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Abstract In our study, early period degradation
(10 days) of Scots pine (Pinus sylvestris L.) sapwood
by the brown-rot fungus Coniophora puteana
(Schum.: Fr.) Karst. (BAM Ebw.15) was followed
at the wood chemical composition and ultrastructure-
level, and highlighted the generation of reactive
oxygen species (ROS). An advanced decay period of
50 days was chosen for comparison of the degrada-
tion dynamics. Scanning UV microspectrophotome-
try (UMSP) analyses of lignin distribution in wood
cells revealed that the linkages of lignin and
polysaccharides were already disrupted in the early
period of fungal attack. An increase in the lignin
absorption Ajgy value from 0.24 (control) to 0.44 in
decayed wood was attributed to its oxidative modi-
fication which has been proposed to be generated by
Fenton reaction derived ROS. The wood weight loss
in the initial degradation period was 2%, whilst
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cellulose and lignin content decreased by 6.7% and
1%, respectively. Lignin methoxyl (-OCHj3;) content
decreased from 15.1% (control) to 14.2% in decayed
wood. Diffuse reflectance Fourier-transform infrared
(DRIFT) spectroscopy corroborated the moderate
loss in the hemicellulose and lignin degradation
accompanying degradation. Electron paramagnetic
resonance spectra and spin trapping confirmed the
generation of ROS, such as hydroxyl radicals (HO®),
in the early wood degradation period. Our results
showed that irreversible changes in wood structure
started immediately after wood colonisation by
fungal hyphae and the results generated here will
assist in the understanding of the biochemical mech-
anisms of wood biodegradation by brown-rot fungi
with the ultimate aim of developing novel wood
protection methods.

Keywords Coniophora puteana - Brown-rot - Scots
pine - Early degradation - ROS - Wood components

Introduction

Although studied for some time, the mechanisms of
wood biodegradation by brown-rot fungi are yet not
fully understood. The dynamics of biodegradation
from early to late degradation stages as well as the
critical stage in the degradation period, which causes
irreversible consequences in the wood structure, are
unclear. Many factors have hindered progress, in
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particular, the complexity of the wood substrate and
the multiplicity of produced enzymes. Brown-rot
fungi cause an extensive degradation of holocellulose
in wood, whilst the lignin fraction is mainly deme-
thylated and depolymerized (Goodell et al. 2003;
Eriksson et al. 1990; Schmidt 2006) often leading to
lignin-derived volatile components (Ewen et al.
2004). Current results indicate that wood-rotting
fungi possess two independent types of systems
capable of internal scission of cellulose molecules—
enzymatic and radical-based ones. Degradation of
cellulose by cellulolytic enzymes would be expected
to produce a localized superficial attack because the
cellulases are too large to penetrate the microstruc-
ture of cellulose (Flournoy et al. 1991; Baldrian and
Valaskova 2008). It has been proposed that brown-rot
fungi employ Fenton chemistry (H,O,—Fe(Il)) to
generate hydroxyl radicals (HO) which initiate
lignocellulose breakdown (Contreras et al. 2007;
Suzuki et al. 2006; Kaneko et al. 2005; Kim et al.
2002; Cohen et al. 2002; Kramer et al. 2004).
Consequently, this suggests that reactive oxygen
species (ROS) play an important role in the early
wood degradation by brown-rot fungi.

In the present study, the investigation was mainly
focussed on the early period of wood degradation, as
this is considered to be a critical step for significant
reduction in strength properties (Clausen and Kartal
2003). Initial degradation of Scots pine (Pinus
sylvestris L.) sapwood was characterized and com-
pared with the later wood degradation period by
applying different and complementary chemical and
physical analytical methods.

Materials and methods
Wood decay test

Scots pine (Pinus sylvestris L.) sapwood blocks
(20 x 20 x 5 mm>) with seven to ten annual growth
rings per 10 mm were exposed to the brown-rot
fungus Coniophora puteana (Schum.: Fr.) Karst.
(BAM Ebw.15) on a medium containing 5% malt
extract concentrate and 3% Fluka agar (BioChemika)
in Kolle flasks. The test procedures of the European
standard EN 113 (2000) were followed. Sterile wood
blocks with the largest face (cross section) were
aseptically placed on 3-mm stainless steel supports
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and incubated at 22°C and 70% relative humidity for
10 (early degradation) to 50 (late degradation) days.
Three replicates for each test period were taken.
Subsequent to cultivation, the blocks were removed
from the culture vessels, brushed free of mycelium
and oven dried at 103°C for 5 h. The weight loss (%)
was calculated from the dry weight before and after
the test.

Determination of cellulose and lignin content

Wood components were determined in control wood
blocks and those following fungal exposure for 10
and 50 days. Cellulose was determined using the
Kiirschner—Hoffer method. Briefly, wood meal (1 g)
was refluxed for 1 h with an alcoholic solution of
nitric acid (100 ml ethanol and 25 ml concentrated
nitric acid). The residue was filtered off and refluxed
as before. The procedure was repeated three to four
times. Finally, the residue was washed with alcoholic
nitric acid then water, dried at 105°C and weighed
(Browning 1967). Lignin was determined using 72%
sulphuric acid (Klason method). Briefly, wood meal
(1 g) was treated with 15 ml 72% sulphuric acid.
After standing for 2 h at 25°C with occasional
stirring, the mixture was diluted with 200 ml distilled
water and heated to reflux for 1 h. The lignin was
then filtered, washed free of acid, dried at lOSOC, and
weighed (Browning 1967). Furthermore, lignin meth-
oxyl (-OCHj3;) group content was determined accord-
ing to the TAPPI method (Zakis 1994).

Diffuse reflectance Fourier-transform infrared
(DRIFT) spectroscopy

Samples of control wood (0 days) and early (10 days)
and late (50 days) fungi-degraded wood were washed
with water, dried at 50°C for 4 days and hammer-
milled to pass a 0.5 mm sieve. The samples were then
analysed by Diffuse reflectance Fourier-transform
infrared (DRIFT) spectroscopy as described by
Nuopponen et al. (2006).

Scanning UV microspectrophotometry (UMSP)

Small wood sticks (5 mm in the longitudinal direc-
tion) were cut off the dry wood blocks decayed for 10
and 50 days. The sticks were dehydrated in acetone,
impregnated with Spurr’s epoxy resin (Spurr 1969)
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through a series of acetone/resin mixtures, followed
by immersion in pure resin and polymerisation at
70°C for 24 h. The embedded samples were trimmed
to provide a face of approximately 0.5 mm?. Ultra-
thin sections (1 pum) were cut with a diamond knife
mounted in an LKB Bromma ultramicrotome. The
sections were transferred to quartz microscope slides,
immersed in a drop of non-UV-absorbing glycerine,
covered with a quartz cover slip and observed with
objective lenses of 32:1 and 100:1. An immersion oil
of glycerine/water mixture np = 1.46 was used.

Analyses were carried out on a Zeiss-UMSP 80
instrument equipped with a scanning stage to allow
the determination of image profiles at constant
wavelengths (e.g. 280 nm) using the scan programme
APAMOS (automatic photometric analysis of micro-
scopic objects by scanning, Zeiss). The scan pro-
gramme digitises rectangular fields of the tissue with a
local geometric resolution of 0.25 pm x 0.25 pm and
a photometric resolution of 4096 greyscale levels,
which are converted into 14 basic colours to visualise
the absorbance intensities (Koch and Kleist 2001).

The UV absorbance of the lignified cell walls in
tissues was measured by point analysis of 1 um?” over
the wavelength range 240-400 nm using the pro-
gramme LAMWIN (Zeiss) (Koch and Griinwald
2004).

The late- and earlywood cells were analysed by both
scanning and point measurements. For point analysis,
the secondary wall of each tracheid was measured in
three different positions. A total of 60 point measure-
ments for controls and each decay period were
obtained. The most characteristic UV spectra were
chosen for illustration of the decay pattern.

Electron paramagnetic resonance (EPR)
spectroscopy

EPR spin-trapping techniques using nitrone 35,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as spin trap
was employed to identify and tentatively quantify the
free radical intermediates in wood samples after 10
and 30 days of fungal degradation. EPR spectra were
recorded at room temperature using a computer-
controlled BRUKER EMX system operating at a
frequency of 9 GHz (X-band) and power of 10 mW.
The instrument settings used were: modulation fre-
quency at 100 kHz, modulation amplitude at 0.1 mT,

time constant at 0.16 s, field set at 334.0 mT G, scan
range at 10 or 20 mT, scan time 4 min, and receiver
gain at 10 x 10° or 10 x 10°. The various compo-
nents of EPR parameters (g-value, hyperfine splitting
o and line width) were determined directly from the
spectra. Spin trapping procedure for wood samples
was as follows: a few fresh matchsticks like samples
(1 x 1 x 5 mm) were cut from each wood block and
soaked for 2.5 min in an aqueous solution of 200 mM
DMPO, then transferred to a quartz EPR tube with
4.5 mm inner diameter. The bottom of the EPR tube
was sealed and the tube inserted into the sample
cavity of the spectrometer. A summary of the steps
prior to EPR measurements are shown in Fig. 1.
Measurements were taken immediately after the
instrument was tuned and completed within 20 min
after the DMPO came into contact with the wood.

The integral intensities of EPR spectra were
obtained by evaluating their double integrals (DIgpg)
using the WIN EPR software (Bruker). The relative
concentration (c,) of paramagnetic species were
calculated as ¢, = DIEPR/DIEgR, where DIgpr and
DIt represent double integrals found for wood
samples and reference samples, respectively. The
monocrystal of Cr’* within MgO matrix (about
0.5 x 10" spins) was used as an internal reference
sample for tentative quantifying of DMPO/OH
adduct content of the wood samples, whereas weak
pitch sample, which was supplied by Bruker and
contained 1 x 10" of spins per 1 cm, was used for
calculation of lignin related free radicals.

DMPO was purchased from Sigma-Aldrich; the
aqueous solutions were made up in Milli-Q-filtered
(Millipore) water. DMPO samples by themselves,
without any addition, showed no EPR signal.

2 min 30 r
sec

LU, A

5.5-Dimethyl-1-pyrroline
N-oxide, 97% (DMPO),
0,2265 g /10ml H,O

[

=1

Fig. 1 Fresh matchstick like samples (/) were cut from each
wood sample and soaked in solution of DMPO (2), then
surface-dried with filter paper (3) and transferred to the EPR
tube (4)
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Results and discussion
Content of cellulose, lignin and methoxyl groups

Changes in wood components during decay by
brown-rot fungus Coniophora puteana are shown in
Table 1. Weight loss, as well cellulose and lignin
content, were minimal in the initial degradation
period. However, the decrease in the lignin methoxyl
groups was significant in the early degradation stage,
dropping by 6% from 15.1 to 14.2%. As a compar-
ison to highlight the degradation dynamics, the late
fungal exposure period of 50 days was chosen and
this exhibited a drastic increase of weight loss (55%)
based on cellulose depletion (17%) and relative
growth of lignin content to 59.7%. In addition the
late degradation period was accompanied by a further
decrease in methoxyl content (down ~20% of the
control value). The oxidative demethylation in
brown-rotted wood comprised the removal of the
methyl (CHs;—) groups from the aryl-methoxyl
portion and promoted the formation of reactive
hydroxyl groups (Fig. 5). Our results corroborate
those of Yelle et al. (2008) who reported cleavage of
lignin by a brown-rot fungus Gloeophyllum trabeum
in extensively degraded spruce wood with an accom-
panying weight loss of 64% after 16 weeks exposure.
The authors report that besides lignin demethoxyla-
tion, a non-selective depletion of all intermonomer
side-chain linkages occurred and suggested that the
resulting aromatic polymer was probably intercon-
nected by new linkages that lack hydrogens and was
no longer recognizable as lignin.

However, the role of lignin degrading enzymes in
some brown-rot fungi cannot be excluded and it has
been reported (Lee et al. 2004) that the brown-rot
fungus Coniophora puteana produces laccase with the
maximum activity after 3-5 days of incubation. To
summarise, we suppose that both factors, non-enzymatic

and enzymatic, play an important role in degradation of
polysaccharides and lignin by brown-rot fungi.

DRIFT results

Analysis by DRIFT spectroscopy corroborated recent
FT-IR related insights (Martin et al. 2005; Popescu
et al. 2010) into the fungal-associated (in particular
brown rot; Fackler et al. 2010) changes in the wood
macrochemistry and highlights changes that corrob-
orate with the progressive weight loss found here
(Fig. 2). The progressive and preferential degradation
of the polysaccharide component, highlighted by the
relative reduction in the glucomannan- and/or xylan-
derived ester carbonyl absorbance at ~1730 cm™'
and a sharpening of the structural polysaccharide
absorbances at 1100-1000 cm™', and consequential
proportional increase in lignin is reflected in a
sharpening of the lignin-related absorbances at 1508
(C=C stretch) and 1262 cm ™' (guaiacyl ring and C—O
stretch). In addition, although these changes were
most intense for the sample exposed for 50 days they
were in evidence at earlier stages (10 days) where
weight loss was minimal and this matches the FT-IR-
monitored brown rot decay pattern in spruce (Fackler
et al. 2010) and beech and pine (Weiland and
Guyonnet 2003). Furthermore, the carbonyl bands
over the region 1680-1630 cm ™' increased in inten-
sity as the decay progressed. Although classically a
region of pectic absorbances, these polysaccharides,
situated in the middle lamellae, are general removed
in the initial stages of fungal degradation (Blanchette
and Abad 1988; Popescu et al. 2010) meaning that
this observed absorbance increase supports the pro-
posed oxidative degradation and the consequential
generation of phenyl carbonyl structures (Ph—-CO-,
Faix 1991; Popescu et al. 2010) in the residual
lignin.

Table 1 Changes in cellulose, lignin and methoxyl content of pine wood (Pinus sylvestris) following exposure to the brown-rot

fungus C. puteana

Degradation time (days) Weight loss (%)

Cellulose* (w/w %)

Lignin* (w/w %) Methoxyl groups* (%)

Control - 53.9
10 241 50.3
50 55+ 1 17.0

31.3 15.1
31.0 14.2
59.7 12.1

* Standard error of the mean (SEM) <1%: n = 3

@ Springer



Biodegradation (2011) 22:719-728 723
Fig. 2 DRIFT spectra of 1048 20
pine wood control and
C. puteana degraded wood / 999
3 h/
1648
X 1101
5
1 1591 1367
E& o \ 1508 1454 14,0 1312 12612226 1154 j\ o
=
[
o A\ WA
=
2 \/ \/ \’\/ j \/\.\/10 Days
AN J NG
s /'\\~/‘ \M \/ \/ \ } \fControl

1800 1700 1600

UV microspectrophotometry
a. Point analysis

UV micropspectrophotometric analysis of the late-
wood cell walls (Fig. 3) illustrate the changes in
lignin quantity with respect to polysaccharides.
Figure 3 shows the characteristic spectra of the
control (Azgonm 0.24) and the following decay
periods, measured in S, layer. Relative lignin
concentration increased gradually in the fungally
degraded S, as the polysaccharides were preferably

Fig. 3 Lignin absorbance 1,0
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degraded (Table 1). After 10 days the Asgonm Was
elevated to 0.44, while in late degradation of 50 days
absorbance value of 0.52 was observed.

The apparent lignin concentration increased in
early decay period (10 days exposure) though the
corresponding wood weight loss was negligible
(Table 1). An extracellular HO production (Fig. 5)
may contribute to initial depolymerization of poly-
saccharides, without enzymes, which cannot pene-
trate the narrow pores of wood, and thus no
enzymatic metabolism takes place that could lead to
weight loss.
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It is not surprising that the lignin moiety is also
subjected to oxidative changes in the presence of
nascent ROS. It is possible that the early increase in
Asgonm 1S mainly a manifestation of oxidative lignin
modification. Highley and Dashek (1998) reported
that brown-rot fungi, similarly to white rots, deme-
thylate methoxyl groups in phenolic and non-pheno-
lic lignin structures, hydroxylate aromatic rings, and
promote side-chain oxidations and aromatic ring-
cleavage reactions. All these structural modifications
lead to an increase in absorbance at 280 nm. It is also

¢ - 50 days degradation

possible that linkages between lignin and polysac-
charides are oxidatively cleaved, especially in the
case of ester linkages, which can be cleaved at low
pH thereby adding to the phenolic moieties absorbing
at 280 nm.

In toto, the increase in absorbance (Ajgonm) 1S
probably due to increment in lignin concentration
(Table 1) and the ROS-driven oxidative changes. The
is supported by the data for the material that
experienced 50 days of exposure (Fig.3), which
exhibited a weight loss of reached 55% suggesting

n..n'h'.'i

Fig. 4 UV microscopic image profiles of a control pine latewood tracheids and b 10 days and and ¢ 50 days tracheids degraded by
the brown rot fungus C. puteana. The colour scale indicates the different UV-absorbance values at wavelength of Axgonm
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that fungal cellulases had penetrated deep into the
cell wall facilitating carbohydrate degradation and
removal.

b. Scanned surface profiles of lignin distribution

Figure 4 shows 2D and 3D UV images of lignin
distribution in pine latewood tracheids. The pixel
colours indicate different intensities of UV absor-
bance at 280 nm. The high resolution (0.25 pum x
0.25 pum per pixel) allowed detailed differentiation of
the UV absorbance within the cell walls. The images
of pine sapwood control and degraded samples were
characterised by high absorbance at the compound
middle lamellae (CML) and cell corners (Asgonm
0.61-0.93) compared to the secondary wall layers
with lower lignin content (Ajgonm 22—0.48). Scan
images of the control (Fig. 4a) and slightly decayed
sample (Fig. 4b) showed no significant differences in
UV absorbance of the individual cell wall layers.
Comparison of histograms of the UV absorbance
revealed a slight decrease in the lower values
represented by blue, brown and pink pixels (high to
low Asgonm), and a slight increase in A,gonm 0.29
could be observed after 10 days of wood degradation.
Figure 4c shows the lignin distribution in pinewood
exposed to C. puteana for 50 days. Distinct changes
in cell wall structure were observed in the advanced
decay stage. The secondary wall spectra showed
signs of significant alteration to the wall chemistry,
which was reflected by the strong increase in UV
absorbances represented by the green pixels (Asgonm
0.54-0.74). This corroborates the aforementioned
extensive degradation of polysaccharides in the
secondary wall, where remaining lignin showed high
absorbance values.

EPR spectroscopy results

The proposed Fenton chemistry-based mode of
degradation we tested using an EPR method. Figure 5
shows the EPR spectra of the wood sample (degra-
dation time 10 days) before (a) and after (b, c)
treatment with DMPO. In the spectra of Fig. 5b and
¢, the four-line adsorption pattern with an intensity
ratio of 1:2:2:1 and a 1.48 mT hyperfine splitting
constant (Table 2) is definitely assignable to DMPO-
OH adduct (Finkelstein et al. 1980; Yoshioka et al.
1996; Robert et al. 2002). No DMPO-OH EPR signal

5
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Fig. 5 EPR spectra of the wood sample (10 days after
C. puteana degradation) a before and b and c after treatment
with DMPO. Scan range: 100 G = 10 mT (a and b) and 200 G
=20 mT (c). Black arrows show the paramagnetic manganese
signal, dashed arrows the DMPO/OH adduct. All spectra are
the average of eight EPR signal scans

was detected in control wood sample. No four-line
EPR signal was detected when DMPO has been
omitted. From these results it is evident that HO®
radicals were formed in the sample during its
biodegradation by brown-rot fungus Coniophora
puteana. Using EPR approach, formation of HO®
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Table 2 Paramagnetic characteristics of pine wood (Pinus sylvestris) following exposure to the brown-rot fungus C. puteana and

subsequent treatment with DMPO

Degradation EPR spectrum parameters

time (days)

g-value an = o, MT AH,,x, mT DMPO/OH signal Content of radicals caused
intensity, Cp singlet EPR spectrum,
spins/g
10 2.0058 £ 0.0002 1.48 + 0.02 0.3 + 0.05 10.1 £ 0.5 <1 x 10
30 2.0060 £ 0.0002 1.50 + 0.02 0.3 + 0.02 13.2 £ 0.7 8+ 1) x 10"

* Intensity was calculated as ratio of integral intensities of the spectrum of DMPO/OH spin adduct to the intensity of EPR spectrum

of the internal standard

radicals in situ was detected both in very early period
(10 days) of wood degradation (Table 2; Fig. 5), and
advanced period of 30 days, when the weight loss of
pine wood reached 24% (data not shown). Previous
EPR studies have demonstrated hydroxyl radical
generation in liquid culture medium and during the
colonization of wood slivers of Douglas fir and white
fir by the brown-rot fungus Postia placenta for
4-5 weeks (Illman et al. 1989). Our results confirmed
hydroxyl radical production in very early wood
colonization by the fungal hyphae.

The EPR spectrum provided by DMPO/OH adduct
appeared on a shoulder (Fig. 5c) of one of the
hyperfine lines of the paramagnetic manganese signal.
The signal was detected due to the relative closeness
of g-values for Mn”*" and adduct. The question arises,
if the Mn”Tis related to the process of wood biodeg-
radation, because similar Mn*" signal was observed
in the EPR spectra of control wood not degraded by
the fungus. The source of Mn>" during the deterio-
ration process is discussed by Illman et al. (1989).
The authors suppose that the Mn> " typically found in
wood could be catalyzing the hydrogen peroxide
generation of OH® or Mn*" EPR detectable signals
could be masked by chemical binding that is changed
during fungal colonization. The chemical changes
could result in OH® production.

Iron, a typical transition metal in Fenton-based
reactions, in the non-degraded wood is usually found
in low concentrations. In the aerobic environment the
most stable valence state for iron is the ferric rather
than the ferrous state and very little iron in the
reduced state would be found in natural environments
(Goodell et al. 1997). Iron oxidation states were not
detected in our EPR experiments as well as previous
works (Illman and Bajt 1997). EPR iron signal
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obviously was not observed due to the reduction of
Fe* to Fe>*, which is EPR silent.

Comparison of EPR spectra of wood samples after
various exposure periods showed that by increasing
the period of biodegradation, the level of HO® radicals
in wood increased. Thus, the DMPO/OH adduct
content in the wood treated with DMPO after 30 days
of fungal attack was ~30% higher than that for the
sample after 10 days biodegradation (Table 2).

In the EPR spectrum of 30 days decayed sample,
treated with DMPO, besides the signal from DMPO/
OH spin adduct (Fig. 5c), the narrow singlet spectrum
with g-value about 2.0040 and a peak-to-peak width
of 0.6 mT was observed (data not shown). This line
was detected also for the sample in the absence of
treatment with DMPO. The literature (Yoshioka et al.
2001) and our own experience (Dizhbite et al. 2004;
Telysheva et al. 2007) suggests that the singlet EPR
signal can be attributed to the lignin-derived radicals
including semiquinone radical-anions. The content of
these radicals in the wood sample with biodegradation
time of 30 days was of 8 x 10'® spins/g compared to
a value of <1 x 10'® spins/g in the control wood. The
evolution of the singlet EPR signal is supportive of the
homolytic destruction of lignin during biodegradation
and is in line with the aforementioned literature
(Yoshioka et al. 2001) and personal experience
(Dizhbite et al. 2004; Telysheva et al. 2007).

We propose that one of the sources for ROS
production is related to cleavage of methoxyl groups
(Table 1) and formation of the reactive phenolic
hydroxyl groups. It has been shown previously that
ROS also can be generated via glycopeptide mech-
anism ((Enoki et al. 1989), cellobiose dehydrogenase
(CDH) (Hyde and Wood 1997), and quinone redox
cycling (Goodell et al. 1997).
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Conclusion

Irreversible processes in the wood cell wall started
immediately after wood colonization by the brown-
rot fungus Coniophora puteana. Hydroxyl radical
formation (EPR) in the initial stage of cell wall
degradation showed a considerable relative increase
in lignin-related UV absorbance (UMSP) attributed to
the oxidative changes in lignin structure.
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