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Agarwood or gaharu is well known as the most valuable resinous heartwood that occurs in trees of Aquilaria 
species. Depletion of the wild resource from the jungle leads to the high price of agarwood. Thus, there is 
an urgent need to produce agarwood sustainably through agarwood cultivation to meet the global demand 
and induction. This research was conducted to formulate microbial consortia that can be used as fungal 
inoculants for agarwood induction in Aquilaria species. The effectiveness of formulated microbial consortia 
was observed based on the colour and mean length of infected zone formation after a three and six months 
inoculation periods in each wet and dry season, respectively. Aquilaria sp. was inoculated with three types of 
formulated fungal inoculants and negative control by using the bottle drip method. The findings showed that 
F3 inoculant (a combination of Trichoderma sp., Lasiodiplodia sp. and Curvularia sp.) was the most potential 
fungal inoculant for agarwood formation based on the darkest colour and largest mean length of the infected 
zone, after a three and six months inoculation periods for both wet and dry seasons. The formulated inoculant 
is recommended for further development as agarwood fungal inoculant to induce agarwood artificially for 
future sustainable supply of agarwood.
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INTRODUCTION

Agarwood is the dark resinous heartwood that 
occurrs in the trees from Thymelaeaceae family 
including Aquilaria, Gonystulus and Gyrinops spp. 
According to a study by Naef (2011), agarwood is 
the most valuable resinous fragrant wood in the 
world. Its price could go up to USD100,000 per 
kilogram in the market for superior quality and 
high purity  material. Furthermore, agarwood is 
not only well-known for its traits as perfumery 
ingredients and as aroma enhancers in food 
products, but also used as traditional medicine for 
centuries (Lee et al. 2016). In terms of medicinal 
uses of agarwood, it has been recommended as 
an anti-inflammatory agent to treat rheumatism, 
arthritis, body pain, asthma and gout (Hashim 
et al. 2016).
 The lengthy inoculation periods in nature, 
which may take approximately 75 to 80 years 
before the highest yield can be observed, has 
restrained the supply of agarwood in the market 
(Naef 2011, Liu et al. 2013). Therefore, the 
uncertain supply and production of the agarwood 
is the main concern that needs to be addressed 
by researchers to meet the global demand for 

agarwood trading (Barden et al. 2000). In a 
natural forest, only 7–10% of the trees contain 
agarwood. The experienced specialist could 
only deduce the deposit of agarwood by mere 
observation on the intact stem. However, the 
trees still need to be fell and cut open to exactly 
determine the content and quality of the wood 
impregnated with resinoid. Aquilaria malaccensis 
has been listed as the most endangered species 
among all agarwood tree species, as stated in 
Appendix II of the Convention on Internal Trade 
in Endangered Species of Wild Fauna and Flora 
(CITES); unsustainable harvesting of Aquilaria 
sp. in natural forests led to near extinction 
(CITES 2015). Thus, the agarwood needs to be 
artificially induced to maintain the diversity of 
Aquilaria sp., and for the production of a larger 
amount of resin.
 The cultivation of Aquilaria trees has been 
widely practiced in many countries to meet the 
demand for agarwood. Wounding, chemicals 
and microbes inducing agents have been used 
for artificial inoculation (Pojanagaroon & 
Kaewrak 2005, Zhang et al. 2010). In 1952, 
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Bhattacharyya reported the role of endophytic 
fungi in causing the inducement of agarwood 
formation in tree trunk. Thus, researchers have 
isolated several endophytes from the agarwood 
tree (Chhipa and Khaushik 2017). However, the 
production of agarwood in terms of ecological 
interaction between the host tree and the fungi 
is poorly understood. Besides, a good inoculum 
for gaharu production has not been discovered. 
Based on a study by Akhsan (2012), Fusarium 
solani was used to inoculate Aquilaria microcarpa. 
The results showed the formation of agarwood 
comparable with our current study. However, 
their inoculant contained only Fusarium solani 
which differs from our current study where 
formulated microbial consortia were used as 
fungal inoculants. Thus, the objective of this 
paper was to formulate microbial consortia from 
fungi, to be used as fungal inoculants. Besides, 
to identify the most potential fungal inoculants 
to induce agarwood in Aquilaria species, during 
the three and six months inoculation periods 
in both wet and dry seasons. Therefore, an 
examination of fungal inoculants on Aquilaria 
species and analysis of their microbial activities 
was necessary. This could help future researchers 
to develop and commercialise more effective 
microbial consortium with better potential to 
induce agarwood in Aquilaria species.

MATERIALS AND METHODS

Fungi 

The six fungi isolates used in this study were 
Trichoderma sp., Curvularia sp., Aspergillus sp., 
Fusarium sp., Lasiodiplodia sp. and Penicillium. 
These fungi were isolated from agarwood and 
identified molecularly, and the endophytes 
were stored in the laboratory of the Faculty of 
Resource Science and Technology, Universiti 
Malaysia Sarawak, Sarawak.

Microbial consortia preparation 

The microbial consortia were cultured and 
formulated by mixing equal proportions of 
fungi cultures onto potato dextrose agar (PDA) 
and incubated at 27 °C for seven days. The 
fungi tested consisted of six different species of 
fungi including Trichoderma sp., Curvularia sp., 
Aspergillus sp., Fusarium sp., Lasiodiplodia sp. and 
Penicillium sp. The activities of these formulated 

microbial consortia were determined through 
the observation of fungus symbiotic relationships 
in the media agar. Thus, three types of microbial 
consortia were chosen. Formulation 1 (F1) 
consists of the combination of Trichoderma sp. 
and Aspergillus sp., formulation 2 (F2) consists of 
the combination of Fusarium sp. and Penicillium 
sp., and formulation 3 (F3) consists of the 
combination of Trichoderma sp., Lasiodiplodia sp. 
and Curvularia sp.  Sterile distilled water was used 
as a negative control in this study.

Testing on agarwood trees 

The agarwood trees tested in this study were 
from the species of Aquilaria malaccensis. The 
Aquilaria sp. farm is located at Serian, Sarawak, 
Malaysia. The trees were tested with each of the 
three formulated microbial consortium and a 
negative control. 

Bottle drip method 

The Aquilaria sp. were wounded by drilling as 
described by Tang (2012), with modifications. 
The drilling on the Aquilaria sp. was carried out 
21 cm above the ground. Each of the fungal 
inoculants, stored in waste plastic beverage bottle, 
was slowly dripped into the wounds. The hose 
connected to the cap of the plastic bottle was 
inserted into the hole of the Aquilaria sp. The 
plastic bottles were tied upside down to allow 
the inoculant to flow through the hose that has 
been inserted into the trees and sealed with clay. 
The cap of the bottle was sealed with parafilm to 
avoid leaking. The bottle drip method is shown 
in Figure 2. The Aquilaria sp. were wounded with 
a single hole and dripped with the formulated 
fungal inoculants, together with a negative 
control.

Sample collection 

Wood samples of inoculated Aquilaria sp. were 
collected after a three and six months inoculation 
periods, performed for each wet and dry season.

Measurement of infected zone formation 

The extent of the infected zone formed at wound 
sites was measured in a longitudinal direction. 
Observations based on heights and colour of 
infected zone were recorded for each of the three 
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and six months inoculation periods in both wet 
and dry seasons.

RESULTS AND DISCUSSION

Formulation of microbial consortium 

Three microbial consortia was formulated 
based on their symbiotic relationship, as they 
were able to simultaneously grow on PDA 
medium. The consortium was formulated by 
the combination of Trichoderma spirale and 
Aspergillus sp. (F1 inoculant), Fusarium and 
Penicillium sp. (F2 inoculant) and Trichoderma 
harzianum, Lasiodiplodia sp. and Curvularia sp. 
(F3 inoculant). These fungi symbiotically grew 
together in the medium in almost equal ratio. 
Previous studies have used fungal isolates in 
artificial infection of agarwood, using fungi such 
as Melanotus flavolivens, Phytium sp., Penicillium 
sp., Diplodia sp., Botryodyplodis sp., Lasiodiplodia 
sp. and Fusarium sp. (Gong & Guo 2009, Zhang 
et al. 2014). Besides, Mohamed et al. (2010) 
reported the presence of fungal communities 
such as Curvularia, Cunninghamella, Trichoderma 
and Fusarium species in agar wood. These 
reports agreed with the current study where 
the fungal types used in these formulated 
microbial consortia were previously isolated from 
agarwood, and they had high potential to induce 
agarwood. Figure 1 showed formulated microbial 
consortium from different types of fungal species.

Bottle drip method 

Bottle drip method was performed by hanging 
the bottle upside down, filled with each of the 
fungal inoculants, as the inoculant dripped 

through the hose that was inserted into the 
wounded trees. Figure 2 shows the bottle 
drip fungal inoculation method. In this study, 
applying a resin inducing agent, the formulated 
fungal inoculant, into the wound, was performed 
to increase the effectiveness of agar wood 
formation in a short term, compared to natural 
agarwood formation in a wild environment. Liu 
et al. (2013) stated that agarwood formation 
occurs slowly and infrequently in a natural 
environment which leads to insufficient supply 
for the market demand. Furthermore, without 
injury agarwood trees may not able to produce 
agarwood (Azah et al. 2013). Hence, the bottle 
drip fungal inoculation method was used in 
this study to prevent the closure of wound, 
as the presence of fungi aid in keeping the 
wound open and eventually disrupt the living 

Figure 1 Microbial consortia formulation from different types of fungus species, (a) Trichoderma spirale 
and Aspergillus sp. [F1 inoculant] (b) Fusarium and Penicillium sp. [F2 inoculant] (c) Trichoderma 
harzianum, Lasiodiplodia sp. and Curvularia sp. [F3 inoculant]

Bottle containing inoculant

Figure 2    Bottle drip method
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cells of agarwood trees which lead to agarwood 
formation. However, Azah et al. (2013) stated that 
there were uncertain similarities in the quality 
of agarwood production in cultivated agarwood 
trees induced by artificial technique, compared 
to harvest from natural agarwood trees.

Measurement of infected zone formation
 
The morphology infected zone formed in the 
inoculated Aquilaria sp. was done. Tables 1 and 
2 show the colour changes along the infected 
zone within three and sixth months in each 
wet and dry season of inoculation periods, 
respectively. Resinous wood was represented 
by the oval shaped dark area, distinct from the 
white part of agarwood trees. The infected zone 
was described as the agarwood formation in 
Aquilaria sp. Tables 3 and 4 show the agarwood 
formation for each inoculated Aquilaria sp. in 
both wet and dry seasons, respectively. Based on 
morphological observation on the colour and 
length of the infected zone, there was evidence 
of the presence of agarwood in Aquilaria trees 
for every three and six months of inoculation 
periods. The darker zone formation is the result 
of resin accumulation in the wood of the tree over 
time (Liu et al. 2013). Due to fungal infection 
in the wounded bark, visible symptoms such as 

light brown, dark brown or black indicate the 
formation of resinous wood. Besides, Semangun 
(2001) stated that there was compatibility 
between pathogen gene and host gene due to 
fungal infection. Furthermore, factors such 
as tree age, genetic background, seasonal and 
environmental variation are also important in 
agarwood formation (Ng et al. 1997). In this 
study, different seasonal inoculation periods were 
studied. The length of the infected zone formed 
on inoculated Aquilaria sp. was measured and 
recorded. In Figure 3, the average mean value 
of infection length (L) for three fungi inoculants 
and negative control in Aquilaria stem, after 
three  and six months inoculation, is presented. 
Within the three months inoculation period for 
both wet and dry seasons, F3 inoculant showed 
the highest infection zone value (6.3 cm and 
12.1 cm) followed by F1 (6.2 cm and 10.9 cm), 
F2 (5.8 cm and 9.5 cm) and negative control  
(1.3 cm and 1.7 cm), as shown in Tables 5 and 6, 
respectively. The result of the one-way ANOVA 
showed that the mean length of infection among 
fungi inoculants was significantly different  
(p < 0.05). Environmental factors affected the 
infection length as inoculation periods took 
place within different seasons, i.e. wet and dry 
seasons. Tukey’s test revealed that there was 
a significant difference, in the three and six 

Table 1  Colour changes of inoculated zone for each of the fungi inoculants 
after three and sixth months of inoculation periods in wet season

Fungal inoculants Colour of inoculated zone

Three months Six months

F1 Black with stripes Dark brown

F2 Brown Pale brown

F3 Black Black

Negative control Whitish yellow Whitish yellow

Table 2  Colour changes of inoculated zone for each of the fungi inoculants 
after three and sixth months inoculation periods i in dry season

Fungal inoculants Colour of inoculated zone

Three months Six months

F1 Black Dark brown

F2 Brown Pale brown

F3 Black Black

Negative control Pale brown Whitish yellow
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Table 3  The widespread symptoms of infected zone after inoculation in wet season

Fungal inoculant Wet season

Three months Six months

F1

Black with stripes formed along the inoculated zone Colour changed to dark brown with stripes 
and symptoms deeper inside the stem

F2

Brown colour formed along the inoculated zone Colour changed to pale brown with stripes 
and symptoms deeper inside the stem

F3

Black colour formed along the inoculated zone Black symptoms deeper inside the stem
Negative control

Whitish yellow formed along the inoculated zone Whitish yellow symptoms deeper inside the 
stem
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Table 4  The widespread symptoms of infected zone after inoculation in dry season

Fungal Inoculant Dry season

Three months Six months

F1

Black colour formed along the inoculated zone Colour changed to dark brown and symptoms 
deeper inside the stem

F2

Brown colour formed along the inoculated zone Colour changed to pale brown with stripes and 
symptoms deeper inside the stem

F3

Black colour formed along the inoculated zone Black colour and symptoms deeper inside the stem

Negative control

Pale brown formed along the inoculated zone Pale brown deeper inside the stem
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Table 5  Mean value of infection length (L) for three fungi inoculants and negative control in 
Aquilaria stem for three months inoculation periods in wet season

Fungi inoculant tree Replication, R Infection length (L)/cm Mean value

F1 R1 6.0 6.2

R2 6.5

R3 6.2

F2 R1 6.0 5.8

R2 6.1

R3 5.3

F3 R1 5.0 6.3

R2 7.1

R3 6.8

Negative control R1 1.0 1.3

R2 1.5

R3 1.5

Figure 3 The average mean value of infection length (L) for three fungi inoculants and negative control in 
Aquilaria stem after three and six months inoculation periods for each wet and dry season; error 
bar represent standard deviations (n = 3)

months periods for both wet and dry seasons, 
between fungal inoculants and negative control. 
The inoculation carried out in the dry season was 
more effective compared to wet season based on 
the significant difference between wet and dry 
seasons. Hence, seasonal variation may affect the 
formation of agarwood. This current findings 
were concurrent with a previous study by Santoso 
et al. (2011), showing that agarwood production 

may decelerate due to humidity of the location. 
Although an equal volume of inoculant was 
injected into Aquilaria tree in both wet and dry 
seasons, the mechanism of fungal inoculants may 
not distribute well within the cells of the tree due 
to low transpiration rate during wet season. Based 
on current findings, F3 was the most potential 
fungi inoculant to induce agarwood formation in 
Aquilaria malaccensis. The F3 inoculant produced 
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the darkest colour at the infected zone compared 
to other inoculants, and the mean value of the 
infection length gradually increased in each 
inoculation period of both wet and dry seasons.  
Karlinasari et al. (2015) stated that the darker 
the wood, the higher is the agarwood content.

The burning smell of inoculated agarwood 

It is known that colour and fragrance indicate 
the presence of agarwood within trees. The 
formation of oleoresin relates to the aging of an 
early infection as the wood turned into a darker 
scented wood called ‘agar’ or ‘gaharu’, due to 
oleoresin accumulation. The deposited oleoresin 
within the wood, over time, gives a darker intensity 
to the infected wood (Rao & Dayal 1992, Liu et 
al. 2013). Besides, the formation of the sweet 
smelling oleoresins is concentrated within the 
phloem part of the wood. In in this study, all the 
fungal inoculants induced agarwood in Aquilaria 
trees. The inoculated agarwood produced a 
distinct fragrance of sweet and uplifting woody 
aroma when burned. The F3 agarwood samples 
have obvious aroma compared to others, with 
or without burning. In Malaysia, gaharu wood is 
usually graded into several classes based on their 
colour, density, gaharu formation and unique 
scent (Azah et al. 2013). Thus, the study showed 
that F3 fungal inoculant had a higher possibility 

of agarwood formation in comparison with other 
fungal inoculants.

CONCLUSION

A total of three microbial consortia have been 
successfully formulated and tested for the 
induction of agarwood formation in Aquilaria 
species. The findings suggested that F3 inoculant 
containing Trichoderma sp., Lasiodiplodia sp. and 
Curvularia sp. was the most potential fungal 
inoculant to induce agarwood formation. In 
each three and six months inoculation periods, 
F3 inoculant produced the darkest colour and 
largest mean length of the infected zone in 
Aquilaria species, for both wet and dry seasons. 
As wild Aquilaria species is critical, the need 
for further development of fungal inoculants 
as a source to induce agarwood formation is 
required to meet the demand of agarwood 
trading worldwide. Further studies on the 
presence of secondary metabolites produced 
by inoculated agarwood should be conducted 
using gas chromatography-mass spectrometry 
(GC-MS). Besides, it is suggested to prolong 
the inoculation periods and increase the 
replication of agarwood inoculant to have a 
better understanding of the effect of fungus on 
Aquilaria species as a future potential agarwood 
inducer.

Table 6 Mean value of infection length (L) for three fungi inoculants and negative control in 
Aquilaria stem for three months inoculation periods in dry season

Fungi inoculant tree Replication, R Infection length (L)/ cm Mean value

F1 R1 11.0 10.9

R2 10.5

R3 11.2

F2 R1 10.0 9.5

R2 9.1

R3 9.3

F3 R1 12.0 12.1

R2 12.5

R3 11.8

Negative control R1 2.0 1.7

R2 1.5

R3 1.7
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