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Abstract The mechanism by which modified wood resists decay has long been dis-
cussed, but is still not fully understood. A better understanding of decay resistance
mechanisms could improve wood protection processes and product properties. In this
study, the dynamics of brown rot decay in thermally modified wood was examined
through measurements of mass loss, strength loss and gene expression. Close moni-
toring of mass loss over 120 days in thermally modified wood exposed to Postia pla-
centa showed a delay in the onset of degradation compared to untreated wood, and once
the degradation had started, the rate was lower. Thermally modified wood did not inhibit
expression of wood degradation-related genes before mass loss and was similar to thatin
untreated wood once mass loss could be detected. Comparing gene expression as well as
strength loss at the same stage of decay rather than at the same time after exposure
showed smaller differences in decay patterns between thermally modified and untreated
wood than previous results indicate. It is concluded that the key to understanding
degradation resistance in thermally modified wood is to compare the decay patterns in
thermally modified wood and untreated wood before mass loss occurs.

Introduction
Biodegradation, or the decomposition of wood by microbes, is a natural process that

is essential for nutrient cycling in forest ecosystems (Eriksson et al. 1990). When
decomposition happens in wooden structures, it can lead to great economic losses.
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The fungal decay of wood products has traditionally been combated with broad-
spectrum chemical preservatives. Because of restrictions and a growing environ-
mental concern over toxic wood preservatives, new alternative wood protection
systems are being developed that are based on technologies with low environmental
impact (Hill 2006).

One of the most promising alternatives is wood modification, which is based on a
non-toxic mode of action through a chemical and/or physical alteration of the wood
(Hill 2006). Thermal modification is a heat treatment of wood using mild pyrolysis
(>180 °C) (Militz 2002; Hakkou et al. 2006). During the process, hemicelluloses
are degraded, lignin auto-condenses, and crosslinks with polysaccharides are
created (Tjeerdsma et al. 1998; Hakkou et al. 2006; Mohareb et al. 2011). It is still
not experimentally shown which mechanism(s) in the Postia placenta degradation
process is affected by thermal modification. Mechanisms which might be affected
include internal fungal processes such as gene regulation and expression as well as
external processes such as the formation of radicals in the wood cell wall. With a
better understanding of the fungal decay mechanisms in thermally modified wood, it
can be revealed how fungal decay is inhibited or delayed, and subsequently,
protection processes and product properties improved.

Brown rot fungi have been argued to be the most common and most destructive
organisms involved in the degradation of softwood products (Goodell 2003; Vanden
Wymelenberg et al. 2010). Brown rot fungi have traditionally been discriminated
from white rot based on that white rot is able to degrade lignin, while brown rot is
not. However, recent results show that there is rather a continuum between the two
types of rot than a clear line (Riley et al. 2014). Furthermore, since brown rot fungi
have evolved from white rot at least four times, the decay mechanisms may differ
extensively between brown rot species (Eastwood et al. 2011). The brown rot wood
degradation process has mainly been studied in Gloeophyllum trabeum, but certain
aspects have been verified in, for example, P. placenta, Coniophora puteana and
Serpula lacrymans (Hyde and Wood 1997; Cohen et al. 2002; Steenkjer Hastrup
et al. 2013). However, certain differences have also been demonstrated as, for
example, the amount of oxalic acid secreted and the role of laccase (Espejo and
Agosin 1991; Green and Clausen 2005; Wei et al. 2010; Hastrup et al. 2012). P.
placenta (Fr.) M.J. Larsen & Lombard is a very useful test organism because it has
more capacity than most brown rot fungi to degrade thermally modified wood, but
its ability to decay wood is adversely affected by thermal modification (Lek-
ounougou and Kocaefe 2013, 2014a, b).

It has been hypothesised that P. placenta, as well as some other species of the
orders Gloeophyllales, Polyporales and Boletales, secretes iron reductants, oxalic
acid and hydrogen peroxide to initiate the Fenton reaction inside the wood cell wall
and therefore form hydroxyl radicals that will depolymerise the polysaccharides and
make them accessible for the cellulases to degrade (Goodell et al. 1997; Kerem et al.
1999; Paszczynski et al. 1999; Jensen Jr. et al. 2001). Extracellular hydrogen
peroxide may be produced by alcohol oxidase since it has a preference for methanol,
a product that is potentially available from the demethylation of lignin during
degradation (Martinez et al. 2009). The P. placenta alcohol oxidase has been shown
to be up-regulated in the presence of cellulose and wood compared to glucose
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(Martinez et al. 2009; Vanden Wymelenberg et al. 2010). Iron reductants and oxalic
acid are formed as by-products in the fungus metabolism, but exactly which genes
are responsible for the increased formation and/or secretion of these molecules
during wood degradation is not known (Martinez et al. 2009; Vanden Wymelenberg
et al. 2010). However, after reduction in ferrous iron, some iron reductants
(hydroquinones) may be recovered by a quinone reductase (Paszczynski et al. 1999;
Jensen et al. 2002; Qi and Jellison 2004). A protein model in P. placenta has been
identified as a putative quinone reductase (Martinez et al. 2009). Methoxyhydro-
quinones may be oxidised by laccase into semiquinones which are expected to be
better reductants of ferrous iron (Wardman 1989). However, it has also been
suggested that the main role of the P. placenta methoxyhydroquinone/laccase
system is to produce hydrogen peroxide (Wei et al. 2010). Four putative laccases
have been found in P. placenta (Martinez et al. 2009; Vanden Wymelenberg et al.
2010). The regulation of cellulases is not known in P. placenta, but in other
filamentous fungi, genes encoding cellulases are induced by by-products from the
cellulose catabolism, such as sophorose, and in P. placenta, these genes are
generally up-regulated during mass loss (Ilmén et al. 1997; Margolles-clark et al.
1997; Ringman et al. 2014b).

Genes encoding alcohol oxidase (Ppl118723), quinone reductase (Ppl124517) and
laccase (Ppl111314) were highly expressed in P. placenta growing on acetylated,
furfurylated, DMDHEU-treated and thermally modified wood while little or no mass
loss was recorded (Alfredsen and Fossdal 2010; Schmollerl et al. 2011; Pilgérd et al.
2012; Ringman et al. 2014a; Alfredsen and Pilgard 2014). Even though durability tests
of thermally modified wood have been reported, the dynamics of brown rot
degradation has not previously been studied through close monitoring of relevant
parameters in thermally modified wood, and therefore, it is not known to what extent
decay is initially inhibited, for how long it is inhibited and at which rate degradation
occurs once it has started. When comparing expression of genes involved in CMF
degradation over time, previous studies have shown higher levels of expression of
CMF-related genes in modified wood compared to untreated wood (Alfredsen and
Fossdal 2009; Schmollerl et al. 2011; Pilgard et al. 2012; Ringman et al. 2014b).
Furthermore, these measurements were done on samples with little or no mass loss.
From the current literature, it is therefore not possible to draw any conclusions on the
effect of modification on the gene expression once degradation has started (Alfredsen
and Fossdal 2009; Schmdllerl et al. 2011; Pilgard et al. 2012; Ringman et al. 2014b).
An obstacle in the research on the brown rot decay resistance of modified wood is the
difficulty to measure the amount of CMF degradation.

The aim of this study was to examine the dynamics of P. placenta wood
degradation, in terms of mass loss, structural integrity and gene expression, in
thermally modified wood and compare it to untreated wood. In particular, incipient
decay was studied and the following questions were addressed: (1) Are P. placenta
fungi degrading thermally modified wood already from the beginning of exposure
but slowly, or is the degradation inhibited for some time? (2) If degradation is
inhibited in the beginning of exposure, is it the CMF, the enzymatic degradation or
both that are inhibited? (3) Once degradation has started, is it as rapid as in
untreated wood?
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Materials and methods
Wood material and sample preparation

Miniblock specimens (10 x 5 x 25 mm®) (Bravery 1979) were prepared from
untreated and thermally modified (tightly wrapped in aluminium foil and heated to
220 °C for 4 h, with a median mass loss of 6.1 % due to the heat treatment)
southern yellow pine (Pinus elliotti, Pinus palustris, Pinus echinata, Pinus taeda,
Pinus rigida and Pinus serotina) sapwood samples and leached according to EN 84
(1996). The samples were sterilised with gamma radiation and placed two by two
with other samples subjected to the same treatment (Junga and Militz 2005) in Petri
dishes (90 mm) containing sterile soil and inoculated with P. placenta (strain FPRL
280) liquid culture. Samples were incubated at 22 °C and 70 % RH. Samples
exposed to fungi were harvested regularly for a period of up to 126 days or until a
mass loss of approximately 25 %. Untreated samples were harvested more
frequently than thermally modified samples due to their higher growth rate. At
harvest, the mycelia covering the wood samples were manually removed, and the
samples were either (1) weighed for moisture content, dried and weighed for mass
loss before being subjected to high-energy multiple impact (HEMI) tests or (2)
dipped in liquid nitrogen and then frozen at —80 °C, awaiting molecular analysis.

RNA analysis

Samples for RNA analysis were chosen in the range of —0.9 % to 3.2 % mass loss.
Wood powder from the frozen samples was produced using a Mixer Mill MM 400
(Retsch GmbH, Haan, Germany) using 1.5-cm steel balls and 30 Hz for 2 min.
Total RNA was isolated from the wood samples (four biological replicates), and
DNA was removed using the MasterPure™ RNA Purification Kit (Epicenter). RNA
from each sample was converted into cDNA using TagMan Reverse Transcription
Reagents (using Oligo d(T)16) (Applied Biosystems) with 10 times the standard
dNTP concentration. The samples were subsequently amplified with PCR (Rotor-
gene, Qiagen). Real-time PCR (Rotor-gene, Qiagen) was performed on cDNA
samples (three technical replicates) using the Rotor-gene SYBRGreen PCR Kit
(Qiagen). Primer sequences for target genes and endogenous controls were prepared
based on the genomic sequence of P. placenta MAD 698-R (Martinez et al. 2009
and available at http://genome.jgi-psf.org/Pospl1/Pospll.home.html) and are listed
in Table 1. Standard curves were produced, and the original concentration of each
gene was calculated. All target genes were normalised to the endogenous control, 3-
tubulin. Significant differences (p < 0.05) in gene expression were calculated using
independent two-sample ¢ tests assuming unequal variances.

High-energy multiple impact (HEMI) tests

Samples were chosen in the range of —0.9 to 10 % mass loss. Three specimens of
10 (axial) x 5 x 10 mm?® were cut from each of the four miniblock samples from
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Table 1 Primer sequences of target genes based on the genomic sequence of P. placenta MAD 698-R
(Martinez et al. 2009, available at http://genome.jgi-psf.org/Pospl1/Pospl1.home.html)

Gene JGI no. Primer sequences
B-Tubulin 113871 CAGGATCTTGTCGCCGAGTAC/
CCTCATACTCGCCCTCCTCTT
Alcohol oxidase 118723 CATCAAGAGCGCCAATCCAT/GGCGCAAAGTCAGCCTTGT
Laccase 111314 CGGTGCTCTTGGCCACTTAG/CCATTGGTTATGGGCAGCTC
Quinone 124517 CGACGACAAGCCCAACAAG/
oxidoreductase GATGACGATGGCGATTTTAGG

Putative B-glucosidase 112501 CGGGTAACGCCATTGTTGAT/GCGCTTCGCAATGGTGTAC
Endo-B-1,4-glucanase 103675 GTTCAGGCCGCATTGTCCT/TTCCACCTGGCGTAATTGTG

untreated and thermally modified wood from each selected time point. The
development and optimisation of the HEMI test have been described by Rapp et al.
(2006). The following procedure was used: twelve oven-dried HEMI specimens
were placed in the bowl of a heavy-impact ball mill, together with one steel ball of
40 mm, three of 12 mm and three of 6 mm diameter. The bowl was shaken for 60 s
at a rotary frequency of 23.3 s~! and a stroke of 12 mm. The fragments of the 12
specimens were fractionated on a slit screen (ISO 5223, 1996, slit width of 1 mm).

The following values were calculated: (1) the degree of integrity (I), which is the
ratio of the mass of the 12 biggest fragments to the mass of all fragments after
crushing, (2) the fine fraction (F), which is the ratio of the mass of fragments under
1 mm to the mass of all fragments, multiplied by 100, and (3) the resistance to
impact milling (RIM), which is calculated from I and F as follows:

RIM = (I — 3 - F +300)/4 (%)

The threefold weighting of the fine fraction was according to earlier studies
(Rapp et al. 2006) and can finely distinguish between different intensities of fungal
decay. To ensure that RIM varies between 0 and 100 %, the constant 300 was
added. The calculated value is a mean value of the structural integrity of the four
samples that run together (harvested at the same time point).

Results and discussion
Mass loss

To study the dynamics of degradation in thermally modified wood exposed to P.
placenta, mass loss was closely monitored over 126 days. In this paper, any
negative deviation in mass compared to the dry weight before fungal exposure is
described as mass loss. Mass loss was first detected after 9 days of incubation in
untreated wood and after 28 days in thermally modified wood (Fig. 1). Untreated
wood reached a mass loss of 20 % after 28 days, whereas thermally modified wood
reached 27 % after 126 days. For untreated wood, this is in accordance with
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Fig. 1 Mass loss expressed as the per cent of dry weight before decay. Black squares thermally modified
wood, white squares untreated wood. Median values (n = 4) with error bars representing maximum and
minimum values

previous studies, but for thermally modified wood, the mass loss is dependent on
several properties such as wood species, treatment temperature and time and
therefore difficult to compare with results in the literature (Esteves and Pereira
2009; Ringman et al. 2014b). Mass loss was negative during the first week of
exposure in both materials. This could be due to the fact that a mass loss will not
show until the decrease in mass due to degradation becomes larger than the increase
in mass due to the fungal colonisation, as shown earlier by Brischke et al. (2008).
The standard deviation of mass loss in the thermally modified samples increased
with time, which might be due to uneven treatment which becomes more visible the
more mass is lost.

If a mass loss curve is plotted logarithmically, it is possible to detect three
different stages similar to the phases seen in liquid fungal cultures; in the lag phase,
the fungi adapt to the new environment, in the logarithmic phase, the growth rate of
the fungi increases logarithmically, and in the stationary phase, the growth rate of
the fungi decreases. In this experiment, untreated wood never reached the stationary
phase. The mass loss curve for thermally modified wood resembled that of untreated
wood, although thermally modified wood had a longer lag phase and a smaller
gradient in the logarithmic phase. The results indicate that decay is initially
inhibited by thermal modification, and, after degradation started, it has a reduced
rate. In a recent review of established theories on mode of action of acetylated,
furfurylated, DMDHEU-treated and thermally modified wood, it is suggested that
moisture exclusion may inhibit decay for a certain amount of time, while, for
example, micropore blocking and enzyme non-recognition might slow down
degradation after its initiation (Ringman et al. 2014a).
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Fig. 2 Moisture content expressed as the per cent of dry weight before decay. Black squares thermally
modified wood, white squares untreated wood. Mean values (n = 4)

Moisture content

Moisture content in thermally modified wood remained lower than that in untreated
wood throughout the course of the experiment, with moisture contents of 2040 %
up to 15 % mass loss compared to 40-60 % in untreated wood with few exceptions
(Fig. 2). The moisture content in untreated wood was significantly higher at 30 %
mass loss than at negative mass loss due to an apparent increase in moisture content
after approximately 20 % mass loss. Moisture content in thermally modified wood
showed a similar trend, but due to large standard deviation there was no significant
difference.

Structural integrity

Since CMF degradation causes loss of structural integrity even when mass loss
cannot be detected, measurements of structural integrity were taken on exposed
samples continuously throughout the experiment. The heat treatment itself
decreased RIM by 28 % (Fig. 3), which is similar to previous results by Rapp
et al. (2006). In untreated wood, HEMI results in samples with negative mass loss
suggest a decrease in structural integrity compared to the zero-time sample (not
inoculated with P. placenta, shown as large squares in Fig. 3). Since the presence of
fungi was demonstrated by gene expression data (Fig. 4), the detected decrease in
RIM could indicate CMF degradation. In thermally modified wood, there may be a
slight increase in RIM for the negative mass loss samples, which might be explained
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Fig. 3 Resistance to impact milling (RIM). Black squares thermally modified wood, white squares
untreated wood. Large squares indicate zero-time samples (not inoculated with P. placenta). Exposure
time is marked in the figure for each set of samples

by the gluing effect of ingrown mycelium (Brischke et al. 2008). Hence, no
conclusion on whether CMF degradation was inhibited or not during incipient
exposure of thermally modified wood could be drawn. When using tests of structural
integrity, the problem with the gluing effect of the fungi must be considered and has
to be overcome in order to use this method to determine the occurrence of CMF
degradation. However, the structural integrity measurements of samples with
positive mass loss support the findings in the mass loss measurements, since also the
structural integrity shows similar patterns in thermally modified and untreated wood
when compared at the same mass loss.

Gene expression

Gene expression studies were carried out to (1) see whether degradation is inhibited
on gene expression level and (2) compare gene expression levels in samples at the
same degradation state, measured as mass loss. In general, there was little
significance between samples both over time and between treatments at the same
mass loss. However, looking at the median values, some trends could be seen
(Fig. 4).

In samples with negative mass loss and 3.25 % mass loss, no significant
difference in alcohol oxidase (Ppl118723) gene expression could be seen between
thermally modified wood and untreated wood. At 1.5 % mass loss, expression of
this gene was approximately 10 times lower in two out of three untreated samples
than in the thermally modified wood samples, but the third one was as high as the
thermally modified wood samples and there was no significance. Looking at the data
over time, the trend indicated that alcohol oxidase (Ppl118723) gene expression in
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Fig. 4 Levels of gene expression relative to the endogenous control for a alcohol oxidase Ppl 118723,
b laccase Ppl 111314, ¢ quinone oxidoreductase Ppl 124517, d B-glucosidase Ppl 112501, e endo-B-1,4-
glucanases Ppl 103675. Black squares thermally modified wood, white squares untreated wood. Median
values (n = 4) with error bars representing maximum and minimum values

thermally modified wood went up while going down in untreated samples, but again
there was no significant difference. The level of expression of this gene at negative
mass loss was similar to the results for thermally modified wood after 1 week of
exposure in Ringman et al. (2014b).

The gene expression of laccase (Ppl111314) was similar both over time and
between treatments, no matter if the expression was plotted against mass loss or
time, all through the experiment, and no significant differences were found.
Expression of laccase (Ppl111314) has not been studied in thermally modified wood
at this time of exposure and/or mass loss before.

The median value of expression of quinone reductase (Ppl124517) was 10-100
times higher in thermally modified wood samples than in untreated samples with
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negative mass loss, but there was no significant difference due to large variation. At
1.5 % mass loss, expression of quinone reductase was only three times as high in
thermally modified wood samples as in untreated ones, but this difference was
significant. The levels were similar at 3.25 % mass loss, but then there was no
significant difference between treatments. The results indicate that the gene
expression levels of quinone reductase (Ppl124517) were somewhat higher in
thermally modified wood than in untreated wood all through the experiment, but
when mass loss started, they were quite similar. The gene expression levels in this
experiment were similar to the results in Ringman et al. (2014b), in which elevated
quinone reductase (Ppl124517) gene expression could be seen in thermally modified
wood after six days of exposure to P. placenta. In Ringman et al. (2014b), the gene
expression pattern of quinone reductase (Ppl124517) differed in the differently
modified wood materials and from the expression pattern of alcohol oxidase. It was
therefore suggested that quinone reductase (Ppl124517) may not be involved in
wood degradation. Cohen et al. (2004) showed that the two quinone reductases in G.
trabeum are induced by different factors, and therefore, one was suggested to play a
role in wood degradation, while the other might be involved in stress response. In
the P. placenta genome, only one quinone reductase gene has been found (Martinez
et al. 2009). It is therefore possible that the P. placenta quinone reductase is rather
involved in stress defence, perhaps caused by the modification. When looking at the
gene expression values over time, similar differences in expression patterns can be
detected in this study. However, in Ringman et al. (2014b) none of the thermally
modified samples showed any mass loss. The role of quinone reductase (Ppl124517)
therefore remains to be found out.

B-Glucosidase (Ppl112501) and endoglucanase (Ppl103675) had similar gene
expression levels all through the experiment. There were neither significant
differences between time points or treatments nor signs of trends. Compared to the
results in Ringman et al. (2014b), the expression levels for these genes were
approximately 10 times higher in this study.

As shown in Fig. 4, the range of variation in this experiment was large. This
could be due to multiple factors. The weight loss was measured on one set of
samples and gene expression was measured on another set, because RNA is
degraded by heat. This means that it is possible that the weight loss of the gene
expression samples was different from that in the weight loss samples and they may
have varied within each set. Furthermore, the treatment levels may have differed
between samples with the same treatment.

Expression levels of genes involved in wood degradation could also be
detected in thermally modified wood, which supports previous studies showing
that expression of genes involved in wood degradation is not inhibited by wood
modification. However, results from previous studies that defined degradation as
a function of time instead indicated that expression of genes involved in CMF
degradation was induced by acetylated, furfurylated, DMDHEU-treated and
thermally modified wood (Alfredsen and Fossdal 2010; Schmollerl et al. 2011;
Pilgard et al. 2012; Ringman et al. 2014a; Alfredsen and Pilgard 2014). When
looking at the gene expression levels in this study as a function of mass loss,
there was no significant difference in P. placenta gene expression between
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thermally modified wood and untreated wood over the mass loss range of —0.9
to 20 %. Therefore, it is suggested that differences seen in previous studies
could have been because samples in different degradation stages were compared.
In this study, samples with the same mass loss were compared, and the results
could indicate that once degradation has started, the fungi degrade thermally
modified wood and untreated wood in a similar manner, a finding that is also
supported by the analysis of structural integrity. Before mass loss can be
detected, there are results that indicate that quinone reductase and laccase may
be expressed at higher levels in modified wood than in untreated wood, but in
this experiment there were no significant differences at negative mass loss.
However, it should be noted that gene expression levels are related to the
endogenous control, B-tubulin, that is supposed to but may not be expressed at
similar levels in all cells at all times.

In this experiment, only one set of exposed replicates with negative mass loss
from each treatment was analysed for gene expression. However, previous
studies have shown that P. placenta expresses genes involved in CMF
degradation at high levels in modified wood up to 36 weeks without being
able to degrade the wood (Alfredsen and Fossdal 2010; Schmollerl et al. 2011;
Pilgard et al. 2012; Ringman et al. 2014b; Alfredsen and Pilgard 2014). This
indicates that CMF degradation may hold the answer as to why modified wood
resists brown rot fungi.

Conclusion

In this paper, the dynamics of degradation in thermally modified wood was
addressed and compared to untreated wood. Mass loss results from this study
showed that P. placenta degradation in thermally modified wood is initially
inhibited, causing a longer lag phase than in untreated wood. Measurements of
structural integrity using HEMI tests could not detect CMF degradation before mass
loss was detected in thermally modified wood, probably due to a gluing effect of the
fungal mycelia, but there were indications of CMF in untreated wood using this
technique. However, more research is needed to confirm the finding and to verify
the potential of HEMI as a reliable tool for CMF degradation analysis. Expression
of neither genes involved in CMF degradation nor genes involved in enzymatic
degradation was inhibited by thermal modification. Once the degradation started,
the rate was lower than in untreated wood, but both structural integrity and gene
expression showed similar patterns in both materials. This indicates that, once
degradation has started, P. placenta uses the same mechanisms for degrading
thermally modified wood as for degrading untreated wood. It is concluded that the
key to understanding the decay resistance mechanism in thermally modified wood
lies in the time from inoculation to detectable mass loss.
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