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Abstract: In this study, the effects of stem canker disease caused by Chrysoporthe deuterocubensis on the
chemical properties and durability of a Eucalyptus hybrid (E. urophylla x E. grandis) were investigated.
Eleven-year-old healthy and infected trees were collected. The samples were grouped into four
different classes based on the infection severity: healthy (class 1), moderately infected (class 2),
severely infected (class 3), and very severely infected (class 4). The changes in chemical properties
were evaluated via chemical analysis and Fourier transform infrared spectroscopy (FTIR) analysis.
A resistance test against fungal decay (Pcynoporus sanguineus and Caniophora puteana) and termite
(Coptotermes curvignathus) was also performed. The results showed that reductions in cellulose and
hemicellulose content from 53.2% to 45.4% and 14.1% to 13.9%, respectively, were observed in the
infected samples. Meanwhile, the percentages of lignin and extractives increased from 18.1% to 20.5%
and 14.6% to 20.2%, respectively. The resistance against fungi and termites varied between severity
classes. Generally, infected wood behaved better than healthy wood in terms of durability against
fungi and termites. The durability classes for both tests were significantly improved, from resistant to
highly resistant and poor to moderately resistant, respectively. These results suggest that E. urograndis
that is infected by C. deuterocubensis might have a better potential use in lumber production with
regard to its durability and processing cost compared to pulp and paper products.

Keywords: Eucalyptus urograndis; Chrysoporthe deuterocubensis; infection classes; chemical analysis;
FTIR analysis; fungal decay; termite attack

1. Introduction

Eucalyptus spp. is commonly used in indigenous reforestation programs in Australia,
Brazil, South Africa, and China to meet the demands of various forest-based industries,
with the majority used for veneer in plywood, pulp and paper, or charcoal [1]. It is popular
due to its rapid growth, with trees being harvested between the ages of 6 and 7 years.
Numerous cloning programs have begun in these countries to improve the quality of this
material, primarily through the development of hybrid species [2–5]. In particular, hybrid
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trees of Eucalyptus urophylla × E. grandis, also known as E. urograndis, represent the most
commonly used hybrid for producing pulp, paper, and cellulose for industrial use [6,7]. The
crossing of these two Eucalyptus species permits fast growth, a characteristic of E. grandis,
as well as improved physical properties of the wood, i.e., increased wood density from 460
to 650 kg/m3), which is a characteristic of E. urophylla. It is also thought that this hybrid is
well adapted to various ecological conditions [8]. According to Luo et al. [1], the majority of
Eucalyptus plantations in China produce logs that are excellent for solid wood applications,
such as veneer production, due to characteristics such as low taper, good straightness,
desirable wood density, rigidity, and wood surface texture [9,10]. Therefore, hybrid clones
of E. urophylla × E. grandis possess ideal characteristics in terms of both growth and density,
with numerous industries continuing to invest in research on the genetic development
of this hybrid [11–13]. Recently, fluctuations in the price of pulp and paper have caused
many of the major forestry companies to begin considering alternative uses for Eucalyptus
wood [14]. Factors such as scarcity and high cost of native woods, as well as ecological
pressure from overharvesting, have contributed to the rise in the utilization of Eucalyptus
wood materials, particularly in the flooring and lumber industry [15]. Although the major
properties of wood from E. urograndis have been reported in terms of pulp and paper,
studies specifically concerning the potential use of these materials in lumber products are
lacking. Meanwhile, the utilization of Eucalyptus species, particularly Eucalyptus hybrids,
in Malaysia is still new [16–18] and requires much attention and care, especially concerning
the susceptibility of this hybrid to biological deterioration. According to research from other
countries [18], Eucalyptus spp. is susceptible and vulnerable to disease and infection [19,20];
for example, disease had a negative impact on Eucalyptus plantations in many African
countries [21].

Nonetheless, despite their promising future, Eucalyptus trees are vulnerable to fungal
disease infection, particularly stem canker (Chrysoporthe deuterocubensis). Stem canker is
one of the most important pathogens that infected and killed Eucalyptus trees in several
Malaysian plantation locations [22]. The cankers cause broken limbs and trunks, stunted
and distorted growth, and, frequently, mortality. This disease is known to kill a large
number of trees, particularly in young plantations, and as a result, it is a major impediment
to the successful establishment of Eucalyptus plantations [23]. The infected trees are
normally left to rot on site without any intervention. This, however, raises two concerns.
The first is that if it is left untreated, it may infect other healthy trees nearby. The second
concern is whether the infected tree can be used in another way to avoid total loss. In
this regard, we conducted a number of studies to investigate the effects of stem canker
disease (Chrysoporthe deuterocubensis) infection on the physical, mechanical, and machining
properties of E. urograndis in the Sabah plantation [24,25]. The results revealed that the
strength properties of the infected trees were reduced. However, the reduction was minor,
as the most severely damaged trees lost 21.3% of their modulus of rupture when compared
to healthy trees, while lightly damaged trees lost only 11.6%. These infected trees are said
to be suitable for non-structural applications such as furniture, interior finishing, window
frames, and doors [24]. Infected trees, on the other hand, were found to have acceptable
machining characteristics, justifying their use in furniture production [25].

Another important criterion for the efficient utilization of wood is its natural durability,
particularly when applied externally. Despite the fact that the infected trees are still able
to be used as furniture or door frames, their durability against fungi and termites still
remains unknown. In addition to related research, the chemical properties and durability of
infected E. urograndis against wood-degrading organisms such as fungi and termites were
investigated. The primary goal of this study was to assess the impact of C. deuterocubensis
infection on the chemical properties and durability of E. urograndis against wood rotting
fungi and termite infestation. The relationship between severity classes and the extent of
fungi and termite damage was also investigated.
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2. Materials and Methods

Trees of 11-year-old Eucalyptus urophylla x E. grandis hybrid clones originating from
China were collected in this study. The plantation was planted and managed by the
company Sabah Softwoods Berhad, Tawau, Malaysia, with geographical coordinates
4◦33′16.3′′ N, 117◦42′58.7′′ E. The trees were planted in an entirely randomized block
design with three types of planting spaces (1.5 m × 3 m, 1.8 m × 3 m, and 3 m × 3 m).
The region where the experiment was deployed is about 11.7 ha and has a moist tropical
climate with two well-defined seasons (dry and wet) [26]. The dry season lasts from May
to September and the rainy season lasts from October to April. The infected trees were
identified, and a forest pathologist confirmed by visual examination that the pathogen that
attacked the trees was C. deuterocubensis [20]. Pictures were taken, the characteristics of the
infection were recorded, and the extent of the infection was determined based on the sever-
ity of the symptoms that occurred. Based on careful examinations of the pictures, as well as
the physical symptoms/characteristics of the disease and its percentage of occurrence, the
infected trees were grouped into four classes according to the severity of the infection, as
depicted in Table 1. Meanwhile, Table 2 displays the physical properties of healthy and
infected E. urograndis wood that have been observed from our previous study [24] such as
equilibrium moisture content (EMC), density, and volumetric shrinkage (Volsh).

Table 1. Classes of severity for Eucalyptus urograndis infected with Chrysoporthe deuterocubensis a.

Class Category Symptom

1 Healthy Stem appears normal without any symptom of
being infected

2 Moderate

Swollen bark (callus)
Cracking

Fruiting structure
Fresh kino pocket

Canker

3 Severe

Swollen bark (callus)
Cracking

Fruiting structure
Fresh kino pocket and fresh kino/gummosis

Canker
Sunken
Rotten

4 Very severe

Swollen bark (callus)
Cracking

Fruiting structure
Dried kino pocket & dried kino/gummosis

Canker
Sunken
Rotten
Shoot

a Adapted with permission from Rasdianah et al. [24].

Table 2. Physical properties of Eucalyptus urograndis a.

Infection Classes EMC (%) Density (Kg/m3) Volsh (%)

1 10.5 670.8 15.1
2 10.1 618.9 14
3 10.2 706.8 14.5
4 9.7 542.3 12.9

a Adapted with permission from Rasdianah et al. [24].
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2.1. Evaluation of Chemical Properties
2.1.1. Wet Chemical Analysis

Small splints (1 to 2 cm long) were taken from each infection class after conditioning
for evaluation of their chemical properties. To produce sawdust, the splints were ground
using a Wiley cutting mill (Wiley, Model 4, Swedesboro, NJ, USA); to obtain homogeneous
sizes, sawdust was screened using a 40 to 60 mesh (0.4 to 0.6 mm) sieve according to the
Technical Association of the Pulp and Paper Industry (TAPPI) standard method, T 257
cm-02 [27]. The chemical composition analysis of E. urograndis particles was conducted at
the Malaysian Agricultural Research and Development Institute (MARDI) lab, Serdang, by
using neutral detergent fiber (NDF) and acid detergent fiber (ADF). This is a common way
to evaluate the main fiber constituents, cellulose, hemicelluloses, and lignin. All chemical
constituent percentages for each class of severity samples were determined as mean values
of triplicate experiments.

2.1.2. Fourier Transform Infrared (FTIR) Analysis

The FTIR analysis was performed at the Biocomposite Laboratory of the Institute
of Tropical Forestry and Forest Product (INTROP), UPM, using FTIR-attenuated total
reflection (ATR) spectrometer instrument (iS10 FTIR, Thermo Nicolet, Durham, NH, USA)
with spectrometer resolution of 0.4 cm−1. The FTIR analysis was performed to qualitatively
determine organic components, including chemical bond, functional group, and organic
content (e.g., protein, carbohydrate, and lipid), and to correlate the result of chemical
composition change from wet chemical analysis between different infection severity classes
of the samples. The study included healthy samples as well as moderately, severely, and
very severely (class 1, 2, 3, and 4) infected samples. As a control for comparison, a healthy
sample was prepared. FTIR-ATR with a spectral range cutoff of 525 cm−1 was used to
analyze the components of all samples. The particles were measured in the absorption
mode using a mid-IR spectrum with wavenumbers ranging from 400 to 4000 cm−1, and all
spectra were plotted on the transmittance axis using the same scale [28].

2.2. Evaluation of Biological Properties
2.2.1. Decay Resistance

The decay resistance test was determined by exposing the samples (20 mm × 20 mm
× 10 mm) to white rot and brown rot fungi (namely Pycnoporus sanguineus (WML 006) and
Coniophora puteana (WML 004)) in a soil block test for 12 weeks according to procedures
outlined in ASTM D2017 standard [29]. These fungi (Figure 1a,b) were collected from the
Mycology and Pathology Laboratory, Forest Research Institute Malaysia (FRIM) cultured
collection. These fungi were chosen because they are widely distributed in tropical regions.
Even in allegedly durable timber, they cause significant damage [30]. Twenty replicates of
each class of severity (class 1, 2, 3, and 4) were tested against each fungus. The test blocks
were labeled and oven-dried at 103 ± 2 ◦C until they reached a constant weight. The blocks
initial weight was then recorded as W1. Each culture bottle contained 150 g of sieved soil
and 70 mL of distilled water. Feeder strips of pine wood (35 mm long × 28 mm wide
× 3 mm thick) were placed on top of the soil in each culture bottle for fungal inoculation.
The bottles with the feeder strips were loosely capped and steam-sterilized at 121 ◦C for
20 min before being cooled in laminar flow under ultraviolet light at room temperature.

The fungus was placed at the corner of the feeder strip after cooling. Then, the bottles
were incubated at a temperature of 27 ± 2 ◦C and 70% relative humidity for approximately
3 weeks until the mycelium fully covered the feeder strips. Then, the test blocks were
placed on top of the feeder strips and incubated for 12 weeks of fungal exposure. The test
blocks were taken out from the bottles at the end of the incubation period, and all mycelium
on the test block surfaces was removed. The degree of fungal attack was estimated by
determining the weight loss of the test block. The test blocks were then oven-dried until
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they reached a constant weight, W2. After weighing each block, the percentage of weight
loss (WLdecay) for the test block was calculated using Equation (1):

WLdecay (%) = 100 (W1 −W2)/W1 (1)

where W1 is the initial weight of the test block before exposure to fungus (g) and W2 is the
final weight of the test block after exposure to fungus (g).
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Figure 1. White rot (a) (Pycnoporus sanguineus) and brown rot (b) (Coniophora puteana) fungi isolates
grown on malt extract agar (MEA) media.

Table 3 lists the assignment of resistance classes based on the mean weight loss of the
samples caused by fungal decay.

Table 3. Classification of decay resistance according to weight loss values c.

Sample Condition Mean Weight Loss (%) Resistance Class

Highly resistant 0–10 I
Resistant 11–24 II

Moderately resistant 25–44 III
Slightly resistance or non-resistant ≥45 IV

c Adapted from ASTM standard D2017 [29].

2.2.2. Termite Resistance

A no-choice termite resistance test with Coptotermes curvignathus Holmgren (subter-
ranean termites) was performed according to the American Wood Protection Association
(AWPA) standard E1-09 procedure [31]. The termites were collected from an infested pine
plantation at Institute of Biosciences, Universiti Putra Malaysia. The termite species was
confirmed both morphologically and genetically with references from previous study [32].
C. curvignathus, as shown in Figure 2, is one of the most common species of termite [33],
and causes severe damage to forest trees, wooden structures, and buildings [30,34,35]. They
are also the only species of termite capable of establishing secondary nests that allow them
to attack high-level buildings [36]. Living trees can also be attacked by this species in their
inner and outermost parts. A total of 20 replicates (20 mm × 20 mm × 7mm) for each
sample of severity class were tested. A sample was placed in a glass container containing
200 g of sterilized sand and 30 mL of distilled water with 1 ± 0.05 g of C. curvignathus.
C. curvignathus, consisting of 90% workers and 10% soldiers, were weighed and placed in
each bottle.

In this study, only vigor and active termites were used. A sample from each severity
class was randomly selected and conditioned at 20 ◦C until it reached a constant weight.
The initial weight of the blocks, Wi, was measured before they were placed in sterilized
test bottles filled with sand. The cultured bottles were incubated and maintained at a
temperature of 27 ± 2 ◦C and 70% relative humidity for approximately 4 weeks. After
4 weeks, the test block samples were taken out of the cultured bottles and brushed off to
eliminate sand particles. All samples were oven-dried until a constant weight, Wf, was
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achieved. The efficacy of severity class infection was evaluated based on the percentage
weight loss of the materials due to termite attack. Using Equation (2), each test block
was examined based on the percentage of weight loss (WLtermites). Classification of the
durability classes was carried out according to the Indonesian National Standard SNI
01.7207 [37], based on the weight loss criteria developed (Table 4). Each sample was also
rated based on the visual evaluation system provided by the AWPA standard E1-09 [31] in
Table 5.
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Figure 2. Subterranean termites (Coptotermes curvignathus) collected from infested pine plantation at
Institute of Bio-science, UPM.

WLtermites (%) = 100 (Wi −Wf)/Wi (2)

where Wi is the initial weight of the test block before exposure to termites (g) and Wf is the
weight of the test block after exposure to termites (g).

Table 4. Classification of termite resistance according to weight loss values d.

Sample Condition Mean Weight Loss (%) Resistance Class

Very resistant <3.52 I
Resistant 3.52–7.50 II
Moderate >7.50–10.96 III

Poor >10.96–18.94 IV
Very poor >18.94 V

d Adapted from standard SNI 01.7207 [37] and Terzi et al. [38].

Table 5. Rating system for visual evaluations of termite resistance e.

Visual Rating Classification Rating

Sound 10
Trace, surface nibbles permitted 9.5
Slight attack, up to 3% of cross-sectional area affected 9
Moderate attack, 3%–10% of cross-sectional area affected 8
Moderate/severe attack, penetration, 10%–30% of cross-sectional
area affected 7

Severe attack, 30%–50% of cross-sectional area affected 6
Very severe attack, 50%–75% of cross-sectional area affected 4
Failure 0

e Adapted from AWPA standard E1-09 [31].
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2.3. Statistical Analysis

To determine how the different infection classes affected the chemical changes and
durability of the E. urograndis wood, a one-way analysis of variance (ANOVA) was used to
analyze and interpret the data. The discrepancies between the mean values of each severity
class were investigated further using Duncan’s multiple range (DMR) test at p ≤ 0.05.
Pearson’s correlation coefficients were used to assess the relationships between infection
classes and weight loss due to fungal decay (WLdecay) and termite attack (WLtermites). All
statistical analyses were performed using SPSS version 22.0. (IBM, Armonk, NY, USA).

3. Results and Discussion
3.1. Chemical Properties of Healthy and Infected Wood

Table 6 shows the chemical composition of 11-year-old healthy and infected E. urogran-
dis wood. E. urograndis has a cellulose content of more than 45% on average. A maximum
cellulose content of 53.2% was determined in the healthy (class 1) E. urograndis compared
to the infected (class 2, 3 and 4) trees, which had cellulose contents of 50.9%, 49.8%, and
45.4%, respectively. A downward trend was observed as the cellulose content decreased, as
the extent of the trees’ infections were becoming severer. Similar to cellulose, hemicellulose
content was also reduced as the severity of the infection increased. Meanwhile, lignin and
extractive content increased. However, the changes were interdependent, as a decrease in
hemicellulose content was accompanied by an increase in lignin, and vice versa.

Table 6. Mean values of chemical composition of Eucalyptus urograndis wood.

Severity
Classes

Chemical Composition (%)

Cellulose Hemicellulose Lignin Other
Component

1 (Healthy) 53.2 14.1 18.1 14.6
2 (Moderate) 50.9 11.2 19.9 18.0

3 (Severe) 49.8 11.6 19.0 19.6
4 (Very severe) 45.4 13.9 20.5 20.2

Aromatic rings with multiple potential branches characterize amorphous lignin. It acts
as a binding agent for individual cells, as well as for the fibrils that make up the cell wall.
Lignin first forms between adjacent cells in the middle lamella, tightly bonding them to
form a tissue. It then spreads through the cell wall, penetrating hemicellulose and bonding
cellulose fibrils. Lignin provides compressive strength and stiffness to the cell wall of
tree tissue and individual fibers, protecting the carbohydrate from physical and chemical
damage. The amount of lignin effects the structure, properties, morphology, and flexibility
of wood [39]. According to Ferrari et al. [40] and Savory and Pinion [41], the ascomycete
fungi are able to break down lignin, albeit inefficiently. Contrary to that, Andlar et al. [42],
Janusz et al. [43], and Kirk and Farrell [44] stated that ascomycete fungi are unable to
degrade lignin and only consume the easy to-access hemicellulose and cellulose. In this
study, it can be seen in Table 6 that the lignin content of infected E. urograndis is higher
(19.9%, 19.0%, and 20.5%) than in the healthy (18.1%) sample. This fact is in agreement
with previous studies by Mafia et al. [45] and Foelkel et al. [46]. The authors observed the
increase in the proportions of lignin and extractives when they analyzed the wood from
Eucalyptus trees with canker caused by Cryphonectria cubensis (Bruner) Hodges.

Wood extractives are natural products that exist independently of a lignocellulose cell
wall. They are present within the cell wall, but are not chemically connected to it. Aromatic
phenolic compounds, aliphatic compounds (fats and waxes), terpenes, and terpenoids, as
well as a variety of other minor organic compounds, are among these compounds [47,48].
In their study, Shebani et al. [49] discovered that Eucalyptus spp. wood contains more polar
extractives, which include tannins, gums, sugars, starches, and colored matter. The phenolic
compounds affect fungal physiology directly. As previously stated, aliphatic compounds
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can act as surfactants, limiting fungal adhesion to wood surfaces. The phenolic compounds
are classified into four groups: lignans, stilbenes, flavonoids, and tannins [50,51]. These
extractives are molecules produced by trees to protect themselves from biotic and abiotic
stressors. The proportion of other components in infected samples classes 2, 3, and 4 was
higher than in healthy samples (class 1). As the infection progressed, the extractive content
increased steadily from 18.6% to 20.2%, compared to 14.6% in the healthy samples. A
similar result was found in a study on a Eucalyptus grandis hybrid by Mafia et al. [45].
According to the author, after being infected with Ceratocystis fimbriata wilt, the proportion
of extractives and lignin increased.

Based on this result, it can be said that C. deuterocubensis causes a chemical change
to E. urograndis wood, as the infected wood contained less cellulose and hemicellulose
than the healthy wood. This fungus enters the tree via injuries to the bark. It then spreads
to the underlying vascular cambium, destroying these tissues as it advances, degrading
some or all major cell wall components, and absorbing breakdown products of cellulose
or hemicellulose. This finding was supported by the previous study conducted by Da-
hali et al. [24] on the physical properties of E. urograndis, where it was found that the
fiber saturation point, equilibrium moisture content, density, and volumetric shrinkage of
infected wood were lesser than in healthy trees. A work conducted by Gunduz et al. [52],
Fernandez et al. [53], and Mafia et al. [54] also obtained similar results. These authors
reported that the holocellulose content of infected wood decreased compared to that of
the healthy trees. It is presumed that the decrease in cellulose and hemicellulose in cell
material was caused by a fungal disease utilizing cellulose and hemicellulose as energy
and carbon sources for its colonization progresses.

In contrast, infected samples contained higher levels of extractives and lignin [53].
Other studies, including Foelkel et al. [46] and Souza et al. [55], have demonstrated the
influence of the Chrysoporthe cubensis disease on the quality of Kraft pulp. It was found
that the infected wood of E. grandis and E. saligna presented higher levels of extractives
and lignin content compared with healthy wood, causing a 1% loss in the pulp yield and a
10% loss in volume. The increase in these components could be due to the activation of
the tree’s defense mechanisms, which also results in the production of chemicals, gums,
and tyloses [56]. In response to infection, the plant may trigger reactions that prevent
fungus penetration or limit fungus colonization in host tissues, such as extractive, lignin,
and other phenolic compound accumulation [57,58]. According to Kuc [59], lignification
in plants can increase the pathogen’s inability to penetrate the cell walls. Trees’ defense
mechanisms can prevent the invasion of pathogens or wood-rotting fungi, and response
zones containing lignin act as barriers to their invasion and colonization [60]. The reaction
zones, however, are not always effective against microbial penetration. Changes in the
cell wall and occlusion of xylem elements are examples of activated defense mechanisms.
These plant responses may limit pathogen development in wood [61]. Histochemical
and biochemical studies revealed that phenolic compounds associated with phytoalexin
production accumulated in Platanus acerifolia plants inoculated with Ceratocystis platani [62].

3.2. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR was run to qualitatively determine the alteration of chemical properties and
functional groups present in healthy and infected E. urograndis. Figure 3 illustrates the
FTIR spectra that display the common components or functional groups, such as cellulose,
hemicellulose, and lignin, at a wavenumber ranging from 4000 to 525 cm−1.
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Figure 3. FTIR spectra (4000 cm−1–525 cm−1) of healthy (class 1) and infected samples Eucalyptus
urograndis (class 2, 3 and 4).

Table 7 depicts the important bands that can be found in an infrared spectrum of wood
and includes their functional assignment. The result demonstrated that numerous peaks
were detected, and that it is difficult to interpret the differences between the spectra of
healthy and infected wood since there are several reactions occurring at the same time. The
first single bond region showed that a broadening absorption of the band (3570–3200 cm−1)
is assigned to stretching vibrations of intra-molecular hydrogen bonds in the crystalline
regions of cellulose, which shift from 3340–3330 cm−1 in the spectrum [63]. This band also
confirms the existence of hydrate (H2O), hydroxyl group (-OH), ammonium, or amino. This
broadening might be due to the reduction in O-H stretch, which represents decrement of
polysaccharides as a result of infection by C. deuterocubensis. Like humans, this fungus needs
carbohydrates (celluloses and hemicelluloses) for carbon skeletons and energy sources.
They also require amino acids to combine with carbon skeletons to synthesize proteins for
their growth and enzymes. As a result, infected classes 2, 3, and 4 lost density and moisture
content because the components of the cell walls were degraded, resulting in fewer free
OH- groups and fewer water molecules binding to the cells. This indicated that the samples
had lower hydrophilic properties [24,64]. Simultaneously, O-H from phenolic groups in
lignin increases, as it is well known that the lignin percentage of the ratio increases due to
carbohydrate degradation [65].

Table 7. Functional group in FT-IR spectra of the studied sample. Data were adopted from refer-
ences [28,64,66,67].

Wavenumber (cm−1) Functional Group/Band Assignment

3570–3200 (broad) -OH stretching hydrogen bonds in cellulose

2935–2915 Asymmetric -CH stretching of methylene (CH2) in lignin

1750–1700 C=O stretching of non-conjugated carbonyl compound in xylan

1615–1580 C=O aromatic ring stretching
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Table 7. Cont.

Wavenumber (cm−1) Functional Group/Band Assignment

1515–1500 Aromatic ring (benzene) stretching vibrations

1460 C-H deformations in xylan

1420 Aromatic ring of lignin and C-H bending in cellulose

1324–1322 CN stretching in ether and oxy compound, and stretching P=O
in simple hetero-oxy compound

1225–950 (several) Aromatic C-H in-plane bend

1190–1130 Secondary amine, CN stretch

1047–1004 C-O stretching in cellulose I and cellulose II

896 Asymmetric C-H out-of-plane bending deformation in cellulose
and hemicellulose

The band at 2920 to 2915 cm−1 corresponds to asymmetric -CH stretching vibration
in the aromatic methyl and methylene groups of side chains generally found around
2935–2915 cm−1. According to Moharram and Mahmoud [68] and Spiridon et al. [69], the
apparent shift in frequency of the -CH band is due to structural and relative composition
changes, specifically changes in the crystallinity level of the cellulose. The double bond
region (1750 and 1700 cm−1) represents the C=O stretching of non-conjugated carbonyl
compounds that occurs in xylan, such as carboxylic acid (1725–1700 cm−1), ketones (1725–
1705 cm−1), aldehydes (1740–1725 cm−1), esters (1750–1725 cm−1), and 6 membered rings
of lactone (1735 cm−1) [28]. In comparison to healthy wood, the intensities of these bands
increased as the infection class became more severe. The increase in lignin content that
derived from the carbohydrate loss could be observed as the increase in these bands, which
is due to the formation of carbonyl groups in lignin [70].

According to Nandiyanto et al. [28] and Esteves et al. [67], the absorption peak which
occurred around 1615–1580 cm−1 was due to vibrations in the aromatic ring of lignin and
C=O stretching. The band at 1593 cm−1 shifted to about 1596 cm−1 for healthy and infected
wood, respectively. This band increases due to an increase in the percentage of lignin
in the infected wood [71]. The band at the fingerprint region of 1460 cm−1 corresponds
to the asymmetric deformation of the C-H bond of xylan, while the band at 1420 cm−1

corresponds to the vibration of the lignin’s aromatic ring, but also to the C-H bending in
the cellulose [72].

Aromatic rings exhibit, most of the time, a characteristic band at approximately 1224
to 1228 cm−1. The presence of an absorption in the range of 1156–1158 cm−1 was noted in
the FTIR spectra, and this belongs to the stretching vibrations of the symmetric cellulose
C-O-C (1155–1159 cm−1), which corresponds to the content in crystallized and amorphous
cellulose.. In their study, Gelbrich et al. [73] reported that the band at 1031 cm−1 (class 1)
was assigned to bonds of holocellulose (1047–1004 cm−1) and that the intensity of the band
decreased as the infection became more severe, indicating the lessened polysaccharide
content. The attack of a fungal disease infection on polysaccharides (sugar ring tension) is
clear by the decreased band intensities at 896–893 cm−1, corresponding to the pyranose
ring opening. Similar results were obtained by Kotilainen et al. [71] and Pena et al. [74].
Meanwhile, the fungi’s enzymatic activity is primarily responsible for the decrease in
intensities of asymmetric and C-H out-of-plane stretching of cellulose and hemicellulose.

3.3. Durability
3.3.1. Fungal Decay

Figure 4 shows that mycelium covered the surfaces of the test blocks, particularly the
healthy one (class 1). It can be observed that the healthy samples were heavily colonized
by fungi when compared to the infected test blocks (class 2, 3, and 4).
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1a = class 1, 1b = class 2, 1c = class 3, and 1d = class 4; and C. puteana (lower): 2a = class 1, 2b = class
2, 2c = class 3, 2d = class 4.

Table 8 shows the durability E. urograndis of classes 1, 2, 3, and 4 after being exposed
to P. sanguineus and C. puteana for about 12 weeks. As presented in Table 8, the results
revealed that the WLdecay decreased progressively. P. sanguineus caused more WLdecay than
C. puteana, with values ranging from 14.4% to 9.5% and 11.2% to 6.1% for healthy and
infected samples, respectively. It was observed that the WLdecay of the infected samples
caused by both P. sanguineus and C. puteana was significantly lower than that of the healthy
samples. It was noted that the white rot fungi caused severer damage on the Eucalyptus
trees compared to brown rot fungi. The results show that a significant improvement was
recorded for the resistance of infected samples against both P. sanguineus and C. puteana, as
indicated by the lower WLdecay found in the infected samples (class 2, 3, and 4). Thus, the
durability classes of infected samples were also improved, from resistant (class 1) to highly
resistant (class 4), against P. sanguineus and C. puteana.

Table 8. Mean weight loss and durability classes of infected and healthy Eucalyptus urograndis against
white rot and brown rot fungal decay.

Infection
Classes Value

WLdecay (%) Resistance Classes

P. sanguineus C. puteana P. sanguineus C. puteana

1
(Healthy)

Mean 14.4 a 11.2 a Resistant (II) Resistant (II)
SD 2.7 2.8

2
(Moderate)

Mean 12.3 b 8.0 b Resistant (II) Highly
resistant (I)SD 3.0 2.3

3
(Severe)

Mean 10.3 c 7.8 c Highly
resistant (I)

Highly
resistant (I)SD 2.5 3.1

4
(Very severe)

Mean 9.5 c 6.1 c Highly
resistant (I)

Highly
resistant (I)SD 1.9 2.6

p-value 0.000 *** 0.000 ***
Notes: Classification of decay resistance according to ASTM standard D2017 [29]. Means followed by the same
letter (a, b, c) in the same column were not significantly different at p < 0.05 according to Duncan’s multiple range
test. ***, high significance (p < 0.01); ***, very high significance (p < 0.001).

This observation was made due to the increase in lignin and extractive content of
E. urograndis after C. deuterocubensis tree infection, which helped to deter the wood from
decay. Samples of classes 3 and 4 showed high resistance against white rot fungi, while
classes 2, 3 and 4 showed high resistance against brown rot fungi. Owing to the lower
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availability of polysaccharides to consume by the P. sanguineus and C. puteana, the increase
in lignin instead of cellulose and hemicellulose is not favorable for the growth of C. puteana
(brown rot) fungi. Brown rot fungi mainly degrade cellulose and hemicelluloses and leave
most of the lignin undegraded [75,76]. Another plausible reason for the decrement of
WLdecay was the lower density and equilibrium moisture content (EMC) of infected than
healthy wood. In our previous study [24] we found that infected samples of classes 2, 3,
and 4 had low density (618.9, 706.8, and 542.3 kg/m3) and moisture content (10.1, 10.2,
and 9.7%) values, respectively. This phenomenon is thought to be stressful for fungal
growth. Moisture is required for all processes in wood infected by decay fungi, including
spore arrival and germination, mycelial growth, and wood metabolism. As a result of the
lower hydrophilic properties of infected wood (decrease in MC of wood), the growth and
colonization of wood-decaying fungi were minimized, making decaying fungi less able to
grow and degrade wood [77].

A study by Gunduz et al. [52] on chestnut wood infected by Cryphonectria parasitica
(Murrill) found that vessel diameters and vessel frequency in the transverse section became
smaller, and the lengths of the vessel elements were shorter. The formation of granular
layers was observed via scanning electron microscopy (SEM) in the inner walls of the
vessels. Moreover, Mafia et al. [55] found there was deposition of residual stromatic
hyphae tissue in vessel of E. urograndis, caused by intense growth of Hypoxylon spp. It is
likely that these structures resulted from the colonization activities of the Hypoxylon spp.
disease. Thus, in this study, the penetration of both types of fungal decay (P. sanguineus and
C. puteana) into wood vessels for colony growth may be limited due to vessel obstruction
from a previous infection by C. deuterocubensis. A similar finding of the study by Clerivet
and El Modafar [78] reported alteration in xylem vessels, including thickening of vessel
walls, occlusion of pores, deposition of gels, gum, and formation of tyloses after inoculation
of Platanus acerifolia with Ceratocystis fimbriata f. sp. platani. A study by Mafia et al. [45], by
using SEM, found the presence of the pathogen structures and tyloses in E. grandis hybrid
infected by Ceratocystis fimbriata. Tyloses are considered an active defense mechanism
which involves partial or complete occlusion of xylem vessels through the deposition of
gels and gummosis (kino) to limit microbial growth [79,80]. According to MTIB [81], the
vessel of Eucalyptus spp. contained a moderate amount of tyloses and gums. Eucalyptus spp.
is known as the “gum tree”, as it presents a gum canal (kino veins) and secretes a gooey
substance. Timor white gum is known to come from E. urophylla [82], while flooded gum is
known to come from E. grandis [83]. When the trunk surface of a gum tree is damaged, it
oozes visible amounts of thick, gummy (resinous liquid) sap.

3.3.2. Termite Attack

The mean weight loss (WLtermites), increment of resistance, block visual rating, and
class of resistance of healthy (class 1) and infected wood samples (class 2, 3, and 4) after
4 weeks of exposure to C. curvignathus are presented in Table 9. The results show that the
WLtermites values decreased consistently from healthy to infected (class 4) samples.

From the experimental results, all sample blocks tested were attacked by termites, as
reflected in Figure 5. The healthy sample (class 1), which had the highest WLtermites value
of 20.1%, was attacked the most, followed by the infected samples in classes 2 (16.4%),
3 (12.5%), and 4 (9.9%). Significant resistance improvement was observed for the infected
class 2 to class 4 samples, from very poor (V) to moderately resistant (III).

Based on the visual rating classification of termite attacks, the samples from classes
1, 2, 3, and 4 had rating values of 7, 7, 7, and 8, respectively. The results demonstrated a
slight improvement for infected E. urograndis. This shows that as the lignin and extractive
proportion and concentration increased, so did the resistance to the C. curvignathus at-
tack [46]. The toxicity of lignin and extractives may have increased resistance and provided
protection to infected E. urograndis against C. curvignathus termite feeding in our study.
Another possibility is that the tree’s defense mechanisms were activated while or after the
E. urograndis tree was infected with C. deuterocubensis, resulting in the formation of chemical
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substances, such as gums, tyloses, and other phenolic compounds [57], which act as slow
poisons to termites.

Table 9. Mean weight loss and durability classes of infected and healthy Eucalyptus urograndis against
termite attacks.

Infection
Classes Value WLtermite (%) Visual Rating Resistant

Classes

1
(Healthy)

Mean 20.12 a 7 Very poor (V)
SD 4.5

2
(Moderate)

Mean 16.44 ab 7
Poor (IV)

SD 8.8

3
(Severe)

Mean 12.49 bc 7
Poor (IV)

SD 5.5

4
(Very severe)

Mean 9.86 c 8 Moderately
resistant (III)SD 6.0

p-value 0.000 ***
Notes: Classification of termite resistant according to SNI 01.7207 [37] and rating system according to AWPA
stand ard E1-09 [31]. Means followed by the same letter (a, b, c) in the same column are not significantly different
at p < 0.05 according to Duncan’s multiple range test. ***, high significance (p < 0.01); ***, very high significance
(p < 0.001).
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In addition, Bayle [84] and FAO [85] stated that more than 300 species of Eucalyptus
are interspecific hybrid containing volatile oils, which consist of mixtures of hydrocarbons
(terpenes and sesquiterpenes) and oxygenated compounds (alcohols, esters, ethers, alde-
hydes, ketones, lactones, phenols, and phenol ethers) [85–87]. These volatile oils have
favorable properties that have insecticidal and antimicrobial properties [84,85]. Further-
more, vessel obstruction caused by C. deuterocubensis fungus infection may be another
factor that deters termite attack.

3.4. Correlation between Infection Class and Weight Loss against Fungal Decay and
Termite Attacks

Pearson’s correlation between the infection class and WLdecay against P. sanguineus
and C. puteana, as well as that between the infection class, WLtermites, and C. curvignathus in
E. urograndis wood was conducted and tabulated in Table 10. The correlation was moderate,
but highly significant (p = 0.000), in all durability tests. Generally, the weight loss from
both fungal and termite tests decreased in trees of higher infection classes, as indicated
by the weak negative correlations of WLdecay, P. sanguineus (r = −0.594), and C. puteana
(r = −0.540), and of WLtermites and C. curvignathus (r = −0.528).
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Table 10. Correlation between infection classes with weight loss against fungal decay and termite
attack.

Correlations

Class Decay Termite

P. sanguineus C. puteana C. curvignathus

Class
Pearson correlation 1 −0.594 ** −0.540 ** −0.528 **

Sig. (2-tailed) 0.000 0.000 0.000
N 80 80 80 80

** Correlation is significant at the 0.01 level (2-tailed). ** Correlation is significant at the 0.05 level (2-tailed).

4. Conclusions

The chemical properties and biological durability of the E. urograndis trees infected by
canker disease (C. deuterocubensis) were investigated in this study. The findings revealed
that the cellulose and hemicellulose content decreased with increasing infection severity.
On the contrary, lignin and extractive content increased as the severity of the infection
increased. Consequently, the resistance of the infected tree against white rot and brown
rot fungi was enhanced, probably due to the lower availability of polysaccharides in the
infected wood on which the fungi could thrive. The resistant of the E. urograndis wood
against subterranean termites was also improved. The resistance against termites improved
from very poor in healthy samples (class 1) to moderately resistant in the most severely
infected samples (class 4). Overall, the results showed that the infected wood had a high
extractive content, which made it unsuitable for pulp and paper production. However, it
may have some potential in lumber production, as it has more added value and a lower
cost of production than pulp and paper products.

The current study expands on previous research into the physical, mechanical, and
machining properties of infected E. urograndis wood. When compared to healthy trees,
infected trees showed only a minor reduction in strength. Because of the minor strength
reduction, they are appropriate for non-structural applications such as furniture, interior
finishing, window frames, and doors. Furthermore, the infected wood has acceptable
machining properties, justifying its use in furniture production. When combined with the
current study’s findings that the infected wood demonstrated improved biological durabil-
ity, the case for using infected wood in non-structural applications is strengthened. This
may assist the planter in deciding whether to extract the trees for timber production when
the first signs of infection appear. Future research should concentrate on the anatomical
properties and cell structure of wood in order to clearly observe the level of infection by
C. deuterocubensis for better infection severity classification.
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