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Abstract In this study, the biodegradation of wood
and chemical changes caused by the Hylotrupes
bajulus beetle were revealed for the first time using
FTIR spectroscopy. In the study, Scots pine (Pinus
sylvestris), fir (Abies nordmanniana), and spruce
(Picea orientalis) wood species were exposed to
damage by H. bajulus larvae for four months. Mor-
phological measurements and chemical analysis were
carried out for the fine powdery dust (FPD) and frass
(FR) produced by H. bajulus and compared to control
samples. In addition, the FPD and FR of the larvae
were examined by FTIR analysis and changes in the
wood structure were determined. According to the
morphological measurement data obtained from the
study, the dimensions of the larval FR were
1 x 0.55 mm  screened at  20-mesh, and
0.37 x 0.24 mm at 60-mesh. Holocellulose analysis
showed that less holocellulose was detected in the FR
and FPD than in the control wood. In the sugar analysis
performed via HPLC, the glucose, xylose, galactose,
mannose, and arabinose components decreased com-
pared to the control wood, whereas the content of acid-
insoluble lignin increased. The FTIR spectra of the
wood species (especially in Scots pine) showed that
the carbohydrate band intensity at 1735, 1370, 1321,
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and 897 cm™ ' decreased and the carbohydrate bands
at 1735, 1321, 1369, and 897 cm ™! were nearly absent
in the FPD and FR after H. bajulus larva degradation.
However, absorption band intensity at 1508, 1458,
1268, and 1031 cm™! related to the lignin bands
increased significantly. According to these results, H.
bajulus larvae degraded cellulose and hemicellulose
from the wood components, but they did not degrade
lignin.
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Introduction

Hylotrupes bajulus (old house borer) is among the
chief wood borers that damage wood. It generally
feeds on softwoods including the sapwood of pine, fir,
and spruce (Robinson and Cannon 1979; Akbulut et al.
2008). However, in some cases, H. bajulus larvae have
even been reported to feed on heartwood when they
reach the mature stage (Eaton and Hale 1993). The
adults are 20—30 mm in length when fully grown and
the larvae are 22-25 mm. The adults do not feed on
wood. The main damage to wood is done by the larvae.
They reduce the economic value of wood. The cream-
colored larvae are similar to typical Cerambycidae
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larvae. It has been reported that their development can
continue for 1-6 years and sometime up to 10 years
(Grosser 1985). Females generally lay eggs in the
cracks of coniferous trees because they are attracted by
the alpha-pinene and beta-pinene in coniferous
species. The reason they do not attack hardwoods is
that toxic substances in these tree species prevent the
development of the larvae (Cymorek 1981; Fettkdther
et al. 2000).

The structure of wood is composed of various
amounts of hemicellulose, cellulose, and lignin and is
formed by the arrangment of the cell walls and cells in
a certain order. Some insect species living in wood can
digest the hemicellulose, cellulose, and lignin that
comprise the main components of wood. Different
mechanisms have been proposed to explain the
digestion of cellulose in insects. Some insect species
have a symbiotic relationship with bacterial species in
their hindguts enabling them to digest wood compo-
nents, and other insect species can produce their own
enzymes to digest wood (Chiappini et al. 2010). The
digestion of cellulose in insects is based on the
principle that it is accomplished by cellulase enzymes,
which are also responsible for the digestion of
cellulose in fungi (Martin et al. 1991).

Cellulose is composed of glucose sub-units that can
be hydrolyzed via the effect of acids and enzymes and
bonded via B bonds. Biological hydrolysis of cellulose
is accompanied by the activity of cellulases, including
endoglucanases and cellobiohydrolases or exocellu-
lases and beta glucosidases. The hydrolysis of cellu-
lose to glucose occurs as a result of hydrolysis of the
cellulose PB-1,4 bonds by cellulase enzymes. The
complete hydrolysis of cellulose can have a triple
synergistic effect, with glucose as the final product
(Wilson and Irwin 1999; Laurent et al. 2000).

The source and degradation of enzymes in the
intestines of wood-destroying insects is still contro-
versial (Zverlov et al. 2003). According to Martin et al.
(1991), the digestion of cellulose has been shown in 8
orders and 78 species belonging to 20 families,
including Anobiidae (furniture beetle and death watch
beetle), Cerambycidae (long-horned beetles),
Buprestidae (metallic wood borers), Blattodea (ter-
mites), Siricidae (wood wasps), and Scarabaeidae
(scarab beetles). The insects most effective at digest-
ing cellulose are termites, at a 99% degradation rate. It
was reported that xylophagus larvae such as Anobidae,
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Siricidae, and Cerambycidae have the somewhat
lower digestion rate for cellulose of 12-68%.

Previous studies have proven that no other microor-
ganisms are involved in the digestion of cellulose and
hemicellulose for the H. bajulus beetle. Therefore, the
cellulase enzyme in this insect is endogenous.
Although 20% of cellulose and hemicellulose can be
digested by H. bajulus cellulase enzyme, the other
80% 1is formed into pellets with feces (frass). The
morphological properties of the frass play a determin-
ing role in the identification of these insects. Like other
wood borers, the long life-cycle confirms their neces-
sity to obtain energy from the cellulose and protein of
the wood components in which they live (Chiappini
et al. 2010). Studies in the literature have proven that
protein additives to the H. bajulus diet accelerate the
growth of their larvae (Schuch 1937). On the other
hand, Holl et al. (2002) reported that in diet studies,
starch had no effect on the development of H. bajulus.

Many studies have been conducted to explain the
chemical changes and characterization of degradation
in wood (Green and Highley 1997; Howell et al. 2009;
Tomak et al. 2013). Since infrared spectroscopy is a
rapid and non-destructive technique (Pandey 1999), it
is often used in the determination of cellulose,
hemicellulose, and lignin content as well as other
substrates in wood and to detect changes in wood
structure caused by fungi and bacteria (Pandey and
Pitman 2003; Pandey and Nagveni 2007; Popescu
et al. 2007). To date, although the changes in wood
structure due to fungi have been investigated many
times, unfortunately, the chemical characterization of
the changescaused by major wood borers have not
been revealed.

This study investigated the biodegradation and
chemical changes occurring in wood caused by the
major wood borer, H. bajulus. The frass (FR) and fine
powdery dust (FPD) produced by the larvae from the
digestion of Scots pine, fir, and spruce wood
specieswere analyzed and their chemical characteri-
zation was carried out for the first time using Fourier
transform infrared (FTIR) spectroscopy. Morpholog-
ical examination and additional analyses were con-
ducted for holocellulose, alpha-cellulose, and
extractive substances in addition to consumption rate
and HPLC analyses in order to determine the feeding
properties of H. bajulus.
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Materials and methods

Preparation of wood samples and exposure
to larval destruction

The larvae cultures were obtained from the Division of
Biodeterioration and Reference Organisms at the
Federal Institute for Materials Research and Testing
(BAM), Berlin, Germany. Scots pine (Pinus sylvestris)
sapwood samples (obtained from Alapli, Zonguldak
Province, Turkey) were prepared in dimensions of
50 x 25 x 15 mm as specified in EN 46 (2016). A
total of 75 prepared Scots pine samples were impreg-
nated with peptone and yeast and newly hatched H.
bajulus larvae were inserted into these wood samples.
The samples were then kept at 26 £+ 2 °C and
75 &+ 5% relative humidity. The larvae thus grew
more rapidly than they would in their natural life
cycle. The larvae in this group were classified as the
smaller larvae (< 0.05 g) and their frass was used only
in the HPLC and FTIR analyses for Scots pine
samples. The larvae reaching the specified size were
transferred to the Scots pine (Pinus sylvestris) (SPW),
fir (Abies nordmanniana) (FW), and spruce (Picea
orientalis) (SW) wood species samples prepared in
dimensions of 60 x 55 x 55 mm. However, the
wood samples in this group were natural wood, i.e.,
not impregnated with peptone and yeast extract. The
larvae in these samples continued to feed at 26 °C and
75% relative humidity. The larvae in this group were
classified as the larger (> 0.05 g) larvae and their frass
(FR) and fine powdery dust (FPD) were used for the

analyses. The experimental design of the study and the
analyses carried out are given in the Table 1.

Determination of consumption rate

Consumption rate tests were carried out using the
larger larvae (> 0.05 g). The weights of the SPW, FW,
and SW samples were measured on an assay balance.
Three replicates were used for each wood species. One
larva was placed in each wood sample and the wood
blocks were kept at 75% relative humidity and 24 °C.
At the end of 120 days, the larvae were removed from
the wood blocks and the feces and dust were cleaned
away. The wood blocks were weighed again on an
assay balance and the daily consumption rates of the
larvae were calculated according to Eq. (1).

(M1 —M2)
120
where CR is the consumption rate, M1 is the pre test

weight of the wood blocks, and M2 is the post test
weight of the wood blocks.

CR = x 1000 (1)

Morphological properties

Samples of FR and FPD were collected from the larger
(> 0.05 g) larvae fed only on SPW for four months
(Fig. 1). After passing through 20-, 40-, and 60-mesh
sieves, the dimensional classification of the larval FR
was carried out. Fourteen frass pellets (FR) were
selected randomly from each mesh type for the
measurements. The FR dimensions (length and width)
were measured under a stereo microscope.

Table 1 Experimental
design and sample codes

Frass and FPD source Analysis Scots pine Fir Spruce

Natural blocks (Larvae > 0.05 g) Morphological properties * - -
Chemical properties** * - -
FTIR and HPLC * * *

Rearing blocks (Larvae < 0.05 g)

Sample
Scots pine wood
Fir wood

*Analysis carried out, Spruce wood

**chemical analysis (o Frass

cellulose, hemicellulose, Fine powdery dust

Morphological properties — — - -
Chemical properties** - - -
FTIR and HPLC * - -
Sample code

SPW

FW

SW

FR

FPD

lignin, extractives)
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Fig. 1 The main materials used in the study (a SPW control; b FPD; ¢ FR)

Chemical analysis
Determination of holocellulose content

Determination of holocellulose was carried out
according to the chlorite method of Wise and John
(1952). The method was applied to the SPW flour
(control samples) and the FR, and FPD produced by
the larger (> 0.05 g) larvae. Samples (5 g) of oven-
dried 40-mesh control flour, FR, and FPD were placed
in a 250-mL flask with 160 mL of water, 1.5 g of
NaClO,, and 0.5 mL of glacial acetic acid and kept at
78 °C for 1 h. The flask was shaken and stirred during
the reaction. After one h, 1.5 g of NaClO, and 0.5 mL
of glacial acetic acid were added to the mixture and
heating was continued for 1 h. This process was
repeated four times. When chlorination was com-
pleted, the mixture was filtered through a glass
crucible (por 2). The residue was washed repeatedly
with acetone and then with cold distilled water and
dried at 105 =+ 3 °C. The amount of holocellulose was
then determined.

Determination of alpha-cellulose content

The alpha-cellulose ratio was determined according to
TAPPI T 203cm-09 (2009) standard using 17.5%
NaOH on the holocellulose samples. About 2 g of
oven-dried holocellulose was placed in a beaker and
10 mL of 17.5% NaOH solution was added. This was
mixed with 5 mL of 17.5% NaOH solution twice at
5-min intervals and then kept in a water bath at 20 °C
for 30 min. Afterwards, 33 mL of distilled water was
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added to the mixture and kept at 20 °C for 60 min and
then filtered through a por 2 crucible. The residue in
the crucible was washed, first with 100 mL of 8.3%
NaOH solution, followed by 15 mL of 10% acetic acid
and 250 mL of distilled water and then weighed after
drying at 105 &£ 3 °C. Finally, the % o-cellulose
content was determined relative to the oven- dry
holocellulose.

Determination of extractives

The SPW was ground using a hammer mill and sieved
to 40-mesh size for the control. Samples of about 5 g
each of SPW flour (control), FPD, and FR were
subjected to extraction with a toluene: acetone:
ethanol mixture [4/1/1, (v/v)] for 6 h using a soxhlet
extractor. Three replicates were used for each sub-
strate type. The extracted samples were filtered
through a glass crucible (por 2) using a vacuum, and
then oven-dried at 103 &£ 2 °C for 12 h. They were
then transferred to a desiccator containing phosphorus
pentoxide and kept for for 15 min, after which the
extractive amount was calculated.

HPLC analysis

Within the scope of the study, 0.3 g control samples
(moisture determined) of SPW, FW, SW, FPD, and FR
were weighed. Three replicates were used for each
wood species control, FR, and FPD sample in the study
(a total of 36 replicates). Samples were subjected to
hydrolysis according to the method determined by
NREL Laboratory Analytical Procedures (LAP) of the
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National Renewable Energy Laboratory (Sluiter et al.
2004). Accordingly, 0.3 g-samples of wood flour
(control), FPD, and FR and 3 mL of 72% H,SO, were
kept in a hot water bath at 30 °C for 1 h and mixed with
a glass stirring rod every 10 min. The mixture was then
placed in a flask and 84 mL of distilled water was
added. It was immediately sterilized by autoclaving for
60 min. For neutralization, 20 mL of sterilized sample
and 1 g of CaCO3 were mixed and centrifuged. The
mixture was then transferred in a vial to the HPLC
device. The HPLC analyses were performed using the
Agilent 1200 refractive index detector (RID) at 20 pL
injection volume with an ultra-pure water mobile phase
and the SHODEX SP 0810 column at a flow rate of
0.6 mL/min at 80 °C. The sugar proportions in the
samples were calculated in micro-liters as a percentage
of the original sample.

FTIR analysis

The samples (control, FPD, and FR for SPW, FW and
SW) were dried in an oven at 60 °C for 48 h and used
for the FTIR analyses. The analyses were performed at
the Duzce University Scientific and Technological
Research Application and Research Center (Duzce,
Turkey) using an IR Prestige-21 instrument (Shi-
madzu Benelux B.V., Hertogenbosch, Netherlands)
fitted with an ATR attachment. Analyses were carried
out at 4 cm~' for 32 scans and the spectra were
recorded in the wavenumber range of 600-1800 cm ™
(fingerprint region).

Statistical analyses

Statistical analyses of the data were performed using
SPSS 19 software (IBM Corp., Armonk, NY, USA).
The averages were evaluated using a one-way analysis
of variance (ANOVA). A mean separation test (i.e.,
Duncan’s multiple range test) was applied at the
a = 0.05 level to determine the significant differences
among the paired comparisons.

Results
Morphological properties

Evaluation of the dimensional measurements of the
FR produced by H. bajulus larvae revealed that the FR

size decreased from the 20-mesh to the 80-mesh
(Fig. 2). According to the FR measurements, the
length and width of the FR in the 20-mesh were on
average 1 mm and 0.55 mm, whereas the 40 mesh
were 0.61 mm and 0.30 mm. When all dimensional
measurements were considered, the FR length varied
between 1 mm and 0.36 mm and the width between
0.55 mm and 0.24 mm. When the color properties
were examined, a light color was observed on the FPD
and a darker color on the FR pellets. The larvae pellets
(FR) were clearly cylindrical or sausage-like in shape
(Fig. 1).

Chemical analyses

The extractive substance analysis of the SPW flour
(control), FPD, and FR, showed a higher proportionate
amount of extractive substance in the FR and FPD than
in the control. An average of 1.29% extractive material
was determined in the control and 2.64% and 3.38% in
the FPD and FR, respectively. No statistically signif-
icant difference was found between the amount of
extractive substance in the FPD and FR (Table 2).

Among the wood species, the highest daily con-
sumption rate by the H. bajulus (average 0.05 g)
larvae was determined in the SPW as an average of
43.6 mg/day, whereas the lowest was found in the FW,
with an average of 11.8 mg/day. Daily consumption
amount differences among the wood species were
found to be statistically significant (p < 0.05)
(Table 2).

The findings of the SPW control, FPD, and FR
samples were examined for holocellulose and it was
found to be higher in the control wood compared to the
FPD and FR (Fig. 3). As a result, 76.8% holocellulose
was detected in the control, and 67.2% and 68.4% in
the FPD and FR, respectively. Differences between the
control and FR were also statistically significant. The
alpha-cellulose ratios are shown in Fig. 3. According
to the data, no difference was found between the
control and FR samples in terms of average alpha-
cellulose ratios. When the residual acid-insoluble
lignin ratios were examined (Table 2), differences
were found between the control samples and the FPD
and FR, with a higher rate of lignin in the FR compared
to the control.

The HPLC analysis findings for the FPD, FR, and
control wood flour were revealed after degradation in
different woods by H. bajulus (Table 3) and the HPLC
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Fig. 2 Dimensions of FR produced by H. bajulus larvae. 1: length, w: width. Error bars show standard deviations; statistical analysis

was done separately for 1 and w

Table 2 Extractive rate in FPD and FR and daily amount of
wood consumption by H. bajulus

Extractives (%) Average (%)

SPW control 1.29 a (0.19)
FPD 2.64 b (0.20)
FR 3.38 b (0.33)
Consumption Average (mg/day)
SPW 43.6 a (3.13)
SW 28.4 b (1.52)
FW 11.8 ¢ (0.65)

The same letters in the same column indicate no difference
between them

Fig. 3 Holocellulose and
alpha cellulose content of

chromatograms were then generated. Chromatograms
are given for the FW control sample, FPD, and FR in
Figs. 4, 5, and 6. The findings in Table 3 showed that
H. bajulus larvae had consumed glucose, xylose,
galactose, mannose, and arabinose sugar components,
which are the basic units of cellulose and hemicellu-
lose. In general, there were statistically significant
differences in the wood species between the glucose
sugar levels of the control, FR, and FPD. For example,
a glucose level of 21.3% was detected in the SPW
control samples, but this ratio decreased to 18.9% and
17.6% in the FPD and FR samples, respectively
(larvae weight < 0.05 g). A similar situation was also
observed in the FW and SW samples.

FPD and FR produced by H. 9 S a
bajulus larvae. Error bars g 2 %
shows standard deviations. & % g
C: control, FPD: Fine = = E
powdery dust, F: Frass § C: £
S = g
= = = < = =
FPD F FPD
Substrate type Substrate type
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Table 3 Sugar amount consumed by H. bajulus larvae (%)

Wood species Sample type Glucose Xylose + galactose Mannose + arabinose Avg. acid-insoluble lignin
SPW Control 20.1 (1.71) a 2.85 (0.06) a 5.49 (0.42) a 292 (1.57) a
FPD 18.53 (0.86) a 247 (0.7) a 356 (1.1) a 31.1 (0.67) a
FR 19.59 (1.82) a 1.51 (0.03) a 359 (1.14) a 314 (5.61) a
SPW* Control 21.36 (1.01) a 323 (044) a 451 (0.33) a 27.2 (0.76) a
FPD 18.91 (0.65) b 231 (0.11) b 3.11 (0.11) b 323 (0.19) b
FR 17.62 (0.51) b 2.06 (0.11) b 2.63 (0.27) b 33.1 (0.98) b
FW Control 22.39 (047 a  0.99 (0.86) a 1.94 (1.09) a 29.3 (0.2) a
FPD 19.95 (0.5) b 0.49 (0.85) a 0.64 (1.11) a 29.7 (0.83) a
FR 17.14 (1.42) ¢ 0.44 (0.62) a 1.85 (0.13) a 332 (051 b
SW Control 21.09 (0.63) a o 4.73 (0.55) a 29.0 (2.25) a
FPD 18.67 (0.53) b ok 5.49 (0.18) a 348 (5.70) a
FR 18.64 (0.07) b ok 6.38 (0.69) a 37.8 (6.75) a

The values in parenthesis are standard deviations; the same letters in the same column for each wood species indicate no statistical
difference between them. Statistical analysis was done separately for each wood species

* < 0.05 g larvae,

**No data

Glucose

7

Xylose + Galactose

A

Mannose + Arabinose

/}‘

0 10 15 20 25 min

Fig. 4 HPLC chromatogram for glucose, xylose, galactose, mannose, and arabinose characterization of FW control sample
FTIR analyses on cellulose, hemicellulose, and lignin degradation in
wood (Pandey and Pitman 2003; Oevering et al. 2003;
Mohebby 2005; Popescu et al. 2007; Mico et al. 2011;
Elmas and Yilgor 2020).

The evaluation of the peaks in the FTIR spectra is
given in the Table 4. This evaluation was based on the
data obtained from the literature by examining studies
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Fig. 5 HPLC chromatogram for glucose, xylose, galactose, mannose, and arabinose characterization of FPD

€000
5000 -

: Glucose
2000
2000

] Xylose + Galactose
2000 - P

Mannose + Arabinose
1000 7
ot
] T T T T
0 10 15 20 25 min

Fig. 6 HPLC chromatogram for glucose, xylose, galactose, mannose, and arabinose characterization of FR

The FTIR spectra of the control wood samples are
given in Fig. 7, which shows important peaks occur-
ring at 897, 1031, 1055, 1268, 1365, 1423, 1467, 1508,
and 1735 cm™!' wavelengths in the region defined as
the “fingerprint region” (1800-600 cm™"). The peaks
that occurred in this region were attributed to the
lignin and polysaccharides in the wood.

@ Springer

Different lignin peaks are shown at 1596 and
1508 cm™! wavelengths, whereas peaks at 1467,
1320, 1268, and 1120 cm™! indicate lignin and
polysaccharides and the 1735, 1365, and 897 cm™!
wavelengths belong only to polysaccharides. The
polysaccharide peak at the wavelength of 1735 cm™'
belongs to hemicellulose, and the peak at the
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Table 4 Evaluation of bands in FTIR spectra according to previous literature studies

Wavenumber  Peak assignment References
(em™)
1738-1734 Unconjugated C = O bond, acetyl or carboxylic acid References
stretching in xylans (hemicellulose)
1596 and Aromatic skeletal vibrations + C = O stretching in lignin ~ Pandey and Pithman (2003), Mico et al. (2011),
1508 Oevering et al. (2003)
1470-1455 C-H asymmetric deformation lignin and carbohydrates Pandey and Pithman (2003), Elmas and Yilgor (2020)
1430-1421 CH bending in lignin and carbohydrates Mico et al. (2011)
1375-1365 C-H deformation in cellulose and hemicellulose Mico et al. (2011)
1330-1320 C—H vibration in cellulose and guaiacyl ring breathing, C-O Pandey and Pitman (2003), Mico et al. (2011), Elmas
linkage in guaiacyl aromatic methoxyl groups and Yilgor (2020), Oevering et al. (2003)
1268 C-O stretch in guaiacyl ring of lignin and C-O stretching in Mico et al. (2011)
xylan
1235-1230 C-0O-C asymmetric stretching in cellulose Pandey and Pithman (2003), Shi et al. (2012)
1162-1125 Aromatic C-H in—plane deformation (typical for syringyl = Mico et al. (2011)
units), C = O stretching
1120 Aromatic skeletal and C-O stretching Mico et al. (2011), Popescu et al. (2007)
1060-1015 C-O stretching in cellulose and hemicellulose Mico et al. (2011)
897 C-H deformation in cellulose, B-linkage of cellulose Mohebby (2005), Popescu et al. (2007), Abidi et al.

(2014)

897 cm™' wavelength belongs to cellulose (see also
Table 4). Unconjugated C = O stretching was repre-
sented in the xylan at a wavelength of 1735 cm™" and
acetyl and carboxyl vibrations in the xylan were
represented at the 1735 and 1235 wavelengths in the
hemicellulose. The peaks in the absorption band at
1375-1365 cm ™' were assigned to the C—H deforma-
tion in the cellulose and hemicellulose, whereas
897 cm ™' was only assigned to the C—H deformation
in cellulose. Aromatic skeletal vibrations and C = O
stretching in the lignin were found at 1596 and
1508 cm ™" wavelengths. The peak at 1268 cm ™' can
be attributed to guaiacyl ring breathing, the C-O
stretching in lignin, and the C-O linkage in the
guaiacyl aromatic methoxyl groups. Although no
major differences were observed among the FTIR
spectra of the control woods, the main difference
occurred as the higher peak intensity in cellulose and
hemicellulose in the SPW sample at 897 and
1735 cm ™" wavelengths.

Examination of the SPW FTIR spectra (Figs. 8 and
9) showed that the intensities of the carbohydrate
bands at 1735, 1370, 1321, and 897 cm ™' decreased.
The carbohydrate bands at 1735, 1321, 1369, and
897 cm ™! (Fig. 9) were nearly absent in the FPD and

FR after H. bajulus larva degradation. However,
intensity of the absorption bands at 1508, 1458,
1268, and 1031 cm™! related with the lignin bands
increased significantly and a new peak appeared in the
FPD and FR at the 1421 cm™! wavenumber (Fig. 9).

In terms of the wood species, the highest peak
change occurred in the SPW impregnated with pep-
tone and yeast. Yeast and peptone impregnation is a
feeding method specified in EN 46-1 (2016) to
accelerate the development of H. bajulus larvae. The
SPW impregnated with nutrients appeared to be more
digested and structurally changed by the larvae.
Examination of the FTIR spectra for the larger larvae
(> 0.05 g) (Fig. 8) showed that they had caused
minimal changes in the peaks belonging to cellulose
and hemicellulose (1735, 897 cm_l) compared to the
smaller larvae (< 0.05 g). However, they caused
increases in the heights of the lignin peaks (1508,
1268, and 1263 cmfl). As shown by the FTIR spectra,
H. bajulus larvae were not able to digest the lignin
component, although they digested the cellulose and
hemicellulose from the polysaccharides. For this
reason, the findings obtained from the determination
carried out of the holocellulose in SPW (Fig. 3) and

@ Springer
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Fig. 7 FTIR spectra of control wood flours

the findings obtained from the FTIR spectra confirmed

each other.

In the case of the FW and SW (Figs. 10 and 11), the
FR and FPD peaks were similar to each other, unlike
with the control wood. When the peaks of the control
wood, FPD, and FR were examined, increases were
observed in the peaks of lignin in the absorption bands

at 1508, 1268, 1220 cm™".

When the spruce wood was examined, a significant
increase was observed in the height of the bands of the
lignin component at 1596, 1508, 1423, 1268, and
1220 cm ™' wavelengths for the FR and FPD com-
pared to the control woods. Minimal changes were
detected in the wavelengths of the peaks of cellulose

and hemicellulose.
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Wavenumber (cm™)

Discussion

Regarding the morphological properties of the H.
bajulus FR, Bobadilla et al. (2015) found similar
findings in their study. They reported that H. bajulus
FR was homogeneous and clearly cylindrical with
flattened or very slightly rounded ends and ranging
from light to darker in color. H. bajulus digest
cellulose and hemicellulose while leaving the lignin.
Thus, darker colors may be expected as they occur in
wood decayed by brown rot fungi.

The main reason for the proportionately higher
amount of extractive substance in the FR was the
consumption of cellulose and hemicelluloses by the H.
bajulus larvae. Similar results were also found in the
study by Sen et al. (2017), in which the extractive
substance ratio was found to be 2.95% in the SPW
control samples, whereas this rate increased to 4.86%
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Fig. 8 FTIR spectra of SPW control along with FPD and FR produced by > 0.05 g larvae

in the FR of Spondylis buprestoides (Coleoptera:
Cerambycidae) larvae.

The resistance of wood against insects depends on
the species. Previous studies have found the SPW
species to be more susceptible to H. bajulus than SW
and FW (Graf et al. 1989). One study reported the H.
bajulus larvae daily consumption amount of SPW to
be 11.2 mg/day during a 124-day feeding period (Nerg
et al. 2004). Compared to Nerg et al. (2004), the daily
consumption amount of SPW by H. bajulus was found
to be higher in the present study. This is probably due
to different larvae dimensions/weights used in the
studies.

When the lignin present in the wood structure is
removed, the remaining cellulose and hemicellulose
components are called holocellulose (Rabe-
manolontsoa and Saka 2012). In the literature, similar
results have been found for S. buprestoides (Coleop-
tera: Cerambycidae) larvae, showing more lignin

detected in frass than in control wood. Sen et al.
(2017) revealed that S. buprestoides larvae degraded
holocelluloses rather than lignin and extractives.
Because the H. bajulus beetle is a cellulose- and
hemicellulose-degrading beetle, the lignin content was
found to be higher in the frass.

The digestion of the cellulose and hemicellulose
components by coleopteran beetles can be accom-
plished by using three different types of enzymes that
are also found in fungi. The insects synthesize these
enzymes in their guts. The cellulase enzymes pro-
duced by the insects include three major classes of
hydrolytic enzymes: endoglucanases (Ci-cellulases),
cellobiohydrolases (C;-cellulases), and [-glucosi-
dases (Chararas and Chipoulet 1983). It is believed
that digestion of natural cellulose is initiated by the
endoglucanases enzymes attacking the isolated amor-
phous regions of the cellulose matrix. Endoglucanases
enzymes create nicks in the linear cellulose chains.

@ Springer
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The cellobiohydrolases attack these nick sites on
cellulose chains caused by the endoglucanase and
liberate the cellobiose. The endoglucanases and cel-
lobiohydrolases then convert the original cellulose to
cellobiose units and a mixture of soluble linear
oligosaccharides. Finally, the cellobiose is hydrolyzed
to glucose and other oligosaccharides by the cellobi-
ase. Digestion of cellulose does not occur if one of
these three enzymes is missing (Martin 1983).

The reduction in sugar content in the FPD indicated
that the digestion of cellulose had occurred in the
foregut of the H. bajulus larvae and that the enzymes
were active in this section. Cazemier et al. (1997)
demonstrated beta -glucosidase and carboxy methyl-
cellulasis activity in the H. bajulus gut, with very high
enzyme activity observed in the foregut.

The decrease or disappearance of the peaks at
1735 cm™' for the FR and FPD was due to the
decrease in the carbonyl (unconjugated C = O)

@ Springer

absorption band intensity in the hemicellulose xylan
structure after larval attack. The deformation of the C—
H groups in the cellulose structure at the 897 cm™'
wavelength from the effect of the cellulase enzyme
secreted by the larvae caused the peak height in this
band to decrease or disappear for the FR and FPD
compared to the control. However, the height of the C—
O stretch peak in the lignin guaiacyl ring at 1268 cm ™'
increased due to the xylan C-O stretching vibration in
the frass. Because of the C-H deformation in the
carbohydrates at 1421 and 1458 cm ™", the lignin was
not deformed in the larval FR; hence, a new peak was
formed at 1421 cm™" and an increase was observed in
the lignin peak height at 1458 cm™". Our results are in
agreement with Mico et al. (2011), who demonstrated
the existence of cellulolysis in the saproxylic scarab
larvae, Cetonia aurataeformis (Coleoptera: Scara-
baeoidea: Cetoniidae).
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Wood is a complex material consisting of cellulose,
hemicelluloses, and, lignin. Coniferous trees (soft-
woods) contain 33-42% cellulose, 22-40% hemicel-
lulose, 27-32% lignin, and 2-3.5% extractives,
whereas the content of deciduous trees (hardwoods)
includes 38-51% cellulose, 17-38% hemicellulose,
21-31% lignin, and 3% extractives (Tarasov et al.
2018). H. bajulus larvae prefer softwoods (Yalcin
et al. 2018) and can digest the cellulose and hemicel-
lulose contents of wood and structurally alter it by
using the cellulase enzymes secreted from their
midgut epithelium. The changes in cellulose and
hemicellulose for the functional groups in the FTIR
spectra resulted from the activity of the enzymes
secreted from the insect intestines after larval attack.
Cellulose and hemicelluloses were degraded into
smaller glucose molecules that could be used by the
insect (Chararas and Chipoulet 1983). However, the
lignin could not be digested because H. bajulus
produces no ligninolytic enzymes such as laccase,

lignin peroxidase, or manganese peroxidase. The
enzyme systems of the insects play an important role
in making this distinction. A key-lock match is
required between enzyme and substrate in order for
enzymes to digest the cellulose in wood (Yalgin et al.
2019). The presence of the cellulase enzyme that
degrades cellulose in the H. bajulus larval intestine
was recorded in Busconi et al. (2014). Ligninolytic
enzymes have not been reported in H. bajulus to date
in any literature studies.

The increase in lignin bands is due to the propor-
tional increase in the substrate resulting from the
degradation of hemicellulose and cellulose (Pandey
and Pitman 2003, Can and Sivrikaya 2020). Similar
studies have previously been carried out to explain the
wood digestion mechanism of insects. Mico et al.
(2011) studied the digestion mechanisms of Cetonia
aurataeformis (Coleoptera: Scarabaeoidea: Cetoni-
idae) on litter and Betula alba and Quercus pyrenaica
woody structures. They found that Cetonia
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Fig. 11 FTIR spectra of SW control, FPD, and FR

aurataeformis larvae changed the relative intensity of
the polysaccharide and lignin peaks. They reported
that the insect species used in the study could digest
both lignin and polysaccharides. However, they
demonstrated that the polysaccharides were more
decomposed than the lignin because of the lower-
strength hemicelluloses found in polysaccharides. In
the current study, the hemicellulose peaks (1735 cm™"
wavelength) for the peptone-impregnated SPW sam-
ples disappeared in both the FPD and FR.

A similar study was also conducted by Oevering
et al. (2003) to reveal the relationship of the wood
degradation mechanism and digestion of insects. In the
study, larvae and adults of the Pselactus spadix
(Coleoptera: Curculionidae: Cossoninae) beetle were
used, and results showed that the larvae degraded more
cellulose and hemicellulose than the adults. As in the
current study, although there was a decrease in the
FTIR spectra of the hemicelluloses (1738 cm_l) and
cellulose (1375 and 898 cm™') wavelengths for the
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FR, the relative intensity and peak heights of the
1230 cm™' and 1268 cm™' lignin wavelengths
increased.

The smaller (< 0.05 g) larvae were fed with
peptone-impregnated wood, which may have caused
more cellulose and hemicellulose degradation in the
FTIR spectra for the larvae in this group. Protein-
containing peptone has also been shown to affect the
growth of H. bajulus larvae (Schuch 1937).

Conclusion

The biodegradation and chemical changes occurring
in wood caused by the H. bajulus beetle was revealed
for the first time by FTIR spectroscopy. Moreover,
FTIR was found to be an appropriate technique for
determining the structural changes caused by H.
bajulus in the wood materials. The highest consump-
tion rate among the wood species was obtained in
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SPW. As a result of the chemical analysis, holocel-
lulose ratios and sugar components were found to be
lower in the FR, whereas lignin and extractive
substance ratios were higher. The chemical analysis
and FTIR results showed that H. bajulus larvae had
changed the structure of the FPD samples as well. The
absorption values and relative intensity of hemicellu-
lose and cellulose (1735, 1370, 1321, and 897 cm_l)
decreased, although the relative intensity and peak
heights of lignin (1508, 1458, 1268, and 1031 cm_l)
increased. The smaller (< 0.05 g) H. bajulus larvae
caused greater structural changes in the wood com-
pared to the larger larvae. The results showed that the
H. bajulus larvae digested the carbohydrates, while
leaving the lignin undigested.
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