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ABSTRACT

The biological decomposition of lignocellulosic materials caused by basidiomycetes plays an essential
role in the carbon cycle. Brown rot fungi represent important agents in the biodegradation of wood products
and standing coniferous trees in natural ecosystems. The initial moisture content of the wood is an important
factor in the degradation process. In this work, the effects of initial moisture content of Eucalyptus grandis
sapwood on decay by two brown rot fungi Gloeophyllum trabeum and Laetiporus sulphureus were studied over
a 10-month period. The fungal activity was evaluated, through wood weight loss, moisture content, anatomical
changes (scan electronic and fluorescence microscopy) and Fourier-transform infrared spectroscopy. Weight
loss increased through the 10-month test for both fungi, Laetiporus sulphureus producing higher mass losses.
Colonization of the wood by both fungi started below the fiber saturation range. It was observed that the initial
moisture content of the wood influenced the rate of deterioration: the wet samples showed higher weight loss
compared to the dry samples. Changes in the chemical composition and structure of cell walls were detected.
The initial moisture content of the substrate affected the development of the fungi, slowing their growth.

Keywords: Brown rot, cell walls, Eucalyptus grandis, fluorescence microscopy, moisture content, weight
loss, wood biodegradation.
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INTRODUCTION

Wood is widely used for construction; however, its biological origin makes it vulnerable to attack by
decomposing fungi, particularly those that cause brown and white rot. Brown rot fungi degrade the holocellulose,
rapidly decreasing the degree of cellulose polymerization. Simultaneously, lignin is partially oxidized, and the
degradation products are produced faster than they are utilized (Green and Highley 1997).

The risk of deterioration by fungi can be quantified through environmental parameters such as moisture
content and temperature of the wood (Brischke ef al. 2017). The minimum wood moisture for fungal decay
is considered to be the most important factor in view of wood protection against fungi (Schmidt 2006). Air
relative humidity (RH) and temperature have a direct impact on the growth dynamics of the fungus and its
ability to metabolize and degrade the cell wall (Meyer and Brischke 2015, De Ligne ef al. 2019). Water
availability becomes critical for fungi, if water is exclusively limited to the cell wall and no free water is present
in the cell lumens, which is called fiber saturation point (FSP) (Stienen et al. 2014). Numerous studies have
examined the minimum moisture contents that allow fungal colonization and wood deterioration (Walchli
1980, Huckfeldt et al. 2005, Huckfeldt and Schmidt 2015, Hopken et al. 2016, Brischke ef al. 2017, Thybring
2017). In all cases, wood weight loss is employed to evaluate the wood deterioration process often 12 to 16
weeks of incubation (Mitsuhashi and Morrell 2012). Meanwhile, the effect of the initial moisture content of
the wood on the decay rate is generally studied in the early stages of the process, analyzed through weight loss
or mechanical properties.

The objective of this study was to evaluate the effect of initial wood moisture content of Eucalyptus
grandis sapwood, on brown rot fungal associated mass loss. Sapwood was used, as only a few works study its
degradation by fungus, even though it is the most vulnerable part of the tree, and producer of the most expensive
wooden boards. A culture period longer than the commonly found in the literature allows the analysis of the
moisture content variation along the process, as it would occur in real situations of use in humid environments.

MATERIALS AND METHODS

Fungal species

Two species of brown rot fungi Gloeophyllum trabeum (Pers.) Murrill, strain H2130 CCMFQ and
Laetiporus sulphureus (Bull.) Murrill, strain H3609 CCMFQ belonging to the Catedra de Microbiologia de
la Facultad de Quimica, Udelar, were used. These species were chosen as they are reported frequently in
Eucalyptus sp. wood (Murace et al. 2017, Ortiz et al. 2014, Martinez et al. 2009). The fungi were kept at 5
°C in Petri dishes containing 1,5 % malt extract - agar (Oxoid Ltd, Basingstoke, United Kingdom), previously
sterilized in an autoclave for 15 minutes at 121 °C.

The test fungi were inoculated onto fresh plates and incubated for 28 days at 28 °C, prior to use.

Durability essay

Five trees used for wood samples were obtained from a 28-year-old monospecific plantation of Eucalyptus
grandis located at the Bernardo Rosengurtt Experimental Station -EEBR-Facultad de Agronomia, Universidad
de la Republica (32° 20°16.22 “S, 54° 26 58.00”W, elevation 151 m).

The wood was used to prepare 200 test samples of (50 £ 1) mm x (25 £ 0, 3) mm x (15 = 0, 3) mm
according to procedure described on European Standard CEN EN 113 (1996).

Half of the samples were maintained in wet state that was defined as 49 % + 2 % of moisture content
(maximum reached when air dried at room temperature), while the other half were defined as dry wood, and
dried to a moisture content of 14 % +2 % (Figure 1). The initial weight (W,) was registered, and average density
(kg/m') was calculated in each case. Glass flasks were prepared with 1,5 % malt extract — agar, previously
sterilized at 121 °C for 15 minutes, and were inoculated with a mycelial plug (5 mm diameter) obtained from
actively growing mycelia of each fungus and incubated at 28 °C and 75 % RH (relative humidity). Once the
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fungi covered the whole surface of the medium, two E. grandis samples were placed in each flask. Three
additional flasks were set up with wood samples without fungi, to serve as no exposed control. The 200 flasks
were incubated at 22 °C and 75 % RH for 10 months.

200 Blocks (50 1) mmx 25+ 0,3) mm x (150, 3) mm

100 Blocks (MC: 49 % = 2 %) — Wet wood 100 Blocks (MC: 14 % = 2 %) — Dry wood
50 blocks — Wet Wood — Inoculation 50 blocks — Dry Wood — Inoculation
Gloeophyilum trabeum Gloeophyilum trabeum
50 blocks — Wet Wood — Inoculation 50 blocks — Dry Wood — Inoculation
Laetiporus sulphureus Laetiporus sulphureus
Every 30 days — 5 blocks/month/fungus Every 15 days - 5 blocks/month/fungus

Figure 1: Durability essay and treatment.

Analysis strategy
Weight loss and wood moisture content

Every month, 5 samples of each initial condition (wet and dry wood) were taken randomly from the cultures
flasks of each fungus; the 20 monthly samples were cleaned from surface mycelium and weighted (W,). Later
they were dried at 103 °C + 2 °C until constant weight, and weighed (W,).

Weight loss percentage (WL) and moisture content (MC) was calculated according to Equation 1 and Equation
2:

WL(%) =[%} x 100 (1)
1

MC(%) = [%j X100 (2)

1

Where: MC= moisture content (%); WL= weight loss (%); W = initial weight of each sample (g); W, =
weight after fungal exposure (g); W,= anhydrous weight after fungal exposure (g).

This procedure was repeated for 10 months.

Microscopical analysis

10-20 mm thick transverse sections of all dried samples were cut with a Reichert-Jung xylotome (Vienna,
Germany) and then observed with: 1) a JEOL JCM-6000 PLUS (Jeol USA, Inc., Massachusetts, USA) scanning
electron microscope (SEM), used in high vacuum mode with an accelerating voltage of 10 kV and SE detector
(the samples were no coated with gold). 2) a Nikon Eclipse 50i fluorescence microscope (Melville, USA)
equipped with an excitation filter of 330 nm to 350 nm and an emission filter of 420 nm.

The sections (to be observed with the fluorescence microscope) were stained with 1 % (w/v) safranin to
help differentiate lignified tissue in the xylem. According to Bond et al. (2008) the change in fluorescence
emission, safranine can differentiate high and low levels of lignin: regions of high lignin fluoresce red/orange,
while regions with low lignin fluoresce green/yellow.
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FTIR analysis

Non fungal exposed samples so well as those exposed to the test fungi for 5 and 10 months were analyzed

using an IR Prestige -21 Shimadzu (Kyoto, Japan) spectrometer, at a resolution of 8 em™! and 32 scans per
sample.

Statistical analysis

The experimental design used was a random experimental factorial design of two levels (fungus species
and wood condition), which makes for a total of four treatments, five repetitions each, measured every 30 days
for dry wood and every 15 days for wet wood (total of five samples per month) (Figure 1). Weight loss and
moisture content data were analyzed through an analysis of variance for dry and wet wood, and a combined
treatment analysis was made according to a split plot in the time model. Means were compared by the Tukey
test. A p-value of 0, 10 was considered using the statistical software package Infostat (Di Rienzo ef al. 2018).

Results and discussion

All wood samples were visually colonized within 10 months. The changes caused by L. sulphureus and G.
trabeum in the dry and wet wood of E. grandis were found through the traditional gravimetric method (weight
loss), FTIR spectrometry and the different types of microscopy. These methodologies showed the characteristic

physico - chemical changes during the brown rot process (Lucejko ef al. 2018), through which the effect of the
initial moisture content can be analyzed.

Dry wood

Samples with an initial moisture content of 14 %, named “Dry wood”, with an average density of 588 kg/m’
showed the moisture content evolution and weight loss monthly after exposure to the studied fungi.
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Figure 2: Weight loss and moisture content monthly variation of E. grandis dry wood and wet wood samples
and Tukey test - Different letters indicate significant differences (p<0,10).

Dry wood was rapidly colonized by L. sulphureus within the first month of incubation, whereas G. trabeum
grew more slowly. When analyzing the effect of the initial moisture content of the wood on the degradation
process by brown rot fungi, it can be observed that in dry wood the colonization degradation started even being
below the fiber saturation range. This wood presented an initial moisture content of 14 % and was exposed
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to the fungi in an environment with a relative humidity of 75 % and a temperature of 25 °C, as under these
conditions the equilibrium moisture content of the wood is not above 14% (Glass and Zelinka 2010). Although
wood is a hygroscopic material and as such tends to balance with its surroundings to atmospheric humidity of
95 % to 100 % for a long period of time, is needed to reach the fiber saturation range (Brischke et al. 2017).

The environmental conditions chosen for this test are close to those reached in wooden houses” interiors in
some latitudes, although there may be an additional effect of moisture condensation. This means that if a source
of inoculum is near exists, there could be indoor fungal colonization.

At the same time, when the deterioration begins, water is actively transported to the degradation spot
by the fungi (Brischke ef al. 2017); however, liquid water transported as a capillary flow within the wood of
such small dimensions is of very little relevance (Thybring 2013) which indicates that no significant humidity
gradient is generated within the samples.

Numerous researchers report the importance of this minimum moisture content of wood at the beginning
of the fungal attack, in which other factors such as fungal and wood species and environmental conditions are
important. Brischke ez al. (2017) showed degradation below the fiber saturation range but the relative humidity
values were above 96 %, whereas Meyer and Brischke (2015) reported degradation below the fiber saturation
range, but on wood with an initial moisture content above 19 %. Otherwise, Ammer (1963) reported a minimum
moisture content of 30 % by Coniophora puteana on Norway spruce and a range between 40 % and 70 %
(MC) for optimal action of the basidiomycetes (Walchli 1980). Schmidt e al. (1996) introduced the technique
of measuring the wood moisture contents in Erlenmeyer flasks with piled wood samples of Pinus sylvestris
sapwood where different moistures developed during the growth of the white-rot fungus Physisporinus vitreus.
Huckfeldt et al. (2005) showed with this technique for Serpula lacrymans 21 % minimum moisture content
for sample colonization and 26, 2 % for wood degradation. Stienen ef al. (2014) tested several wood-rot fungi
regarding the minimum values. Hopken et al. (2016) found for example 17, 9 % moisture content as minimum
for decay by the white-rot indoor fungus Donkiopria expansa. Thybring et al. (2018) claimed that water plays
an essential role in wood degradation by brown rot fungi, and that lowering the moisture content of the cell
wall can be a strategy to delay the growth of the fungus, increasing the wood durability. This reduction in the
water content reduces the diffusion of enzymes, delaying or inhibiting the fungus development.

Figure 2 shows a slight increase in weight loss with time can be observed. The initial tendency observed
in weight loss of samples, coincides with Monrroy et al. (2011) who exposed Eucalyptus globulus and Pinus
radiata wood to L. sulphureus and G. trabeum for 8§ weeks; the latter caused greater weight loss in both wood
species (E. globulus and P. radiata). The same was observed by Mattos ef al. (2014), who reported an increase
in wood weight loss in two fast growing species (Eucalyptus saligna and Corymbia citriodora) after a year of
exposure to brown rot fungus on field trials.

When observing the moisture content evolution of the dry wood exposed to the fungi (Figure 2), an
increase in humidity during the essay can be noticed for L. sulphureus, and no tendencies were noticed for
G. trabeum. This increase in moisture content is due to the production of water as a consequence of the
depolymerization process of cell wall components by the fungi (Schmidt 2006, Stienen ef al. 2014, Hopken et
al. 2016, Thybring 2017). Given the statistical differences in moisture content between the fungi (p = 0,069), it
can be inferred that L. sulphureus would present a more active metabolism than G. trabeum, since, as a closed
system, moisture variation can be associated with the fungal metabolism.

Average moisture content values at 10 months of incubation were 87, 67 % and 77, 49 % (24, 58 % of
coefficient of variation- VC) for L. sulphureus and G. trabeum respectively.

At a microscopic level, great similarities between the decomposition patterns caused by the brown rot
fungi were observed, coinciding also with decomposition patterns reported by other researchers (Eriksson et
al. 1990, Schwarze et al. 2000, Schmidt 2006).

As observed in Figure 3, initially the cellular lumina and the S2 layer were deformed, while the S3 layer
remained intact almost until the end of the culture time. During the last two months exposure to mycelium
was present in larger diameter vessels and residue (resulted from the decomposition of the cell wall) could be
observed. As mentioned above, this is when the degradation of the S3 layer occurred: the cell wall is severely
affected, which could be clearly seen through the deformation of the vessels. These characteristics could be
observed for both fungi, but more severely with L. sulphureus.
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Figure 3: Evolution of E. grandis sapwood degradation by a) L. sulphureus; b) G. trabeum as observed by a
scanning electronic microscope (SEM). I) Wood cross section of Eucalyptus grandis 1) and 4) initially the
cellular lumina and the S2 layer were deformed (D)(arrow); 2) 3) and 5) abundant presence of mycelium
in cellular lumina as the degradation progresses (M) (arrow), presence the residues resulted from the
decomposition of the cell wall (R) and collapsed and ruptured the S3 layer (C) (arrow); 6) the cell wall is
severely affected, which could be clearly seen through the deformation of the vessels and vessel eroded (VE)
(arrow).

Blanchette (1995) also reported that the presence of the mycelium in the early stages of degradation
is scarce and disperse within the cellular lumina, becoming more abundant as the degradation progresses.
Schwarze et al. (2000) observed the same in Robinia pseudoacacia infected by L. sulphureus.

A fluorescence microscope allows the identification of changes in the cell wall and the recognition of
lignin and cellulose rich walls (Bond ef al. 2008), to detect changes in its chemical composition caused by the
fungal attack (Lowell 1981, Bond ef al. 2008).

The difference between the coloration of the wood -initially intense orange (control), and yellow after 10
months- is notorious (Figure 4). For both fungi, in the first month lignin is homogeneously distributed in the cell
wall; from the eighth month, the coloring progressively changes due to the action of the fungi on the cell wall.

L. sulphurens
a) Control Month 2 Month 9 Month 10

o B |

1 ;

" e Tl ? ’ !
i et T

r;_ ;:'..?x;‘" :n"‘{.. S |
Figure 4: Fluorescence microscope images of wood attacked by L. sulphureus and G. trabeum. Safranine

dye fluorescently labeled the wood cell wall producing orange/yellow fluorescence in the secondary cell wall
(OC - YC). The secondary wall appears yellow in colour due to degradation of hemicellulose and cellulose

and staining of modified lignin with safranine (YF). Changes in the parenchymatic cells: collapse or rupture

of the cell wall (C), deformation (D) and of the vessels and lumens (VE).
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Furthermore, the micrographics confirmed the above-mentioned changes in the parenchymatic cells
observed by SEM: collapse or rupture of the cell wall and deformation of the vessels and lumens, among
others.

The microscopic observations corroborated that the beginning of the deterioration process occurred from
the first month of incubation, in wood with moisture content below PFS.

When observed with a scanning electronic microscope (SEM), parenchyma cells of Eucalyptus grandis
sapwood presented structural changes when attacked by L. sulphureus and G. trabeum from the first month
of incubation. This change increased over the 10 months, being L. sulphureus more invasive and aggressive
(Figure 2 and Figure 3).

Wet wood

The wood samples with an initial moisture content of 49 % presented an average density of 488 kg/m*. In
wet wood, weight loss for both fungi showed significat differences with each other, at a confidence level of 0,
90. A tendency of increased weight loss as culture time progressed could be observed, presenting L. sulphureus
with greater average values (Figure 2).

The moisture content of wet wood samples showed an increment during the incubation period, with average
values of 69,76 % and 46,11 % for L. sulphureus and G. trabeum respectively (47,03 % de CV) (Figure 2).
The attacked wet wood was influenced by fungus species (p=0, 0012), exposure time (p=0,0869), and the
interaction between these variables (p=0,0186). Despite the moisture content presented numerous oscillations
along the 10 months, results showed greater values for L. sulphureus than for G. trabeum in 7 out of the 10
months of the essay (Figure 2).

Given the variability of the obtained results for both initially dry and wet wood, a covariance analysis by
density and initial sample weight was used. This analysis demonstrated that variability is not a consequence
of either of mentioned factors; therefore, it can be inferred that the cause was the interaction fungus- wood-
environment. In the case of dry wood, to analyze the changes in weight loss (%), their values were transformed
to the arsinV (%-100), in such a way as to approximate the ANOVA assumptions.

FTIR

FTIR spectroscopy can be used to characterize undergone chemical changes as a result of chemical
treatment, fungal degradation and weathering, as well as to determine its cellulose (Owen and Thomas 1989,
Faix 1992, Pandey 1999, Popescu et al. 2007, Shi and Jian 2012) and lignin (Berben et al. 1987, Rodrigues et
al. 1998) content.

In the FTIR spectra, two regions with information could be recognized: the region between 3800 cm™! and
2750 cm’!, containing seven bands assigned to the different vibrations of the OH bond, and the “fingerprint
region” (between 1800 cm™ and 800 cm), with 27 bands (Popescu et al. 2007). Bands in the latter region have
contributions of all wood components, with only a few of them being assigned to cellulose, hemicellulose or
lignin (Pandey and Nagveni 2007, Mahajan et al. 2012, Lucejko et al. 2018, Traoré et al. 2018). The main bands
used in the analysis were assigned as 1738 cm™ for unconjugated C=0 in hemicelluloses, 1375 cm™ for C-H
deformation in cellulose and hemicelluloses, 1158 cm™ for C—O—C vibration in cellulose and hemicelluloses,
898 cm! for C—H deformation in cellulose and 1505 cm™ for aromatic skeletal vibration in lignin.

Figure 5 shows the FTIR spectra of dry and wet E. grandis wood respectively, for both fungi at 5 and 10
months of culture. The spectra of non fungal exposed wood present significant variation with respect to wood
after fungal exposure, which indicates chemical alterations in both cases. According to the expected (Lucejko
et al. 2018, Traoré et al. 2018), when comparing dry healthy wood to the degraded samples at different culture
times, the intensity of the polysaccharide band at 1738 cm™, 1375 cm™, 1158 cm™ and 898 cm™ decreases,
while the intensity of the absorption band at 1596 cm!, 1505 cm™, 1462 cm™', 1268 cm™, 1245 cm™! and 1125
cm’' due to relative lignin increases.
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Figure 5: FTIR spectra for dry and wet wood by a) L. sulphureus; b) G trabeum at 5 and 10 months.

However, in wet wood, at 5 months of culture, the intensity of the absorption bands assigned to polysacharid
at (1738 cm™, 1375 ecm™!, 1158 cm! y 898 cm!) and to lignin (1596 cm™, 1505 cm™!, 1462 cm™!, 1268 cm!, 1245
cm™y 1125 em™) increased, and then decreased at 10 months of culture.

These effects of the fungi can be understood through a semiquantitative method that highlights the relation
between the absorption intensity of the bands (Pandey and Pitman 2003). The ratio between the intensity of
the lignin band at 1508 cm™ and the intensity of the carbohydrate band at 1730 cm™!, 1370 cm™, 1155 cm™ and
897 cm! were calculated. Changes in the hemicellulose (at 1730 cm™) and cellulose (at 897 cm™) were also
considered.

g !
E 0.8
B
5 0,6 ? -
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Figure 6: Histograms the values of the ratios calculated between the selected FTIR band heights by dry
wood. Absorption bands: 1508 cm': lignin; 1730 cm™': hemicelluloses C-O stretching; 1370 cm™: cellulose
and hemicelluloses C\ \H deformation; 1155 cm': cellulose and hemicelluloses C-O-C vibration; 897 cm’':

cellulose C\\H deformation. a) L. sulphureus, b) G. trabeum at 5 and 10 months.

As Figure 6 shows, when comparing dry non fungal exposed and degraded wood at 5 months of culture,
for both fungi there was an increase in all ratios that compare lignin to carbohydrates (I11508/11370, 11508/
11155, 11508/11730, 11508/1897), indicating higher carbohydrate reduction when compared to lignin. At
the same time, the 11730/1897 ratio decreased, indicating greater chemical changes in hemicellulose over
cellulose in this stage. At 10 months of culture, the ratios comparing lignin to carbohydrates tended to decrease,
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whereas 11730/1897 remained lower in degraded wood, indicating that the tendency of greater hemicellulose
deterioration over cellulose deterioration is maintained. Brown rot fungal decay resulted in an increase of the
lignin/carbohydrate ratio, indicating that carbohydrates were selectively removed by the fungi. The changes
in the chemical composition of the wood observed by FTIR spectrometry coincided with the microscopic
observations (mainly by fluorescence).

On the other hand, for wet wood for both fungi at 5 and 10 months of culture, the 11730/1897 ratio
decreased, indicating greater decay for hemicellulose than for cellulose. As for the lignin-carbohydrate ratios
(I1508/11370, 11508/11155, 11508/11730, and 11508/1897) of healthy and degraded wood, a slight increase at 5
months of culture was observed, indicating selective removal of carbohydrates. At 10 months of culture, these
ratios decreased.

This suggests that for both fungi, and for both initial moisture contents (dry and wet), at 5 and 10 months
of culture there were depolymerization and subsequent selective removal of carbohydrates, particularly of
hemicellulose above cellulose, the former being more prone to hydrolysis than the latter (Lucejko et al. 2018).
However, after 10 months of culture, the trend was not as evident.

There was a significant difference between dry and wet wood after five to ten months; this coincides with
what Fredriksson and Thybring (2018) report- the equilibrium moisture content of the wood depends not only
on the environmental conditions but also on its moisture history, since the equilibrium moisture content reached
by desorption is higher than that reached by absorption (hysteresis).

CONCLUSIONS

Moisture content altered the degradation rate for both fungi; wet wood samples presented greater weight
loss values than dry wood samples. However, both fungi were capable of colonizing and developing in wood
with moisture content below the fiber saturation range. Both fungi showed a clear tendency of increased weight
loss, presenting L. sulphureus faster speed degradation in E. grandis wood.
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