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Abstract: One way to protect timber in service against
basidiomycete deterioration is by means of acetylation
via reaction with acetic anhydride. The reason why acety-
lated wood (W, ) is resistant against decay fungi is still not
exactly understood. The aim of this study was to contrib-
ute to this field of science, and Postia placenta colonisa-
tion after 4, 12, 20, 28 and 36 weeks was observed at three
acetylation levels of Pinus spp. sapwood. Mass loss (ML)
and wood moisture content (MC) data reflected the acety-
lation levels. The initial equilibrium MC (EMC) proved
to be a good indicator of subsequent ML. Genomic DNA
quantification showed P. placenta colonisation in all sam-
ples, also in samples where no ML were detectable. The
number of expressed gene transcripts was limited, but
the findings supported the results of previous studies: W, _
seems to have some resistance against oxidative mecha-
nisms, which are part of the metabolism of P. placenta.
This leads to a delay in decay initiation, a delay in expres-
sion of genes involved in enzymatic depolymerisation,
and a slower decay rate. The magnitudes of these effects
are presented for each acetylation level. The data also
imply that there is no absolute decay threshold at high
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acetylation levels, but instead a significant delay of decay
initiation and a slower decay rate.
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Introduction

Wood is a renewable material with good thermal, acous-
tic, and mechanical properties. However, wood is also sus-
ceptible to decay in outdoor utilisation, when wood may
have high moisture content (MC). Hence, to deal with an
increasing demand for long-lived products, non-durable
wood species have to be protected (Hill 2011), for example
by acetylation (Stamm and Tarkow 1947). Acetylation
via acetic anhydride (Ac,0) is an established technique
(Rowell 1983; Hill 2006). In the course of the reaction, the
accessible OH groups are esterified with one acetyl group
while another acetic acid becomes free. Hill (2006) gives
a summary of decay studies on acetylated wood (W, ): a
weight percent gain (WPG) in the order of 20% is required
to protect wood against brown-rot fungi, while for the
protection of softwoods against white rot and against
hardwoods, 10% WPG and 20% WPG are needed, respec-
tively. Data from long-term laboratory and field trials are
sparse, but Larsson-Brelid and Westin (2010) found that
the resistance of W, (WPG 20%) to fungal decay, after
18 years in soil contact, was of the same order of magni-
tude as it was for chromate copper arsenate (CCA)-treated
wood at a high retention level (10.3 kg m?). W, shows an
anti-shrinking/swelling efficiency of up to 80% (Goldstein
et al. 1961; Rowell and Plackett 1988), with minor change
of the mechanical strength and modulus of elasticity
(MOE) (Goldstein et al. 1961; Militz 1991; Akitsu et al. 1993;
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Larsson Brelid 1998). The aquatic toxicological effects of
W, are low (Van Eetvelde et al. 1998). Among the theories
explaining the positive effects of acetylation (Hill 2009;
Ringman et al. 2014a), two are prominent: (1) the bio-
chemical effect meaning that fungi do not recognise the
substrate and (2) the physical explanation meaning that
the micropores in the cell wall are blocked and the MC is
reduced.

The first hypothesis says essentially that various spe-
cific enzymes are no longer capable of recognising the sub-
strate when OH groups are converted to OAc groups (Stamm
and Baechler 1960; Takahashi et al. 1989; Takahashi 1996).
However, such enzymes are too large for penetrating the
cell wall of sound wood (Hill 2009). Therefore, such mech-
anism would be mainly important for erosion attack from
the lumen inwards (Hill 2006). But it is also possible that
the action of low molecular wood-degrading substances is
chemically or sterically prevented or delayed from reach-
ing the reactive OH groups (Hill 2006).

Concerning the physical effects, Hill et al. (2005)
investigated cell wall micropore blocking on Corsican pine
(Pinus nigra) sapwood modified with Ac,0 or hexanoic
anhydride at different WPG levels. There was a decrease
in the cell wall microporosity as the level of hydroxyl
substitution increased, but a high level of accessibility
remained even at a WPG of 20%. Hence, the hypothesis
of a micropore blocking mechanism alone cannot explain
the positive effects of acetylation.

The lowered equilibrium MC (EMC) in W, _seems to be
very important. Hill et al. (2005) found that the reduction
in fibre saturation point (FSP) may be attributable to the
bulking of the cell wall by the OAc groups, but the level
of substitution is not the primary mechanism of decay
protection. Hill et al. (2009) and Hill and Kwon (2009)
expanded their work to include sapwoods and heartwoods
of Japanese larch (Larix kaempferi), Korean pine (Pinus
koraiensis), European beech (Fagus sylvatica) and oriental
white oak (Quercus aliena). They found that decay resist-
ance is not a direct function of the modification degree
with Ac,0 and hexanoic anhydride. The plots, mass loss
(ML) vs. WPG, were species-dependent, and the authors
concluded that there are differences in distribution of the
OAc groups at the cell wall level and that there are several
mechanisms operative.

Hill (2006) pointed out that modified wood might
cause a time lag effect but an absolute protection is not
given, i.e. if the exposure time is long enough, the decay
mechanism might be effective at some point. Impor-
tantly, the decay onset is dependent on more factors
than simply the WPG. Alfredsen et al. (2013) found
that the WPG could explain approximately 50% of the
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performance for Ac,0-treated wood. Wood species or the
type of fungus could reduce the variance in performance
by additional 15%.

Baldrian and Valaskova (2008) provided a review of
the degradation of cellulose by basidiomycetous fungi,
and the brown-rot decay mechanisms were reviewed
by Arantes et al. (2012) and Arantes and Goodell (2014).
The recognition of the non-enzymatic chelator-mediated
Fenton system - that rapidly depolymerises polysac-
charides and lignin in initial decay stages (Goodell et al.
1997; Arantes et al. 2011; Eastwood et al. 2011) — was an
important step toward understanding the decay mecha-
nism. Martinez et al. (2009) studied the Postia placenta
genome, transcriptome, and secretome and detected its
extracellular enzyme systems including an unusual rep-
ertoire of extracellular glycosidase hydrolases. Molecular
studies can provide some answers concerning the interac-
tion between fungi and modified wood. Kang et al. (2009)
studied gene expression of selected decay enzymes of
Phlebia radiata produced during biodeterioration of pine,
cedar, and pine protected by alkaline copper quaternary
(ACQ) salt. The authors concluded that the ACQ treatment,
one way or another, is able to inhibit the effectiveness of
the enzymes and found that woods with different decay
resistances show different effects concerning microbial
colonisation and enzyme activity. Tang et al. (2013) tried
to understand the effects of copper tolerance and wood
decay by analysing the gene expression of Fibroporia
radiculosa in southern yellow pine (SYP) treated with
micronised copper quaternary (MCQ) and “identified
several genes that appear to be coregulated with putative
functions related to copper tolerance and/or wood decay”.
Ringman et al. (2014b) studied P. placenta decay of Scots
pine sapwood (Pinus sylvestris), which was acetylated,
protected by 1,3-dimethylol-4,5-dihydroxy ethylene urea
(DMDHDEU), and thermally modified (one treatment level
for each modification) after 2, 6, 10, 14, and 56 incuba-
tion days. No ML was found in the modified samples. The
authors concluded that the response of P. placenta during
initiation of decay of modified wood seems to up-regulate
the expression of the oxidative degradation machinery. So
far no studies have been performed on gene expression
during long-term decay tests of modified wood.

The aim of the present study is to fill the gap via inves-
tigation of the question, how different treatment levels of
acetylation of SYP influence P. placenta colonisation and
decay at five exposure times up to 36 weeks. The analyti-
cal methods will include (1) ML determination, MC and
initial EMC (EMC, ) determination, (2) P. placenta genomic
DNA (gDNA) quantification, and (3) gene expression tar-
geting of six different P. placenta genes.
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Materials and methods

Wood material: Three SYP sapwood boards were analysed, and the
boards were cut into four sections. One section of each board remained
untreated while the other sections were treated with three intensities
(described by percentages of OAc groups): low level (L) 11.7%+0.3%
OAc content, 1.0%+0.3% free acid; medium level (M) 17.0%0.1%
OAc content, 0.97%0.4% free acid; high level (H) 22.0%+0.3% acetyl
content, 0.96%=0.3% free acid. The wood materials were provided by
Eastman Chemical Company, Kingsport, TN, USA. Mini-block sam-
ples, 5x10x30 mm? (Bravery 1979), were prepared from the boards,
avoiding the outer 2 mm. All samples were exposed to a leaching
procedure according to EN 84 (CEN 1997a). Thereafter the samples
were conditioned at 65% relative humidity (RH) and 20°C for until
stable weight was achieved, and the weight was measured in order
to calculate EMC, . Thereafter, the samples were wrapped in sealed
plastic bags before sterilisation by gamma irradiation of 25 kGY at the
Norwegian Institute for Energy Technology.

Decay test was performed with P. placenta (Fr.) M.]. Larsen and
Lombard strain FPRL 280, which is recommended in the European
test method EN 113 for determining the protective effectiveness
against wood destroying basidiomycetes (CEN 1997b). The fungus
was first grown on 4% (w/v) malt agar, and plugs from actively grow-
ing mycelia were transferred to a liquid culture containing 4% (w/v)
malt. After 2 weeks, it was homogenised with a tissue homogeniser
(Ultra-turrax T25, IKA Werke GmbH & Co. KG, Staufen, Germany)
and 2.5 ml inoculum of liquid culture was added to each sample.

A modified E10-12 soil-block test (AWPA 2012) was used. The
soil (2/3 ecological compost soil and 1/3 sandy soil) was adjusted to
95% of its water holding capacity according to ENV 807 (CEN 2001).
French square bottles served as test jars and the soil was sterilised
at 121°C for 2x60 min. A plastic mesh was separating the test sam-
ples from direct contact with the soil. To ensure similar conditions
for fungal colonisation, the samples were placed in pairs in each jar,
i.e. two samples of the same treatment (Junga and Militz 2005). The
weight of the jars (including soil and wood specimens) was measured
when the test started and thereafter every second week. Sterile water
was added when needed in order to ensure stable MC of the soil. The
samples were harvested after 4, 12, 20, 28 and 36 weeks of incubation
at 22°C and 70% RH. Fifteen samples of each treatment were incu-
bated without fungi to get reference material indicating the changes
without fungus.

A total of 36 samples (12 samples from each board, three boards)
were provided for each treatment and harvesting point. At each
harvesting point, the mycelia covering the samples were manually
removed. Five samples from each board (from separate jars), 15 sam-
ples in total for each treatment and harvesting point, were dried to
obtain ML and MC. One sample from each board, three for each har-
vesting point and treatment, was kept frozen for further studies. The
remaining 18 samples were frozen at -80°C. Wood powder from the
frozen samples was obtained by drilling (3 mm bit diameter, Einhell
SB 401/1, Landau/Isar, Germany) followed by grinding in a Retsch
MM300 agitation mill (Retsch GmbH, Haan, Germany). During both
processes, liquid nitrogen served to keep the samples frozen. Only
the inner parts of the sample were analysed, avoiding the surface.

Genomic DNA levels of P. placenta indicative of fungal biomass
were quantified by quantitative polymerase chain reaction (qPCR)
(Hietala et al. 2014). Three biological replicates from the same board
were pooled, resulting in six replicates (two replicates from each
board) from each treatment and harvesting point. gDNA isolation was
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done from 20 mg of wood powder by means of a DNeasy Plant Mini Kit
(Qiagen, Hilden, Germany), which also works well for extracting fun-
gal DNA. The manufacturer’s instruction was followed. Extractability
of gDNA from environmental samples, such as wood, can vary from
sample to sample, and to normalise for this variation, 0.5 ng of an
external reference DNA composed of pGEM plasmid (pGEM-3Z Vector,
Promega, Madison, WI, USA) was added to each sample upon DNA
isolation (Coyne et al. 2005). The gDNA was eluted in 50 pl of buffer.
Duplicate runs were done for 10- and 100-fold dilutions of all the
samples. Samples for a standard curve were included in each plate.
P. placenta gDNA was quantified using qPCR with the 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA) with a 25 ul
PCR reaction for the experimental samples and standard curve using
TagMan®SYBR®green mix (Applied Biosystems, Foster City, CA, USA)
and 300 mM concentration for the forward primer ACGCCCTGCTCTTC-
CATTC and reverse primer AAACAGCATCCCCCGTTAGA targeting the
P. placenta internal transcribed spacer (ITS) gene (GenBank acces-
sion EF524035). As a template, 3 ul of the DNA solution was used for
each reaction, including standard curve and experimental samples.
Standard PCR cycling parameters, according to 7500 Real Time PCR
System (Applied Biosystems, Foster City, CA, USA), were applied. The
yield of fungal gDNA was adjusted in relation to the recovery rate of
the pGEM reference DNA included to adjust for extractability of gDNA
from the samples (Hietala et al. 2014). The internal standard pGEM
was quantified in a 25 pl PCR reaction with a 300 nM concentration
of the forward primer CCCAGTCACGACGTTGTAAAACG, reverse primer
TGTGTGGAATTGTGAGC GGA and the FAM-labelled TagMan® probe:
(Applied Biosystems, Foster City, CA, USA) CACTATAGAATACTCAA-
GCTTGCATGCCTGCA described by Coyne et al. (2005). Real-time PCR
(7500 Real-Time PCR System, Applied Biosystems, Foster City, CA,
USA) was performed on DNA samples.

Gene expression: The qRT-PCR primers for the determination of the
transcript levels were designed with Primer3 software (Rozen and
Skaletsky 2000) based on the following criteria: melting temperature
at 60°C and product size inferior to 120 bp. The target specificity of
each primer set was examined by melting point analysis. Only primer
pairs that gave a single melting peak and PCR product is presented
in this study.

The total RNA was isolated from pooled biological samples from
each of the tree boards (n=3). RNA was extracted from 100 mg of
wood powder with Spectrum™ Plant Total RNA Kit 50 Prep (Sigma-
Aldrich, St. Louis, MO, USA). DNA was removed from the samples
by DNA-Free kit (Ambion®, Life Technologies, Foster City, CA, USA).
RNA concentration was measured with a NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, Wilmington, DE, USA). RNA
was converted into cDNA by TagMan® reverse transcription system
with Oligo d(T)16 (Applied Biosystems®, Life Technologies, Foster
City, CA, USA) and amplified with PCR (GeneAmp PCR System 9700,
Applied Biosystems, Foster City, Foster City, CA, USA). The list of
genes analysed and their primer sequences are shown in Table 1.
Real-time PCR (7500 Real Time PCR System, Applied Biosystems,
Foster City, CA, USA) was performed on cDNA samples with 12.5 pl
of 1x TagMan®SYBR®green mix (Applied Biosystems, Foster City,
CA, USA) and 250 nM of each primer. Standard curve was included
in each plate. The following quantitative reverse transcription (qRT)-
PCR cycling parameters were applied in the absolute quantification
mode: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of melt-
ing at 95°C for 15 s and annealing and replication at 60°C for 1 min,
ending with a terminal melting-curve determining step, where the
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Table 1: Target genes and endogenous controls, protein ID, primer abbreviation and forward/reverse primers are listed.

Gene Protein ID Primer abbreviation Forward/reverse primer (5’-3")
Endogenous controls
B-Tubulin 113871 BT-F/BT-R CAGGATCTTGTCGCCGAGTAC/CCTCATACTCGCCCTCCTCTT
Target genes
Oxidative depolymerisation
Alcohol oxidase 118723 AlOx1-F/AIOx1-R CATCAAGAGCGCCAATCCAT/GGCGCAAAGTCAGCCTTGT
Laccase 2 Pplcc2 89382 Lac2-F/Lac2-R CGGTGCTCTTGGCCACTTAG/CCATTGGTTATGGGCAGCTC
NADH-quinone oxidoreductase 124517 QRD-F/QRD-R CGACGACAAGCCCAACAAG/GATGACGATGGCGATTTTAGG
Enzymatic depolymerisation of holocellulose
Endo-B-1,4-glucanase (GH5) 117690 GH5-F/GH5-R GTTCAGGCCGCATTGTCCT/TTCCACCTGGCGTAATTGTG
Putative B-glucosidase (GH3) 112501 BGlu2-F/BGlu2-R TGCGCACGAATGAGTTGATAG/CGCCTGCACACACACAACA
Cytochrome P450 monooxygenase
Cytochrome P450 130132 P450 1-F/P450 1-R GCCGTCCTTGACCACCTTT/TCATCATCCTCGGCCAATG

All Postia placenta sequences are from the Joint Genome Institute (JGI) database (http://genome.jgi-psf.org).

temperature was increased linearly from 55°C to 95°C for each PCR
amplicon. A no-template control was run for each primer pair in each
run to ensure that the primers did not form primer dimers or other
PCR artefacts. Duplicate qRT-PCR runs were performed on all sam-
ples. All procedures above were performed according to the proto-
col provided by the manufacturers. All gene expressions (transcript
levels) were calculated by means of the formula of Pfaffl (2001) with
B-tubulin as reference transcript.

Statistics: All statistical analyses were performed in JMP (Version
10, SAS Institute Inc., Cary, NC, USA). The mean values were com-
pared by a single-step multiple comparison procedure, Tukey’s test:
(1) between harvesting points of the same treatment for P. placenta
gDNA quantification, (2) between harvesting points of the same
treatment for gene expression, and (3) between treatments with sta-
tistically similar ML (control week 4 — C,, low level week 12 - L,
medium level week 20 -~ M, , and high level week 36 — H_, ) for gene
expression. In the figures, data points not connected with the same
letter are significantly different in the Tukey’s test and comparisons
between treatments are given in italics. A probability of <0.05 was
the statistical type-I error level. Test of homogeneity of variance
was done by the O’Brien test. When the homogeneity of variance
assumption was not fulfilled, this is indicated in the figure and the
P-value is given. Regression analysis served for studying the effect
of EMC, vs. ML.

Results and discussion

Mass loss and wood moisture content

The ML reveals a clear effect of treatment level and time of
exposure (Figure 1a). Initial ML was detected after 4 weeks
of incubation for the control C (mean ML 2.6%+*1.2%),
L (1.8%12.6%), and M (0.01%+0.04%). In H, initial decay
was found after 20 weeks (0.61%+1.56%). The rate of the
decay was clearly affected by the treatment level. For L,
there is a rather fast increase in ML over time, for M the

increase is slower, and for H there are no significant dif-
ferences in the mean ML of the weeks 20, 28, and 36. The
latter seems to support the hypothesis of Hill (2006) con-
cerning the time lag effect instead of an absolute decay
threshold. ML was not recorded in all of the 15 H speci-
mens at the three last harvesting points, but three show
ML in week 20, five in week 28, and five in week 36. The
H samples with the highest ML also have slightly higher
EMC, than the mean EMC, (Table 2). However, the span in
both ML and EMC, data is low, and a regression analysis of
EMC,, vs. ML for H shows only poor correlation (R2=0.012,
P=0.349, F ratio 0.888).

Individual measurements of the exact WPG of each
sample were not done, but as shown in Table 2, EMC_
gave a good prediction for ML. The results of the regres-
sion analysis of EMC, vs. ML at each harvesting point
show that EMC, explained 74% of the variation in the ML
data after 12 weeks and reached 95% after 28 weeks. For
20 and 36 weeks, 84% and 85% of the ML were explained
by EMC, , respectively. Drop week 36 can be explained, at
least partly, by low ML in three of the control (C) samples
(i.e. the C samples with high EMC, and low ML 26.3%,
37.8%, and 44.7% makes the trend less obvious). Gener-
ally, the MC after harvesting roughly reflects the treatment
levels (Figure 1b), i.e. the higher the treatment level, the
lower the MC. No clear MC trend is seen as a function of
exposure time.

The presented data show that the different treatment
levels clearly affect decay resistance and that decay pro-
tection can be indirectly predicted well by EMC, . It is
important to keep in mind that: (1) a lowered FSP will
not affect the amount of free water in the lumens at a
given EMC (Verma and Mai 2010), and (2) it is difficult to
separate the mechanisms of EMC decrement and physi-
cal blocking (Hill 2006). The present data do not provide
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Figure 1: (a) Mean ML and SD, n=15, (b) mean MC content and SD, n=15, (c) amount of Postia placenta DNA (ng mm-3), n=3, for the four dif-
ferent treatments at five different harvesting points.

Treatment levels: L=low (11.7%), M=medium (17.0%), H=high (22.0%), C=untreated SYP. Incubation with P. placenta after 4, 12, 20, 28, and
36 weeks. *Significant differences between the variances; O’Brian test, P=0.0445.

any information about the MC distribution within the Quantification of P. placenta gDNA
wood (i.e. the utilisation degree of the fungi), or the

degree of physical blocking (i.e. the effects of lowering Fungal gDNA quantification (Figure 1c) identified coloni-
the EMC, ). sation in all samples, also at harvesting points, where no
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Table 2: Regression analysis of EMC, at 65% RH and 21°Cvs. ML,
n=60.

R? R? Adj P F ratio
4 Weeks 0.444 0.434 <0.0001 46.28
12 Weeks 0.741 0.737 <0.0001 166.33
20 Weeks 0.842 0.839 <0.0001 309.19
28 Weeks 0.948 0.947 <0.0001 1063.50
36 Weeks 0.849 0.847 <0.0001 326.43

Mean EMC,: C=11.1+0.7, L=6.7+1.4, M=4.2+0.5, H=3.2+0.7

Also given is the mean EMC, for each batch of treatments and their
SD, n=75.

ML was detectable (H , and H ). The decrease in quan-
tified P. placenta gDNA in the untreated samples after
4 weeks reflects advanced stages of decay (>35% ML), i.e.
depletion of nutrition source leading to starvation and
reduced fungal biomass resulting in the lower level of
fungal gDNA.

All harvesting points within each treatment were
compared. For L, there was a significantly higher gDNA
content at week 20 compared to weeks 12, 28, and 36.
However, there was no significant difference between
week 4 and week 20. For M, the only significant difference
was found between weeks 28 and 36. However, a signifi-
cant difference in variance was found and the comparison
is therefore only a hint. For H, there was a significantly
higher level at week 4 compared to the following harvest-
ing points. For the controls, week 4 had a significantly
higher level than the four later harvesting points. When
leaving the high value of week 4 out of the comparison,
week 12 had a significantly higher DNA content than the
three following weeks (Figure 1c).

Jasalavich et al. (2000) detected decay fungi in wood
by PCR before measurable WL occurred. Pilgard et al.
(2010) studied early Trametes versicolor colonisation of
modified wood and found an initial peak after 2 weeks
in the modified wood; thereafter, the gDNA level of the
white-rot fungus tended to level out during the next weeks
of incubation (4, 6, and 8 weeks). In the current study,
there is an initial peak in the most and the least durable
samples. There was no such peak for the L and M treat-
ment levels. Mohebby (2003) found that fungi could easily
colonise some regions of W, , preferably vessel lumina
and rays at early stages. Peterson and Thomas (1978)
ohserved by microscopy after 6 weeks of exposure that
hyphal counts were substantially lower in W, samples
compared to control samples (sample size 10x10x5 mm?3).
The fungal viability test showed that W, was not fungi-
toxic as, in most instances, each fungus grew out of the
wood to an agar surface in culture plates.
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The decay test included an inoculum and soil, which
might contribute to the fungal nutrition. This means
that the fungi can potentially grow in the modified wood
without actually feeding the woody mass. However, the
soil test has several advantages compared to malt agar
tests. Malt agar will be high in accessible sugars and it
will only last up to 10-12 weeks before the medium starts
drying out. The soil test avoids desiccation and it better
reflects outdoor conditions than malt agar. Inoculation
of the soil has previously proven to give a larger variance
in ML than direct inoculation of the sample with liquid
culture (data not shown); hence, the latter was preferred.

Quantification of P. placenta gene expression

The results from the expression of the selected P. placenta
genes are given in Figures 2, 3 and 4. Statistical compari-
son is performed only between harvesting points within
each treatment, not between treatments. In addition, for
the tentative comparison of gene expression between dif-
ferent treatments with similar ML levels, the comparison
included C ,, L ,,, M_,, and H, This was not the main
focus of the paper; otherwise a different test design would
have been required.

Oxidative depolymerisation: The genes related to oxi-
dative depolymerisation tended to be up-regulated in W, _
compared to untreated wood (Figure 2). The gene expres-
sion of the alcohol oxidase AlOx1 (Pp118723) and the
NADH-quinone oxidoreductase QRD (Pp124517) tended
to increase with increasing incubation time of the treated
samples. The AlOx1 (Pp118723) is similar to Gloeophyl-
lum trabeum methanol oxidase (GenBank DQ835989),
with >85% of amino acid identity over the full sequence
length (Martinez et al. 2009). Immunolocalisation studies
by Daniel et al. (2007) identify the G. trabeum alcohol
oxidase as a potential source of H,0, to support Fenton
chemistry and Martinez et al. (2009) suggested a similar
role in P. placenta. In the brown-rot fungus G. trabeum,
a QRD may drive extracellular Fenton systems via redox
cycling of secreted fungal quinones (Baldrian and
Valaskova 2008). For Lac2 (Pp89382), the gene expres-
sion was rather stable in the treated samples during 36
weeks of incubation. Martinez et al. (2009) demonstrated
laccase-catalysed oxidation of lignin model substrate.

Also without detectable ML, the fungus actively
expresses genes related to oxidative depolymerisation, a
process that is believed to be the initial stage of brown-
rot decay (Arantes et al. 2012; Arantes and Goodell 2014).
Ringman et al. (2014b) found by means of the same
primers a similar trend for acetylated, DMDHEU-treated,
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Figure 2: Mean and SD for genes involved in oxidative depolymerisation of polysaccharides.
Treatment levels: L=low (11.7%), M=medium (17.0%), H=high (22.0%), C=untreated SYP. Incubation with Postia placenta after 4, 12, 20, 28,

and 36 weeks; n=3.

and thermally modified wood during 8 weeks of exposure
to P. placenta. When similar ML levels were compared
(C,» L,» M, and H ), a significant up-regulation was
found in H compared to C , for AlIOx. QRD H had a
significantly higher expression than the other treatments.
The elevated levels in H _ could be explained by the onset
of decay. No significant difference was seen between treat-
ments with similar ML for Lac2. The data from these genes

involved in oxidative depolymerisation indicate a delay

in decay initiation rather than a difference in the initial
decay mechanism.

Enzymatic depolymerisation: The two genes related
to carbohydrate metabolism, the putative B-glucosidase
BGlu2 (Pp112501) and the endo-B-1,4-glucanase GH5
(Pp117690), tended to be up-regulated in untreated wood
compared to the treated samples (Figure 3). There was a
tendency for slight up-regulation in the L and M treatment
levels with increasing incubation time. When comparing

Brought to you by | NIBIO - Norsk institutt for biogkonomi
Authenticated
Download Date | 9/6/17 2:51 PM



1062 —— G. Alfredsen et al.: Characterisation of P. placenta colonisation on acetylated SYP DE GRUYTER

Glu2

8 - P

7.

s C C BCAABB B B A A AA A AABCABC CA

e

= B B B A

g 5

=}

o

o 4

2

g :

o -

2 H -
1 I .
O.ﬁ%f}]‘mmmﬁmmi-_ﬁﬁﬂ FITD
R T T T I T
MRV IR RN N M A A A A

GH5

8

7

g C C BCAB A B B ABA ABA AA A AB A BB B

2z A A A

2 5

[

>3

T 4

(]

=

g 3

[0

)

Treatment+harvesting time

Figure 3: Mean and SD for two genes involved in enzymatic depolymerisation of polysaccharides.
Treatment levels: L=low (11.7%), M=medium (17.0%), H=high (22.0%), C=untreated SYP. Incubation with Postia placenta after 4, 12, 20, 28,
and 36 weeks; n=3.
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Figure 4: Mean and SD for a cytochrome P450 monooxygenase.
Treatment levels: L=low (11.7%), M=medium (17.0%), H=high (22.0%), C=untreated SYP. Incubation with Postia placenta after 4, 12, 20, 28,
and 36 weeks; n=3. - = No data available.

harvesting points, where the ML was at similar levels The P. placenta genome contains surprisingly few
for the different treatments, the gene expression in the conventional cellulases (no glycoside hydrolase of fami-
treated samples was down-regulated compared to control lies GH6 and GH7 nor any cellobiose dehydrolase); the
for BGlu2. For GH5, no significant differences were found recognisable cellulolytic enzymes in P. placenta seems
between treatments. to be limited to two endoglucanases (1,4-B-glucanases)
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and several B-glucosidases (Martinez et al. 2009). Tang
et al. (2013) found that when MCQ lost its effectiveness,
a number of genes were up-regulated, among them genes
related to degradation of polysaccharides and pectin.
This finding can be related to the tendency found in the
current study: as long as the wood is protected, one way or
another, the genes related to the enzymatic depolymerisa-
tion of polysaccharides are down-regulated. It is hypoth-
esised that the delay of the enzymatic depolymerisation is
linked to the delay of the oxidative mechanisms.

The same primers were used for A10x (Pp118723), QRD
(Pp124517) and BGlu2 (Pp112501) in the present study and
in that of Ringman et al. (2014b). The gene expression
levels of P. placenta in W, are higher for AlOx, QRD, and
BGlu2 in the current study than in Ringman et al. (2014a).
The differences are believed to mainly reflect the differ-
ences in exposure time to P. placenta. This is supported by
the findings in this study that the expression of the respec-
tive genes increases with increasing incubation time. Tang
et al. (2013) compared MCQ preservative treated wood
with untreated wood and found much greater change in
GH5 expression levels than observed in the current study.
Gene expression was calculated differently. Tang et al.
(2013) calculated expression of the three last harvesting
points relative to the first harvesting point, and expres-
sion values were normalised against 18S rRNA. However,
it is more likely that differences in test design can explain
the differences, including different wood protection
systems, different wood species, different test fungi and
different incubation times. The magnitude of difference
in expression levels indicates that copper protection may
have a more direct effect on the fungus and thereby induce
greater transcriptional effects than W, .

From the cytochrome P450 monooxygenase P450D
(Ppl128850), no clear tendencies could be seen as varia-
tions are very high in the gene expression in the treated
samples (Figure 4). Compared to similar ML levels, the C
has a significantly higher expression level than L and M.
In Martinez et al. (2009), the gene encoding for Ppl128850
was significantly up-regulated in a cellulose-containing
medium. The P. placenta, genome features an impres-
sive set of P450 genes, and the P450s have various roles
in secondary metabolism and are thought to be involved
in biodegradation of breakdown products from lignin and
various xenobiotic compounds (Martinez et al. 2009).

Future research demand

The limited number of genes observed here already gives
some indications concerning the protective mechanisms
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of W, against brown-rot decay fungi. Special attention
should be paid in the future to factors influencing the
chelator-mediated Fenton system. Lately, a new group
of enzymes has been detected, the lytic polysaccharide
monooxygenases (LPMOs), causing oxidative depolymeri-
sation of crystalline polysaccharides (Vaaje-Kolstad et al.
2010). These enzymes should be taken into considera-
tion in future studies focusing on decay mechanisms of
brown-rot fungi. Obviously, the entire gene expression
needs to be analysed, rather than only selected genes as
in this study, and one should also study the proteins pro-
duced by the different genes. A critical discussion of the
physics of wood-water interactions was given by Engelund
et al. (2013). However, only a few studies focused on the
moisture distribution within the cell wall of modified
wood (e.g. Hill et al. 2005; Hill 2008; Engelund et al. 2010;
Thygesen et al. 2010). Moisture dynamics in the cell wall
during decay should be considered in the context of ana-
tomical and chemical changes. The highest degree of treat-
ment, which provides the longest protection should be
ascertained. The decay difference between fungi species
should also be explored in more detail.

Conclusions

Expectedly, the treatment level is of crucial importance
for durability and that the lowered MC plays an important
role in the protection mechanism. EMC,, could explain
up to 95% of the ML. gDNA, ML and RNA quantification
revealed fungal colonisation and gene expression before
ML was detectable for the highest treatment level (22.0% of
OAc content) at weeks 4 and 12. The initial decay detected
from week 20 for the highest treatment level indicates that
there is a time lag effect rather than an absolute protection
threshold for W, . Genes involved in oxidative metabolism
tend to be up-regulated in treated samples compared to
untreated samples, while the opposite seems to be the
trend for genes involved in enzymatic metabolism. The
initial oxidative metabolism is delayed in W, . The magni-
tude of the delayed initiation of decay, the delayed expres-
sion of enzymes related to carbohydrate metabolism, and
the reduced decay rate depend on the treatment level.
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