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Abstract

:

Eutypella parasitica R.W. Davidson & R.C. Lorenz is the causative agent of Eutypella canker of maple, a destructive disease of maples in Europe and North America. The fungus E. parasitica is known to cause wood stain and decay. However, it is not known how effectively it decomposes the wood of the most widespread maple species in Europe. Wood samples of Acer pseudoplatanus L., A. platanoides L., and A. campestre L. were exposed to four isolates of E. parasitica and nine other fungal species for comparison, according to the modified EN 113 standard. After 15 weeks of incubation, mass loss and microscopical analysis of samples showed evidence of colonization and different wood decay potentials among fungal species. A highly significant positive correlation was found between mass loss and moisture content for all fungal species. Similarly, the measured cell wall thickness correlated well with the calculated mass loss of the samples. On average, the fungal species caused the lowest mass loss in A. pseudoplatanus (10.0%) and the highest in A. campestre (12.6%) samples. Among the samples exposed to E. parasitica isolates, the highest mass loss was recorded in A. pseudoplatanus (6.6%). Statistical analysis showed significant differences in mass loss and moisture content between different E. parasitica isolates. Based on the results of staining, we discuss the type of decay caused by E. parasitica. Although E. parasitica isolates caused smaller mass loss of samples compared to other more effective decay species, we should not disregard its capability of degrading maple wood. Because E. parasitica usually infects the lower portion of the trunk, which is the largest and most valuable part of the tree, any damage can cause significant economic and resource loss.
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1. Introduction


Wood decay is the biological process by which cell wall components (cellulose, hemicellulose, and lignin) are converted to carbon dioxide and water with a release of energy [1,2]. Within a wide spectrum of different types of decay, three main categories are commonly recognized: brown rot, white rot, and soft rot [3]. Different fungi utilize different strategies for degradation and attack the main chemical components of wood [4,5]. When wood-degrading fungi grow through vascular tissues and metabolize wood, a decrease in wood mass and strength usually occurs [2,5]. It is estimated that a 10% loss of wood mass can result in a 70 to 90% loss in wood strength, depending on the wood species and type of decay [2]. Not all fungal infestations cause degradation [5]. Various host species can be affected differently by the same fungus [6].



Non-basidiomycete fungi (predominantly ascomycete) can cause substantial degradation of wood, but comprehensive studies on the effects of such fungi are rare [7,8,9]. Eutypella parasitica R.W. Davidson & R.C. Lorenz, the causative agent of Eutypella canker of maple, causes a serious disease that affects the aesthetic and economic value of infected maple trees [10]. The fungus is believed to originate from North America [11] and represents a considerable risk for an extensive area of naturally distributed maples in Europe [12]. According to the data of French [13], the decay of Acer saccharum Marshall, A. rubrum L., and A. saccharinum L. wood exposed to E. parasitica is extremely slow. His study did not identify differences in the effect of different isolates on the degradation of wood. In general, French [11] recorded greater mass loss in sapwood than in false heartwood.



Based on a literature study, we found that there is no consistency in decay type caused by Eutypella species. Worrall, Anagnost and Zabel [7] suggested that E. parasitica has the ability to cause soft rot decay. In contrast, data on wood colonization suggest that, in early stages, Eutypella species could be considered as a soft rot fungus, but, in more advanced stages, they show a uniform degradation similar to white rot [14]. Pildain, Novas, and Carmarán [14] stated that the type of decay is difficult to define and differentiate because of the difference in observed features in enzyme tests and anatomical studies. After Worrall, Anagnost, and Zabel [7], they suggested the use of the taxonomy of the causal agent as the defining factor in such cases. One of the possible reasons for the observed differences is the fact that the same fungi can cause different types of decay depending on the environmental conditions, predominantly moisture content in the living or dead tree [15].



Eutypella parasitica is known to cause wood stain and decay. However, it is not known how effectively it decomposes the wood of the most widespread European maple species. Therefore, the aim of our study was to determine the mass loss and moisture content of Acer pseudoplatanus L., A. platanoides L. and A. campestre L. samples after exposure to several E. parasitica isolates. The results were compared to the impact of five frequently isolated fungal species from the wood of dead branches of A. pseudoplatanus [16] and to two well-known basidiomycete decay fungi—Trametes versicolor (L.) Lloyd and Gloeophyllum trabeum (Pers.) Murrill. In addition, light and scanning electron microscopy were used to examine the differences in wood structure between exposed and control samples of A. pseudoplatanus. We expected relatively low mass loss of maple wood due to E. parasitica compared to other fungal species included in the experiment since there are at least two (T. versicolor and G. trabeum) known as significant rot fungi.




2. Materials and Methods


2.1. Decay Test


Three maple species (Acer pseudoplatanus, A. platanoides, and A. campestre) were used in the experiment. The wood originated from the south-eastern part of Slovenia (45.8491° N, 15.6113° E, 390 m a.s.l.), where all three species grow naturally. Cross-sections were taken approximately 1 m above the ground from visually healthy trees. Until further processing they were stored in an LTH ZO 700 BEZ freezer cabinet (Loška hladilna tehnika, Škofja Loka, Slovenia) at −20 °C for 7 to 20 days. One hundred and sixty wood samples (30 × 10 × 5 mm) were made from each maple species. The initial dry mass of the samples was determined using a Kern ABJ220-4NM analytical balance (Kern & Sohn, Balingen, Germany) after oven drying the samples at 103 °C for 24 h in a Kambič SP-250 oven (Kambič, Semič, Slovenia). Thereafter, samples were steam sterilized (30 min, 121 °C, 0.12 MPa) in a Kambič A-65 V autoclave (Kambič, Semič, Slovenia) and further used in the decay test.



The decay test was performed according to the modified EN 113 standard [17,18,19,20]. Disposable Petri dishes (Ø = 90 mm, h = 15 mm) containing 3.9% (w/v) potato dextrose agar (PDA; Becton Dickinson, Sparks, MD, USA) were inoculated with ten different fungal species (Table 1). After one week of fungal growth, the wood samples were exposed to the different fungi. Two wood samples were placed on a sterilized plastic mesh, which was used to avoid direct contact between the samples and the nutrient medium in the Petri dish. Ten replicates per fungal isolate were used for each of the three maple species (450 samples in total). For comparison, ten control samples per maple species were placed in Petri dishes with sterile agar plugs. The assembled test dishes were incubated in a Kambič I-190 CK chamber (Kambič, Semič, Slovenia) at 23.9 ± 0.3 °C for 15 weeks. After incubation, the fungal mycelium was carefully removed from the samples, and they were weighed to obtain the mass of the wet sample. After 24 h of drying at 103 °C in a Kambič SP-250 oven (Kambič, Semič, Slovenia), the final dry mass was determined and the respective relative loss in mass was calculated using Equation (1). From the final dry and wet mass, the moisture content was calculated using Equation (2).


Mass loss (%) = ((m0 − m2)/m0) × 100,



(1)






Moisture content (%) = ((m1 − m2)/m2) × 100,



(2)




where m0 represents the initial dry mass, m1 the final wet mass, and m2 the final dry mass of the sample. Furthermore, the change in moisture content (ΔMC) was calculated using the following equation:


ΔMC (%) = MCE − MCC,



(3)




where MCE represents the average moisture content of samples exposed to the fungal species, and MCC is the average moisture content of the control samples.



A non-parametric Kruskal-Wallis test was used to compare average mass loss and moisture content between different isolates. Afterwards, a post-hoc multiple comparison Dunn test with Bonferroni correction was used. A paired t-test was used to compare the initial and final mean dry mass of samples exposed to different fungal isolates. For comparing mass loss and moisture content between the three maple species, the Welch two sample t-test was used. The Pearson correlation coefficient was calculated to investigate the relationship between mass loss and moisture content in all three maple species.



Additionally, the wood density of the samples was calculated using the equation:


Wood density (kg/m3) = m0/V,



(4)




where m0 represents the initial dry mass of a sample, and V is the volume of a single sample (1.5 × 10−6 m3 in our case). A non-parametric Kruskal-Wallis test with a post-hoc multiple comparison Dunn test with Bonferroni correction was used to compare the average wood density between the different maple species. The Pearson correlation coefficient was calculated to investigate the relationship between moisture content and wood density in all three maple species. The calculated average mass loss and average wood density were discussed and compared to other relevant studies.




2.2. Light and Scanning Electron Microscopy


Three randomly chosen wood samples (one per fungal isolate) of A. pseudoplatanus exposed to EP34, EP65, and TV were examined and compared to the control using light microscopy (LM) and scanning electron microscopy (SEM). For LM, halved samples were embedded in paraffin (Paraplast Plus, Leica Biosystems, Wetzlar, Germany) and cut with a Leica RM2245 rotary microtome (10 µm; Leica Biosystems, Wetzlar, Germany). Cross and tangential sections were stained with a safranin (Safranin T, Honeywell Fluka, Thermo Fisher Scientific, Waltham, Massachusetts, United States) (0.04%) and astra-blue (Astrablau FM, Carl Roth, Karlsruhe, Germany) (0.15%) water solution [21]. Safranin colors the polyphenol components, such as lignin, red, whereas astra-blue stains the cellulose/hemicellulose components of cell walls blue [22,23]. The sections were mounted on glass slides in Euparal (Waldeck, Münster, Germany), observed and photographed under a Leica DM4000 B light microscope with a Leica DCM 4500 camera and the Leica Application Suite software platform (Leica Microsystems, Wetzlar, Germany).



Wood colonization was also examined with SEM, using an Everhart-Thornley (ETD) detector in an FEI Quanta 250 scanning electron microscope (FEI, Hillsboro, Oregon, United States) at a working distance of between 7 and 9 mm and 1000× magnification. Prior to observation, samples were halved and smoothed at cross and tangential surfaces with a Leica SM2010R sliding microtome (Leica Biosystems, Wetzlar, Germany), adhered to the holder with carbon adhesive tabs and coated with Au/Pd sputter-coater (Q150R ES Coating System, Quorum technologies, Laughton, UK) for 30 s with 20 mA intensity. SEM micrographs were visualized with xT microscope control software v 6.2.11 build 3381 (Microsoft Corporation, Redmond, Washington, United States).



Histometric analysis of wood features was performed on cross-sections under an Olympus BX51 microscope (Olympus, Tokyo, Japan) with a Nikon Digital Sight DS-Fi1 camera (Nikon, Kanagawa, Japan) and NIS Elements BR software version 3.22.09 build 726 (Nikon, Tokyo, Japan). At 40× objective magnification, we measured the cell wall thickness (μm) of 30 randomly chosen fibers in the early, transition and late wood of A. pseudoplatanus. Additionally, 10 randomly chosen vessels were measured in the early, transition, and late wood of the same cross-sections. In total, the cell wall thickness of 90 fibers and 30 vessels was measured on cross-sections from each randomly chosen wood sample exposed to three fungal isolates and a control.



The Kruskal–Wallis test and a post-hoc Dunn test with Bonferroni correction were used to compare average fiber wall thickness between the three different parts of the wood increment (i.e., early, transition, and late wood) and between different isolates. For vessel wall thickness, an ANOVA and Tukey multiple comparison test was used. ANOVA with a post-hoc Tukey HSD test was used when the assumptions of normal distribution and homogeneity of variances had been met. In other cases, the non-parametric Kruskal-Wallis with a post-hoc Dunn test was used. To test the assumption of normality, the Shapiro-Wilk test was applied, and for testing the homogeneity of variances, the Levene test was used. In addition, the Pearson correlation coefficient was calculated to investigate the relationship between mass loss on the one hand, and average fiber and average vessel wall thickness on the other.



All calculations and statistical tests were performed in Microsoft Excel version 1908 and the R software environment for statistical computing [24] with the “car” [25], “DescTools” [26], “multcomp” [27], “dplyr” [28], and “broom” packages [29].





3. Results


3.1. Mass Loss


The mass loss of wood after 15 weeks averaged 10.0% in A. pseudoplatanus, 10.7% in A. platanoides, and 12.6% in A. campestre samples. The results of the non-parametric statistical test (Kruskal-Wallis) revealed significant differences (p < 0.001) in the average mass loss of samples between different isolates in all three maple species. Pairwise comparisons of mass loss in A. pseudoplatanus revealed statistically significant differences (p < 0.01) between the control and Ds, EP65, EP67, EPT, GTD, TV, and TVD. Samples of A. platanoides showed similar results, with the exception of EP67, which was not significantly different from the control, and Es, which was significant (p < 0.01). Mass loss of control A. campestre samples was significantly different (p < 0.05) from Es, EP65, EP67, EPT, GT, GTD, TV, and TVD, but not from Ds, EM, EP34, Fs, NA, NF, and NP (p > 0.05).



Both isolates of T. versicolor (TV and TVD) were the most effective, causing mass loss ranging from 33.1% in A. pseudoplatanus to 60.8% in A. campestre after 15 weeks of exposure. Similarly, isolates of G. trabeum (GT and GTD) caused average mass loss of 12.1% in A. pseudoplatanus (Figure 1), 20.6% in A. platanoides (Figure 2), and 24.3% in A. campestre (Figure 3). The other isolates were less effective, causing mass loss ranging from 1.3 to 11.2% in A. pseudoplatanus (Figure 1), 0.4 to 13.1% in A. platanoides (Figure 2), and 2.1 to 8.3% in A. campestre (Figure 3). The lowest mass loss in A. pseudoplatanus samples was obtained for EM, in A. platanoides for Fs and in A. campestre for NP. The most effective fungi among the five most frequently isolated species from the wood of the dead branches of A. pseudoplatanus were Ds in the case of A. pseudoplatanus and A. platanoides samples, and Es in the case of A. campestre.



Differences between average initial and final dry mass were significant for all isolates (p < 0.05), except for the controls in all three maple species and GT isolate in A. pseudoplatanus.



Pairwise comparisons between different isolates of E. parasitica revealed significant differences in average mass loss between EP34 and EP65 (p < 0.001), and between EP34 and EPT (p < 0.05), in all three tested maple species. Additionally, there were statistically significant differences between EP65 and EP67 in A. pseudoplatanus and A. platanoides (p < 0.05), and between EP67 and EPT in A. platanoides (p < 0.05). EP65 was the most effective in causing mass loss, followed by EPT, EP67, and EP34. This was the case in all three Acer species. The highest mass loss was determined for A. pseudoplatanus wood samples exposed to E. parasitica isolates (average 6.6%). In A. platanoides and A. campestre, E. parasitica isolates were less effective, causing an average mass loss of 4.9%. There were significant differences in average mass loss caused by E. parasitica isolates EP65 and EP67 between A. pseudoplatanus and A. platanoides (p < 0.05), and in the average mass loss of A. pseudoplatanus and A. campestre samples exposed to EP65 (p < 0.01).




3.2. Moisture Content


The average moisture content of samples exposed to fungi was 111.8% in A. pseudoplatanus, 107.7% in A. platanoides and 113.3% in A. campestre. Control samples had significantly lower values (57.2% on average) (p < 0.05). There were significant differences (p < 0.01) in the average moisture content of the control samples in comparison to samples exposed to GT, GTD, TV, and TVD in all tested maple species. Differences from control were also significant for EM, Fs, and NA in A. pseudoplatanus, and for EP65 in A. campestre (p < 0.05). In contrast, the average moisture content of samples exposed to Ds, Es, EP34, EP67, EPT, NF, and NP was not significantly different from control samples in all three maples (p > 0.05). In addition to these fungal isolates, the moisture content of samples exposed to EM, Fs, and NA in A. platanoides and A. campestre, and EP65 in A. pseudoplatanus and A. platanoides, were also not significant.



The average moisture content of samples exposed to E. parasitica isolates was the lowest in A. pseudoplatanus at 83.1% (Figure 4), followed by A. platanoides at 86.5% (Figure 5) and A. campestre at 97.1% (Figure 6). No statistical differences were found between the average moisture content of A. pseudoplatanus samples exposed to different E. parasitica isolates. Samples of A. platanoides exposed to EPT showed statistically significant differences in average moisture content in comparison with EP34 (p < 0.01), EP65, and EP67 (p < 0.05). In A. campestre, we found only one significant pairwise comparison, i.e., between EP34 and EP65 (p < 0.05). No statistically significant differences were found between the average moisture content of A. pseudoplatanus and A. platanoides samples exposed to different E. parasitica isolates (p > 0.05), but there was a statistically significant difference (p < 0.05) in average moisture content between A. pseudoplatanus and A. campestre exposed to EPT, and between A. platanoides and A. campestre exposed to EP65 and EPT.



The change in average moisture content (ΔMC) between samples exposed to fungal activity and control samples was positive for all fungal isolates and all maple species, except for A. platanoides exposed to EM, which showed a negative value (Table 2).



We found a highly significant (p < 0.001) positive correlation between mass loss and moisture content in all three maple species (A. pseudoplatanus r = 0.66, A. platanoides r = 0.84, and A. campestre r = 0.87).




3.3. Wood Density


An average wood density of 616 kg/m3 was calculated for the Acer spp. samples in our study. A significant difference was found with the Kruskal-Wallis test (p = 0.012) for the average wood density of the three maple species in the experiment. Only the wood density of A. campestre was significantly higher than that of A. platanoides. Other pairwise comparisons were not significant (Table 3). References on Acer spp. wood density usually report an average of 640 kg/m3 for A. pseudoplatanus and 590 kg/m3 for A. platanoides and A. campestre [30]. Furthermore, we did not find a statistically significant correlation (p > 0.05) between the moisture content and wood density of samples in any of the maple species.




3.4. Light and Scanning Electron Microscopy


Light microscopy (LM) of the wood samples of A. pseudoplatanus exposed to EP34, EP65, and TV confirmed the obvious colonization and also occasional degradation of woody tissues. Vessels in wood samples exposed to EP65 and TV were completely colonized (Figure 7e,f,g,h), while, in samples exposed to EP34, the presence of fungal hyphae was not so abundant and, in most cases, limited to the edge of the sample (Figure 7c,d). Samples exposed to EP65 showed some parts with fiber wall thinning and abundant hyphae in the vessels (Figure 7e,f). In contrast, almost no changes in cell wall color, cell wall thickness and evidence of fungal hyphae were observed in samples exposed to EP34 (Figure 7c,d). The LM images confirmed that the wood samples exposed to TV suffered the greatest cell wall degradation in A. pseudoplatanus. Cell wall thinning, sometimes larger parts of destroyed cell walls, and vessel lumens filled with fungal hyphae were observed in those wood samples (Figure 7g,h).



The scanning electron micrographs (Figure 8) confirmed that the 15 weeks of exposure of the wood to fungi caused significant changes to the cell walls. The most severe damage was observed in samples exposed to TV (Figure 8g,h), which also had the highest mass loss. In general, scanning electron microscopy (SEM) revealed thinning and a torn appearance of the fiber wall in degraded cells. The damage was lower in EP65 (Figure 8e,f), and almost no damage was observed in EP34 (Figure 8c,d). Micrographs of EP34 revealed the presence of fungal hyphae, which were hardly observed under LM (Figure 7c,d).



In total, the thickness of 360 fiber walls and 120 vessel walls was measured. Average fiber and vessel wall thickness (Figure 9 and Figure 10) decreased with increasing fungal activity and mass loss. A non-parametric Kruskal-Wallis test and ANOVA revealed statistically significant differences (p < 0.001) in average fiber and vessel wall thickness between samples exposed to different fungal isolates. Significant differences (p < 0.001) were found for average fiber wall thickness in pairs: TV-control, TV-EP34 and TV-EP65. Similarly, average vessel wall thickness differed significantly between samples exposed to TV and the control (p < 0.001), TV and EP34 (p < 0.05), and TV and EP65 (p = 0.05). Pairwise comparison showed significant differences in average fiber wall thickness between TV and all other fungal isolates in all three parts of the wood increment (i.e., late wood, transition wood, and early wood). Average vessel wall thickness among samples exposed to different fungal isolates was significantly different only in transition wood and early wood. In both parts of the wood increment, differences were significant between samples exposed to TV and the control (p < 0.05 in transition and p < 0.01 in early wood). In transition wood, TV and EP34 also differed slightly significantly (p = 0.06). No statistical differences (p > 0.1) were found in average fiber and vessel wall thickness between the control and EP34 and EP65 in all three parts of the wood increment.



Tests for differences in cell wall thickness between different parts of wood in the samples exposed to the same fungal isolate showed no statistical significance in the vessels. This was not the case for fiber wall thickness, which revealed significant differences between late wood and transition wood for TV (p < 0.001) and EP65 (p < 0.01), between late wood and early wood for TV, EP34, EP65 (p < 0.001), and the control (p < 0.05), and finally between transition wood and early wood for EP34 (p < 0.001) and TV (p < 0.05).



We found a highly significant (p < 0.001) negative correlation between mass loss, on the one hand, and average fiber and average vessel wall thickness on the other. The Pearson correlation coefficient between mass loss and average fiber wall thickness was −0.83, and between mass loss and average vessel wall thickness −0.64.





4. Discussion


4.1. Mass Loss


All fungal isolates caused greater mass loss compared to control samples, but not all comparisons were significant. Fifteen weeks of exposure to ten different fungal species resulted in notable mass loss of A. pseudoplatanus, A. platanoides, and A. campestre wood samples. The mass loss of samples exposed to EN 113 [20] standard fungi T. versicolor was higher than 25%. This clearly indicates that the fungal mycelia were vital and that the test was performed correctly. The mass loss of samples exposed to EM (in A. pseudoplatanus), EP34 (in A. platanoides and A. campestre), Fs, NF, and NP was lower than 3% and thus considered insignificant according to EN 113 [20].



As expected, T. versicolor and G. trabeum were the most efficient species in the colonization and decay of wood samples. Both species are known as quick colonizers and efficient decay organisms of different woody species worldwide [31,32]. Average mass loss caused by T. versicolor isolates in samples of A. pseudoplatanus and A. platanoides (40.9% and 40.0%) in our study was almost two times higher than previously reported by Reinprecht, Vidholdová, and Gašpar [33] (20.4% in A. pseudoplatanus) and Kielmann, Adamopoulos, Militz, and Mai [34] (32.0% in A. platanoides). Differences in mass loss between studies could be ascribed to shorter or longer exposure times (6 weeks in Reinprecht, Vidholdová, and Gašpar [33] and 16 weeks in Kielmann, Adamopoulos, Militz, and Mai [34]), fungal isolate origin, vitality and strength, dimensions of samples, eventual fungal combinations, incubation temperature and humidity, agar media, etc. However, our results clearly indicate the low durability of maple wood and high degrading ability of the respective white rot fungi.



The average mass loss of samples exposed to GT isolate indicate the possibility of the unsuccessful inoculation of this isolate in A. pseudoplatanus and partly also in A. platanoides samples. The difference between average mass loss caused by GT and GTD was simply too large, although these are just two isolates of the same fungal species. Our suspicion was also confirmed with the non-significant difference between the average initial and final dry mass of A. pseudoplatanus samples exposed to GT and the non-significant difference in the average mass loss of control samples and samples exposed to GT in A. pseudoplatanus and A. platanoides. However, the moisture content after 15 weeks of exposure to GT in A. pseudoplatanus samples clearly showed some fungal activity.



Our results on mass loss caused by E. parasitica isolates are somewhat similar to those reported by French [13], who obtained an average mass loss of 1.13, 1.35, and 1.38% in the false heartwood of red, sugar and silver maple, respectively. French [13] reported a slightly higher average mass loss in the sapwood of the same tested tree species—1.28% in red maple, 3.68% in sugar maple, and 2.44% in silver maple. In contrast with our results, French [13] reported no significant differences in average mass loss between five isolates of E. parasitica. Besides the study of French [13], Pildain, Novas, and Carmarán [14] and Worrall, Anagnost, and Zabel [7] also used Eutypella spp. or E. parasitica isolates in their decay tests. The former studied the wood decay of Populus deltoides W. Bartram ex Marshall in a 12-week experiment with four isolates of Eutypella spp. and calculated an average mass loss of 17.6%. The latter exposed Betula alleghaniensis Britt. and Pinus taeda L. sapwood to E. parasitica and reported 5.6% mass loss for Betula and 2.3% for Pinus. When comparing mass loss caused by E. parasitica isolates, it should be noted that the methodologies used in foreign studies [7,13,14] were slightly different from the methodology used in our study. Therefore, direct comparisons of the results are not appropriate. However, the present study provided an overview of the degradation activity and strength of E. parasitica on Acer spp. As expected, the rate and degree of wood degradation by E. parasitica isolates was slower and lower in comparison with T. versicolor and G. trabeum.




4.2. Moisture Content


The overall moisture content of the samples in our study was rather high. As the samples were not in direct contact with the nutrient medium, it can be presumed that the high moisture content was the result of fungal activity. Although the moisture content was rather high for classical wood degrading fungi [35], it should be noted that the fungi used in our study predominantly colonize living trees and are thus adapted to higher moisture content [36]. Fungi that cause mass loss produce water. In theory, the complete decomposition of 1 g of cellulose by microbial action liberates 0.555 g of water [37]. Thus, it is difficult to say whether lower mass loss is a result of lower wood moisture content or lower moisture content is a result of lower mass loss [38]. Zelinka, Kirker, Bishell, and Glass [38] have suggested examination of the extra effect of fungal growth on the final moisture content by computing the change in moisture content. ΔMC should represent the extra amount of moisture generated by the fungus. Consistent with Zelinka, Kirker, Bishell, and Glass [38], our results showed that higher amounts of fungal metabolism, which are reflected in higher mass loss, are associated with higher final moisture content (especially true for T. versicolor and G. trabeum isolates). The reason for the negative value of ΔMC for EM in samples of A. platanoides is not clear, but other authors have also reported this phenomenon [38,39].



The non-statistically significant differences in average moisture content between control samples and samples exposed to certain fungi suggest that those fungal species did not produce high amounts of water, which is consistent with their lower decomposition ability.



The calculated mass loss correlated well with the calculated moisture content of the wood samples. A positive linear trend can be observed for the relationship between mass loss and moisture content, as already described in the literature [35,38].




4.3. Wood Structural Changes


Microscopy revealed additional information on wood sample colonization and confirmed that mass loss was the consequence of fungal activity. The tested fungi colonized the vessels, which are the widest cells in maple wood and represent a kind of highway for fungi, as reported by Humar, et al. [40] for oak wood. In our study, TV was the most efficient fungus in A. pseudoplatanus colonization and decay. The light microscopy images and measurements of cell wall thickness showed that samples exposed to TV suffered significant cellulose and hemicellulose degradation, thus confirming the high susceptibility of sycamore maple wood to this white rot fungus. Severe damage caused by TV attack was further evidenced and confirmed with scanning electron microscopy.



Other fungi included in the SEM analysis were less effective—they were able to colonize maple wood but not able to decompose it to a large extent. Cross and tangential sections of wood samples exposed to EP34 and EP65 showed a considerably smaller impact of the tested fungi on wood degradation. This is consistent with the results of lower mass loss and thicker cell walls compared to well degraded wood samples exposed to TV. However, average fiber and vessel wall thickness in samples exposed to EP34 and EP65 were not significantly different in any part of the wood increment. In contrast to French [13], who reported no difference in average mass loss between different isolates of E. parasitica, we detected a significant difference in average mass loss between EP34 and EP65. The differences between E. parasitica isolates in our study could be the first sign of possible introduction of the pathogen to North America from Europe, and not the inverse, as is commonly believed. However, such conclusions are speculative and would require a complete study of phylogeny to confirm.



Based on the results of sections stained with safranin/astra-blue water solution, which colored the inner parts of the secondary cell wall slightly blue, we assumed that E. parasitica was able to degrade lignin and therefore could be considered as a white rot fungus. Our conclusion about the type of decay caused by E. parasitica is consistent with Pildain, Novas, and Carmarán [14], who stated that this fungus could be considered as a white rot fungus in the more advanced stages of wood colonization and as a soft rot fungus in the early stages, as already suggested by Worrall, Anagnost, and Zabel [7]. In general, ascomycete fungi are mainly characterized as soft rot fungi [9], which are able to degrade both polysaccharides and lignin, but lignin is degraded at a later stage [41]. Thus, our suspicion about the type of decay is consistent with past studies. However, such conclusions are somewhat speculative since E. parasitica is not very aggressive in wood decay. For the exact determination of the type of decay, additional analysis of enzyme activity in different environmental conditions should be performed, which was beyond the scope of the present study.



Abundant hyphae in the center of exposed samples, where cross and tangential sections for microscopy were taken, confirmed good overgrowth and successful penetration of fungal mycelium into woody tissue. Higher hyphae abundance suggests higher colonization success and subsequent wood decay by fungi. In the case of wood samples exposed to EP34, where fungal hyphae were more or less limited to the edge of samples, we assumed that the fungus had not effectively progressed into the central part because of the lower isolate ability to penetrate the wood and short time of exposure. French [13] reported penetration of E. parasitica into the fibers and vessels, and only occasionally into the ray parenchyma. French [13] did not notice any evident staining or discoloration associated with the decay, which was also the case in our study. In samples exposed to EP34, there was minor sign of fungal activity observed with light microscopy. However, scanning electron microscopy revealed the presence of fungal hyphae in the vessels, indicating and confirming the higher sensitivity of the latter technique. Although light microscopy permits the rapid view of many cells with easier sample preparation, it is better to use it in combination with scanning electron microscopy for reliable detection of fungal presence [42], especially in the early stages of decay or when dealing with less aggressive fungi. Furthermore, data on the low mass loss and hyphal abundance of E. parasitica is consistent with observations of the slow progress of this species and wood decay in the field. The average annual growth of the fungus in length is 1–2 cm [43]. The extension of the canker is faster in the longitudinal direction than in the transverse direction [44]. Ogris, et al. [45] stated that infected older maples can live and grow with fungus for many decades. But due to the progress of fungal activity, wood decay and loss of mechanical properties, it is very common for older infected trees to snap at the canker and fall over [13,46].



Measured cell wall thickness correlated well with the calculated mass loss of the wooden mini blocks. Successful colonization and effective degradation of woody tissue resulted in higher mass loss. This is most evident in samples exposed to TV. Although E. parasitica isolates caused about four times smaller mass loss of samples compared to TV and TVD, we should not disregard their capability of degrading maple wood. Because E. parasitica usually infects the lower portion of the trunk, which is the thickest and most valuable part of the tree, any damage is undesirable, as even incipient decay can result in significant loss of mechanical properties [36].



The natural durability of wood to fungal activity could be indicated by wood density, one of the most important wood quality characteristics. There are studies which confirmed that lower density results in higher susceptibility to fungal decay [40,47]. This could also be the case in our study. In addition, we assume that the early wood of maples is also more susceptible to fungal colonization and decay. Early wood showed slightly thinner fiber and vessel walls, which correspond to slightly lower densities in comparison to other parts of the annual wood increment, i.e., transition wood and late wood.



Based on the results of calculated wood density and moisture content, we assumed that A. campestre wood had somewhat different characteristics from the other two maple species used in this experiment. The wood of A. campestre was significantly denser and had higher average moisture content. However, the correlation between moisture content and wood density was not significant. The higher density of A. campestre wood, in most cases, did not correspond to lower susceptibility to fungal decay and consequently to lower mass loss, as would be expected. This suggests that the relationship between fungal and tree species may also play an important role in the characteristics of wood decay.



Wood discoloration and decay in trees is usually a consequence of bacterial and fungal colonization of branch stubs, which expose the wood of living trees [48]. Decay characteristics and progress can be explained by the CODIT (compartmentalization of decay in trees) model developed by Shigo and Marx [49]. Green, et al. [50] studied compartmentalization of discolored and decayed wood initiated with the loss of branches in young A. rubrum L. They distinguished two basic types of dead branch stubs, some with a clearly defined green-colored boundary, which separated the discolored and decayed wood of the stub from sapwood inside the trunk, and a second type of stub that lacked this boundary and where discolored wood extended into the trunk. Green, Shortle, and Shigo [50] found that failure in the formation or destruction of the boundary tissues may facilitate the spread of microorganisms, discoloration and decay into the trunk. Formation of this barrier is also of great interest in E. parasitica infections. Eutypella parasitica infects the trunk through a branch stub or bark wound and triggers more or less successful compartmentalization. When this is not the case, the fungus progresses into the sapwood and causes characteristic wood discoloration and decay. However, this has yet to be studied.





5. Conclusions


Fifteen weeks of exposure to ten different fungal species resulted in notable mass loss of Acer pseudoplatanus, A. platanoides, and A. campestre wood samples, according to the modified decay test of EN 113. The fungal species used in the experiment had different decay potentials. As expected, Trametes versicolor and Gloeophyllum trabeum were the most efficient species in the colonization and decay of the maple samples. Other fungi (Diaporthe sp., Eutypa sp., Eu. maura, E. parasitica, Fusarium sp., Neocucurbitaria acerina, Neonectria faginata, and N. punicea) were less effective. Any visually evident staining or discoloration of wood samples associated with their activity was not noticed. There was a significant correlation between mass loss and moisture content. Higher mass loss corresponded to higher moisture content of wood samples after incubation. Colonization and decay of samples were additionally confirmed by light and scanning electron microscopy, which revealed abundant hyphal growth in the vessels and sometimes significant degradation of cell walls. Changes in cell walls were confirmed by measurements of fiber and vessel wall thickness in the early wood, transition wood, and late wood. The results revealed significantly thinner cell walls in samples which experienced higher mass loss and degradation. Although E. parasitica caused significantly lower mass loss of samples compared to other more effective species, we should not disregard its capability of degrading maple wood, particularly as we were not able to fully mimic the natural microclimate in the trees in the laboratory. Based on the results of staining, we assumed that E. parasitica was able to degrade lignin and could therefore be considered as a white rot fungus.
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Figure 1. Boxplot showing mass loss (%) after 15 weeks of exposure to different fungal isolates in Acer pseudoplatanus (see Table 1 for labels of isolates; boxes of E. parasitica isolates are grey). Boxplot represents minimum, first quartile (Q1), median, third quartile (Q3), and maximum value. 
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Figure 2. Boxplot showing mass loss (%) after 15 weeks of exposure to different fungal isolates in Acer platanoides (see Table 1 for labels of isolates; boxes of E. parasitica isolates are grey). Boxplot represents minimum, first quartile (Q1), median, third quartile (Q3), and maximum value. 
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Figure 3. Boxplot showing mass loss (%) after 15 weeks of exposure to different fungal isolates in Acer campestre (see Table 1 for labels of isolates; boxes of E. parasitica isolates are grey). Boxplot represents minimum, first quartile (Q1), median, third quartile (Q3), and maximum value. 
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Figure 4. Boxplots showing moisture content (%) after 15 weeks of exposure to different fungal isolates in Acer pseudoplatanus (see Table 1 for labels of isolates; boxes of E. parasitica isolates are grey). Boxplot represents minimum, first quartile (Q1), median, third quartile (Q3), and maximum value. 
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Figure 5. Boxplots showing moisture content (%) after 15 weeks of exposure to different fungal isolates in Acer platanoides (see Table 1 for labels of isolates; boxes of E. parasitica isolates are grey). Boxplot represents minimum, first quartile (Q1), median, third quartile (Q3), and maximum value. 
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Figure 6. Boxplots showing moisture content (%) after 15 weeks of exposure to different fungal isolates in Acer campestre (see Table 1 for labels of isolates; boxes of E. parasitica isolates are grey). Boxplot represents minimum, first quartile (Q1), median, third quartile (Q3), and maximum value. 
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Figure 7. Light microscopy (LM) images of cross and tangential sections of (a,b) control samples and wood samples after 15 weeks of exposure to (c,d) EP34, (e,f) EP65, and (g,h) TV. 
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Figure 8. Scanning electron microscopy images of cross and tangential sections of (a,b) control samples and wood samples after 15 weeks of exposure to (c,d) EP34, (e,f) EP65, and (g,h) TV. 
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Figure 9. Fiber wall thickness (μm) in (a) late wood, (b) transition wood, and (c) early wood after exposure to different fungal isolates (see Table 1 for labels of isolates; boxes of E. parasitica isolates are grey). Boxplot represents minimum, first quartile (Q1), median, third quartile (Q3), and maximum value. 
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Figure 10. Vessel wall thickness (μm) in (a) late wood, (b) transition wood, and (c) early wood after exposure to different fungal isolates (see Table 1 for labels of isolates; boxes of E. parasitica isolates are grey). Boxplot represents minimum, first quartile (Q1), median, third quartile (Q3), and maximum value. 
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Table 1. Wood decay fungi used in decay tests.
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	Fungi
	Label 5
	Collection Number 6





	Diaporthe sp. Nitschke 1
	Ds
	ZLVG 788



	Eutypa sp. Tul. & C. Tul. 1
	Es
	ZLVG 790



	Eutypa maura (Fr.) Sacc. 1
	EM
	ZLVG 789



	Eutypella parasitica R.W. Davidson & R.C. Lorenz
	EP34
	ZLVG 34



	
	EP65
	ZLVG 65



	
	EP67
	ZLVG 67



	
	EPT
	ZLVG 805



	Fusarium sp. Link 1
	Fs
	ZLVG 792



	Gloeophyllum trabeum (Pers.) Murrill 2
	GT
	ZIM L017



	
	GTD
	DSM 1398



	Neocucurbitaria acerina Wanas., Camporesi, E.B.G. Jones & K.D. Hyde 1
	NA
	ZLVG 794



	Neonectria faginata (M.L. Lohman, A.M.J. Watson & Ayers) Castl. & Rossman 3
	NF
	ZLVG 807



	Neonectria punicea (J.C. Schmidt) Castl. & Rossman 3
	NP
	ZLVG 806



	Trametes versicolor (L.) Lloyd 4
	TV
	ZIM L057



	
	TVD
	DSM 3086







1 The most frequently isolated species from the wood of the dead branches of A. pseudoplatanus [16]; 2 brown rot; 3 co-isolated from Eutypella canker of maple; 4 white rot; 5 labels used throughout the text; 6 ZLVG—Culture collection of the Laboratory of Forest Protection at the Slovenian Forestry Institute; ZIM—Culture collection of industrial microorganisms at the University of Ljubljana; DSM—German collection of microorganisms and cell cultures at the Leibnitz Institute.
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Table 2. Change in average moisture content (ΔMC) of samples.
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	A. pseudoplatanus

ΔMC (%)
	A. platanoides

ΔMC (%)
	A. campestre

ΔMC (%)





	Diaporthe sp.
	58.7
	39.3
	2.3



	Eutypa sp.
	53.8
	13.9
	35.4



	Eutypa maura
	65.2
	−4.3
	2.8



	Eutypella parasitica1
	35.7
	21.5
	38.1



	Fusarium sp.
	73.6
	30.2
	27.9



	Gloeophyllum trabeum1
	71.0
	78.8
	86.5



	Neocucurbitaria acerina
	73.7
	33.3
	29.0



	Neonectria faginata
	60.0
	20.0
	23.7



	Neonectria punicea
	45.7
	4.1
	24.7



	Trametes versicolor1
	125.0
	129.8
	171.6



	Average
	64.4
	42.6
	54.3







1 Average values for all isolates of certain fungal species.
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Table 3. Average wood density and standard deviation of three maple species.






Table 3. Average wood density and standard deviation of three maple species.





	Tree Species
	Wood Density (kg/m3)
	SD 1
	Statistic Group 2





	Acer pseudoplatanus
	616
	18
	ab



	Acer platanoides
	611
	26
	b



	Acer campestre
	620
	29
	a







1 SD—standard deviation. 2 Different letters indicate significant differences.
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