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Abstract

The white rot fungus Physisporinus vitreus is currently tested

for several biotechnological applications such as permeabil-

ity improvement of refractory wood species or the optimi-

zation of the acoustic properties of wood for violins. The

enzymatic activity of P. vitreus results in the degradation of

pit membranes and simultaneous alterations of the tracheid

cell wall structure in wood of Norway spruce wPicea abies

(L.) Karstx. By this means, selective delignification and

simultaneous degradation occur in the latewood tracheids at

short incubation times. To study the delignification of indi-

vidual cell wall layers in latewood tracheids, cellular UV-

microspectrophotometry was applied to wood of Norway

spruce that had been incubated for between 3 and 9 weeks.

By means of this technique, the progressing delignification

was demonstrated in the latewood tracheid secondary walls.

Moreover, local delignification in close proximity to hyphal

tunneling, cavities, and notches was evident. Additionally,

the mechanical changes were measured (a) at the macro-

scopic level by Brinell hardness test and (b) at the cellular

level by nanoindentation. Brinell hardness was significantly

reduced with increasing incubation time which was attributed

to the partial delignification. Unlike Brinell tests, results

from nanoindentation tests did not show a clear effect of

fungal activity because of the material heterogeneity and the

high spatial resolution of this technique. The present study

provides methodological approaches for the investigation of

wood-fungus interactions and contributes to a better under-

standing of the characteristics of wood decay at the subcel-

lular level caused by the white rot fungus P. vitreus.

Moreover, it establishes the basis for a subsequent chemical

analysis, for which the results will be the topic of a second

paper in this series.

Keywords: Brinell hardness; delignification; nanoindenta-

tion; UV-microspectrophotometry (UMSP); wood decay.

Introduction

Wood decay fungi in biotechnological applications have been

studied for more than 30 years. In the pulp and paper indus-

try, white rot fungi are successfully applied in bio-pulping

or bio-bleaching of Kraft pulp (Mai et al. 2004). In the con-

text of wood technological tasks, fungi are able to modify

specific properties of wood. During the early 1960s, the use

of ‘‘Myco-wood’’ for pencil production was industrially con-

ducted in the German Democratic Republic (Unbehaun et al.

2000). More recently, the white rot fungus Physisporinus

vitreus was tested for improvement of acoustic properties of

wood for violins (Schwarze et al. 2008) or permeability

improvement (‘‘bioincising’’) of Norway spruce (Schwarze

et al. 2006; Lehringer et al. 2009). In these cases, homoge-

neous and rapid wood colonization and a controlled activity

of the wood decay fungus are required to ensure a high and

reproducible product quality within economically acceptable

periods of time. Moreover, the surface of the treated wood

must have an aesthetic appearance and its mechanical pro-

perties should not be weakened.

Schwarze et al. (2006) investigated the wood properties of

Norway spruce heartwood that had been incubated with P.

vitreus for 6 weeks. They found no significant reduction in

impact bending strength. However, microscopic studies

revealed morphological changes due to fungal activity, and

simultaneous degradation of pit membranes and tracheid cell

walls were observed even at early stages of substrate colo-

nization (Lehringer et al. 2010). In the same study, selective

delignification and simultaneous degradation of lignin and

polysaccharides were observed corresponding to the char-

acteristics of white rot and soft rot type I and type II. The

term selective delignification means a successive decompo-

sition of the cell wall components: the degradation of lignin

and hemicelluloses occur preferably at the beginning of fun-

gal colonization, whereas the cellulose fraction is degraded

later (Liese 1970). Simultaneous rot is characterized by fun-

gal ecto-enzymes which have the capacity to degrade cellu-

lose, hemicelluloses, and lignin at the same time (Schmidt

2006).
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Figure 1 Schematic illustration of incubation of specimens with

Physisporinus vitreus in a Petri dish and designation of the surfaces.

The darker areas on the wood surfaces indicate zones of higher

fungal activity. On the right-hand side is positioning of the Brinell

hardness measurements.

In these processes, at least two different enzymatic mech-

anisms are involved. White rot is based on a lignolytic sys-

tem that brings about preferential lignin and hemicelluloses

depolymerization at larger distances from fungal hyphae

(Blanchette et al. 1985). Soft rot is characterized by the for-

mation of narrow erosion cavities and hyphal tunneling that

implies the presence of enzymes with a very low diffusibility

(Blanchette et al. 1985). Kleist and Schmitt (2001) also

found that the lignolytic activity was restricted to a very

close vicinity of the areas of hyphal tunneling in the case if

decay was caused by brown rot and soft rot in wood of Sapeli

(Entandrophragma cylindricum Sprague).

Owing to the fungal activity occurring close to the surface,

the surface hardness can decrease whereas the overall strength

properties are not significantly affected. The mechanical inte-

grity of the surface plays a key role, if high quality wood is

required (e.g., violin wood, flooring). Hence, the effects of

these alterations have to be investigated in detail.

The impact of wood decay fungi on mechanical properties

of wood has been described in many studies (Morrell and

Zabel 1985; Kim et al. 2005; Schmidt 2006). The surface

hardness is strongly associated with cell wall density and

with the lignin content of the cell wall matrix. Accordingly,

cellular UV-microspectrophotometry (UMSP) was applied to

characterize the delignification process of P. vitreus on Nor-

way spruce after incubation times of up to 9 weeks. The

UMSP technique is well suitable for detecting the topochem-

ical distribution of lignin at a subcellular level (Koch and

Kleist 2001; Irbe et al. 2006; Kim et al. 2008; Lehringer et

al. 2008; Prislan et al. 2009). Bauch et al. (1976) applied

UMSP successfully to investigate topochemical delignifica-

tion caused by fungal decay in woody tissue. Kleist and See-

hann (1997) described effects of fungal activity in latewood

regions of Norway spruce wood after 8 weeks incubation

with white rot fungus Stereum sanguinolentum. Lower lignin

contents caused by fungal delignification result in lower

absorbances at 280 nm. Moreover, the local delignification

around hyphal tunneling, cavities, and notches in the tracheid

cell walls can be visualized by field imaging.

Surface hardness measurements according to the Brinell

test method were performed, as this method is a sensitive

indicator for chemical and morphological changes caused by

wood decaying fungi (Rypacek 1966). Lignin modification

(Hakala et al. 2005), lignin removal and the reduction of cell

wall thickness due to hyphal tunneling, cavities, and notches

result in hardness reduction (Whetten and Sederoff 1995).

Finally, nanoindentation tests were performed. The record-

ed load-displacement curve and the indentation depth deliver

the basis to calculate hardness and the reduced elastic mod-

ulus at very high spatial resolution (Oliver and Pharr 2004).

Previously, this method has been applied to investigate spe-

cific structural and mechanical properties of different wood

tissues at the cell wall level (Gindl et al. 2004; Wang et al.

2006; Lee et al. 2007; Konnerth et al. 2009, 2010; Adusu-

malli et al. 2010; Stöckel et al. 2010).

The principle objective of the present study is to better

understand the effect of delignification on the mechanical

properties of wood incubated with P. vitreus. Topochemical

alterations on the tracheid cell walls will be recorded and a

correlation to the Brinell hardness will be observed. More-

over, the applicability of the nanoindentation technique on

decayed wood should be assessed during short-term incu-

bation times. An in-depth chemical analysis of changes in

chemical composition due to fungal activity will follow in a

second article of this series (Lehringer et al. 2011).

Material and methods

Specimen material

One board of defect-free and klin-dried wood from a Norway spruce

tree wPicea abies (L.) Karstx was investigated. For sapwood and

heartwood, three specimen collectives were prepared. In each col-

lective, five specimens were always taken in one longitudinal

sequence to minimize the influence of natural property variation

within the single tree. As the samples were subjected to four dif-

ferent incubation periods and one control, this axial pairing provided

a good comparability of the results. Each specimen measured

200=30=30 mm3 (L=R=T). Sterilization was done with hot

steam at 1038C for 2 h; inoculation was done with the white rot

fungus P. vitreus (microbial strain Empa 642).

The microbial strain of P. vitreus was grown on 4% malt extract

agar (MEA) medium (Oxoid, Darmstadt, Germany) in each Petri

dish stored at 228C and 70% relative humidity (RH). Once a uni-

form mycelium had formed, 2 g of steam sterilized Norway spruce

sawdust (grain size 4 mm) was added to the Petri dishes and the

system was left for another 4 weeks at 228C and 70% RH. Finally,

the infected sawdust was collected and brought into a suspension

with sterilized water; solid to liquid ratio was 10 g l-1.

Incubation was performed under sterile conditions by immersing

the specimens in this water suspension including sawdust and fungal

mycelia. The incubated specimens were then incubated on 1% MEA

and stored for 3, 5, 7, and 9 weeks at 228C and 70% RH. Each

specimen was placed with the tangential surface facing the pith on

the nutrient medium (Figure 1). It is not the usual procedure, but

the specimens were placed directly on the MEA aiming at rapid

initial fungal colonization. After incubation, the mycelium was care-

fully removed from the surfaces and the specimens were steam-

sterilized as described above. After drying for 48 h at 408C, the

specimens were reconditioned and stored at 208C and 65% RH.

Mass losses were calculated as described by Lehringer et al. (2010).
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Table 1 Experimental plan for Brinell hardness tests on sapwood

(SW) and heartwood (HW).

Description Variable Factor

Wood type Sapwood (SW), 2

Heartwood (HW)

Collective A, B, C 3

Incubation time Control, 3, 5, 5

7, 9 weeks

Side on specimen Top, bottom, 4

right, left

Measurement points per side 5

Result from factor multiplication: ns600

Cellular UV-microspectrophotometry (UMSP)

For cellular UMSP analyses, small blocks were extracted – of

5=2=2 mm3 (L=R=T) from the bottom side of the incubated

heartwood specimens – where fungal activity was the strongest. For

each incubation time and the control samples, two replicates were

made. The specimens were prepared with epoxy resin as embedding

medium (Spurr 1969) as described by Kleist and Schmitt (1999).

After trimming the embedded specimens, 1 mm thin cross-sections

were cut on an ultramicrotome Ultracut E (Reichert-Jung, Wetzlar,

Germany) equipped with a diamond knife. The sections were trans-

ferred to quartz glass slides, thermally fixed at 708C and embedded

in glycerine. In these sections, two to three areas of high fungal

activity in the latewood tracheids were selected under the light

microscope for measuring.

The topochemical analysis was carried out with a UMSP 80

microspectrophotometer (Zeiss, Jena, Germany) equipped with a

scanning stage enabling the examination of image profiles at

ls280 nm that represents the absorbance maximum of softwood

lignin (Koch and Kleist 2001). For the field scans, areas of approx-

imately 40=40 mm2 were scanned line by line using Apamos�

software (Zeiss, Jena, Germany). The scan program captures rectan-

gular fields with a local geometric resolution of 0.25 mm=0.25 mm

and yields a photometric resolution of 4096 grayscale levels, which

are converted into 14 basic colors to visualize the absorbance inten-

sities. The high resolution enables a differentiation of the UV absor-

bance within individual cell wall layers, including a histogram of

the UV absorbance values. The average absorbance data were

extracted for the secondary cell wall regions by setting appropriate

filters with Apamos� software. For each specimen, five to seven

average spectra were included into the statistical evaluation (result-

ing in ns26).

Brinell hardness

The Brinell hardness was determined five times for each specimen

on each radial and tangential surface in a distance of 1.5 cm from

the specimen edges (distance of the measurements: 3.5 cm, Figure

1). Depending on the positioning of the specimen during incuba-

tion, the surfaces were designated as top, bottom, left, and right

(Figure 1).

Altogether, 600 measurements were performed under standard

laboratory climate conditions (208C/65% RH) (Table 1).

A universal Brinell type testing machine (Zwick, Ulm, Germany)

with 10 kN load cell and 10 mm steel indenting ball was applied.

The peak load of 500 N was reached after 15 s, followed by a 30 s

holding time and 15 s unloading. According to EN 1534 (2000),

Brinell hardness is calculated as follows:

2F
H s (1)B

2 2yD*p* D- D -dŽ .

where HBsBrinell hardness (N/mm2), Fsmax. force (N), Dsdia-

meter of steel ball (mm), dsdiameter of intent (mm).

Sonderegger and Niemz (2001) proposed a calculation as differ-

ential measurement of indentation depth between wood surface and

lowest point of steel ball circumference, i.e., the depth of indentation

h:

2 2yD- D -dŽ .
hs . (2)

2

Brinell hardness was calculated in the present study according to

the adapted Eq. (3).

F
H s . (3)B

D*p*h

Nanoindentation

The nanoindentation measurements (Hysitron Ubi nanoindenter,

Hysitron Inc., Minneapolis, MN, USA, at ambient room climate)

were carried out on the same blocks on which the UMSP measure-

ments were performed. The sample preparation for nanoindentation

was performed according to Konnerth et al. (2008). Latewood (LW)

tracheids with decayed cell walls were located by light microscopy

and the optical microscope of the nanoindenter. On average, 20

indents per sample were placed by visual positioning in the degrad-

ed LW tracheid cell walls. Earlywood cell walls were not indented,

because cell walls were too thin.

A Berkovich indenter tip, edge length -150 nm, with three-sided

pyramid geometry was used, which was pressed with a determined

force into the cell wall cross-section. A maximum load of 250 mN

was selected for nanoindentation. Loading and unloading speed was

100 mN s-1 and the holding time at peak load was 15 s to monitor

the visco-plastic creep. The selected surface regions (40=40 mm2)

were then scanned with normal forces of approximately 200 nN

using the indentation tip.

The load-displacement curves obtained from all experiments were

evaluated according to the method of Oliver and Pharr (1992). Peak

load (Pmax), contact area (A), and initial slope of the unloading curve

(S) are the parameters for calculations of the hardness (H) and the

reduced modulus of elasticity (Er) (hereinafter referred as MOE) as

shown in Eqs. (4) and (5):

Pmax
Hs (4)

A

1 SyE s p . (5)r
2 yA

The contact area A at Pmax was determined from the known shape

of the indenter, calibrated by indenting a material with known prop-

erties (in this case fused quartz).

Statistical evaluation

For all collected data, a one-way analysis of variance and a Tukey

honesty test were conducted with the statistic software Systat12�

(Systat Software Inc., Chicago, IL, USA). A P-value of -0.05 was

considered statistically significant.
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Figure 2 Representative UV microscopic scanning profiles of Norway spruce latewood tracheids after zero (a), 7 (b), 9 (c), 12 (d), and

32 (e) weeks of incubation with Physisporinus vitreus. The color pixels represent different UV absorbances of the cell wall layers at

ls280 nm. Hyphal tunneling (1), notches (2), and cavities (3) can be observed as proof for simultaneous degradation. The progress of

selective delignification is visible by lowered absorbances in areas of the secondary cell wall layers.

Results and discussion

UMSP

Delignification of individual cell wall layers and in localized

regions caused by P. vitreus was detected at 280 nm, at which

softwood lignins have an absorbance maximum (Figure 2).

The color pixels indicate different intensities of the UV

absorbance at the respective lmax values. As expected, the

UV image profiles of sound spruce tracheids (Figure 2a) are

characterized by high absorbance values in the cell corners

and in the compound middle lamella (Abs280nms0.48–0.87).

The absorbance in the secondary cell wall (S2) ranged

between Abs280nms0.29 and Abs280nms0.48 and correspond-

ed well to findings of Fergus et al. (1969) who described the

average lignin content in the compound middle lamella

(CML) being twice as high as that in the adjacent secondary

tracheid walls.

Hyphal tunneling within the S2 of LW tracheids, which

is commonly considered to be a characteristic of a soft rot

type I (Schwarze 2007) is demonstrated in Figure 2c. The

presence of hyphal tunneling – characterized by spots with

significant lower absorbances – confirms the results from

light microscopy investigations (Lehringer et al. 2010).

There, selective delignification and simultaneous degradation

were found in close proximity to each other. Delignification

is limited to a very narrow region around the zone of hyphal

growth as indicated clearly by low absorbances around these

structures (Abs280nms0.09–0.22). The reason for this obser-

vation is clear: the lignolytic enzymes do not diffuse deeply

into the secondary wall but rather act in close proximity to

the hyphae, as also described by Kleist and Schmitt (2001)

for brown rot fungi.

Effects of selective delignification are displayed in Figure

2c–e. Additional to the hyphal tunneling, reduced Abs280nm

(0.16 and 0.29) are discernable in larger areas of the sec-

ondary tracheid cell walls. In this case, P. vitreus depoly-

merizes lignin and hemicelluloses in the tracheid cell walls

from the lumen towards the CML by means of extracellular

enzymes and probably also by other coexisting lignolytic

systems (Blanchette et al. 1985). By this means, the cell wall

shape remains mostly unaltered and the same is true for
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Figure 3 Decreasing UV absorbance at ls280 nm in latewood tracheids of Norway spruce after different incubation periods with white

rot fungus Physisporinus vitreus.

the cellulose within the cell wall. However, the CML

showed discreet signs of delignification after 7 and 9 weeks

incubation.

As an additional source of information, the status after 12

and 32 weeks of incubation is illustrated in Figure 2d,e.

Here, the material was incubated with the same method. But

the specimens originated from another wood board. This is

the reason why the data were only taken for sporadic vali-

dation. Nevertheless, the images confirm the observed trend

and exemplarily demonstrate the effects of fungal activity at

advanced stages of degradation.

The mean UV absorbances showed a decreasing trend as

a function of incubation time (Figure 3). Even though the

changes are statistically not always significant compared to

the control specimen, the trend depicts the expected tendency

of increasing delignification with longer incubation times.

After 3 and 5 weeks incubation, the decrease of average UV

absorbances ranged at -1.3% and -1.9%, respectively. After

7 and 9 weeks incubation time, the values decreased stepwise

to -6% and -8.9%, respectively.

The method of UMSP permits to plot discreet changes of

mean lignin content even after short-time incubation with the

white rot fungi P. vitreus. However, the statistical relevance

of the data is limited because of the natural variability and

increased heterogeneity due to fungal activity.

Brinell hardness

Heartwood and sapwood The Brinell hardness of the

control samples in heartwood and sapwood was 18.1 N mm-2

and 18.9 N mm-2, respectively (Figure 4, box plots). As

differences in Brinell hardness for radial and tangential

measurement orientation were negligible, the average values

were calculated. Generally, the values for the sapwood spec-

imen were slightly higher than the heartwood specimen. This

is due to the fact that the initial density of the sapwood

specimens was 3.2% higher than the heartwood specimens.

The initial density of the sapwood samples was 0.47 g cm-3"

4.4% and of the heartwood samples 0.45 g cm-3"6.8%.

The first 5 weeks of colonization with P. vitreus resulted

in a moderate effect on Brinell hardness. The changes of

Brinell hardness were not statistically significant neither in

sapwood nor in heartwood compared to the control. But after

7 and 9 weeks, the average Brinell hardness was reduced

significantly to values between 13.4 and 16.5 N mm-2, which

indicate a strong increase in fungal activity. Hence, the aver-

age decrease of Brinell hardness amounted to -15.2% and

-29.9% for sapwood and -14.5% and -24.1% for heartwood

after 7 and 9 weeks incubation, respectively (Figure 4, line

plots).

Lehringer et al. (2010) found similar patterns by light

microscopy on the same material. A significantly higher

activity of P. vitreus was observed after 7 and 9 weeks incu-

bation causing notably more effects on LW tracheid cell

walls and pit structures than after 3 or 5 weeks. However, in

comparison to other white rot fungi, degradation of the wood

matrix remains at a low level even after 9 weeks incubation

(see also van Acker and Stevens 1996; Reinprecht et al.

2007). The low mass losses of 2.4% for heartwood and 2.9%

for sapwood samples validate the relative weak degradation

potential of P. vitreus during short incubation times.

According to Rypacek (1966), Whetten and Sederoff (1995)

and Adusumalli et al. (2010), the removal of lignin results

in hardness reduction because lignin as a crosslinking agent

is responsible for carrying compression forces within the cell

wall and the tissue. Hence, the loss of Brinell hardness can

safely be attributed to slight delignification, as shown above

by UMSP, and the morphological changes of the tracheid cell

walls, as demonstrated by Lehringer et al. (2010).

Spatial heterogeneity The asymmetric supply of nutri-

ents, storage of carbohydrates, water, and oxygen induced a
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Figure 4 Change of Brinell hardness in Norway spruce after different incubation periods with white rot fungus Physisporinus vitreus. All

data from top, bottom, left, and right specimen side are included. *Significant difference compared to control.

Figure 5 Percentage changes of Brinell hardness according to surface orientation during incubation. *Significant difference between top

and bottom specimens.

heterogeneous colonization of P. vitreus in the substrate.

Consequently, the bottom areas of the specimen were signif-

icantly more affected than the top surfaces (Figures 1 and

5). The greatest reduction in Brinell hardness values was

recorded after 9 weeks at the bottom of the sapwood speci-

men (-45.2%).

Minor increases in Brinell hardness can be explained as

normal oscillation of the measurement data that results from

natural material heterogeneity and the earlywood/latewood

distribution at the measurement spot.

Nanoindentation

Indentations were selectively performed in areas of visible

fungal activity. The indenter tip was placed close to hyphal

tunneling, cavities, and notches to record the effect of enzymatic

degradation in the proximity of hyphal growth (Figure 6).

No clear influence of fungal activity on the nanoindenta-

tion data was found over a period of 9 weeks of incubation

with P. vitreus (Figure 7). The average MOE and hardness

for the heartwood control samples was measured to be
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Figure 6 (a) Reflected light microscope micrograph of a polished

cross-section of epoxy-resin embedded specimen. (b) Hysitron scan-

ning image of wood cell wall after indentation testing. Note the

indentation marks in the secondary cell walls. CC, cell corner;

CML, compound middle lamella; S2, secondary cell wall. Both

micrographs are from cuts after 5 weeks incubation.

Figure 7 (a, b) Nanoindentation hardness and reduced modulus of elasticity (MOE) in secondary walls of latewood tracheids in Norway

spruce wood incubated with Physisporinus vitreus.

19.2"9.6% and 0.48"6.1% GPa, respectively. These values

are somewhat comparable with data obtained by Wimmer et

al. (1997) and Gindl et al. (2002). Between 3 and 9 weeks

incubation, MOE and hardness oscillated between 19.4–

20.3 GPa and 0.47–0.53 GPa, respectively.

As explained above, hardness is strongly influenced by the

lignin content of the cell wall. Consequently, it can be

expected that local delignification reduces the hardness with-

in the cell wall. But apparently, the absolute changes in lignin

content were too low for detection with nanoindentation

measurements.

Nanoindentation evaluates only a very limited area within

the tracheid cell wall, and hence large coefficients of varia-

tion (CV) can be expected. However, the CV increased with

longer incubation times to 10%. This can be interpreted as

an increasing heterogeneity of the cell wall matrix with

increasing incubation times.

The MOE determined with nanoindentation corresponds

to an MOE in compression. Therefore, one could assume that

the MOE should clearly decrease in areas with a certain

amount of delignification. But according to Bergander and

Salmén (2002), delignification plays a subordinate role in

this case, because lignin MOE is very low (2.0 GPa) in com-
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parison to hemicelluloses (7.0 GPa) and cellulose (167.5

GPa). Instead, the MOE is directly proportional to the micro-

fibril angle (MFA) as suggested by Gindl and Schöberl

(2004) and Wu et al. (2009). However, MFA measurements

were not conducted in the present study because all speci-

mens originated from a longitudinal sequence in the same

board.

Conclusions

Cellular UMSP measurements showed that the white rot fun-

gus Physisporinus vitreus induces selective delignification

and simultaneous degradation in latewood tracheids of Nor-

way spruce wood. The method allows detecting discreet

changes of lignin content, caused by a white rot fungus. The

effect is time-dependent and clearly visible after incubation

times between 7 and 9 weeks. The coexistence of two ligno-

lytic systems of P. vitreus can be confirmed by UMSP. The

reduction of the Brinell hardness was only significant after

7 and 9 weeks of incubation. A good correlation between

Brinell hardness and the progress of delignification was

found. The results of nanoindentation were not as consistent

as the results of Brinell hardness. The reproducibility of this

method proved to be low due to the heterogeneity of the cell

wall, which is changing during degradation. An in-depth

analysis of chemical alterations induced by the enzymatic

activity of P. vitreus will be the subject of the second article

of this series (Lehringer et al. 2011).

Acknowledgements

We would like to thank Dr. J. Michler, Jessica Parsons, and Kom-

baiah Boopathy for their great support during nanoindentation meas-

urements at Empa Thun. Moreover, we would like to express our

gratitude to Markus Heeb (Empa St. Gallen) for his valuable assis-

tance during laboratory work. We also gratefully acknowledge the

professional contribution of Prof. F.W.M.R. Schwarze during inten-

sive discussions and proofreading. The present study emerged from

the research project CTI.8593.1 LSPP-LS ‘Bioincising of conifer

wood with Physisporinus vitreus to improve its treatability for a

range of wood preservation and modification methods’. The authors

express their gratitude to the Swiss CTI (Innovation Promotion

Agency) for financial support.

References

Adusumalli, R.B., Mook, W.M., Passas, R., Schwaller, P., Michler,

J. (2010) Nanoindentation of single pulp fibre cell walls. J.

Mater. Sci. 45:2558–2563.

Bauch, J., Seehann, G., Fitzner, H. (1976) Microspectrophotometri-

cal investigations on lignin of decayed wood. Mat. Org. Beiheft

3:141–152.

Bergander, A., Salmén, L. (2002) Cell wall properties and their

effects on the mechanical properties of fibers. J. Mater. Sci.

37:151–156.

Blanchette, R.A., Otjen, L., Effland, M.J., Eslyn, W.E. (1985)

Changes in structural and chemical components of wood deli-

gnified by fungi. Wood Sci. Technol. 19:35–46.

EN 1534 (2000). Wood and parquet flooring – Determination of

resistance to indentation (Brinell) – Test method. CEN European

Committee for Standardization.

Fergus, B.J., Procter, A.R., Scott, J.A.N., Goring, D.A.I. (1969) The

distribution of lignin in sprucewood as determined by ultraviolet

microscopy. Wood Sci. Technol. 3:117–138.
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