypic clustering of isolates corresponds to different blocks and disease severity (Table 1).
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Nayo (Table 5). An average of 3.542 (±0.340) effective 
alleles were generated for meaningful comparison 
of the allelic diversity across 10 loci with diverse 
allele frequency distribution. Diverse genetic 
variability of G. boninense was explained by high SI, 
1.345±0.089, and uHe, 0.719±0.026. The calculated 
high value of FI, 0.527±0.116, implied undetected 
null alleles within the population of Gunung Nayo. 
Multiple population analysis would be required for 
F-statistics (Nagylaki, 1998) analyses to determine 
the differentiation of genetic structure of Gunung 
Nayo isolates.  

In an attempt to characterise the spread pattern 
of Gunung Nayo G. boninense isolates, we used 
pairwise genetic distance matrix as input and the 
relationship between the 17 Gunung Nayo isolates 
were performed with the distance-standardised 
principal coordinates analysis (PCoA) method. 
The PCoA resulted in five major groups of G. 
boninense separated by Coordinates 1 and 2 (Figure 
6). Percentage variation explained by the three 
Coordinates were calculated as Coordinate 1, 20.61%; 
Coordinate 2, 18.10% and Coordinate 3, 16.49%. The 
proximity genetic relatedness among the majority 
of G. boninense isolates found in Gunung Nayo was 
not influenced by the isolate’s origin, i.e. BSR or USR 
(U/3/005) diseased oil palm. Notably, the grouping 
of isolates was nearly identical to the hierarchical 
clustering results (Figure 4). PCoA results provided 
further supporting evidence for the population 
that G. boninense isolates spread from coastal to 

inland areas. Isolate B/4/013 was distinguished 
from isolate B/4/008 and B/4/009 by Coordinate 
1 Distance despite being clustered together under 
Group D. Besides, the isolate B/4/013 was grouped 
closely to isolate B/6/024 which suggests that 
outcrossing of B/4/013 might have occurred 
over several generations prior to its spreads to 
Block GN04. Similarly, PCoA showed that isolates 
B/5/029 collected from block GN05 had closer 
genetic relatedness to B/4/008 and B/4/009 from 
the very low BSR disease incidence area. However, 
it was also genetically associated with isolates 
B/6/019 and B/6/027 from block GN06 with high 
BSR disease severity (coastal area) as confirmed by 
both clustering and PCoA results. 

Overall, the group of genetically related isolates 
B/6/019, B/6/027, B/5/29, B/4/008 as shown by 
their Coordinate 1 Distance suggested possible 
course of G. boninense spreads from blocks GN06 to 
GN04 as discussed below.

DISCUSSION

Molecular Markers for G. boninense 

Molecular markers for epidemiological study 
of G. boninense are scarce. In the past, the type of 
molecular markers that were utilised for studying 
the genetic structure of this fungal pathogen are 
limited to the use of vegetative incompatibility 

Figure 5. Basal stem rot (BSR) disease spread patterns deduced from the G. boninense genetic clusters. Grouping of isolates A to E corresponds to 
the clustering results depicted in Figure 4. Numbers 1-39 are referring to the sampling site of the BSR and upper stem rot  diseased oil palm.
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Figure 6. The Principal Coordinate Analysis (PCoA) plots presented the relationship of the 17 G. boninense isolates collected from a single population, 
Gunung Nayo. The genetic variation was explained by the first three principal coordinates (axes). Plot of A: Coordinate 1 vs. 2, B: Coordinate 1 vs. 3 
and C: Coordinate 2 vs. 3. Coloured label corresponds to the hierachical clustering results, i.e. Red: Group A; Green: Group B; Purple: Group C; Blue: 
Group D and Yellow: Group E.
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groups (VCG) analysis and restriction fragment 
length polymorphism (RFLP) to detect mtDNA 
variability (Miller et al., 1999; Pilotti et al., 2000; 2003; 
Pilotti, 2005), random amplified polymorphic DNA 
(RAPD) and randomly amplified microsatellites 
(RAM) (Zakaria et al., 2005; Rees et al., 2012) mainly 
carried out in Papua New Guinea, Malaysia and 
Indonesia. VCG study was a cultural technique 
used for studying the population genetics of G. 
boninense before the advent of molecular marker 
methods. The application of VCG for genotyping 
is limited because of the difficulty in identifying 
heterozygotes when one allele is functionally 
dominant for the targeted phenotype (Milgroom, 
2015). Similarly, concerns were raised with the use 
of RFLP, the first codominant marker was used for 
studying fungi population and evolution (Förster 
et al., 1987), because the alleles cannot be assigned 
unambiguously to specific loci and therefore, 
they will be scored as dominant marker in RFLP 
fingerprinting. RAPD and RAM are arbitrary PCR-
based markers and are not locus-specific, resulting in 
the lack of G. boninense specificity and could possibly 
amplify DNA from contaminants introduced during 
field sampling, culturing and preparation of DNA 
samples. 

Mercière et al. (2015) was the first to report the 
identification of microsatellite markers using genome 
assembly for G. boninense. They developed a substantial 
number of genomic-derived microsatellite markers 
where from 2487 SSR, 145 SSR primer pairs were 
designed and a set of 17 screened SSR were identified 
to study G. boninense diversity. Genome-assisted 
derived SSR having the nature of marker neutrality, 
codominance, high polymorphism and reproducibility 
made the microsatellite fingerprinting the method 
of choice for studying the population genetics and 
evolution of    G. boninense (Mercière et al., 2017). 

Our attempt to use the transcriptome of G. 
boninense  for  developing   microsatellite markers 
(termed as EST-SSR or cDNA-SSR) was driven 
by the successful application of cDNA-SSR for 
population study of grape powdery mildew 
fungus, Erysiphe necator (Frenkel et al., 2012). Before 
G. boninense genome becomes publicly available 
(GenBank accession No. LFMK01000000), mining 
the putative cDNA-SSR from the depth and coverage 
of de novo transcriptome of G. boninense, which was 
a non-model fungal pathogen has been the most 
targeted, efficient and cost-effective method. In this 
study, the common cDNA-SSR identified from two 
versions of transcriptomes produced from two G. 
boninense isolates provided the greatest confidence 
of specificity to G. boninense gene-coding regions 
of DNA. As reported by Breuillin et al. (2006) in 
the genetic diversity studies of four populations 
of chestnut blight fungus Cryphonectria parasitica 
in France, there was no systematic difference in 
the allelic diversity of cDNA-SSR loci in coding 

regions compared to those genomic SSR which were 
assumed to be neutral. 

Secondly, the specificity, polymorphism and 
reproducibility of the current set of 24 cDNA-
SSR markers were tested in which non-Ganoderma 
boninense markers had been removed by filtering 
using a representative set of G. boninense isolates 
and other fungal and bacterial species isolated from 
BSR diseased areas (Tables 2 and 3). The basidiocarps 
of G. boninense often have microbes associated with 
them and may also harbour insect pests. Under 
these circumstances, it is important to sample 
fresh basidiocarps and use GSM to isolate the G. 
boninense pure cultures for DNA extraction prior to 
genotyping. Direct DNA extraction from the cortex 
tissue of basidiocarps resulted in high background 
noise being detected on the ITS sequences 
(unpublished data) and therefore the identity of the 
fungal isolate cannot be ascertained. The genetic 
variability of G. boninense populations might be 
confounded by this biological noise if the specificity 
of the marker is not fully optimised and identity of 
the isolate is not confirmed (Bridge et al., 2005). It 
is vital to examine the identity of the isolates to the 
current accepted species level using ITS sequences 
and molecular phylogeny analyses as detailed in 
the previous section (Figure 3). The successful use of 
molecular marker for G. boninense genetic diversity 
studies is highly dependent on the fungal group and 
its associated microorganisms within or between the 
oil palm estates. Our study has demonstrated the 
advantage of utilising the 16S and 18S analyses to 
investigate the absence or presence of other fungus 
and bacterial species in the DNA template and ITS 
sequences were used to examine the identity of 
Gunung Nayo isolates.

As for polymorphism testing, a total of 879 cDNA-
SSR identified from the de novo transcriptomes were 
manually curated to ascertain that the markers were 
not overlapping on the specific transcript sequences 
or located on different chromosomes since genetic 
linkage analysis was not performed in our study. 
The shortlisted cDNA-SSR (Table 3) indicated there 
was no bias for the selection of cDNA-SSR motif and 
number of repeats for genotyping of G. boninense 
isolates in Gunung Nayo. Early research had also 
suggested that the number of alleles found at the 
fungus SSR is weakly correlated to the number of 
repeats (Dutech et al., 2007), but a minimum of five 
repeats may give rise to higher polymorphism as 
evidenced in our screening result (Table 3) (Frenkel 
et al., 2012). Further to the investigation of allelic 
diversity by locus across 17 G. boninense isolates 
in a single population (from one location), the 
selected 10 cDNA-SSR markers (Table 4) showed 
that the estimated heterozygosity (Ho and He) and 
PK value were relatively higher than previously 
published data (Mercière et al., 2015). Mercière 
et al. reported the genetic diversity deduced by 17 



234

JOURNAL OF OIL PALM RESEARCH 31 (2) (JUNE 2019)

SSR fingerprinting of 107 basidioscarps obtained 
from Peninsular Malaysia (40 samples, Ho = 0.100 to 
0.800 and He= 0.229 to 0.847), Borneo (20 samples, 
Ho = 0.059 to 0.842 and He = 0.304 to 0.840) and North 
Sumatra (47 samples, Ho = 0.106 to 0.830 and He = 
0.406 to 0.830). Their overall calculated PIC ranged 
from 0.298 to 0.813 in contrast to the present study 
using 10 G. boninense specific cDNA-SSR markers 
genotyping of 17 Gunung Nayo isolates yielded PIC 
value of 0.536 to 0.836 (Ho = 0.059 to 0.529 and He 
= 0.635 to 0.881). However, this comparison is still 
weak and a larger scale genotyping of isolates and 
populations using the cDNA-SSR markers will be 
needed to evaluate the reliability and accuracy of 
the marker-inferred genetic diversity of G. boninense 
found in South-east Asia. Nevertheless, the cDNA-
SSR developed for population genetics of G. boninense 
were as good as the previous molecular markers 
used and are not limited by the aforementioned 
marker characteristics used in other studies. The 
appraisal of practical application of the cDNA-
SSR marker for inferring the genetic structures and 
processes (gene flow, migration, mutation, genetic 
drift, etc.) of emergence and re-emergence of G. 
boninense during replanting of oil palm (second and 
third generations) at different regions in Malaysia 
are currently on-going.

Genetic Diversity, Clustering of Isolates and 
Disease Spread 

Our epidemiological studies of G. boninense 
using cDNA-SSR markers began by sampling from 
populations at Gunung Nayo. Despite no early 
detection method of G. boninense, the basidiocarp 
emergence at the advanced stage of BSR disease 
occurs sporadically in nature, making representative 
population difficult to sample. Cross-country 
genetic diversity study of G. boninense presented 
additional logistical challenges for sampling of 
basidiocarps, dikaryon pure culture isolation, 
transferability of DNA extraction protocols and 
recovery of DNA. The genotyping results generated 
from the dikaryotic mycelial cultures might not 
fully dissect the genetic divergence of the Gunung 
Nayo population. Operationally, the remoteness 
of the sampling site (a first generation oil palm 
planting with high BSR-infected oil palms) and low 
germination rate of spores (Ho and Nawawi, 1986) 
made it difficult to obtain monokaryons and cross 
them to produce dikaryons for genotyping. 

In our study, the selected 10 out of the 24 
polymorphic cDNA-SSR markers with relatively 
high PIC values ranging from 0.536 to 0.836 (Table 
4) were sufficient to determine the genetic diversity 
of G. boninense in Gunung Nayo. The allelic 
diversity measures (Table 5) which showed high 
heterozygosity, imply that outcrossing, which results 
in diversification, is common within the population 

of G. boninense isolates. This is in agreement with the 
findings of Pilotti et al. (2002; 2003), although they 
did not report the heterozygosity of G. boninense.  
Random samples that truly represent the population 
and using more than 20 marker loci would be ideal 
to obtain a reasonable estimate of the amount of 
genetic diversity in a population (Ritland, 2000). 
Larger samples size, for example 100 or more 
samples, is better to address questions related to 
population expansion, gene flow and dispersion 
of G. boninense as reported by Mercière et al. (2017). 
However, in most studies of population genetics of 
plant pathogens, 8 to 15 polymorphic microsatellitte 
markers were sufficient for estimating the genetic 
diversity (Nakabonge et al., 2008; Hadziabdic et al., 
2014) and spread pattern of the pathogens (Schoebel 
et al., 2014). 

Hierarchical clustering using EUCLID distance 
measures indicated a high degree of genetic 
similarity among the Gunung Nayo isolates which 
corresponds well to their geographical proximities 
and offered plausible spread pattern from coastal 
areas to the inland areas. Isolates from the north 
end of blocks GN06 and GN07, which had a high 
level of disease incidence,  were representatives in 
four genotypic clusters, i.e. Groups A, C, D and E, 
making it the likely source of dispersion to the rest 
of the areas shown in the map (Figures 4 and 5). In 
PCoA, the correlated genetic variations combined 
into individual vectors that were used to plot the 
position and genetic distances between the isolates 
in multidimensional scale to further dissect the 
genetic variability of Gunung Nayo isolates (Figure 
6). The segregation of the 17 isolates by Coordinates 1 
(20.61%) and 2 (18.10%) was generally in agreement 
with the result of hierarchical clustering based 
on EUCLID distance. PCoA confirmed that the 
17 isolates from Group A to E were distinct and 
the cDNA-SSR marker-inferred groupings were 
relatively well separated. Isolate B/4/013, one 
of these isolates from the very low disease area 
of GN04, was consistently not grouped together 
with the isolates from Group D. Chronological 
record of  G. boninense emergence,  long distance 
spore dispersal from coastal to inland areas and 
pathogenicity of the G. boninense are still largely 
unknown for the Gunung Nayo population. 
Another factor that hampered the current 
assessment of the pathogen population structure 
and the pathogen spread pattern was the number 
of generations of crossing amongst the G. boninense 
isolates. The cDNA-SSR marker inferred genetic 
variation contributed from natural recombinant 
spores, hence, it might not truly represent the 
pathogen genetic diversity and relatedness at 
the time of BSR disease establishment. Thus, it 
might provide less accurate information on the 
pathogen’s population structure and disease spread 
pattern. Measures to improve the genotyping 
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and estimation of genetic diversity include the 
random sampling of basidiocarps and spores 
over time, reproducible DNA genotyping with 
the inclusion of positive and negative controls, 
testing of fungal pathogenicity, and comparative 
correlation between the monokaryon and 
dikaryons in the natural population of Ganoderma 
isolates. 

CONCLUSION

In this study, we describe the development of a set 
of cDNA-SSR markers and practically applied them 
to determine the genetic variation of G. boninense 
in a pre-defined population. This was a pilot study 
to evaluate the sampling constraints, method for 
screening of cDNA-SSR marker (easy to score, 
reproducible and inexpensive) and determine 
the markers suitable for genetic diversity and 
relatedness analyses. While the selected 10 
polymorphic cDNA-SSR markers, with their 
discriminating power (Dj) more than 0.65 (Table 
4) were proven to be effective in distinguishing 
between G. boninense isolates from both coastal 
and inland areas where BSR disease severity was 
different, but no evidence shows that cDNA-SSR 
functions with the pathogenicity of G. boninense.  
In the first generation of oil palm planting at 
Gunung Nayo, the G. boninense isolates collected 
from standing infected palms were genetically 
different from palm to palm. There was no clonal 
BSR infection in the present study. Our research 
suggests that genetic variation of G. boninense 
probably plays a vital role in enabling the fungal 
pathogen to adapt to its new habitat (planting 
blocks) and host (oil palm), as well as its ability to 
overcome new forms of resistance or tolerance in 
oil palm crosses. Therefore, it is of importance to 
have molecular markers and statistical methods to 
quantify the changes in allele frequency and gene 
flow that determine the pathogen’s evolutionary 
potential and the genetic structure of G. boninense 
before effective disease control methods can be 
developed for BSR in oil palm.

SUPPLEMENTARY INFORMATION

The supplementary materials containing (S1) the 
additional phylogeny results analysed using NJ 
and UPGMA methods; (S2) the matrix output of the 
estimation of evolutionary divergence between ITS 
sequences using ML method; and (S3) the distance 
matrix of 17 G. boninense isolates deduced from 
fingerprinting profile by 10 selected high polymorhic 
cDNA-SSR markers can be found via http://jopr.
mpob.gov.my/wp-content/uploads/2019/04/jopr 
2019-tung-supplimentary.pdf 
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