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Wood-decaying basidiomycetes are some of the most effective bioconverters of lignocellu-
lose in nature, however the way they alter wood crystalline cellulose on a molecular level is
still not well understood. To address this, we examined and compared changes in wood
undergoing decay by two species of brown rot fungi, Gloeophyllum trabeum and Meruliporia
incrassata, and two species of white rot fungi, Irpex lacteus and Pycnoporus sanguineus, using
X-ray diffraction (XRD) and *3C solid-state nuclear magnetic resonance (NMR) spectros-
copy. The overall percent crystallinity in wood undergoing decay by M. incrassata, G. tra-
beum, and I. lacteus appeared to decrease according to the stage of decay, while in wood
decayed by P. sanguineus the crystallinity was found to increase during some stages of deg-
radation. This result is suggested to be potentially due to the different decay strategies em-
ployed by these fungi. The average spacing between the 200 cellulose crystal planes was
significantly decreased in wood degraded by brown rot, whereas changes observed in
wood degraded by the two white rot fungi examined varied according to the selectivity
for lignin. The conclusions were supported by a quantitative analysis of the structural com-
ponents in the wood before and during decay confirming the distinct differences observed
for brown and white rot fungi. The results from this study were consistent with differences
in degradation methods previously reported among fungal species, specifically more non-
enzymatic degradation in brown rot versus more enzymatic degradation in white rot.

© 2012 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction this need is promising. The difficulty of efficiently hydrolyzing

the recalcitrant crystalline cellulose in this material has
There is a growing demand for ecologically sustainable fuels proven to be a major barrier (Himmel et al. 2007). Wood decay
and biochemicals. The conversion of woody biomass to fill fungi are among the most effective bioconverters of native
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cellulose, playing an important role in the nutrient cycling of
forest ecosystems, as well as being the major cause of decay
of in-service wood (Baldrian & Valkov 2008). This has led to
a long-lasting interest in a more thorough understanding of
the mechanisms employed by these fungi.

Basidiomycete wood decay fungi are traditionally grouped
into two categories: brown rot and white rot. Although origi-
nally classified based upon the colour of the wood following
decay, these two groups are now known to have significantly
different approaches to degradation. Brown rot fungi prefer-
entially degrade cellulose and hemicelluloses, and at least
some species extensively modify the lignin (Yelle et al. 2008,
2011; Arantes et al. 2011). The degradation mechanism is initi-
ated by non-enzymatic processes based upon the generation
of hydroxyl radicals from the reaction between hydrogen per-
oxide and ferrous iron, the Fenton reaction:

H,0, + Fe?" —*OH + OH™ + Fe3*

The radicals quickly depolymerize nearby wood compo-
nents, resulting in a rapid strength loss with little measurable
weight loss in the wood early in the decay process (Goodell
et al. 1997; Hyde & Wood 1997). Enzymatic action then follows.
Brown rot fungi initially decompose pectin and hemicellu-
loses followed by cellulose degradation. Lignin is modified in
the process (Goodell et al. 2002; Arantes et al. 2011).

The mechanisms of ‘simultaneous’ white rot fungi seem-
ingly rely more heavily on enzymatic degradation of hemi-
celluloses, cellulose, and lignin, with more limited diffusion
of non-enzymatic degradation systems, leading to a more
thorough degradation of wood (Zabel & Morrell 1992;
Arantes et al. 2011) reflected in simultaneous weight loss
and depolymerization of cellulose (Kleman-Leyer et al.
1992). White rot fungi remove the three major wood compo-
nents either simultaneously or selectively by preferentially
attacking the lignin and hemicelluloses followed by hydroly-
sis of cellulose.

Cellulose chains in wood are arranged in microfibrils with
regions containing crystalline structure as well as areas of
less ordered cellulose. The latter region is often referred to
as amorphous or non-crystalline (Larsson et al. 1997;
Thygesen et al. 2005). However, elucidation of the organiza-
tion of these regions with respect to one another has proven
to be quite complex (Larsson et al. 1997; Thygesen et al. 2011).
One model suggests an arrangement with crystalline
cellulose in the interior of the microfibrils and the less
ordered cellulose chains towards the surface (Newman &
Hemmingson 1995; Nishiyama 2009). However, the actual
distribution of the various crystalline cellulose structures re-
mains to be clarified.

Work examining changes in wood crystallinity during
brown rot decay shows an initial increase in apparent percent
crystallinity as amorphous wood components, i.e. hemicellu-
loses and non-crystalline cellulose, are removed. This is then
followed by a decline in percent crystallinity as the crystalline
cellulose material begins to break apart (Howell et al. 2007,
2009a). Decrease in the average distance between the crystal-
line planes (d-spacing) during decay is attributed to the re-
moval of more loosely packed outer cellulose chains as well
as a possible rearrangement of the remaining crystalline ma-
terial into a more energetically favourable, tightly packed

state (Howell et al. 2007, 2009a, 2011). Changes in cellulose
crystallinity including structural spacing of the crystalline
planes caused by white rot fungi during decay have, to the
best of our knowledge, not yet been reported.

The aim of this study was to compare the effects of brown
and white rot decay on crystalline cellulose. This was accom-
plished by examining wood decayed over time using **C solid-
state cross-polarization (CP), magic-angle-spinning (MAS) nu-
clear magnetic resonance (NMR) spectroscopy and X-ray dif-
fraction (XRD), while the wood composition was analyzed by
acid hydrolysis using high performance liquid chromatogra-
phy (HPLC). These techniques give complimentary informa-
tion about the changes occurring in wood in terms of
cellulose crystallinity and crystal lattice spacing, as well as
structural changes and alterations in the chemical composi-
tion. The fact that the former two methods are non-
destructive and can be applied directly on dried wood powder
without further modification is an advantage, as it eliminates
the need for chemical treatment of the wood substrate, which
may alter the state of the crystalline cellulose or other wood
polymers.

Materials and methods
Growth conditions and wood processing

The organisms used in this study were chosen to represent
two types of brown rot decay and two types of white rot decay.
The brown rot species used were Gloeophyllum trabeum (ATCC
11539), a low oxalic acid (OA) accumulator and high phenolate
(iron-chelator) accumulator and Meruliporia incrassata (MFS-1),
a high OA accumulator and low phenolate accumulator (Green
& Clausen 2003; Hastrup 2011; Hastrup et al. 2012a, b). The
white rot species used were Irpex lacteus (ATCC 60993), a simul-
taneous lignin degrader, and Pycnoporus sanguineus (ATCC
24598), a selective lignin degrader.

As the substrate, Red Maple strands from both heart- and
sapwood were combined into bundles of approximately
20 x 30 x 10 mm? by stacking the strands and securing them
with nylon cord (Howell et al. 2009b). Fungi were grown at ap-
proximately 90 % relative humidity at room temperature in
modified American Society for Testing and Materials (ASTM)
soil-block jars (AWPA 2003; Howell et al. 2007): four 1 cm?
squares of inoculum were taken from the outer edge of 2-
week-old fungal cultures and placed at the corners of birch
feeder strips on top of one cup of a 1:1:1 mixture of potting
soil, sphagnum peat moss, and horticultural grade vermicu-
lite, wetted with deionized water. Each wood sample was
weighed prior to incubation and one was placed in each jar af-
ter the mycelial mat had covered the feeder strips. Fungi were
allowed to grow for 3, 6, 9 or 12 weeks after the addition of the
wood block. There were three replicates per fungus per har-
vest, as well as uninoculated controls.

After harvesting, the wood was brushed free of mycelium,
dried for 48 h at 95 °C and weighed. The wood substrate was
then ground in a Wiley Mill to pass through a standard
40-mesh screen (420 pm). For XRD measurements, this pow-
der was then pressed into a cylindrical wafer 25 mm in
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diameter and 4.3 mm thick. For NMR analysis the powder was
used unaltered.

Carbohydrate and lignin assays

The structural carbohydrate composition of all samples was
determined with modified quantitative saccharification (QS)
procedure (Moxley & Zhang 2007) employing H,SO, in a two-
step acid hydrolysis. Monomeric sugars were measured by
a Shimadzu HPLC with a Bio-Rad Aminex HPX-87P column
(Richmond, CA, USA) equipped with refractive index (RI) de-
tector. The column was operated with deionized water as
the mobile phase at 80 °C and a flow rate of 0.6 mL min™™.
Klason lignin and ash were measured according to the stan-
dard National Renewable Energy Laboratory (NREL) biomass
protocol (Sluiter et al. 2008). The results were adjusted accord-
ing to the recorded density loss.

XRD spectral analysis

Wood wafers were examined using a Panalytical X’Pert XRD
machine (Panalytical, Netherlands) with symmetric 6—26
Bragg—Brentano scattering geometry according to Howell
et al. (2007, 2009a). Nickel filtered Ko radiation with a wave-
length of 1.542 = was used to perform 6—26 scans. The incident
beam was passed through a fixed divergence slit of 1/16° and an
anti-scatter slit of 1/8°, as well as a 15-mm mask. The diffracted
beam was passed through a size 5.0 anti-scatter slit. Data were
collected in the 26-range 5—35° with a step size of 0.01°. The
scans proceeded at 0.08°s™* (150 s step™ ). Percent crystallinity
of the wood material was calculated from the XRD data by com-
paring the area of the crystalline regions to the total area. Two
different methods were used: a standard least-squares peak fit-
ting method with an amorphous standard (Thygesen et al.
2005), and a Rietveld analysis (Rietveld 1969) using the cellulose
I crystal structure published by Nishiyama et al. (2002). The re-
sults from the two methods did not show significant differ-
ences and values from the Rietveld analyses are presented.

The average distance between the crystal planes was cal-
culated using Bragg’s law:

2dsing = ni (1)

where d represents the distance between the crystal planes, 6
the angle between the planes and the incoming X-rays, 1 the
wavelength of the X-rays, and n an integer. The value obtained
for the d-spacing between the 200-crystal planes was then
doubled to take into account the body-centred crystal ar-
rangement providing a value reflecting the distance between
B-p-glucan molecules in a single unit cell.

Solid-state *3C CP/MAS NMR spectroscopy and principal
component analysis (PCA)

NMR spectra were obtained and analyzed from wood powder
after 9 and 12 weeks of fungal decay, as well as non-decayed
controls. Due to accelerated decay in wood inoculated by Mer-
uliporia incrassata, only samples from 9 weeks were analyzed,
as at this point the weight loss in these samples was similar
to the three other species after 12 weeks of decay. Seventy

milligram (approximately) of wood powder as used for acqui-
sition of the solid-state NMR spectra.

The *C CP MAS NMR spectra were recorded on a Bruker
Avance 400 (9.4 T) spectrometer (Bruker BioSpin Gmbh, Rhein-
stetten, Germany), operating at Larmor frequencies of 400.13
and 100.62 MHz for 'H and *3C, respectively. The experiments
were carried out using a double-tuned (CP/MAS) probe equip-
ped with a 4mm (0.d.) rotor. *H and *3C rf-field strengths of
80 kHz were utilized during both two-pulse phase modulation
(TPPM)-'H-decoupling (Bennett et al. 1995), and CP. The variable
amplitude CP scheme (Peersen et al. 1993) was employed to en-
hance the CP performance during fast spinning. All spectra
were acquired at room temperature using a spin-rate of
8kHz, a contact time of 1.0ms, an acquisition time of
37.3 ms, a recycle delay of 3's and 1000 scans. Prior to Fourier
transformation the free induction decays (FID) were apodized
by Lorentzian line broadening of 10 Hz. All spectra were refer-
enced (externally) to the carbonyl resonance in «-glycine at
176.5 parts per million (ppm).

Data analysis

The 'C CP/MAS spectra were examined by PCA (Wold et al.
1987) using the built-in PCA procedure in PLS toolbox 5.5 in
Matlab 7.9.0.529. Prior to PCA the data from the 24 NMR spec-
tra were mean centred. By mean centring the average spec-
trum is subtracted from each experimental spectrum prior
to PCA. Therefore (0,0) in the PCA score plot will represent
the position of the (artificial) average spectrum. No other nor-
malization procedures were applied as all spectra were
recorded under identical experimental conditions.
The ratio of interior to surface chains was calculated as:
_ [86 — 92 ppm] )
[80 — 86 ppm]|

The statistical analyses were performed using Student’s two-
tailed t-test or conducted by a three- or four-way analysis of
variance (ANOVA) analysis of variance (general linear model)
(SAS version 9.2, SAS Institute Inc., Cary, NC, USA). P-values
<0.05 were considered significant. Results are presented as
the mean value of the replicates + standard error in tables. In
graphics standard error is represented as vertical bars (n = 3).

Results and discussion

XRD detects the interference pattern created when x-rays en-
counter the regularly spaced crystalline cellulose planes in
wood and has been used for decades as a rapid, non-
destructive method for observing the crystalline portion of
wood. It is one of the primary tools used in the determination
of the conformation and structure of cellulose microfibrils
(Cullity 1978; Cave 1997; Lichtenegger et al. 1999). XRD can be
used to follow the changes occurring in cellulose in terms of
crystallinity and crystal lattice spacing (d-spacing) (Cave
1997; Lichtenegger et al. 1999; Howell et al. 2007, 2009a).
Solid-state *C CP/MAS NMR spectroscopy combined with pro-
ton decoupling can be used to observe various components
within wood such as ordered and disordered cellulose, differ-
ent crystal forms of cellulose, as well as detect hemicelluloses
and lignin molecules (VanderHart & Atalla 1984; Newman &
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Hemmingson 1995; Bardet et al. 2009; Martinez et al. 2009).
NMR is useful in describing distinct structural changes in
wood components during the decay process (Howell et al.
2011).

Where XRD is capable of giving a picture of the overall
changes occurring in the overall amount and lattice spacing
of the crystalline cellulose (Howell et al. 2007), NMR is able to
depict more clearly the changes in the surrounding wood
polymers as well as whether the changes in the crystalline cel-
lulose are occurring in the interior or on the exterior of the
crystalline fibrils (Newman & Hemmingson 1995). Therefore
the combination of *C CP/MAS NMR and XRD for structural
analysis of cellulose and surrounding wood polymers is a pow-
erful tool. By comparing the progression of decay caused by
brown and white rot fungi with both techniques it is possible
to gather a more complete picture of what is occurring on the
molecular scale in the cellulose and surrounding polymers, as
XRD and NMR function by probing complimentary aspects of
the molecular structure of the wood substrate.

One of the major drawbacks to both methods is that other
wood components such as hemicelluloses and lignin can in-
terfere with signal from the cellulose, or vice-versa, making
the results difficult to interpret. In XRD spectra, the amorphous
portion of the wood has to be estimated and subtracted from
the crystalline portion to obtain a realistic picture of the cellu-
lose alone. In NMR spectra, lignin, and hemicelluloses have
residues in the regions assigned to cellulose structures. Never-
theless, with the information gained by combining the infor-
mation from both methods it is possible to cross-reference
the data to a certain extent to overcome these limitations, ul-
timately allowing for a thorough analysis of the changes occur-
ringin wood structure and crystallinity following fungal decay.

Degradation efficiency

Weight loss measurements were performed as a measure for
the removal of the wood components although these measure-
ments did not take into account the structural changes occur-
ring in the wood or give information on which components
were affected. The two groups of basidiomycetes, brown and
white rot, preferentially grow on softwood and hardwood tree
species, respectively (Zabel & Morrell 1992; Tuor et al. 1995).
However, a single type of wood was preferential in this study
for both types of fungi to allow direct comparisons utilizing
a uniform substrate. White rot fungi are less aggressive in soft-
wood compared to brown rot fungi (Pandey & Pitman 2003)
whereas in hardwood the decay is comparable to brown rot
fungi (Howell et al. 20093, b). For this reason hardwood was cho-
sen as substrate. Weight losses for the brown rot Gloeophyllum
trabeum and the two white rot fungi were found to be similar
throughout the decay period (Table 1). At 12 weeks G. trabeum
caused lower weight loss in the hardwood blocks compared to
analysis of the growth of this strain on coniferous wood
(Hastrup 2011). The second brown rot species, Meruliporia incras-
sata, showed enhanced weight loss at the early stages of decay
compared to the other three species, but at 12 weeks there
was no statistically significant difference in the degree of decay
caused by the four fungi tested, with all showing an average
weight loss in the wood samples of approximately 30 %
(P> 0.05) (Table 1).
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Table 1 — Wood block weight losses (%) following fungal
decay.

Week 3 Week 6  Week9 Week 12
G. trabeum 6.8 (0.4 14.2(24) 215(27) 28.0(0.9)
M. incrassata® 129 (2.6)  33.9 (34)  37.7(26) 37.6 (4.1
1. lacteus 2.8(0.6) 10.0(0.8) 21.4(0.7) 30.1(0.9)
P. sanguineus 2.9 (0.2) 9.4 (0.7) 16.7 (0.6)  31.8 (4.6)
Control —0.03(0.01) —0.1(0.01) —0.1(0.01) 0.01(0.07)

a Standard error is given in parenthesis.

b Data on percent weight loss, percent crystallinity, and changes in
d-spacing from M. incrassata decayed samples has been presented
in Howell et al. 2011 in a different context.

Changes in wood composition

Brown rot fungi caused a greater level of degradation of the
hemicellulose components as represented by xylan and man-
nan compared to the white rot fungi (Fig 1). Also, the concentra-
tion of cellulose (glucan) was proportionally reduced in wood
degraded by brown rot fungi despite overall similar mass reduc-
tion, which can be explained by elevated lignin removal in white
rot fungi (Zabel & Morrell 1992). The variation in cellulose con-
centration at earlier time points, measured between Meruliporia
incrassata and Gloeophyllum trabeum is attributed to the differ-
ence in weight loss. The same elevated removal of hemicellu-
loses by M. incrassata was observed at early stages of decay
but was less apparent at weight losses above 20 % as most ac-
cessible hemicelluloses are degraded at this point (Curling
etal. 2001; Howell et al. 2009a). Preferential degradation of lignin
by Pycnoporus sanguineus was observed early in the decay pro-
cess as this organism removed significantly more lignin than
Irpex lacteus after 6 weeks of decay (P = 0.04). The four carbohy-
drate components shown represent only some of the elements
in the wood and therefore do not total to 100 %.

The 3C CP/MAS NMR spectrum of the red maple control
sample is shown in Fig 2, and resonance assignments are pre-
sented in Table 2. Resonance 12 at 21.5 ppm is assigned to the
methyl carbon of the acetyl group in hemicelluloses. The region
between 60 and 106 ppm is dominated by intense resonances,
labelled 4—10, primarily originating from cellulose, but reso-
nances from hemicelluloses are also observable in this region.
The resonances at ~89 ppm (labelled 5) and ~65 ppm (labelled
9) originate from C4 and C6, respectively, in ordered interior
cellulose, while the resonances at ~84 ppm (labelled 6) and
~63 ppm (labelled 10) are due to C4 and C6, respectively, in
more disordered, surface cellulose (Atalla & VanderHart 1999).
It should be noted that resonances from lignin are also present
in the spectral region 75—92 ppm and are partially overlapping
with resonances from cellulose and hemicelluloses. Resonance
4 at ~105.2 ppm is primarily originating from C1 in cellulose,
although some overlapping with anomeric carbons of hemicel-
luloses cannot be excluded. Lignin-specific resonances are ob-
served at 56.5 ppm (methoxy groups) and in the region of
120—160 ppm (aromatic carbons in lignin). The resonance at
~172.8 ppm (labelled 1) originates from carbonyl carbons in
acid or ester groups of the hemicelluloses.

Structural alterations caused by the wood decay fungi are il-
lustrated by representative *C CP/MAS NMR spectra recorded
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Fig 1 — Wood component analysis. Relative percentage carbohydrate and lignin composition of wood degraded by the two
brown rot fungi, M. incrassata (circle) and G. trabeum (star) and the two white rot fungi, I. lacteus (triangle) and P. sanguineus
(square) for 3, 6, 9 or 12 weeks. Week 0 data represent uninoculated control wood samples. Bars represent standard error.

under identical conditions (Fig 2). From direct comparison the
effect of fungal degradation on various component specific res-
onances can be followed. It is observed that the effect of brown
rot fungi is the selective removal of the carbohydrates and the
effect of the white rot fungi is the degradation of lignin.

M. incrasata

G. trabeum

I lacteus

P. sanguieneus

2
Control

200 180 160 140 120 100 80 60
ppm
Fig 2 — Comparative NMR spectra. >C CP MAS spectra of red
maple inoculated with the four wood decay fungi and a red
maple control sample. Inserts of the spectral range
120-200 ppm have been vertically scaled by a factor of five.
The numbers refer to the assignment given in Table 2.

In order to obtain a further overview of the differences
among the samples, the NMR spectra were subjected to PCA.
The result is presented in Fig 3. Fig 3A displays the PCA score
plot of the *3C CP/MAS spectra. It is observed that the samples
tend to cluster according to fungal species. The main variation
in the spectra (91.17 %) is described by principal component 1
(PC1) whereas a smaller part (5.86 %) is described by PC2. To-
gether the two PCs describe 97 % of the spectral variation. The
underlying spectral features (loadings) describing the PCs are
shown in Fig 3B. From this it is observed that PC1 corresponds
to a spectrum that can be described primarily as a difference

Table 2 — Resonance assignment of the **C CP/MAS
spectrum adapted from Bardet et al. 2009.

Resonance Chemical Assignments

number shift (ppm)

1 172.8 Carbohydrate; —-COO—R,
CH3—COO—

2 153.1 Lignin

38 135.8 Lignins

4 105.3 Carbohydrates; C1

5 89.2 Carbohydrates; C4

6 84.2 Lignins; Carbohydrates; C4

7 75.1 Lignins; Carbohydrates; C2, 3, 5

8 72.7 Carbohydrates; C2, 3, 5

9 65.2 Carbohydrates; C6

10 63.3 Lignins; Carbohydrates; C6

11 56.5 Lignins; OCH3

12 21.5 Carbohydrates; CH3—COO—
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Fig 3 — Combined changes in polysaccharides and lignin. PCA of the >C CP/MAS spectra of the spectral range 0—200 ppm
using samples from week 9 (all fungi) and week 12 (only G. trabeum, I. lacteus, P. sanguineus, controls). Part (A) displays the
score plot, and part (B) the corresponding loadings for the selected PCs. In part (B) assignments (Table 2) are included.

between the sum of cellulose and hemicelluloses and a small
amount of lignin. Therefore, a PC1 score smaller than that of
the control samples is reflective of a reduced content of cellu-
lose and hemicelluloses and a slightly increased amount of lig-
nin. The loading for PC2 corresponds to a difference spectrum
between lignin (Bardetet al. 2009) (positive intensity) and a small
amount of crystalline cellulose (negative intensity).
Differences in degradation patterns between the brown
and white rot fungi are illustrated in the score plot (Fig 3A).
The brown rot fungi exhibit a significantly higher reduction
in cellulose and hemicellulose content compared to the white
rot fungi at similar weight losses (Table 1). This was also con-
firmed by the sugar analysis of samples at 12 weeks of fungal
degradation (Fig 1). It has been suggested that the more thor-
ough initial degradation of polysaccharides by brown rot fungi
compared to white rot fungi is due to the combined effect of
non-enzymatic and enzymatic processes (Goodell et al. 1997;
Hyde & Wood 1997; Martinez et al. 2009; Hastrup et al. 2011).
The tight structure of highly crystalline cellulose fibrils and
the surrounding hemicellulose sheath leaves too little space
for enzymes to initiate the hydrolysis process anywhere
within the cellulose crystal (Flournoy et al. 1991; Arantes &
Saddler 2010). However, the free radical stream generated
from the non-enzymatic low molecular weight modified Fen-
ton reaction is known to increase the porosity of wood, en-
abling subsequent access of the enzymes to the wood

structures and facilitating the further depolymerization of
the cellulose chains (Baldrian 2008; Arantes et al. 2011). White
rot fungi rely on surface hydrolysis of the microfibrils (Zhao
et al. 2007) and depolymerize holocellulose and lignin only to
the extent that the product is used in their metabolism. The
result is a steady decrease in degree of polymerization of the
wood cellulose that could cause the observed slower change
(Cowling 1961; Arantes & Saddler 2010) seen in Figs 1 and 3A.

In Fig 3A, PC2 mainly describes changes primarily related
to lignin. Compared to the control samples, M. incrassata
caused no measurable change in total/quantitative lignin sig-
nals whereas the resonances from the different lignin struc-
tures were lower in wood samples decayed by G. trabeum,
I. lacteus, and P. sanguineus, with no notable difference be-
tween these three species. The fact that the white rot species
showed a lower amount of lignin than observed in M. incras-
sata was also seen in the lignin analysis (Fig 1). However, the
differences between M. incrassata and G. trabeum were not
supported by the lignin measured in Fig 1 the reason being
that the analysis for determining the amount of Klason lignin
reveals the relative amount of lignin while NMR analysis is
sensitive to specific structural changes in lignin undergoing
degradation. This indicates physiological differences in the
decay mechanism between the two brown rot fungi (Hastrup
2011; Hastrup et al. 20123, b). It is generally agreed that brown
rot fungi cause modification of lignin by demethylation and
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demethoxylation via the hydroxyl radicals from Fenton chem-
istry aided by fungal chelators (Goodell et al. 1997; Hammel
et al. 2002), whereas white rot fungi have the potential to pro-
duce a complete mineralization of lignin (Arantes et al. 2011;
Martinez et al. 2011), however, species variation among brown
rot fungi is still being defined (Hastrup et al. 2012a, b). The fact
that equivalent results were observed in the NMR spectra be-
tween the two white rot fungi and G. trabeum does not prove
thatlignin modifications are performed by the identical mech-
anism. The white rot fungi cause an initial demethylation
similar to G. trabeum, albeit most likely by different pathways
(Martinez et al. 2005; Arantes et al. 2011) and it is known the lig-
nin is depolymerized and then repolymerized in modification
caused by some brown rot fungi (Yelle et al. 2008). This modi-
fication of lignin ‘inter-unit linkages’ by G. trabeum was also
suggested by VanderHart & Atalla (1984).

Examining the changes in wood components by solid-state
NMR and sugar analysis verified the standard brown and
white rot decay patterns suggested for the brown and white
rot fungi species included in this study. However, two impor-
tant observations with direct implications for the modification
of the crystalline cellulose were made: first, that both brown
rot species aggressively attacked the polysaccharides despite
different decay rates, as seen by the steady and nearly parallel
decreases in xylan and mannan (Fig 1). Second, that the brown
rot fungus G. trabeum reduced the lignin signal to a similar
level as that observed for the white rot fungi (Fig 3) and was
likely caused by demethoxylation and depolymerization of
the lignin by this species. This was not observed in wood de-
graded by M. incrassata.

Changes in crystalline cellulose

The changes in percentage of the wood substrate consisting of
crystalline cellulose (% crystallinity) were measured with XRD.
The raw spectra were highly comparable to those published
for wood (Thygesen et al. 2005; Howell et al. 2007), and the pro-
cessed results are shown in Fig 4. Meruliporia incrassata caused
the highest decrease in crystallinity, resulting in a decrease of
~10 % after 12 weeks of decay, followed by Gloeophyllum tra-
beum and Irpex lacteus with ~3.5 % and ~1.8 %, respectively
(Fig4). Pycnoporus sanguineus is the only strain which displayed
a marked increase in crystallinity at week 6 and week 9.
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Recent studies using the same strains of brown rot fungi
grown on softwood showed a brief increase in wood percent
crystallinity at ~20 % weight loss (Howell et al. 2007, 2009a).
The cause was believed to be the removal of hemicelluloses
and easily available non-crystalline cellulose early in the decay
process, resultingin a greater apparent signal from the remain-
ing crystalline material. The absence of this trend in the current
data could be due to the use of hardwood, as these fungi are
known to have a preference for softwood (Highley 1976; Tuor
et al. 1995). The better adaptation to softwood may allow brown
rot fungi to cause a quicker and more efficient degradation of
non-crystalline softwood materials including the hemicellu-
loses compared to hardwood, resulting in the brief increase in
crystallinity in that type of substrate. The fact that this did
not occur on the hardwood is supported by the monosaccha-
ride analysis (Fig 1) showing an almost simultaneous decrease
in cellulose and hemicelluloses by the brown rot fungi.

The XRD data showed a significant difference at week 12
between the percent crystallinity of wood degraded by
M. incrassata and wood degraded by G. trabeum (Fig 4). This is
most likely due to the stage of decay. At this point the weight
loss for M. incrassata was 37.6 % (+4.1 %), as compared to 28.0 %
(+0.9 %) for G. trabeum. This is low for G. trabeum but, as noted
above, this may be due to the hardwood substrate (Howell
et al. 2011). However, non-enzymatic processes also are
known to vary between these two fungal species. For example,
G. trabeum generally accumulate lower amounts of OA than
M. incrassata (Green & Clausen 2003; Hastrup et al. 2012a, b).
Many roles have been proposed for OA in wood degradation,
including direct acid hydrolysis, iron translocation, and pre-
cipitation of calcium from wood cell wall (Dutton & Evans
1996; Goodell et al. 1997, 2002; Hastrup et al. 2005, 2006, 2011;
Schilling & Jellison 2006). The indirect effect of OA as a pH re-
ducer is expected to enhance the non-enzymatic degradation
mechanisms (Arantes & Saddler 2010; Hastrup et al. 2011). OA
can also act by complexing ferric iron and facilitating translo-
cation of iron into environments of more neutral pH. At the
more neutral pH fungal (phenolate) with greater affinity can
sequester and reduce the iron for use in Fenton chemistry
(Goodell et al. 1997; Arantes et al. 2009). The relatively high
level of accumulation of OA observed with M. incrassata may
be contributing to the observed rapid decrystallization of cel-
lulose and removal of hemicelluloses.
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Fig 4 — Changes in crystallinity. Percent crystallinity determined by XRD data for wood decayed by the brown rot fungi
M. incrassata (circle) and G. trabeum (star) (left), and the white rot fungi I. lacteus (triangle) and P. sanguineus (square) (right)
versus undecayed controls (diamond). Data for M. incrassata has been previously published (Howell et al. 2011).
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Pycnoporus sanguineus was found to cause a significant in-
crease in crystallinity compared to I. lacteus. The relative in-
crease in crystalline cellulose becomes clear at week 6
(P =0.087), and is significant by week 9 (P = 0.043). This is likely
due to the differences in type of white rot decay, i.e. selective
versus simultaneous lignin degradation. The simultaneous deg-
radation performed by I. lacteus results in the removal of hemi-
celluloses, lignin, and cellulose at approximately equal rates
and might cause the steady decrease in the percent crystallinity
observed. The limited change in percent crystallinity in wood
degraded by P. sanguineus after 12 weeks, despite weight loss
similar to the other fungi, may thus be the result of the prefer-
ential degradation of non-crystalline hemicelluloses and lignin
that characterize selective white rot (Zabel & Morrell 1992).
However, this difference in pure cellulose content between
P. sanguineus and I. lacteus after 12 weeks of decay was not
detected in the carbohydrate analysis, presumably because
this method does not differentiate between glucan resulting
from crystalline versus non-crystalline materials (Fig 1).

The combination of non-enzymatic and enzymatic mecha-
nisms in brown rot decay is expected to produce more effec-
tive and efficient degradation than solely enzymatic decay.
However, at week 9 the brown rot G. trabeum and the white
rot I. lacteus display similar percent crystallinities and similar
weight losses (Martinez et al. 2011). One explanation for this
may be that G. trabeum did in fact cause a more thorough hy-
drolysis of the wood material compared to I. lacteus, but this is
balanced out by an increase in crystallinity caused by

a preferential removal of the amorphous material by the
brown rot fungus. The sum of these two effects would result
in no significant change in the overall percent crystallinity
caused by G. trabeum relative to I. lacteus and the undecayed
control (P =0.7 and P = 0.9, respectively). The lack of difference
in crystallinity between the G. trabeum and I. lacteus even at
week 12 (P =0.14) may also be due to the fact that the greater
depolymerization of the cellulose microfibrils does not neces-
sarily cause a measurable reduction in crystallinity by XRD
(Haw & Schultz 1985; Green et al. 1992; Hall et al. 2010). In ad-
dition, the presence of compounds such as cellulose binding
modules (CBM), swollenin, and other expansin-like proteins
have recently been found to add to the efficiency of the white
rot fungi (Arantes & Saddler 2010). Also, the energy expended
in producing enzymatic systems versus non-enzymatic sys-
tems by fungi has not been determined; however, enzymatic
systems are known to be energetically expensive to organisms
and are limited by low nitrogen environments such as those
typically found in wood. More energetically efficient degrada-
tion may occur in some types of brown rots that rely more on
non-enzymatic systems (Eastwood et al. 2011).

In order to confirm the changes in crystallinity determined
using XRD, changes in the NMR spectral regions assigned to
the C4 and C6 carbons in cellulose were examined. The PCA
score plots and loadings are displayed in Fig 5. PC1 describes
93.4 % of the spectral variation, while 2.83 % of the variation
is described by the second PC (PC2). The loading for PC1 is pri-
marily due to C4 and C6 in cellulose, although resonances
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Fig 5 — Changes in C4 and C6 carbons. PCA of the *>C CP/MAS spectra for the two areas originating from cellulose C4
(80—92 ppm) and cellulose C6 (60—68 ppm) using samples from week 9 (all fungi) and week 12 (only G. trabeum, I. lacteus,
P. sanguineus, controls). Part (A) displays the score plot, and part (B) the corresponding loadings for the selected PCs.
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from lignin and hemicelluloses are also contributing. The
loading for PC2 represents the difference spectrum between
lignin (and non-crystalline cellulose) and crystalline cellulose.
Compared to the control samples a more negative PC2 score
indicates a higher content of crystalline cellulose. The more
positive PC2 score for the wood degraded by M. incrassata indi-
cates less crystalline material in these samples than the
others, in agreement with the percent crystallinity results
(Fig 4). A lower score on PC1 compared to the control samples
translates into lower cellulose content. The reduction in cellu-
lose appears to be generally greater for the brown rot degraded
wood and less for the white rot, despite similar weight losses.
The degradation of the three major wood components by the
white rot fungi is seen to result in a higher ratio of remaining
cellulose to lignin materials, compared to the wood exposed to
brown rot decay, preferentially removing hemicelluloses and
cellulose (Fig 2). This corresponds to the findings from the car-
bohydrate and lignin analysis (Fig 1).

Changes in d-spacing

The brown rot fungi caused a significant rightward shift of the
22° 20 peak assigned to the 200-plane of crystalline cellulose
after 6 weeks of decay. This indicates a reduction in the aver-
age d-spacing between the crystalline planes (P < 0.01) (Fig 6).
Pycnoporus sanguineus caused a significant increase in d-spac-
ing initially in the decay process (P = 0.007) followed by a con-
tinuous decrease, although the final change in d-spacing value
was less than what was observed for the brown rot fungi. For
wood samples inoculated with Irpex lacteus a significant in-
crease was seen at 12 weeks of decay (P =0.01) (Fig 6).

The results suggest that the changes seen in d-spacing of the
cellulose crystalline structure caused by these four species ap-
pear to be largely dependent on the type of decay mechanisms
involved. The decrease in d-spacingis believed to be largely due
to the removal of the loosely packed, frayed outer non- or para-
crystalline material, resulting in the remaining crystalline re-
gions that are highly ordered and tightly packed (Howell et al.
2009a, 2011). These regions have a higher surface area of expo-
sure of crystalline materials and thus give a stronger XRD signal
resulting in a higher 2-6 angle. This hypothesis is supported by
the sugar analysis data shown in Fig 1, which show a similar
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decrease in the non-crystalline hemicellulose components of
xylan and mannan for Gloeophyllum trabeum and Meruliporia
incrassata. Further depolymerization of the cellulose chains of
the crystals may allow the remaining crystalline material the
freedom to relax into a more energetically favourable, tightly
packed state (Howell et al. 2011) made possible by microfibril
twisting (Matthews et al. 2011). The process of non-enzymatic
decay likely aids these changes. The oxidizing power of the
highly reactive hydroxyl radicals (¢OH/—OH) originating from
the modified Fenton reaction catalyzed by low molecular
weight chelators depolymerizes polysaccharides via hydrogen
abstraction as the hydroxyl groups are involved in a number
of intra- and intermolecular hydrogen bonds, which deter-
mines the crystalline arrangements (Howell et al. 2007).

The increase in d-spacing observed in the white rot
decayed samples at week 3 for P. sanguineus and week 12 for
I. lacteus may be linked with the enzymatic processes of the
white rot decay mechanism, which involves carbohydrate-
binding modules (CBM) and cellobiohydrolase (Arantes &
Saddler 2010). The CBM/cellobiose enzyme system is known
to cause a ‘swelling’ of the tightly bound cellulose chains
and to act processively, thus opening the structure and possi-
bly causing the increased distance between the planes ob-
served for the white rot fungi in Fig 6 (Arantes & Saddler
2010; Matthews et al. 2011). Only a few of these types of sys-
tems have been reported from brown rot fungi (Martinez
et al. 2009). The relatively small magnitude of the change in
d-spacing compared to the distance between the crystalline
planes is likely due to the fact that the method of measure-
ment (XRD) is an averaging technique, taking into account
the crystal plane spacing throughout the entire sample. As
the mechanisms suggested here would decrease the d-spacing
only in the outermost cellulose chains, and even then not in
every cellulose crystal, the actual change observed would be
expected to be quite small.

Changes in interior/exterior cellulose ratio of C4

The change in ratio between interior and surface microfibril
cellulose was analyzed via NMR by integration of the spectral
regions at 86—92 and 80—86 ppm assigned to C4. Changes in
the integrated areas of these regions describe the action of
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Fig 6 — Changes in d-spacing. Average (200-plane) d-spacing values as determined by XRD data for wood decayed by the
brown rot fungi M. incrassata (circle) and G. trabeum (star) (left), and the white rot fungi I. lacteus (triangle) and P. sanguineus
(square) (right) versus undecayed controls (diamond). Data for M. incrassata has been previously published (Howell et al.

2011).
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Table 3 — Reduction in integrated area of the peaks at
86—92 ppm and 80—86 ppm corresponding to interior and

surface cellulose, respectively, relative to control
samples.

Weight loss ~20 % ~30 %
Cellulose Interior Surface Interior Surface
G. trabeum 0.79+0.03 0.75+0.02 0.66+0.05 0.66+0.04
M. incrassata a a 0.66+0.05 0.71+0.07
I. lacteus 0.86+0.01 0.89+0.01 0.76+0.10 0.83+0.09
P. sanguineus 090+0.04 0.93+0.01 0.79+£0.12 0.84+0.10
Control 1.00 1.00 1.00 1.00

a Blocks inoculated with M. incrassata did not display 20 % weight
loss at any of the time points tested.

the degradative systems of the fungal species in terms of the
direct action on the non-crystalline surface versus crystalline
interior of the cellulose microfibrils. The reduction in both in-
terior and surface microfibrils at 20 and 30 % weight loss was
found to be higher in wood degraded by the two brown rot
fungi compared to wood degraded by the two white rot fungi
(Table 3). This result is possibly due to initiation of depolymer-
ization of more recalcitrant components caused by low molec-
ular weight compounds employed by brown rot fungi during
decay. These results support the XRD analysis indicating
a greater reduction in cellulose crystallinity by the brown rot
fungi at later stages of decay. The difference seen for the
two white rot fungi at ~20 % weight loss may be due to vari-
ation in weight loss (Irpex lacteus=21.4 %, Pycnoporus
sanguineus = 16.7 %) or the actual decay mechanism, e.g. si-
multaneous versus selective white rot.

There was no statistical difference in the reduction of inte-
rior crystalline cellulose (86—92 ppm) versus surface materials
(80—86 ppm) of wood exposed to the two brown rot fungi at
~30 % weight loss (P> 0.3) (Table 3). At ~20 % weight loss
Gloeophyllum trabeum cause a greater reduction in the surface
(0.75) compared to interior region (0.79), and this is in agree-
ment with the previous increase in the percent crystallinity cal-
culated from XRD results (Howell et al. 2007, 2009a). These
results are consistent with the data from the XRD analysis
showing a decrease in the average d-spacing, as the relative in-
crease in interior to surface ratio found for G. trabeum at 20 %
weight loss would result in the reported peak shift at 22° 26
and lower the average d-spacing. Due to the aggressiveness of
the Meruliporia incrassata strain used, it was not possible to ex-
amine the ratios over time for this brown rot fungus. The same
observation of a relative increase in core material was not seen
in the white rot fungi, which displayed a constant relatively
higher reduction of the components in the interior region.

Conclusion

Analysis of wood undergoing decay by the brown rot fungi
Gloeophyllum trabeum and Meruliporia incrassata, and the white
fungi Irpex lacteus and Pycnoporus sanguineus showed distinct
variations both within and between the two types of fungi
when analyzed for wood carbohydrate and lignin, using XRD
and *C CP/MAS NMR analysis. The two brown rot fungi and
the white rot fungus I. lacteus were found to decrease the

percent crystallinity and the extent to which both the crystal-
line and non-crystalline wood components were removed de-
pendent on the stage of decay. In contrast, the white rot
fungus P. sanguineus was found to slightly increase the percent
crystallinity at weeks 6 and 9, likely due to the selective removal
of non-crystalline lignin and hemicelluloses caused by this spe-
cies. These results correlate with the general understanding of
the decay mechanisms proposed for these fungi.

The change in distance between the 200-crystal plane
(d-spacing) of the cellulose crystals during decay was also
found to differ, with the two brown rot fungi significantly de-
creasing the d-spacing relatively early in the decay process. In
contrast, the two white rot fungi displayed a less consistent
pattern generally displaying an increased crystalline spacing
at different stages of the decay. These changes may be caused
in part by the ability of the brown rot fungi to generate non-
enzymatic decay mechanisms, which can penetrate the struc-
ture of the cellulose microfibrils versus the ability of the white
rot fungi to produce specialized enzymes with less diffusion of
low molecular weight systems. The white rot system initiates
a surface attack on the cellulose but over time produces
a swelling of the cellulose chain structure. Further studies
employing more fungal species and isolates are needed in or-
der to verify these results.

The results from this study emphasize the distinct sub-
strate modifications caused by different fungal species and
fungal types during the decay process. These changes can
help in uncovering the mechanisms involved in the develop-
ment of biological pretreatment methods for biomass in the
production of ecologically sustainable fuels and biochemicals.
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