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Abstract: Agarwood is a valuable aromatic resinous wood that is biosynthesised when a fungal attack
injures the healthy wood tissue of the Aquilaria tree. The magnitude of infection related to sap flow
(SF) is one of the most critical functional traits to evaluate the tree’s response to various adverse
conditions. Therefore, the objective of this study was to investigate the reliability of sonic tomography
(SoT) and sap flow meter (SFM) in studying the influence of inoculation fungi Pichia kudriavzevii
Boidin, Pignal and Besson, and Paecilomyces niveus Stolk and Samson, on deteriorated wood (Dt) and
SF rate in Aquilaria malaccensis Lam. A. malaccensis trees with small, medium, and large diameters
were inoculated with each fungus separately at the bottom, middle, and top positions of the tree and
the area of sapwood was measured after 6, 12, and 24 months to stimulate the agarwood formation.
Furthermore, the SF rate was assessed using SFM in the position of the selected trees. There was a
significant difference (p ≤ 0.05) in Dt% and SF rate between inoculated and uninoculated trees. The
Dt percentage in trees inoculated with P. kudriavzevii, P. niveus, and control trees was 25.6%, 25.7%,
and 15.0%, respectively. The SF rate was lower in P. kudriavzevii, with 207.7 cm3/h, than in the control
trees, with 312.9 cm3/h in the small-diameter class. In summary, the results of this study emphasise
the importance of inoculation duration (24 months) and the effects of water conductivity, especially
tree diameter class (small), on the biosynthetic response of resinous substance.

Keywords: agarwood; inoculation; affected sapwood; sonic tomograph; Pichia kudriavzevii;
Paecilomyces niveus

1. Introduction

Aquilaria species (family Thymelaeaceae) are one of the main sources of valuable fra-
grant wood, known as agarwood [1,2]. Agarwood is commonly used as incense, traditional
medicine, and fragrance. For medicinal purposes, incense treats thyroid cancer, asthma,
colic, diarrhoea, stomach ailments, etc. [3,4]. The high demand for agarwood has led to
a supply shortage of Aquilaria from native forests [5,6]. Aquilaria species have been listed
in Appendix II of the Convention on International Trade in Endangered Species of Wild
Fauna and Flora (CITES) since 2004 to ensure the sustainability of the genus [7].

It is commonly reported that agarwood is produced only in infected trees by natural
and/or artificial invasion of fungi [5]. In a natural forest, only 7–10% of the trees contain
agarwood [8]. Therefore, the lack of sufficient natural resources for Aquilaria sp. has led
most agarwood-producing countries to cultivate trees and produce agarwood through
artificial injury using inducing agents [9]. Although, there are different chemical and
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biological inducers, it has been well demonstrated that biological inducers are safer, more
environmentally friendly, and popular. Artificial inoculation involves introducing cultures
of microbial flora (for example, yeast and fungi) into the tree to mimic the pathological
condition [10]. Most inoculation methods use a device that functions as a drip to slowly
deliver the fungi inoculants into the tree through a drilled hole. The fungi are transported
into the trees via the tree’s hydraulic system [11,12]. Fusarium sp., Trichoderma sp., Curvu-
laria sp., Aspergillus sp., Lasiodiplodia sp., and Penicillium sp. are amongst the fungi that have
been used for artificial induction of agarwood [8,10,13,14].

The living cells (parenchyma) in the secondary xylem of woody plants can response
dynamically to xylem infection and mechanical damage by fungi. In Aquilaria sp., microbial
invasion of plant tissue is considered an infection; therefore, the plant cells produce a
phytoalexin compound [15]. The production of phytoalexin compounds in woody plants,
such as Aquilaria sp., is part of the defence mechanism against disease or pathogens invasion.
Phytoalexin compounds can be found in brown colour and fragrant resin, and accumulate
in the xylem and phloem vessels to prevent the spread of wounds to other tissues [16].

Traditionally, agarwood determination relied on the natural signs visible on the tree’s
outer parts. The traditional and unfavourable method of determining the presence of
agarwood is to cut the Aquilaria sp. This method can destroy healthy trees without con-
firming the internal conditions [17]. Furthermore, the percentage of agarwood yield was
unpredictable and, in some cases, less than expected in destroyed Aquilaria sp. [5]. As
a result, an environmentally friendly approach is needed to investigate agarwood for-
mation. There are several non-invasive or non-destructive imaging techniques, such as
X-ray tomography [18], magnetic induction tomography (MIT) [19], acoustic techniques,
and non-invasive sonic tomography (SoT) technology [20], which estimate the volume of
agarwood resin embedded in a tree [19]. Amongst the mentioned techniques, SoT has
been introduced as the simplest and least expensive technique. The system converts the
velocities into percentages and interprets the percentages by tomogram colour images that
match the internal condition of the trunk [17,19,21,22].

The interaction of fungi pathogenicity with the SF rate could be highlighted as a
physiological indicator in the agarwood industry. Most prior studies indicated that environ-
mental factors strongly influenced SF [11,23]. Abiotic factors, including light, temperature,
and drought, have influenced the sap flux rate. For example, higher irradiance, higher
water deficit, higher vapour pressure deficit, and lower soil moisture decreased the rate of
sap flux [23,24]. Similarly, previous studies’ results showed that the biotic invasion could
cause a reduction in the sap flux and water usage, leading to plants being susceptible to
pathogens attack [25,26]. For instance, a reduction in the sap flux rate was reported in
the infected Acacia implexa trees by Uromycladium tepperianum [27]. Likewise, it has been
demonstrated that the SF rate gradually decreased in the Ulmus glabra (Wych elm) trees
after 16 days of inoculation by Ophiostoma novoulmi [26].

Additionally, the SF rate was reduced in Carya cordiformis when the tree was inoculated
with Ceratocystis smalleyi [28]. A sap flow meter (SFM) can measure the SF rate and greatly
advance the knowledge of the hydraulic function for water conduction and consumption
of Aquilaria trees under biotic stress conditions. On the other hand, studying the influence
of fungal invasion on agarwood formation is an interesting aspect of the plant-defence
mechanism. Therefore, interpreting the fungi–agarwood interaction and studying the
fungi pathogenicity–sap flow rate interface may open a new perspective towards a better
understanding of the role of SF rate as an indirect marker in agarwood formation.

Malaysia is one of the world’s most important agarwood-producing countries [29],
especially in Southeast Asia. Due to the high demand for this valuable resinous wood, the
current stock of natural agarwood is insufficient to meet the demand in the international
market [10]. Therefore, Malaysia needs to produce agarwood consistently to have the suffi-
cient raw material for the generation of agarwood by-products and a sustainable agarwood
industry. It is not practical to continue to rely on native forests alone, and thus, Aquilaria
production needs to be more stable with forest plantation establishment [30]. Aquilaria,
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like some other woody plants, produces resins through the tree’s defence mechanism in
response to stimuli, such as fungal infections, lightning strikes, fires, and insect attacks [31],
and produces high-quality agarwood. However, the quality is inconsistent because the
period of formation varies. Several artificial wounding methods, including chopping, nail-
ing, holing, and trunk breaking have been used to produce agarwood to address this issue.
However, these methods often take a long time, with inadequate and low-quality agarwood
production [32]. In addition, the conventional measurement of agarwood is a destructive
and critical task that may negatively impact the quality and quantity of agarwood.

Therefore, understating the quality and quantity of agarwood and determining the
best part of the tree with a higher agarwood level are worth investigating. Therefore, the
objective of this study was to investigate the reliability of sonic tomography (SoT) and sap
flow meter (SFM) in studying the influence of inoculation fungi Pichia kudriavzevii Boidin,
Pignal and Besson, and Paecilomyces niveus Stolk and Samson, on deteriorated wood (Dt)
and SF rate in Aquilaria malaccensis Lam., trees. To the best of the authors’ knowledge, the
current study is the first attempt to examine SF rate as an indirect identification marker for
agarwood formation in A. malaccensis under pathogen invasion.

2. Materials and Methods
2.1. Study Area

An experiment was conducted on a cultivated Aquilaria malaccensis plantation (longi-
tude of 3.6383◦ N and latitude of 102.8052◦ E, 100 m above sea level) at the FRIM Research
Station, Maran, Pahang, Malaysia (Figure 1). An area of 2.5 ha was planted with A. malac-
censis at a planting density of 625 trees ha−1 (4 m × 4 m spacing) in 2008. The sources
of planting material were seedlings. The seedlings were sown in polybags before being
transplanted into the plots. The topography of the study area was flat to hilly. The study
was conducted from February 2018 to June 2020. Monthly report by the FRIM Maran
Weather Station report showed that mean annual rainfall, temperature, and humidity for
2020 were 155.4 mm, 33 ◦C, and 78%, respectively.

2.2. Tree Selection Method

A total of 27 trees for non-invasive sonic tomography (SoT) technology and 15 for SF rate
were selected for measurements. The trees were randomly chosen using a normal distribution
statistical method based on their diameter classes (DC), namely, small-diameter breast height
class (DC1 < 15 cm), medium-diameter breast height class (15 cm < DC2 < 25 cm), and large-
diameter breast height class (DC3 > 25 cm). In the SoT study, data were recorded using a mobile
device that allowed observation of 27 trees in an experimental design: 3 treatments × 3 diameter
classes × 3 inoculation positions. In contrast, in the SF study, the number of sensors for the
thermal dissipation probe (TDP) and the distance between trees were large. Therefore, the
experimental design was as follows: 2 inoculations × 3 diameter classes × 2 replicates + 3
control trees. Table 1 shows the diameter classes and treatment types used in the SoT study.

Table 1. Diameter Classes and Treatment Types Divided from Selective Standing Aquilaria malaccensis
Lam., Trees.

Treatment Types Diameter (cm)

Class 1 Class 2 Class 3

Pichia kudriavzevii Boidin, Pignal and Besson 13.5 19.8 24.9
10.1 19.2 24.5
7.3 17.0 28.9

Paecilomyces niveus Stolk and Samson 10.4 22.7 25.1
12.6 18.0 26.8
13.9 16.3 25.5

Control trees 12.1 17.9 34.1
13.5 19.5 30.3
14.0 20.7 29.9
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2.3. Identification of Fungi

Two types of biological fungal inoculants were obtained from local agarwood inducers,
labelled as Inoculant A and Inoculant B. For fungus identification, the inoculant samples
were sent to the Mycology and Pathology Laboratory at the Forest Research Institute
Malaysia (FRIM). The samples were isolated on Difco® potato dextrose agar (PDA) (BD
Diagnostics, Franklin Lakes, NJ, USA) media fortified with 1% of streptomycin sulphate
to suppress bacterial growth (Sigma Aldrich Co, St. Louis, MO, USA). For identification,
the growing fungi were re-isolated on the PDA and given the isolate numbers FRIM1421
and FRIM1419 for the fungi that were isolated from Inoculant A and Inoculant B, respec-
tively. Morphology identifications were observed using an Olympus BX61 compound
microscope (Olympus Corporation, Tokyo, Japan) and using the available keys based on
the morphological features of the fungus under 1000× magnification. Single spore cultures
were produced from each fungal isolate on Difco® potato dextrose agar (PDA) according to
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the standard protocols for DNA-based identification [33]. Fungal colonies that grew during
incubation were identified by their growth rate and characteristic colony morphology. For
both inoculants, colony-forming units (CFU) were counted in the sample of the original
solution. Cell counts were standardized to 107 CFU/mL for each inoculated fungus. For
each inoculated hole, 108 CFU of the inoculated fungus were estimated in 10 mL of solution.

The isolated fungi were of the cosmopolitan kind, which was prevalent in the en-
vironment. Pichia kudriavzevii was recognised as the fungus isolated from Inoculant A
(FRIM1421), whereas Paecilomyces niveus was identified as the fungus recovered from Inocu-
lant B (FRIM1419). BLAST searches revealed that the findings for FRIM1421 and FRIM1419
were 100% identical to P. kudriavzevii (MT233404; MT138566; MT102788) and P. niveus
(MT792005; GQ241275), respectively. The acquired DNA sequences from FRIM1421 and
FRIM1419 isolates were deposited in GenBank under the accession numbers OP295049 and
OP295048, respectively.

2.4. Inoculation Treatments

The inoculants containing P. kudriavzevii and P. niveus were dripped into the tree
according to a predetermined class using inoculation accessories (Figure 2A). Each inocula-
tion position was drilled using a 6 mm diameter drill and 6 cm depth into the trunk and
tilted slightly at an angle of 30◦ (Figure 2B). Then, the holes for each position were filled
with 10 mL of inoculant into a rubber tube using a syringe (Figure 2C). On individual trees,
the inoculation positions (PT) were set up at the bottom (PT1—30 cm), middle (PT2—130
cm), and top (PT3—200 cm) from the ground (Figure 2D). The inoculation treatment was
carried out by three replicates for each diameter class (Table 2).
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Table 2. Inoculation Treatments with Selective Diameter Classes, Inoculation Positions, Inoculation
Types, and Replication in Standing A. malaccensis Trees.

Diameter Positions
Distance from
Ground (cm)

Inoculant Dosage (mL)

Pichia ku-
driavzevii

Paecilomyces
niveus

Control
Trees Rep

Class 1
Top 200 10 10 Nw 3

Middle 130 10 10 Nw 3
Bottom 30 10 10 Nw 3

Class 2
Top 200 10 10 Nw 3

Middle 130 10 10 Nw 3
Bottom 30 10 10 Nw 3

Class 3
Top 200 10 10 Nw 3

Middle 130 10 10 Nw 3
Bottom 30 10 10 Nw 3

Note: Nw—Non-wounded, Rep—Replication.

2.5. Observation of the Effects of Inoculations

The effect of inoculation was observed after 6, 12, and 24 months. The observations
were conducted by using two methods: (1) visually and (2) through a non-invasive sonic
tomograph (SoT). The height of the affected area was measured using the measuring
tape on the wood surface by peeling the bark. The discolouration was recorded using a
digital camera (Canon EOS M50) to see the changes. A few trees (9 trees) were selected
for visual observation to avoid the natural fungi invasion of the wood surface. The visual
observations were only performed in the medium diameter class (DC2) at the middle
position (PT2).

The PiCUS® Sonic Tomograph (Argus Electronic GmbH, Rostock, Germany) was
used to measure the percentage of the healthy wood or solid zone (So), affected wood or
deteriorated zone (Dt), and the area between healthy/affected wood known as intermediate
zone (Im). Usually, the PiCUS Tomograph measured the velocity of sonic waves in wood
to detect decay and cavities in the standing trees. The collected sound-wave velocity
transmission data were set up as shown in Figure 3. Six to ten sensors were used for this
study, placed parallel to the tree vertically near the point of inoculation (Figure 3A). The
sensors were magnetically attached at specific heights (Figure 3B).
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(B) sequentially tapping each nail using an electronic hammer.

The system converted the velocities into percentages and interpreted the percentages
by tomogram colour images, matching the trunk’s internal condition. The tomogram
image’s colour represented the fungus attack’s effect on the standing tree. The colour
legend and its definition also indicate the solid (So), intermediate (Im), and deteriorated
(Dt) wood (Table 3).
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Table 3. Colour Legend Showing the Internal Condition of the Wood (by PiCUS® Software).

Colour Indicator Description Zone
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2.6. Observation of the Effects of Sap Flow (SF) Rate

The sap flow (SF) rate measurements were performed at the middle position (PT2). A
total of 15 TDP thermocouples, representing each diameter class, was connected to a differ-
ential channel of the CR1000 advanced data logger. The collected data were supported by
PC400 software that facilitates programming, communication, and reliable data exchange
between a PC and a CR1000 data logger.

Two small holes were appropriately drilled on the south-facing side (to avoid radiant
heat from the sun) of the stem, at 5 cm above the inoculation point (130 cm from the
ground) (Figure 4A). A selection of appropriate TDP (TDP-30, TDP-50, and TDP-100)
between diameter classes was inserted into the drilled holes. This ensured proper thermal
contact between the probes and the xylem. This method used two cylindrical probes with
a diameter of 2 mm and an effective measuring length of 20 mm. The two probes were
inserted into the hydro-active xylem of the tree stem with a vertical spacing of 10 cm to
15 cm (Figure 4B). The upper probe was heated with constant energy (200 mW DC). It
contained an electric heater, which was dissipated as heat into the sapwood and vertical
SF surrounding the probe. The lower probe was left unheated to monitor the ambient
temperature of sapwood. Both thermocouples were connected at the constantan end and
thus gave an output representing the temperature difference between the two probes
(1 ◦C = 40 µVolt for copper-constantan at 20 ◦C).
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Figure 4. Sap Flow Meter Installation Set Up in Inoculated Aquilaria malaccensis Tree. (A) = Two small
holes were appropriately drilled 5 cm above the inoculation point, (B) = A selection of appropriate
thermal dissipation probe (TDP) was inserted into the drilled holes, (C) = The sensors were covered
with an aluminium box and an insulating film was placed around the trunk.

All sensors were connected to the data loggers and heater boxes. Data were recorded
every 60 s and stored every 60 min. The sensors were then covered with an aluminium box
and an insulating film was placed around the tree boot to protect them from the rainfall
and the effects of radiant heat and convective heat loss (Figure 4C).

Hydraulic conductivity was measured with an SF meter and recorded over time [34,35].
SF was measured using the FLGS-TDP XM1000 Sap Velocity System, a complete CR1000-
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based logger system for 32 TDP probes (Dynamax, Inc., Houston, TX, USA). SF velocity
measurements were made using the Thermal Dissipation Probe (TDP) transpiration sensor,
and then converted to volumetric flow rates. The probe needles measured the temperature
difference (dT) between the heated needle and the ambient temperature of the sapwood.
The variable dT and the maximum dTm at zero flow allowed a direct conversion to the sap
velocity, u.

SF density u (cm s−1) was calculated based on [36] as follows:

u = 119 × 10−6.K1.231 (1)

where 119 × 10−6 and 1.231 are empirical constants from the calibration, and K is the
SF index that is related to the temperature difference between the two probes as calcu-
lated below:

K =
∆Tm − ∆T

∆T
(2)

where m is the temperature difference, ∆T, at zero flow (u = 0). The total SF (F) of a tree
(cm3 cm−2 s−1) is estimated as follows:

F = u.Asw × 3600 (3)

where Asw is the cross-sectional area of sapwood at the point of insertion of the heated
probe. These SF values were then multiplied by 3600 to obtain units per hour. The unit was
then simplified as cm3/h.

2.7. Statistical Analysis

This study was conducted on a 10-year-old Aquilaria malaccensis plantation. Trees to
be inoculated with fungi were randomly selected and included three different diameter
classes; this method was intended to represent the study area. Therefore, the statistical
analysis was conducted using SAS version 9.3 (SAS Institute, Inc., Cary, NC, USA). Analysis
of variance (ANOVA) was employed to analyse any differences in the data studied. A
Tukey multiple comparison test, for post hoc analyses, was used to confirm the differences
between means of multiple groups.

3. Results and Discussion

This study was conducted on A. malaccensis plantation at the FRIM research station.
This study visually observed the effects on the outer wood of selected inoculated and
control trees. A non-invasive SoT measured the areas affected by the sapwood. Further
investigation was conducted on the damaging effects of the interaction between inoculation
types, diameter classes, and position levels within 24 months.

3.1. Visual Observation

The effects of discolouration at the infected sites were observed visually by peeling the
bark around the inoculation area. The size of the infected area was measured perpendicular
to the trunk (Table 4). The infected tissue was visible on the wood surface infested by
P. kudriavzevii. Discolouration on the trunk surface was observed at lengths of 9.2 cm,
6.8 cm, and 3.2 cm after 6, 12, and 24 months, respectively. The colour of the wood tissue
changed from pale brown to yellow-brown and slightly darker around the copper tube
after six months (Figure 5A1). The discolouration around the inoculation hole disappeared
after 12 months (Figure 5A2) and turned to the original wood colour after 24 months
(Figure 5A3).
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Table 4. Measurements on the area affected by the inoculation treatment in a given month.

Treatment Types
Affected Height (cm)

6 Months 12 Months 24 Months

Pichia kudriavzevii 9.2 6.8 3.2
Paecilomyces niveus 11.8 10.6 11.5

Control trees nd nd nd
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Figure 5. Discolouration Zone around Inoculation Position of Inoculated A. malaccensis Trees Mea-
sured on Medium Diameter Class at the Middle Position (130 cm) from the ground. Note: the arrow
indicated wood tissue colour which changed from pale brown to yellow-brown until the trunk surface
was changed to the original colour. (A1–A3) = inoculated with Pichia kudriavzevii Boidin, Pignal and
Besson, (B1–B3) = inoculated with Paecilomyces niveus Stolk and Samson, (C1–C3) = uninoculated
(control) trees.

In the trees inoculated with P. niveus, the lengths of the infested area after 6, 12, and
24 months were 11.8 cm, 10.6 cm, and 11.5 cm, respectively. The wood surface discoloured
from pale brown to yellow brown after six months and was surrounded by a dark brown
margin (Figure 5B1). The discolouration disappeared after 12 months but was left with scars
(Figure 5B2). After 24 months, the scars were even darker (Figure 5B3). The control tree’s
surface retained the wood’s original colour during the observed months (Figure 5C1–C3).

It is well known that the invasion of pathogens can cause wounds on the tree sur-
face and the transmission of stress signals triggers the plant’s self-defence mechanism.
When wounding, the secondary wall forms a barrier zone that restricts the pathogen’s
spread in both vertical and lateral directions. Later, the barrier zone of parenchyma cells
undergoes a series of changes before the new tissues can resume their development after
successful wound division [36]. These anatomical structures are also responsible for pro-
ducing, storing, and distributing chemical components to the wounded area, replenishing
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the compartments, and impregnating the resins in the cell wood [37]. This process is the
basis for the development of agarwood formation in the wounded area. The discoloura-
tion was visible in the first six months after inoculation of P. kudriavzevii and P. niveus
(Figure 5A1,B1) when a barrier zone developed, and fungal spread was limited around the
inoculation hole. According to [14], a resinous zone developed around the wound as early
as one month after inoculation and expanded three to six months after inoculation. Both
inoculants exhibited discolouration patterns; the wound area of P. kudriavzevii recovered,
while P. niveus maintained the size of the injury. Therefore, discolouration due to fungal
inoculation may not have the same effect concerning the wood’s injury. In their previous
study, it was suggested that the duration of wood cell stress determined the extent of
response of A. malaccensis trees [13]. The observation showed that the discolouration began
to disappear after 12 months (Figure 5A2,B2) and completely disappeared after 24 months
(Figure 5A3,B3) as the cells formed new tissues in the cambium.

3.2. Non-Destructive Observation
3.2.1. Sapwood Area Condition Effects

The results of ANOVA and Tukey’s multiple comparison test showed significant
differences (p ≤ 0.05) in So% and Dt% in the trees inoculated with P. kudriavzevii in the
measured months (Figure 6A). The highest and lowest So% were observed after 6 and
24 months, with 86.7% and 74.4%, respectively. On the other hand, the highest and lowest
Dt% were observed after 24 and 6 months, with 25.6% and 13.3%, respectively (Figure 6A).

The ANOVA test result showed significant differences (p ≤ 0.05) in So% and Dt% in
the trees inoculated with P. niveus in the measured months (Figure 6B). The highest and
lowest So% were observed after 12 and 24 months, with 85.0% and 74.3%, respectively. On
the other hand, the highest and lowest Dt% were observed after 24 and 12 months, with
25.7% and 15.0%, respectively (Figure 6B).

The ANOVA test result showed significant differences (p ≤ 0.05) in So% and Dt%
in control trees at the measured months (Figure 6C). The highest and lowest So% were
observed after 6 and 24 months, with 91.6% and 85.0%, respectively. On the other hand,
the highest and lowest Dt% were observed after 24 and 6 months, with 15.0% and 8.4%,
respectively (Figure 6C).

P. kudriavzevii and P. niveus inoculants effectively influenced the So% and Dt% during
24 months of inoculation. Although Dt% was reported in control trees, the affected area was
significantly lower compared to P. kudriavzevii and P. niveus inoculated trees. Several studies
claimed that the fungal inoculant played an important role in influencing the extent of the
affected zone in the sapwood area [38,39]. It has been reported that the So% had reduced
due to fungal growth in the sapwood area, resulting in dynamic live cell composition [36].
As a result, secondary metabolites in P. kudriavzevii and P. niveus have become active around
the inoculation area.

The enlargement of hyphae within the cell wall and towards the microfibrils resulted
in the formation of cavities in the form of oval or round holes in secondary cells [36]. Both
fungi trigger plant defence mechanisms by preferentially degrading cellulose structure and
leaving lignin mostly intact. The aforementioned changes can activate tree biosynthesis by
producing phytoalexin compounds that act as a defence against disease or pathogens and
prevent their spread to other cell woods. Phytoalexin compounds can be found in brown
colour and fragrant resin and accumulate in the xylem and phloem vessels to prevent the
spread of wounds to other tissues [16,40]. As a result, the accumulation of phytoalexin in
the form of a resinous substance later became known as agarwood in the infected area [41].
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Figure 6. Effect of inoculation types measured through non-invasive SoT that converted velocity to a
So% and Dt% in the sapwood area of A. malaccensis trees. (A) = significant differences (p ≤ 0.05) in
So% and Dt% in the trees inoculated with P. kudriavzevii in the measured months, (B) = significant
differences (p ≤ 0.05) in So% and Dt% in the trees inoculated with P. niveus in the measured months,
(C) = significant differences (p ≤ 0.05) in So% and Dt% in control trees at the measured months.
Note: So = solid zone, Im = intermediate zone, Dm = damage zone, Dt = deteriorated wood, and
small capital letters show significant differences between months. The error bar represents the mean
standard error (n = 27); distinct letters imply significant distinctions between inoculation duration
following Duncan’s multiple comparison test (p < 0.05).

These results indicated that the tree response to inoculation occurred several months
after inoculation. It was reported that 30 months after Fusarium solani invasion on the
11-year-old A. malaccensis, 88% of the tree zone was healthy (So). Simultaneously, the
zone with healthy wood was 89% in control (uninoculated) trees [17]. Nevertheless, the
percentage of deteriorated (Dt) zone in inoculated and uninoculated trees was 11% and
10%, respectively.

The differences in Dt% value in this study were probably due to the type and severity
of fungi. Previous studies have confirmed fungi’s positive function in generating agarwood
formation in the wound area [8,13,42]. The results also demonstrated that treated trees
were affected as early as six months after inoculation, while other studies reported that
agarwood formation occurred within 3, 6, and 12 months after infection [39,43]. Another
study by [44] found that agarwood formation occurred 18 months after fungal inoculation.
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3.2.2. Detection of Differentiation by Tomogram Colour Images

Tomogram colour images obtained with the PiCUS® sonic tomography program
provided information on the internal condition of the sapwood area in the inoculated trees.
The brown-black colour observation during the first six months of fungi invasion showed
the dominance of solid intact, or healthy wood areas. However, discolouration became
evident at 12 months to 24 months after inoculation (Figure 7). Discolouration began
after six months in trees infested with P. kudriavzevii when an initial green-purple colour
appeared, indicating early to moderate fungal infestation (Figure 7A1). The transitional
colour condition accompanied some bluish after 12 months, indicating an increase in
the size of the infested area (Figure 7A2). The bluish colouration was remarkable after
24 months, indicating enlargement of the infested area (Figure 7A3). An initial colour
change to green, violet, and bluish around the inoculation hole indicated an early to
moderate fungal infection after six months by fungus P. niveus (Figure 7B1). These colour
transitions intensified after 12 months (Figure 7B2) and extended to advance damaged
areas by bluish colouration after 24 months (Figure 7B3).
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Figure 7. Detection of Discolouration Zone by Tomogram Colour Images Matched with the Internal
Sapwood Areas’ Condition of A. malaccensis trees. Note: (A1–A3) = inoculated with P. kudriavzevii,
(B1–B3) = inoculated with P. niveus, (C1–C3) = control (uninoculated) trees. These tomogram colour
images were taken in the middle of the selected medium-class diameter, representing each treatment.

Tiny discolourations of brown-black to greenish colour appeared at the insertion sites
of the sensor nails in the control trees (Figure 7C1). However, after 12 months, violet
colouration appeared with the remaining greenish colour at the sensor points (Figure 7C2).
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Interestingly, the transition process of discolouration from greenish to brown-black (original
colour) was visible in some parts of the sensor zones after 24 months (Figure 7C3).

As mentioned earlier, a 24-month inoculation of trees with P. kudriavzevii and P. niveus
was more effective in expanding decay zones in the sapwood area. The importance of
inoculation duration on the spread of the infection area and the expansion of infestation
zones was also confirmed in other studies [45,46]. However, it was difficult to determine
whether the infested area formed either resinous or decaying wood. The visual observation
revealed that the resinous wood was more intact than the healthy wood or So zone. The
non-invasive SoT measurement involves measuring the sonic velocity across the diameter of
a trunk, which reflects the condition inside the trunk. The fastest velocities indicated intact
wood, while the slower sound velocities described deteriorated areas in the wood [47].

It was also stated that colour tomograms could not distinguish the types of fungal
invasion in a tree, but the pattern image detected by the tomogram could represent the
shape of the affected areas. It was confirmed that the affected area after the tree fell was
similar to the deteriorated zone’s tomogram image. However, it is worth noting that the
size and shape of the tomogram image are larger than the actual deteriorated area [21,48,49].
Nevertheless, these early signs of wood damage could guide harvesting potential trees
rather than cutting trees without knowing the expected results.

3.3. Deteriorated Wood Effected by Diameter Class

There was a significant difference at the level p < 0.05 in Dt % between the different
diameter classes (small (DC1), medium (DC2), and large (DC3)) of inoculated and control
trees (Figure 8). However, no significant differences were observed between P. kudriavzevii
and P. niveus at DC1 and DC3. The higher Dt% was recorded in the trees inoculated with
P. kudriavzevii in DC1 (20.9%) and DC3 (16.2%). Meanwhile, the highest Dt% was recorded
in trees inoculated with P. niveus in DC2 (22.9 %). The lowest Dt% were measured in control
trees in DC1, DC2, and DC3 with 10.5 %, 12.5 %, and 11.6 %, respectively.
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Figure 8. The affected area of Dt% in the sapwood of A. malaccensis tree at different diameter classes.
Note: DC1 = small-diameter class, DC2 = medium-diameter class, DC3 = large-diameter class. The
error bar represents the mean standard error (n = 27); distinct letters imply significant distinctions
between inoculation treatments following Duncan’s multiple comparison test (p < 0.05).

Based on a study by [50], the Aquilaria stem consists mostly of sapwood or active
cell wood and has a low wood density in the range of 335 kg m−3 to 400 kg m−3. It was
reported that the appearance of the important anatomical cell structures in the wood of
Aquilaria is remarkable because the included phloem is very distinctive, and the tissue
provides a very important diagnostic feature [50]. Included phloem is found as scattered
islands in the cross-section throughout the sapwood region of Aquilaria [50], whereby these
cells are capable of biosynthesising chemical compounds in agarwood [51,52]. Differences
in chemical composition and anatomical structures of sapwood are likely closely related to
sapwood infection caused by the fungal attack [53].
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A study of the spatial distribution of Rafaelea quercivora in the xylem showed that
the hyphae of the fungi were located near the site of inoculation [54]. The distribution of
hyphae in the infected area destroyed the structure of the xylem vessels. Therefore, this can
suggest that the deteriorated wood was elevated by the massive failure of the xylem vessels
due to fungal invasion [36]. In addition, fungi can produce cellulolytic enzymes that lead to
softening and decomposition of plant cell walls [55]. Therefore, the production of enzymes
at higher levels of fungi attacks could promote the tree’s defence mechanism to respond to
injury [15]. Once the fungus has formed a colony in the infected wood, the colony spreads
to other wood cells until the biochemical reaction completely prevents the spread.

According to a study by [50], the sapwood area is the largest part of the stem where
the biochemical reaction occurs, and the tree diameter size played an important role
in influencing the spread of the fungus. In this study’s experiment, higher Dt% was
observed in trees inoculated with P. kudriavzevii and P. kudriavzevii at DC1, DC2, and
DC3 than in control trees. With an equal volume of inoculated fungi in each tree, Dt%
was found to be proportional to the diameter size. A larger sapwood area in Aquilaria
trees means that the sapwood contains more phloem, xylem vessels, and cellulose fibres.
Cellulose is the main framework molecule of the plant cell wall, filling the space between
microfibrils and cellulose chains [56]. Therefore, a large sapwood area provides more space
for fungi to spread. These results were confirmed by [57], which reported on the genetics
of poplar hybrids that the most severe fungal invasion occurred in trees with the largest
growth diameters.

3.4. Deteriorated Wood Influenced by Inoculation Position

There was a significant difference (p < 0.05) between the different positions of inoc-
ulations (bottom position (PT1), middle position (PT2), and top position (PT3)) in terms
of Dt percentage in the inoculated and control trees (Figure 9). However, in all positions,
no significant differences were observed between P. kudriavzevii and P. niveus. The obser-
vation showed that the highest Dt% was observed in PT1 (21.9%), PT2 (17.2%), and PT3
(17.8%) positions of P. niveus inoculated trees as compared to P. kudriavzevii inoculated trees.
Nonetheless, the lowest Dt% was observed in the control trees in positions PT1, PT2, and
PT3, with 12.8%, 11.4%, and 10.4%, respectively.
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Figure 9. Dt% in the sapwood of A. malaccensis tree in different inoculation positions. PT1 = bottom
position, PT2 = middle position, PT3 = top position. The error bar represents the mean standard
error (n = 27); distinct letters imply significant distinctions between inoculation treatments following
Duncan’s multiple comparison test (p < 0.05).

This study’s observation also showed no significant differences between tree responses
to the two fungi invasions. As discussed earlier, secondary metabolites are synthesised
in the xylem parenchyma in response to fungal invasion of the sapwood area. These
metabolites accumulate in the xylem parenchyma cells and are released to infiltrate the
intercellular spaces within the reaction zone and prevent the pathogen’s spread [58]. Since
the A. malaccensis stem consisted mostly of sapwood [50], this reaction was assumed to
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occur at any site on the tree trunk. Several similar studies using the same method also
reported that the percentages of areas damaged by fungi in inoculated Aquilaria trees were
not significantly different at any position [17,21,59]. This suggested that Aquilaria trees
activated the defence responses against infection by the inoculated fungal pathogens at
each position of inoculation. As a result, agarwood yield can be increased by increasing the
number of inoculation points along the tree trunk [60].

3.5. Evaluation of Sap Flow Rate

For sap flow (SF) measurement, the inoculated trees with fungi P. kudriavzevii and
P. niveus in different diameter classes were compared with control trees. The SF rate was
related to the diurnal temperature difference. The measurement was conducted for 14 days
after 15 months of inoculation.

3.5.1. Average Sap Rate Flow Influenced in Inoculated Trees

ANOVA and Tukey’s multiple comparison tests showed significant differences be-
tween the inoculated and control trees at p < 0.05 in SF rate between different diameter
classes (Table 5). The highest and lowest average rates of SF in the small-diameter class
(DC1) were observed in control and inoculated trees with P. kudriavzevii with 312.9 cm3/h
and 207.7 cm3/h, respectively (Table 5). In the medium-diameter class (DC2), the high-
est and lowest average rates of SF were reported in inoculated trees with P. niveus and
P. kudriavzevii with 1465.0 cm3/h and 1001.3 cm3/h, respectively (Table 5). Furthermore,
the observation showed that the highest and lowest average rates of SF in the large-
diameter class (DC3) were seen in the inoculated trees with P. niveus and control trees with
3372.7 cm3/h, and 2423.2 cm3/h, respectively (Table 5).

Table 5. Sap flow rates by treatment types at different diameter classes of A. malaccensis.

Treatments
Sap Flow Rate (cm3/h)

DC1 DC2 DC3

Pichia kudriavzevii 207.7 b ± 14.1 1001.3 b ± 79.6 3270.4 a ± 209.1
Paecilomyces niveus 216.8 b ± 16.3 1465.0 a ± 98.7 3372.7 a ± 223.7

Control trees 312.9 a ± 21.2 1133.3 b ± 75.7 2423.2 b ± 153.4
Note: DC1 = small-diameter class, DC2 = medium-diameter class, DC3 = large-diameter class. Different letters
indicate significant differences between treatments according to Duncan’s multiple comparison test (p < 0.05).

3.5.2. Diurnal Sap Flow Rate Influenced in Inoculated Trees

Additionally, the daily observation showed non-significant differences inside control
and treated trees in the small-diameter class (DC1) (Figure 10A). The highest and lowest
daily SF rates in control trees were observed on Day 157 with 1399 cm3/h and Day 159 with
0 cm3/h, respectively. Furthermore, in the inoculated trees with P. kudriavzevii the highest
and lowest SF rates were recorded on Day 154 with 1107 cm3/h and Day 160 with 0 cm3/h,
respectively. Meanwhile, in the inoculated trees with P. niveus, the highest and lowest SF
rates were reported on Day 154 with 1056 cm3/h and Day 159 with 0 cm3/h, respectively.

However, the observation on the medium-diameter class (DC2) showed that the daily
SF rate patterns in inoculated trees with P. kudriavzevii and P. niveus were higher than
control trees (Figure 10B). In the inoculated trees with P. niveus, the highest and lowest SF
rates were reported on Day 152 with 5402 cm3/h and Day 160 with 0 cm3/h. Furthermore,
in the inoculated trees with P. kudriavzevii, the highest and lowest SF rates were recorded
on Day 155 with 4577 cm3/h and Day 159 with 0 cm3/h. Moreover, in control trees, the
highest and lowest daily SF rates were observed on Day 160 with 4332 cm3/h and Day 159
with 0 cm3/h, respectively.
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(DC2), and (C) large-diameter classes (DC3).

Likewise, further observation on the large-diameter class (DC3) reported higher levels
of daily SF rates in inoculated trees with P. kudriavzevii and P. niveus than in control trees
(Figure 10C). In the inoculated trees with P. niveus, the highest and lowest SF rates were
reported on Day 152 with 14,109 cm3/h and Day 160 with 0 cm3/h. Furthermore, in the
inoculated trees with P. kudriavzevii, the highest and lowest SF rates were recorded on
Day 151 with 13,148 cm3/h and Day 160 with 0 cm3/h. In the meantime, in control trees,
the highest and lowest daily SF rates were observed on Day 160 with 8629 cm3/h and
Day 160 with 0 cm3/h, respectively.

SF rate was impaired in A. malaccensis trees inoculated with P. kudriavzevii and P. niveus
compared with control trees in small-diameter classes. The presence of fungi may have
affected the limited cross-sectional area of sapwood in small-diameter classes. Plants form
an immune system that exhibits different responses when threatened, such as using the
second level of defence (pathogen-specific response), depending on the threat level [61].
The defence system is activated when the hydraulic system falters [62]. Prior to activation
of the defence system, the marginal axial parenchyma connects rays to rays, and ray cells
are connected to the phloem via the cambium to transport water and assimilates, which
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plays a role in the osmoregulation of the water transport system [36]. The sapwood in
the tangential and axial directions was completely circumvented when the reaction zone
formed after the resin canals were closed due to the invasion [15]. The reaction zones
formed at the expense of water transport, resulting in hydraulic disruption when the
decayed or damaged area was successfully compartmentalised [15,62].

Consequently, successful compartmentalisation of infected sapwood in inoculated
A. malaccensis trees affected SF rates in small-diameter trees where the sapwood area was
related to diameter size. Nevertheless, the fungal invasion did not affect the SF rate in
medium- and large-diameter trees inoculated with A. malaccensis. Moreover, the plant
mechanism for the cessation of translocation in the vessels was established. Therefore,
it was observed that a compartmentalised infected area preserved the integrity of the
hydraulic stem system by preventing the rapid spread of the fungus [15,63].

Since the sapwood area was most abundant in the stem of A. malaccensis, the vascular-
associated cells remained alive and continued to maintain, developed new cells, and
balanced the hydraulic system in the tree [64]. One of the principles of the water-conducting
system against fungal invasion is primarily to protect the tree, and all tree responses to
fungal pathogens revolve around maintaining the hydraulic system [62]. Moreover, the
large proportion of sapwood in A. malaccensis, especially in medium and large diameters,
proved that the hydraulic system balanced SF around the infected area. Surprisingly, SF
rates were reported to be higher in trees inoculated with both fungi than in control trees in
medium- and large-diameter classes. The results suggested that defence activity around
the infected area, in conjunction with developing of new cells, led to a higher SF rate.

3.5.3. The Effect of Temperature on the Sap Flow Rate

The results of the observations on the control trees showed that the average 14-day
pattern of SF rate increased from 37 cm3/h to 1028 cm3/h in the small-diameter class (DC1),
from 166 cm3/h to 3572 cm3/h in the medium-diameter class (DC2), and from 102 cm3/h
to 6990 cm3/h in the large-diameter class (DC3). At the same time, the rate of SF increased
between 6:00 a.m. and 12 noon, when the daytime temperature increased from 29.2 ◦C to
31.4 ◦C (Figure 11A).

However, the pattern of SF rate was significantly lower in trees inoculated with the
fungi P. niveus and P. kudriavzevii compared with control trees at DC1. The rate of SF
increased from 12 cm3/h to 785 cm3/h in trees which were inoculated with P. niveus and
from 15 cm3/h to 695 cm3/h in trees which were inoculated with P. kudriavzevii (Figure 11A).

Conversely, the pattern of SF rate was significantly higher in inoculated trees with
the fungi P. niveus and P. kudriavzevii compared with control trees at DC2. The rate of
SF increased from 72 cm3/h to 4510 cm3/h in inoculated trees with P. niveus and from
139 cm3/h to 3809 cm3/h in inoculated trees with P. kudriavzevii (Figure 11B).

Similar to DC2, the rate of SF was significantly higher in trees inoculated with the fungi
P. niveus and P. kudriavzevii compared with control trees at DC3. The rate of SF increased
from 245 cm3/h to 9599 cm3/h in trees inoculated with P. niveus and from 213 cm3/h to
9403 cm3/h in trees inoculated with P. kudriavzevii (Figure 11C). Finally, the pattern of SF
rate in all observation trees decreased due to the temperature drop from 31.4 ◦C to 29.1 ◦C
in the evening from 1 pm.

In nature, sap flow rate (SF) in trees was influenced by climatic variables such as
leaf wetness, wind speed, precipitation, soil moisture, radiation, temperature, and vapour
pressure deficit (VPD) [65,66]. Vapour pressure deficit is another substitute for the complex
variations in relative temperature and humidity [67]. Independent of other abiotic factors,
tree species can respond to temperature changes by adjusting their transpiration rate to the
SF and VPD. In some tree species, including Pentaclethra macroloba, Simarouba amara, and
Goupia glabra, a decrease in stomatal conductance and SF rate was observed when VPD was
increased [68]. According to [67], an increase in air temperature consistently increased the
SF rate in Pinus sylvestris L. when the VPD was above a critical threshold.
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Figure 11. Diurnal SF rate of inoculated trees with fungi and uninoculated (control) A. malaccensis
trees at (A) small-diameter class (DC1), (B) medium-diameter class (DC2), and (C) large-diameter
class (DC3). The error bar represents the mean standard error (n = 14).

It should be noted that the non-significant results could be due to the large sum
of squares. Interestingly, a study on Pinus sylvestris L. showed an approximately non-
significant linear relationship between the SF rate and hourly mean air temperature [69].
The lower SF in inoculated small-diameter trees compared with control trees may be
influenced by the limited sapwood area, which is disturbed as temperature and VPD
increase. In addition, the results of this study showed that the increase in daily temperature
did not affect the water use of the inoculated medium- and large-diameter trees compared
to control trees. The rate could increase with the inoculated area because the volume and
rate of water absorbed by medium and large trees are higher compared to small trees.
Remarkably, SF rate decreased in the early midday and afternoon hours when temperature
and VPD were high. Most importantly, all SF activities were lowest in inoculated and
control trees when the temperature decreased from the evening to midnight.

4. Conclusions

This study confirmed that A. malaccensis trees infected with the inoculation fungus
were visually recognisable by discolouration under the bark after six months. Inoculation
with the fungi P. kudriavzevii and P. niveus infected the trees. Regardless of the diameter and
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position of inoculation, the infected area was presented in all inoculated trees. The internal
condition of the inoculated trees, which has deteriorated due to fungal infection, can be
monitored using non-invasive techniques. In conjunction with the infected areas, SF was
disturbed in small diameter classes by the fungal infection, which probably inhibited the
growth of the trees. However, water consumption of inoculated trees was not affected in
medium- and large-diameter trees as compared to control trees.

Nevertheless, it was also found that the temperature between 6:00 a.m. and 12:00 p.m.
was the ideal time for inoculation because the sap flow increased with increasing tempera-
ture. Although the temperature was higher in the afternoon, this was not favourable for the
absorption of the fungal inoculation, as the SF decreased. Therefore, this study found that
the optimal production of agarwood could be achieved by inoculating medium- and large-
diameter trees (more than 15 cm DBH) in the morning to increase the yield of agarwood.
The combination of these results may improve and influence the inoculation methods for
optimal agarwood formation and as the conservation of this endangered species.

Since the agarwood industry requires consistent and optimal results, this study has
provided informative guidance and references. Starting with the right diameter size for
inoculation, the right timing for inoculation, monitoring the internal condition of the wood
to avoid premature destruction of the inoculated trees, and the fact that the inoculant
contains the least effective fungi. This way, time and energy can be saved and, above all,
the population of Aquilaria sp. can be protected in the wild.
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