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SUMMARY

Basal stem rot (BSR) disease caused by the white rot fungus, Ganoderma spp. is a serious
threat to the growth and production of oil palm (Elaeis guineensis Jacg.). Traditional in planta
infection technique using inoculated rubber wood block can be inaccurate and time-consuming.
In this study, a new in planta infection system was developed to detect early symptoms of BSR
in young oil palm. One month old clones of oil palm plantlets were artificially infected with
pathogenic fungal inoculum (G. boninense GBLS isolate) at three levels of treatments (control,
T1; wounded but not infected, T2; wounded and infected, T3) for a period of 8 days. Significant
declines in leaf chlorophyll content (from 32.59 to 12.60 SPAD), increases in disease severity
index (DSI) values (from 5.56 to 70.37 %) and increased amounts of GBLS DNA (from 0.2 to
116.1 ng pl™) were progressively detected in T3 as compared to the T1 and T2 plantlets. The
internal stem tissues of T3 plantlets were observed to deteriorate gradually from Day 2 post-
inoculation (DPI) and were severely colonized and damaged by 8 DPI. The potential defence
mechanism of total phenolic content peaked on 6 DPI (3.7 mg g2) in T3 plantlets and reduced
thereafter. The data obtained is consistent with BSR symptoms reported in mature oil palm and
is indicative of the reproducibility and reliability of an in planta infection system as an effective

approach to detect early BSR symptoms in oil palm.

Keywords: Basal stem rot (BSR); real-time PCR amplification; controlled environment; Elaeis

guineensis; Ganoderma boninense



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

INTRODUCTION

Oil palm (Elaeis guineensis) is a dynamic economic crop that offers good income and is a
source of employment opportunity in Malaysia and Indonesia (Carter et al., 2007; Song, 2015).
The palm oil is an important dietary food and an energy source for people in many developing
countries. However, oil palm is highly susceptible to basal stem rot (BSR) disease caused by a
white rot fungus known as Ganoderma spp. Among different species of Ganoderma, G.
boninense has been identified as the main causal agent of BSR disease in South East Asia
countries (Moncalvo, 2000). In severely affected land areas, more than 50 % of oil palm grown
will be infected and loss in crop yield can reach up to 80 % after constant and repeat cycles of
monoculture (Turner, 1981; Su’ud et al., 2007)

G. boninense causes lethal effects in oil palm by degrading the xylem and disrupting
the uptake of water and nutrients to other parts of the palm tree. Initial signs of a BSR infected
oil palm are identical to those of palms suffering drought condition, where lower leaves will
collapse first and droop vertically downwards (Holliday, 1980). Young palms infected with
BSR are usually retarded in growth and poor in foliar development (pale green foliage and one
sided yellowing of lower fronds) (Kurian and Peter, 2007). Subsequently, the bottom part of
the stem will become blackened and the majority of the bole tissues will decay. As the disease
develops, fruiting bodies of G. boninense will start to emerge and eventually the trunk of an
infected palm fractures at the basal region causing the palm to collapse at mid-age.

Avrtificial infection techniques have been established to advance the understanding of
this specific plant-pathogens interaction. Previous artificial infection for BSR was conducted
using rubber wood blocks (RWB) (6 cm x 6 cm x 9 cm) inoculated with Ganoderma spp. on
healthy and injured roots of seedlings (Zainudin and Abdullah, 2008; Mohd As’wad et al.,
2011; Alizadeh et al., 2011; Yeoh et al., 2013) or placed in contact with germinated palm oil

seeds (Breton et al.,, 2006; Idris et al., 2006). Although RWB method has proved the
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pathogenicity of G. boninense and fulfilled Koch’s postulates, it requires the cultivation of the
fungal mycelium of G. boninense on sterilised and fungal medium-coated wood blocks for a
few weeks or months (Naher et al., 2011; Yeoh et al., 2013). After the colonization of
Ganoderma spp. the RWB inoculum is placed in contact with primary roots of 6 to 12 month
old oil palm in polythene bags, and eventual infection takes place 2 to 6 months post-
inoculation.

Although the RWB inoculation technique has been widely used, it can be inaccurate
and is time-consuming as it requires a minimum of one month for RWB inoculum to develop
and a further 4 to 6 months to determine the symptoms of BSR on seedlings (Sariah et al.,
1994; Idris et al., 2006), with the shortest period of 2 months post-inoculation reported (Kok
et al., 2013). In addition, this technique can be inaccurate because experiments are conducted
in shade houses with artificial external factors such as temperature, humidity and soil
microbiota conditions, all of which could be variables affecting the disease. Furthermore,
saprophytes are often present in the RWB even after several rounds of autoclaving, resulted in
high level of contamination when the RWB is used as the inoculum (Chong et al., 2012).

This study investigates a new in planta system as a platform for artificial infection.
Under controlled axenic environments, one-to-one interactions between plants and compatible
pathogens can be evaluated more exclusively. Successful studies on model plants such as
Arabidopsis (Govrin and Levine, 2000), tobacco (Stukkens et al., 2005) and rice (Xu and
Hamer, 1996; Foster et al., 2003) have been carried out using artificial in vitro infection assays
to infect host plants with spore cultures of compatible fungal pathogens, and in grape,
mycelium plugs of Armillaria mellia, a white rot pathogen with a similar pathogen biology as
Ganoderma spp. were co-cultivated with rootstocks on an agar-based medium in tissue culture

boxes (Baumgartner et al., 2010).
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Preliminary in planta infection assays have previously been conducted for 3 weeks
using Ganoderma spp. (Goh et al., 2014). However, the extended time is not suitable to detect
early responses to BSR disease development in young oil palms. As reported in the previous
study, oil palm plantlets had a higher tendency to wilt and biochemical changes in both control
and infected oil palm were not significantly different when measured after 3 weeks of
inoculation (Goh et al., 2014). This could be due to the fact that the underlying biochemical
events in plants are normally triggered rapidly at early stages following fungal infection.

With the need for a better understanding of the infection biology of G. boninense and
oil palm early defence responses towards this disease, it is important to improve the existing
infection system available for oil palm. Hence, the present study aimed to (1) develop an in
planta infection system to investigate G. boninense infection in young oil palm and (2) analyse
plant responses in oil palm within 8 days of infection for an efficient detection of early BSR

disease development.
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MATERIAL AND METHODS

Sources of host plant and fungal inoculum

Oil palm plantlets

One month old post-rooting tissue culture oil palm plantlets (cultivar AA68) were used for in
planta infection studies. These plantlets were collected from Applied Agricultural Resources

Sdn. Bhd. (AAR), Tissue Culture Lab located at Sungai Buloh, Selangor, Malaysia.

Ganoderma boninense

Ganoderma boninense isolate, GBLS is an aggressive isolate of the fungus that was isolated
from Lian Seng Oil Palm Estate, Johor, Malaysia. GBLS isolate was confirmed as G. boninense
by sequencing the ITS region (GenBank KF164430.1). Pure mycelium cultures of GBLS
isolate were maintained on potato dextrose agar (PDA; Oxoid, UK) with a subculture prepared
every fortnight by transferring a 5 mm? plug onto a new PDA plate. Cultures were incubated

in the dark, at room temperature (25 £ 2 °C).

In planta infection of oil palm plantlets with G. boninense

Oil palm plantlets were infected with single, 14 day-old GBLS isolate mycelium at three levels
of treatments; non-inoculated + non-wounded (T1), non-inoculated + wounded (T2), and
inoculated + wounded (T3). T1 plantlets served as the absolute negative control for this
experiment. In planta infection of oil palm plantlets with G. boninense was carried out as
illustrated in Figure 1 (A-F). For all treatments, oil palm plantlets were transferred into 72 x 72

x 100 mm? sterilized Incu Tissue Culture Jars (SPL, Korea) containing 40 ml full strength
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Murashige and Skoog (MS) medium (Duchefa, Netherlands), supplemented with 30 g I*
sucrose and 1 g It phytagel (Sigma, USA) at pH 5.8. Meanwhile, stem regions of oil palm
plantlets (at approximately 0.5 cm above the crown region, Fig. 1A) were wounded by repeat
piercing (5 different spots) with sterilized needles (TERUMO, 18G x 1.5”) for T2 and T3
treatments. Lastly, GBLS isolate was inoculated onto wounds on oil palm stems for T3
treatment. GBLS inoculum (approximately 40 x 5 mm? from fully grown culture plate) was
obtained by scraping the mycelium with a sterilized needle (Fig. 1B-C). The GBLS inoculum
was applied onto the wounded region directly (Fig. 1D), before placing individual plantlets
onto MS medium (Fig. 1E). The lid of tissue culture jar was tightened (Fig. 1F) and incubated
in growth chamber (Conviron, CMP 6010) at 27 °C, 16 hours day light and 50 % relative

humidity for 8 days. Plants were arranged using randomized complete block design.

In planta infection studies were conducted using nine replicates per treatment and time
point, and the experiment was repeated for three times. Post-inoculation analyses for
physiological, biochemical and molecular events of treated oil palm plantlets were conducted
at 2 day intervals over 8 days of incubation period. At each time point, sample oil palm plantlets
were removed from the culture jars and were subjected to physiological and biochemical
assays. Molecular analyses were conducted on sample plants that were frozen in liquid nitrogen

and stored at -80 °C.

Physiological assessments on oil palm plantlets

Morphology and symptoms on infected plantlets were observed and evaluated. Parameters of
plant height, weight, stem diameter, root length and leaf chlorophyll content (using a SPAD-
502plus meter, Konica Minolta) were measured for all oil palm plantlets. In addition, images

of sample oil palm plantlets were taken using a camera (Panasonic, Lumix LX5). All results
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were recorded for disease severity index (DSI). Different classes of disease (Table 1) on treated
oil palm plantlets were adopted from a previous study (lzzati and Abdullah, 2008) and were
modified by including the standard for SPAD value. Images of oil palm plantlets categorized

into each disease class are illustrated in Figure 2.

In order to observe the severity of internal tissue and the extent of decay at the infection
site, stem regions were cut into longitudinal slices using a sterilised scalpel. One drop of
lactophenol blue dye was placed onto the samples to stain G. boninense fungal cell walls.
Stained specimens were observed under a light microscope (Nikon, AZ100) using 1x objective
lenses and the magnification were adjusted to 10x and 20x. Photographs for longitudinal cross
sections of treated plantlets were captured using a camera (Nikon, DS-Ril and NIS Element

software).

Estimation of total phenolic content in oil palm plantlets

Total phenolic content in oil palm plantlets was estimated spectrophotometrically by
adopting Folin’s method (Chong et al., 2012). In order to estimate total soluble phenolics, a
standard curve was prepared by using gallic acid at different concentrations (0.0 mg ml?, 0.2
mg ml?, 0.4 mg ml, 0.6 mg ml?, 0.8 mg mltand 1.0 mg ml?). A standard curve of net
absorbance vs. gallic acid concentration (mg ml™t) was plotted, and unknown phenolic
concentrations of oil palm plantlets were determined by comparing their net absorbance values
at 765 nm against the standard curve. Total phenolic concentration in each plantlet was

subsequently expressed as gallic acid equivalent in mg g
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Molecular detection of G. boninense DNA in oil palm plantlets

Presence of G. boninense DNA in oil palm plantlets were confirmed by conventional PCR and
quantified using real-time PCR. Genomic DNA of G. boninense (GBLS) and treated oil palm
plantlets was extracted using a modified CTAB method (Moller et al.,, 1992). PCR
amplifications were carried out according to a previous study (Utomo et al., 2000). PCR master
mix components were prepared as 20 pl per reaction as follows: 1X Green GoTaq® Flexi
Buffer, 1.5 mM MgCl,, 0.2 mM dNTP and 0.06 U pl GoTag® Flexi DNA polymerase; 500
nM forward and reverse primer; 20 ng pl* DNA samples and nuclease free water. Fungal
primers GbF (5°-TTG ACT GGG TTG TAG CTG-3") and GbR (5’-GCG TTA CAT CGC
AAT ACA-3’) used in study were designed from Ganl and Gan2 primers (Karthikeyan et al.,
2006). A PCR thermocycler (Eppendorf, Mastercycler Gradient) was programmed for 5
minutes of pre-heating at 95 °C, subsequently followed by 40 cycles of 94 °C for 40 seconds,
50 °C for 30 seconds and 72 °C for 45 seconds with a final extension step at 72 °C for 10
minutes. PCR products were assessed by gel electrophoresis (Biorad, PowerPac® Basic) using

1.5 % (wi/v) agarose gel.

After PCR amplification, bands of G. boninense DNA were excised and purified by
GF-1 Nucleic Acid Extraction Kit (Vivantis, USA), before sequencing for the Ganoderma spp.
ITS fragment (1% Base Laboratories Sdn Bhd, Singapore). Sequences were analysed by using
Applied Biosystems Sequence Scanner Software v1.0, then subjected to Basal Local
Alignment Search Tool (BLAST) program to search for closest matches in the NCBI GenBank

database.
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Absolute quantification of GBLS DNA in treated oil palm plantlets via real-time PCR

amplification

Total DNA of infected oil palm plantlets was quantified (Thermo Scientific, Multiskan™ GO)
and diluted 20-fold in nuclease-free water to ensure the final concentration of DNA templates
in real-time PCR amplification ranged from 3 — 5 ng pl™%. A standard curve of 10-fold dilution
series (1 x 10!, 1 x 10°% 1 x 10, 1 x 102, and 1 x 10 ng pl™t) was prepared using genomic
DNA from G. boninense (GBLS isolate) in 100 ul volumes. A volume of 90 ul nuclease free

water was aliquoted into each dilution.

Real-time PCR amplifications were conducted in Eco 48-well plates (lllumina) in a
total volume of 10 ul using an Eco Real-Time PCR System 110V (lllumina). Each reaction
mixture contained 20-fold diluted DNA template of infected plantlets and a serially diluted
GBLS genomic DNA, 200 nM GbF and GbR primer, 1X KAPA SYBR FAST gPCR Kit Master
Mix Universal (Kapa Biosystems) and nuclease-free water. Non-template control (NTC)
reactions contained the same mixtures with 1 ul of nuclease-free water to replace a DNA
template. Reaction mixtures were pipetted into Eco 48-well plates with the support of an Eco
loading dock (lllumina), and were sealed with Eco adhesives seal (Illumina). Samples were
centrifuged (Eppendorf, 5810R) briefly at 1800 rpm for 2 min before applying to Eco Real-

Time PCR System 110V.

Thermal cycling conditions for DNA were 95 °C for 3 min, followed by 40 cycles at 95
°C for 5 s and 60 °C for 30 s in order to detect and quantify the fluorescence at a temperature
above the denaturation of primer-dimers. A melting curve temperature profile was obtained by
programming the Eco Real-Time PCR system 110V for one cycle at 95 °C for 15 s, 55 °C for
15 s and 95 °C for 15 s. Four individual reactions (technical replicates) were run for each

biological sample of plant and fungal DNA templates from infected plantlets and GBLS. A
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standard curve was obtained by plotting the Cq value versus logarithm of the concentration of
each 10-fold dilution series of fungal genomic DNA. Total amount of GBLS DNA in infected
oil palm plantlets was calculated by comparing the Cq values to the crossing point values of the

linear regression line of the standard curve.

In order to confirm that only one PCR product was amplified in the real-time PCR
amplification system, reactions were analysed by 1.5 % agarose gel electrophoresis using 1 X
TBE buffer at 80 V (Biorad, PowerPac® Basic) for 1 hr. DNA bands were observed with a UV

transilluminator connected to gel documentation XR System (Quantity One, Biorad).

Statistical analysis

All data obtained in this study were analysed statistically by one-way analysis of variance
(ANOVA) using GraphPad Prism software version 5.02. Significant differences among the
treatments at P < 0.05 were determined by Tukey multiple comparison tests using Prism

software.
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RESULTS & DISCUSSION

Physiological assessment on oil palm plantlets

Leaf senescence and the presence or absence of GBLS mycelium on stems was used to
categorize plantlets into different disease severity classes as these were the key visible
symptoms that were observed in the 8 day experimental period. Disease severity index (DSI)
in treated plantlets (Fig. 3A) showed that disease scores of T3 plantlets were increased linearly
to as high as 70.37 % at the end of experimental period, and was significantly higher (P <
0.001) than T1 (7.41 %) and T2 plantlets (25 %). This finding was supported by previous
artificial infection studies of oil palms with G. boninense that showed the rise in disease
severity in oil palms was closely associated with the presence of G. boninense and duration of
infection (Mohd As’wad et al., 2011; Kok et al., 2013). Besides, disease scores recorded in T1
and T2 plantlets were most likely due to leaf senescence, as a result of mechanical injury during
transfer of plantlets and artificial wounding (Philosoph-Hadas et al., 1994). Therefore, it was
essential to artificially wound the oil palm plantlets in this study (T2 treatment) to differentiate

the symptoms arose due to wounding effects from those due to infection by G. boninense.

No apparent differences (P > 0.05) were detected on the height, weight, length of roots
and reduction of diameter of stems of oil palm plantlets under different treatments (T1, T2 and
T3) during the 8 days of incubation (Fig. 3 B-E). Similar results were reported in a previous
study on healthy regeneration of oil palm plantlets that were maintained in MS culture medium
after 4 to 6 weeks (Suranthran et al., 2013). Although 8 days was not sufficient to detect
significant changes in these physiological parameters of growth, stem diameter of T1 plantlets
in this study were smaller as compared to T2 and T3 plantlets. This could be due to the natural

differences between oil palm plantlets used in the experiment or the swelling effects from both
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mechanical injury and fungal infection. Swelling effects on plant stems due to wounding and

infection were also reported on Pinus spp. (Nagy et al., 2000).

Higher SPAD values represent higher levels of chlorophyll content present in oil palm
leaves and vice versa (Santos, 2001). In Figure 3F, it was observed that the SPAD value of T1
plantlet was higher (SPAD 30 and above) and remained constant throughout the experimental
period. In contrast, the SPAD values of T2 and T3 plantlets were reduced almost linearly, with
T3 plantlets consistently having the lowest SPAD values. SPAD value of T3 plantlets were
significantly lower than T1 (P < 0.001) and T2 plantlets (P < 0.05) on Day 8 of incubation.
Reductions in leaf chlorophyll contents are commonly noticed in wounded (Riou et al., 2002)
and infected plants (Milavec et al., 2001; Scarpari et al., 2005). This phenomenon is directly
correlated with decline in the level of chlorophyll a and b photosynthetic pigments (Scarpari et
al., 2005) due to degradation by H-O> and phenolic compounds and increases in the carotenoid
to chlorophyll ratio (Milavec et al., 2001). In Ganoderma-infected oil palms, significant
reduction in chlorophyll content was reported by Haniff et al. (2005) and Shafri et al. (2011),

due to the injury in oil palm root and vascular system caused by the fungus infection.

Lactophenol blue dye was used to stain chitin compounds in fungal cell wall (Saha et
al., 1988) and was used to detect G. boninense mycelium in internal stem tissues of oil palm
plantlets. Microscopic examination on stems (Fig. 4) revealed internal stem tissues of T1
plantlets remained healthy and unstained throughout the experimental period. In T2 plantlets,
internal stem structures were disrupted and mild lesions were detected on T2 plantlets after 6
days incubation. Mild blue staining was observed in these plantlets on Day 6 and 8, which
could be due to the retention of remaining dye solutions in the wounded region. In contrast,
internal stem tissues of T3 plantlets gradually deteriorated from Day 2 post-inoculation as the
size of fungal-induced necrotic lesions increased. On Day 8, internal structures of the stem of

T3 plantlets were severely colonized and were intensively stained as compared to T1 and T2
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plantlets. The observation on colonization of oil palm internal stem tissues by G. boninense
was in agreement with previous studies on G. boninense-infected oil palm using RWB
technique (Rees et al., 2007; 2009). Previous studies also described the anatomy of healthy and
G. boninense-colonized oil palm cell wall under transmission electron microscopy (TEM)
observation, where multiple cell wall layers were degraded in localized tissues associated with

fungal hyphae (Rees et al., 2009).

Estimation of total phenolic content in oil palm plantlet

Accumulation of phenolic compounds as plant defence responses in oil palm plantlets
was tested (Fig. 5). In T1 plantlets, phenolics were at relatively low level for the constitutive
amounts as compared to T2 and T3 oil palm plantlets that elicited a significant rise (P < 0.001)
in total phenolic levels. However, total phenolic contents in T2 and T3 plantlets were not
significantly different from each other throughout the experiment (P > 0.05). These results
were similar to numerous studies of total phenolic profiles in different plants, where phenolic
contents normally increased upon wounding (Becerra-Moreno et al., 2012) and infection by
compatible pathogens (Datta and Lal, 2012; Mikulic-Petkovsek et al., 2014). By Day 6 post-
inoculation, the concentration of phenolics declined in T3 plantlets, suggesting that the
presence of G. boninense could stimulate the production and accumulation of phenolics during
early infection development, but the fungus potentially utilizes these compounds later in the
time course. This could be due to the ability of G. boninense to metabolize phenolic acids that
are present at low levels (Chong et al., 2012). Ability to metabolize phenolic compounds was
also detected in the soft-rot fungi, Phiuluphora mutabilis and Petriellidium boydii, as they were
able to break down syringic acid efficiently within 12 h after infection in host plants (Eriksson

etal., 1984).
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Polymerase chain reaction (PCR) amplification of extracted DNA

For PCR detection of fungal DNA in treated oil palm plantlets, fungal DNA (~167 bp)
was amplified from infected T3 plantlets at all time points throughout the experimental period
(Fig. 6), indicating that G. boninense was present in T3 plantlets. In contrast, there was no
amplification of fungal DNA in T1 and T2 plantlets throughout the 8 days of incubation,
suggesting that it was likely that G. boninense was absent in these plantlets. This result was in
agreement with previous findings, where the ITS region of Ganoderma (167 bp) was amplified
in infected mature oil palm roots by using Ganl and Gan2 primers (Utomo et al., 2000). In
Ganoderma-infected coconut palms, a PCR product of 167 bp was also detected in DNA

samples of infected palms amplified by Ganl and Gan2 primers (Karthikeyan et al., 2006).

DNA sequencing of PCR amplified GBLS gene sequences

The internal transcribed spacer (ITS) region of Ganoderma consists of highly conserved
sequences (Moncalvo et al., 1995) and interspecific variation, enabling specific differentiation
of Ganoderma from other saprophytic fungi in diseased oil palms (Karthikeyan et al., 2006).
The PCR amplified GBLS DNA products of 167 bp were sequenced and analysed with
BLASTN program. From BLASTN, the sequenced DNA length was 171 bp and scored 99 %

similarity flanking over 87 % of nine different homologous Ganoderma DNA sequences.

Absolute quantification of GBLS DNA in infected oil palm plantlets via real-time PCR

amplification
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Although conventional PCR detection of GBLS ITS DNA fragment in oil palm
plantlets served as an effective molecular detection approach to identify G. boninense,
quantification of G. boninense genomic DNA in these plantlets was not possible using this
method. Hence, absolute quantification via real-time PCR amplification (QPCR) was carried
out with total DNA samples of infected plantlets and GBLS (as standard). Since no PCR
product was observed in DNA samples of healthy and wounded oil palm plantlets when
amplified by ITS primers, the gPCR quantification assay was specifically performed on

infected plantlets.

Specificity of ITS primers in qPCR reactions was confirmed by both melting curve
analysis and gel electrophoresis (results not shown). QPCR products were documented with a
single, intense band of predicted length (167 bp) on high resolution gel electrophoresis. In
addition, these PCR products also displayed sharp fluorescent peaks at 85 °C in melting curve
analysis, indicating that a single product at a specific melting temperature was detected. Some
non-specific fluorescence peaks at lower amplitudes were detected in melting curve analysis
during amplification of genomic DNA of GBLS and T3 plantlets. These results indicated that
non-specific PCR products may be present in the analyzed temperature range in this
experiment. Non-specific PCR products detected from the melting curve analysis could be due
to several reasons, including low melting temperature (Tm) of the fungal primers used (GbF:
51.91 °C and GbR: 50.34 °C). PCR primers with higher Tm values are normally more effective
at binding to DNA templates, hence reducing the chances of binding to other DNA sequences
(Chung, 2004). However, the presence of the strong fluorescent peak at 85 °C in this study

clearly indicated the validity of the quantification method.

Real-time PCR amplification assays conducted in this study successfully quantified the
amount of G. boninense (GBLS) DNA in infected plantlets on a progressive basis for 8 days

of time points. From Figure 7, significant increases (P < 0.001) of GBLS DNA were detected



355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

in infected oil palm plantlets on Day 6 and 8 post-inoculation at 10.97 ng pl™ and 116.10 ng
ul™t respectively. In contrast, GBLS DNA was detected at relatively low levels in infected
plantlets at Day 0, 2 and 4 post-inoculation as compared to Day 6 and 8. These results showed
that GBLS mycelium accumulated in infected plantlets during the later stages of the one week
long time course, indicating that G. boninense GBLS was able to grow within these plantlets.
Similar patterns of fungal growth were also detected in Magnaporthe oryzae-infected
susceptible rice cultivars by real-time PCR amplification within 6 days of inoculation period
(Qi and Yang, 2002). In addition, an increase in Peronospora parasitica (downy mildew
fungus) quantity in Arabidopsis plants was also observed after Day 4 post-inoculation via real-
time PCR analysis (Brouwer et al., 2003). To the best of our knowledge, this is the first report
of quantifying Ganoderma spp. growth in planta in oil palm at one week post-infection by

using quantitative real-time PCR.

Overall, a strong correlation between the reduction in leaf chlorophyll content,
deterioration of internal stem tissues, and escalation in disease severity index (DSI), total
phenolic content and GBLS DNA amounts was observed in infected plantlets. This correlation
was expectedly absent from the control and wounded plantlets. This signified that an initial
development of BSR disease symptoms were detected in GBLS-infected oil palm plantlets via
an axenic in planta infection assay within a relatively short period of time. Hence, the stability
and reliability of the in planta infection assay used in this study was proven to be a time
effective approach for studies on early disease development in young oil palm plantlets. The in
planta infection assay can be improved by comparing the responses in oil palm plantlets
infected with multiple pathogenic isolates of G. boninense, since the pathogenicity of G.

boninense is determined genetically and may induces a different result in oil palm response.

Future studies to evaluate the infection mechanism of G. boninense and defence

responses in oil palm during the early stages of infection are thus feasible with the application
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of this in planta infection assay. However, results obtained from this artificial infection assay
can be varied with natural infection of mature oil palm by different G. boninense isolates. This
is because the oil palm plantlets used in this assay were at young age and their tissues
composition may be different from the adult plants. Besides, oil palm could behave and
response differently to Ganoderma infection in the nature when other biotic and abiotic stresses
are presence. Therefore, it is essential to compare the responses of oil palm infected by G.
boninense both artificially and naturally at different ages or developmental stages to have a

better understanding of oil palm defence system towards BSR disease.
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TABLE

Table 1 Disease scores on a scale of 0-4 based on morphological symptoms on oil palm

plantlets.
Disease Class Morphological symptoms
Healthy plants with green leaves (SPAD value > 30), absence of fungal
0 mycelium on any part of plants
. Healthy plants with yellow-green leaves (SPAD value ranges from 10-
30), absence of fungal mycelium on any part of plants
5 Unhealthy plants with chlorotic leaves (SPAD value <10), absence of

fungal mycelium on any part of plants



Unhealthy plants with chlorotic leaves (SPAD value 10-30), presence

of fungal mycelium on basal stem region
Unhealthy plants with chlorotic leaves (SPAD value <10), presence of

fungal mycelium on basal stem region
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FIGURES

Figure 1 (A-F) In planta infection process of oil palm plantlets with G. boninense. (A)

Artificial wounding on the stem region of plantlets with sterilized needle. (B-C) GBLS
mycelium was obtained from nutrient medium. (D) Inoculation of GBLS mycelium on
wounded region of plantlets. (E) Transfer of plantlets into Incu tissue culture jar with MS

medium. (F) Assembly of tissue culture jar.
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550  Figure 2 lllustration of treated oil palm plantlets under different disease classes.
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Figure 3 (A-F) (A) Disease severity (DSI) scores, (B) height, (C) weight, (D) root length, (E)

stem diameter and (F) chlorophyll content of oil palm plantlets within 8 days of incubation.

Standard error of mean (SEM) of replicate readings from three rounds of experiments were

represented by error bars.
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Figure 4 Microscopic observations on the stem region of oil palm plantlets after staining with

lactophenol blue dye. Scale bar, 100 pum.
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569  Figure 5 Total phenolic contents in oil palm plantlets within 8 days of incubation. Standard
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Figure 6 PCR amplification of oil palm plantlets DNA using GbF and GbR primers. Lane 1-

3, 4-6, 7-9, 10-12, and 13-16: DNA samples of oil palm plantlets from Day 0, 2, 4, 6 and 8
experimental period respectively. Lane 16-17: Positive control, GBLS fungal DNA. Lane 18-
19: Negative control. Samples that showed a band at 167 bp (arrow) indicated the presence of

G. boninense DNA.
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Figure 7 Quantity of G. boninense (GBLS) DNA in infected oil palm plantlets at different
experimental period. Standard error of mean (SEM) of four replicate readings were represented
by error bars. Column with different alphabetic letters was significantly different at P < 0.001

by Tukey Multiple Comparison Test.



