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Abstract 34 

The main wood degraders in aerobic terrestrial ecosystems belong to the white- and brown-rot 35 

fungi, where their biomass can be created on wood decay only. However, total sulfur (S) 36 

concentration in wood is very low and only little is known about the different S compounds in 37 

wood today. S-starved brown-rot fungi Gloeophyllum trabeum and Oligoporus placenta were 38 

incubated on sterilized pine wood blocks whereas Lentinus cyathiformis and the white-rot 39 

fungi Trametes versicolor were incubated on sterilized beech wood blocks. After 19 weeks of 40 

incubation, the S-oxidation status was analyzed in wood, degraded wood and in biomass of 41 

wood-degrading fungi by synchrotron based S K-edge XANES, and total S and sulfate was 42 

quantified. Total S and sulfate content in pine wood blocks were approx. 50 and 1 µg g
-1

, 43 

respectively, while in beech wood approx. 100 and 20 µg g
-1

 was found, respectively. S in 44 

beech was dominated by sulfate-esters. In contrast, pine wood also contained larger amounts 45 

of reduced S. Three out of four selected fungi caused a reduction of the S oxidation state in 46 

wood from oxidized S (sulfate-ester, sulfate) to intermediate S (sulfonate, sulfoxide) or 47 

reduced S (thiols e.g. proteins, peptides, enzyme cofactors). Only O. placenta shifted thiol to 48 

sulfonate. Growth experiments of these fungi on selective minimal media showed that in 49 

particular cysteine (thiol), sulfonates and sulfate enhanced total mycelium growth. 50 

Consequently, wood-degrading fungi were able to utilize a large variety of different wood S 51 

sources for growth but preferentially transformed in vivo sulfate-esters and thiol into biomass 52 

structures.  53 

(257 words) 54 

 55 

Keywords: basidiomycetes; fungi; S K-edge X-ray Absorption Near Edge Spectroscopy 56 

(XANES); sulfur oxidation status; sulfate-esters. 57 
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1. Introduction 60 

 61 

 Sulfur (S) is a macro element that is an absolute requirement for growth just like 62 

nitrogen (N) and phosphorus (P). Plants are almost entirely dependent on inorganic sulfate as 63 

their S source, which often makes up only as little as 5% of the total soil S (Autry and 64 

Fitzgerald, 1990; Kertesz et al., 2007; Kertesz and Mirleau, 2004). Once incorporated into 65 

plant biomass, S exists in plants in a considerable variety of functional groups, and it has been 66 

studied in a broad range of plants and plant compartments, including wood. Analyses of 67 

functional S groups were carried out for spruce (Fairchild et al., 2009; Struis et al., 2008), oak 68 

(Sandstrom et al., 2005) and pine (Fors et al., 2008) wood species. All tree species were 69 

composed of disulfides and thiol groups (e.g. nucleic acid cysteine in proteins, tripeptide 70 

glutathione and enzyme cofactors), sulfoxides, sulfonates, and sulfate-ester and sulfates 71 

(Fairchild et al., 2009; Fors and Sandstrom, 2006; Sandstrom et al., 2005). The amount of S 72 

functional groups varied between tree species, storage of wood (Sandstrom et al., 2005)  and 73 

even within one tree stem (Fairchild et al., 2009). Although Novak and colleagues (2009) 74 

found no clear correlation between S content in wood and the associated environmental air 75 

pollution (Novak et al., 2009), Fairchild and colleagues (2009) demonstrated that wood trees 76 

record the atmospheric S input over decades, which was caused by industrial and volcanic air 77 

pollution (Fairchild et al., 2009). Air pollution has decreased significantly across Europe and 78 

North America over the last 20 years, leading to many sulfate limiting terrestrial 79 

environments (Fairchild et al., 2009; McGrath and Zhao, 1995) and as a consequence, wood is 80 

nowadays formed almost free of S (Struis et al., 2008).  81 

 In natural ecosystems, there is a dynamic equilibrium between the accumulation of 82 

woody biomass and its breakdown. White- and brown-rot fungi have evolved the means to 83 

decompose large volumes of wood completely (De Boer et al., 2004; Fengel and Wegener, 84 

1984) and play a major role in the aerobic processes of microbial wood degradation. The 85 

majority of these fungi are capable to extract, beside the abundant carbon source, macro 86 

elements such as N, P and S exclusively from wood. This is a considerable challenge for the 87 

wood-degrading fungi since the wood material naturally contains very low amounts of macro 88 

nutrients, and artificial addition of such macro elements accelerates wood decay significantly 89 

(Schmitz and Kaufert, 1936; Sterner and Elser, 2002; Weißhaupt et al., 2010). Nevertheless, 90 

wood-degrading fungi are able to recycle their hyphae and retranslocate macro elements 91 

through extensive fungal hyphae networks to minimize nutrient limitations (Tlalka et al., 92 

2008). 93 

Fungal degradation and acquisition of S from wood is not fully understood but may 94 

employ several intra- as well as extracellular enzymes. Sulfate-ester groups can be cleaved by 95 

several types of sulfatase enzymes (Tabatabai and Bremner, 1970) that are produced by many 96 

bacteria and fungi (Kertesz et al., 2007). Several filamentous and saprophytic fungi have been 97 

reported to have sulfatase activity (Marzluf, 1997), and  plant growth promoting fungi have 98 

been isolated from faba bean nodules that had sulfatase activity (Omar and Abd-Alla, 2000). 99 

Although the ability of mycorrhizal fungi to desulfurize sulfate-esters has not been 100 

investigated to date, the fully sequenced ectomycorrhizal fungus Laccaria bicolor has five 101 

hypothetical proteins related to sulfatase. In contrast, a link between desulfurization of 102 

sulfonate groups and fungi has not been established yet. The white rot fungus Phanerochaete 103 

chrysosporium is capable of transforming linear alkylbenzensulfonates without desulfonation 104 

(Yadav et al., 2001), and fungal laccases and peroxidases used for decolorization of 105 

sulfonated dyes do not remove the sulfonate group of the target molecule (Wesenberg et al., 106 

2003), suggesting that desulfonation is a bacterial process (Kertesz et al., 2007). Bacteria have 107 

been often reported to support fungal wood decay (De Boer et al., 2004; Jakobs-Schönwandt 108 

et al., 2010; Weißhaupt et al., 2010) and this could also be the case with the mobilization of 109 

organically bound S. 110 
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 Functional S groups at low concentrations can be measured by the synchrotron-based 111 

spectroscopic method S K-edge X-ray Absorption Near Edge Spectroscopy (XANES) that 112 

identifies S oxidation states (-1 to +6), which are representative for disulfides and thiols 113 

(reduced S), sulfoxides and sulfonates (intermediate S), and sulfate-esters and sulfates 114 

(oxidised S) (Table 1).  XANES has already been successfully used to identify S species in 115 

different environments such as wood (Fairchild et al., 2009; Fors et al., 2008) and soil (Zhao 116 

et al., 2006). The aim of this study was to identify the S species in pine and beech wood, and 117 

investigate the transformation of the wood S into the fungal biomass as sole source of S by 118 

characteristic wood-degrading fungi alone and with the addition of bacterial strains identified 119 

to be effective in the assimilation of sulfonate S.  120 

 121 

 122 

2. Materials and Methods 123 

 124 

2.1 Incubation of basidiomycetes 125 

The basidiomycetes Lentius cyathiformis (CTB 67-02), Trametes versciolor (CTB 126 

863), Oligopurs placenta (FPRL 280) and Gloeophyllum trabeum (BAM Ebw. 109) were 127 

taken from malt extract agar (5 g malt extract, 15 g Agar L
-1

) of the BAM strain collection 128 

(https://www.webshop.bam.de; Germany). Choice of fungi, incubation settings and wood 129 

sterilization were carried out according to EN 113 (EN113, 1996). Beech wood was sourced 130 

from a forest from Brandenburg (Germany), while pine wood was sourced from a Bavarian 131 

forest (Germany) as purchased by a national timber trade. Sap wood blocks were cut to a size 132 

of (30 mm x 30 mm) to receive a large cross section area to enhance basidiomycetal wood 133 

decay. Sterile beech wood blocks were inoculated with strain L. cyathiformis and T. 134 

versciolor, respectively, whereas sterile pine wood blocks were inoculated with O. placenta 135 

and G. trabeum, respectively. Inoculations were carried out in triplicates and incubated 136 

aerobically at sterile conditions, 22°C and 70% air humidity in Petri dishes with wet sterilized 137 

cotton as described previously (EN113, 1996) and were kept free of any additional nutrient 138 

source.  139 

 To minimize S storage of the fungi derived from malt extract agar, wood blocks 140 

overgrown with mycelium were cut into quarters (15 mm x 15 mm) and were used to 141 

inoculate sterile wood blocks by transferring a colonised quarter wood block on top of a 142 

sterile wood block. Three of the four quarter wood blocks were used to inoculate new wood 143 

blocks and therefore tripling the number of inoculations after each transfer. Transfers were 144 

conducted three times after seven, five and seven weeks of incubation (to obtain 324 wood 145 

blocks with fungal decay in total). In parallel, non-inoculated sterilized wood blocks were 146 

transferred as negative controls. At the last transfer to three of the wood block incubations of 147 

each fungus the bacterial desulfonating strains Rhodococcus sp. P14D10 (isolated from wheat 148 

rhizosphere, (Schmalenberger et al., 2009)) and Variovorax paradoxus
T
 (DSM30034, 149 

(Schmalenberger and Kertesz, 2007)), respectively, and a combination of R. sp. P14D10 and 150 

V. paradoxus were added. Each bacterial strain was incubated for 7 days at 20 °C in liquid 151 

minimal media (Beil et al., 1995) and approximately 3 x 10
9
 to 6 x 10

9
 cells were added per g 152 

wood block as estimated with a Thoma counting chamber of the respective inoculum.  153 

 Wood block samples were used for growth experiments in liquid medium (20 ml) and 154 

on plates solidified with low sulfate agarose (Schmalenberger et al., 2010) using i.) minimal 155 

medium for bacteria minimal media, (Beil et al., 1995), ii.) modified Melin-Norkrans (MMN) 156 

(Marx, 1969) without malt extract and, iii.) modified Rorison medium (Hewitt, 1966). All 157 

three media had their S supplemented with defined S sources (see below) as well as without 158 

any S source as negative control. The application of an array of minimal media was conducted 159 

in order to find a malt extract free medium (due to high S content in malt extract) where the 160 

fungi from this study were capable to grow sufficiently. Fungal growth after 24 days of 161 
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incubation at 22°C on solid media was ranked of three independent incubations of each 162 

fungus and S source by visual growth.  163 

  164 

2.2 Synchrotron studies  165 

  166 

S K-edge XANES analysis were employed at the XAS beamline (ANKA, Karlsruhe, 167 

Germany; http://ankaweb.fzk.de). The X-ray source of the ANKA XAS beamline is a 168 

1.5 Tesla bending magnet.  The fixed exit monochromator of the XAS beamline was operated 169 

in step by step mode using the Si111 crystal pair. In order to suppress the higher harmonics, a 170 

detuning to 70 % of the maximum beam intensity was used. An ionisation chamber to 171 

measure the primary flux and an energy dispersive detector (SDD - Silicon Drift Detector) to 172 

measure the fluorescence signal were used.  173 

To build a reference library of S compounds and their oxidation state on a wooden matrix for 174 

a linear combination fitting of XANES data sets, sterilized pine wood blocks were 175 

supplemented with S 1 mg g
-1

 wood (dry weight) of i.) 1,4-dithioerythritol, ii.) L-cysteine, iii.) 176 

sodium dodecyl sulfate (SDS), iv.) sodium sulfide, v.) dimethyl sulfoxide (DMSO), vi.) 177 

lignosulfonate, vii.) toluenesulfonate, viii.) pentanesulfonate, ix.) sodium sulfate and measured 178 

with XANES. 1 mg S g
-1

 wood was chosen to retrieve a clear XANES spectrum for each S 179 

source independently from the natural S sources of wood that was not detectable in 180 

comparison to the applied standards. Wood matrix was used for standards in order to exclude 181 

any potential effects of the wood matrix onto the spectra. However, spectra obtained from this 182 

study were in accord with previous studies of pure compounds (Morra et al., 1997; Pickering 183 

et al., 2001). 184 

 Wood blocks were split in halves (to fit in the sample holder) and measured directly (1.5 185 

x 3 x 0.4 cm). Initial trials revealed that the powdered wood samples on Kapton tape (DuPont, 186 

Wilmington, DE) produced lower quality readings in transmission and reflection mode, 187 

compared to entire wood block analysis in reflection mode. The fungal and fungal-bacterial 188 

surface biomass, respectively, were scratched from the wood blocks. Separated surface 189 

biomass and the corresponding wood blocks were measured in reflection mode. Pine and 190 

beech wood blocks from the control experiments without microbes were measured as 191 

controls. The photon energy of the primary beam was varied around the S absorption edge at 192 

2472 eV and scans were carried out at 2464 eV to 2510 eV in steps of 1 eV (2464-2468) and 193 

0.2 eV (2468-2510) respectively in order to identify the different oxidation states of S (Table 194 

1). Exposure of the sample to the monochromatic beam was 10 s per step and three replicate 195 

measurements were collected for each sample (140 min / sample). 196 

 197 

2.3 Quantification of total S content and sulfate  198 

The wood blocks used for XANES measurements were thereafter milled by a planetary 199 

ball mill to receive homogenized samples as described earlier (Noll et al.). The total S content 200 

was determined with the total S analyser TS 3000 with UV fluorescence detector (Thermo 201 

Fisher Scientific, Waltham, MA). The matrix independent analyses of TS 3000 was complied 202 

with the ASTM D5453 methodology for the determination of total S. The samples were 203 

pyrolysed at 1000 °C under controlled conditions that ensured complete combustion of S into 204 

sulfur dioxide. The procedure was calibrated by using thianthrene doped clay. Water soluble 205 

sulfate from the analysed samples was quantified after maceration of sub samples via IC 206 

analysis in three replicate measurements as described earlier (Schmalenberger et al., 2010).  207 

 208 

2.4 Data analysis  209 

 XANES spectra were exported as text files and subsequently loaded into the software 210 

package IFEFFIT (Newville, 2001) (http://cars9.uchicago.edu/ifeffit/) and were further 211 

analysed with the software Athena (Ravel and Newville, 2005) and WinXAS 212 

(http://www.winxas.de) (Ressler, 1998). XANES spectra were normalized and after baseline 213 
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subtraction a linear combination fit with standards from this study was carried out to identify 214 

major shifts in the XANES spectra by reporting only changes in three basic categories of 5-215 

10, 10-20 and over 20 %.  216 

 217 

 218 

3. Results 219 

  220 

3.1 Fungal growth on minimal media with defined S sources  221 

 All fungal strains grew better on a MMN medium variation from this study with sulfate 222 

as sole S source than without S source (Table 2) but only G. trabeum showed maximum 223 

growth with sulfate. O. placenta, T. versicolor and L. cyathiformis showed maximum growth 224 

with cysteine and sulfonates while DMSO and SDS resulted in lower growth rates (Table 2). 225 

L. cyathiformis showed limited growth on any of the offered S sources. Cultivation in 226 

alternative liquid and solidified media without malt extract (minimal medium and Rorison, 227 

see materials and methods) did not result into reliable growth of biomass (data not shown). 228 

 229 

3.2 Sulfate and total S concentrations in incubated wood blocks  230 

 Pine wood from this study contained very low concentration of sulfate, which was less 231 

than 3% of the total S (Table 3). However, the beech wood in this study contained almost 20 232 

times higher sulfate concentration and double the amount of total S compared to pine wood. 233 

Incubation of beech wood with L. cyathiformis increased the amount of sulfate, while 234 

incubation with T. versicolor led to a decreased amount of sulfate. Incubation of fungi on pine 235 

wood resulted in increased concentrations of sulfate. In particular, O. placenta was 236 

characterized with 12 fold higher sulfate concentration whereas G. trabeum almost doubled 237 

the concentration of sulfate (Table 3). While total S concentrations were maintained at 238 

approx. 100 µg g-1
 for beech and 50 µg g-1

 for pine, incubation with O. placenta seemed to 239 

increase the level of total S in pine wood, but this increase was not repeated with pine wood 240 

incubated with O. placenta and the desulfonating bacterium V. paradoxus. However, mass 241 

loss during incubation of up to 46% was not factored in at this stage. 242 

 243 

3.3 Identification of different S oxidation states employing XANES  244 

 A calibration of the XANES spectra was carried out to correlate the oxidation states of 245 

the S species (-2 to +6) to the corresponding absorption maxima (Fig. 1). All S oxidation 246 

states of the standards could be distinguished (Table 1). These findings in these three major 247 

groups of reduced S (sulfide, disulfide, thiol), intermediate S (sulfoxide and sulfonate) and 248 

oxidised S (sulfate and sulfate-ester) were in line with earlier findings recorded by Salomon 249 

and colleagues  (Solomon et al., 2003).   250 

 251 

3.4 Changes in the S oxidation status in wood after fungal colonization and degradation 252 

 XANES spectra of beech wood showed that about half of the wood S is comprised of 253 

oxidised S (sulfate-ester, sulfate) (Fig. 2, Table 4) and about 80% of this oxidized group was 254 

related to sulfate-esters (Table 3). The other identified S species were reduced S thiol and 255 

intermediate S sulfoxide and sulfonates and made up the other half of the total S with similar 256 

amounts of less than 20% each. T. versicolor incubated on beech wood showed the 257 

preferential use of oxidised S and reduced S thiol while incubation of L. cyathiformis on 258 

beech wood revealed a preferential utilization of the intermediate S sulfoxide (Table 4, Fig. 259 

2). The fungal biomass of both beech wood-degrading fungi, however, contained a high 260 

amount of reduced S thiol.  261 

 Pine wood had very low levels of inorganic sulfate (Table 3), and therefore the affiliated 262 

oxidised S concentration was almost exclusively comprised by sulfate-esters. This oxidised S 263 

sulfate-ester was the largest S fraction in pine wood, followed by the reduced S thiol and the 264 
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intermediate S sulfonate and sulfoxides (Table 4, Fig. 3). Pine wood degraded by G. trabeum 265 

was characterised by a preferential use of oxidised S sulfate-esters resulting into a spectrum 266 

dominated by the intermediate S sulfonate signal, and its biomass was also characterized by a 267 

sulfonate signal (Fig. 3). In contrast, O. placenta preferentially utilized reduced S thiol . The 268 

biomass of G. trabeum and O. placenta contained large amounts of reduced S thiol but . 269 

trabeum also contained amounts of intermediate S sulfoxides and sulfonates that were higher 270 

than the concentrations found in pine wood. 271 

 Decayed pine and beech wood showed a relative increase of intermediate S sulfonates 272 

compared to the other S groups (Table 4). In contrast, the intermediate S sulfoxide remained 273 

before and after fungal decay relatively stable compared to the other S groups.  274 

 275 

3.5 Changes in the S oxidation status in wood after fungal and bacterial colonization and 276 

degradation  277 

 Pine wood incubated with both O. placenta and the desulfonating bacterial strain V. 278 

paradoxus and R. sp. P14D10, respectively, revealed that the co-inoculated bacteria had only 279 

little effect on shifts of the S K-edge XANES signal in degraded pine wood (Fig. 4, Table 4). 280 

The co-incubation of O. placenta and V. paradoxus resulted into a lower reduction of reduced 281 

S thiol, a slightly higher level of intermediate S sulfoxides and no increase of intermediate S 282 

sulfonates when compared to pine wood decayed by O. placenta alone. The co-incubation of 283 

O. placenta and R. sp. P14D10 revealed only a slight increase of the oxidised S when 284 

compared to the incubation of pine and fungus alone. 285 

 286 

 287 

4. Discussion 288 

 289 

 Up to date, very little is known about the ability of wood-degrading fungi to mineralize 290 

sulfur (S) compounds in wood and whether these fungi are in an interaction with sulfonate 291 

mineralizing bacteria to access sulfonate S from wood. This study investigated the fungal and 292 

fungal-bacterial utilization of different S species from wood in situ through the identification 293 

of the S oxidation states present using XANES and the fungal abilities to utilize selected S 294 

sources in vitro.  295 

 Early reports have already shown that wood-degrading fungi prefer defined wood 296 

species as substrate (Fengel and Wegener, 1984) and the tested wood-degrading fungi 297 

differed in their carbon traits significantly to each other (Hibbett and Donoghue, 2001). The 298 

tested wood-degrading fungi were described as the main rotters of the respective wood 299 

species (Fengel and Wegener, 1984) and were therefore introduced here under the same 300 

incubation conditions and wood species as described earlier (EN113, 1996). The mass loss of 301 

88 incubations of O. placenta, T. versicolor, G. trabeum, and L. cyathiformis was in 302 

arithmetic average 46%, 39%, 35% and 25%, respectively, after 10 weeks of incubation 303 

(personal communication, Dr. Ina Stephan, BAM), indicating that each fungus has its 304 

respective efficiency in wood decay. Indeed, comparison of genome, transcriptome and 305 

secretome analysis of the brown-rot fungus O. placenta and Phanerochaete chrysosporium 306 

supported that an evolutionary shift took place from white-rot to brown-rot during which the 307 

capacity for efficient depolymerisation of lignin was lost (Martinez et al., 2009). In 308 

conclusion, S related degradation pathways could also differ between white and brown rotters. 309 

Indeed, this study found substantial differences in the way and amount of functional S 310 

degradation of wood-degrading fungi at their preferred wood substrate. Changes in the S 311 

oxidation states during wood degradation in situ indicated that oxidised S sulfate-esters are 312 

the preferred S source of the wood-degrading fungi T. versicolor and G. trabeum (Figs. 2 and 313 

3, Tab. 3). However, T. versicolor and in particular O. placenta also utilized reduced S thiol 314 

e.g. cysteine. Only L. cyathiformis preferentially utilized intermediate S sulfoxides (Fig. 2; 315 
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Tab. 3). In this study, the bulk of the microbial biomass was separated from the wood surface. 316 

As a consequence, the analysis of the corresponding incubated wood blocks includes sub-317 

surface mycelium. Therefore, this study does not attempt to give a quantitative account of the 318 

S oxidation states in the degraded wood and reports trends in the changes of the S oxidation 319 

states instead (Tab.3). Sulfate-esters have been found to be important for osmoregulation in 320 

many plants and fungi (Osteras et al., 1998). For example, choline-O-sulfate has been 321 

identified as a potent osmoprotectant in some plants (Csonka and Hanson, 1991; Koshino et 322 

al., 1993; Lamark et al., 1996). However, its function in fungi is also related to S storage 323 

(Lamark et al., 1991; Landfald and Strom, 1986; Osteras et al., 1998) and would explain the 324 

presence of oxidized S in the fungal biomass (Fig. 3) while XANES spectra from the biomass 325 

of bacteria used in this study showed only the presence of reduced S (data not shown). 326 

 The intracellular subsequent deployment of degraded S compounds differed to each 327 

fungus (Tab. 3). All analysed fungi increased the reduced S thiol in the biomass compared to 328 

wood, which suggests an incorporation of the wood S into fungal biomass. G. trabeum also 329 

increased the intermediate S sulfoxide and sulfonate, which can be explained through a 330 

storage capability of wood S within the fungus. However, this needs to be explored further.  331 

Our results from the fungal in vitro cultivation suggest that intermediate S sulfonates can be 332 

used as S source by wood-degrading fungi too. The growth of G. trabeum on agarose plates 333 

without added S source was much lower when compared to agarose plates with the addition 334 

of sulfonates. In contrast, XANES spectra taken from wood blocks degraded by fungi only 335 

showed no evidence of the use of S from sulfonate. In particular, the XANES spectra of pine 336 

wood degraded by G. trabeum highlighted the presence of intermediate S sulfonate in 337 

comparison to non-degraded pine wood. Interestingly, Chen (1992) found that a chemical 338 

reaction of wood with para-toluene sulfonyl chloride to wood bonded sulfonates resulted in 339 

decelerated wood degradation by G. trabeum (Chen, 1992). These findings suggest that not 340 

only the presence but also the way how the sulfonate groups are bonded to the wood material 341 

have an impact on its accessibility as S source. Nevertheless, the results from the XANES 342 

spectra also suggested a limited utilization of wood sulfonates in co-incubation with the 343 

bacterium V. paradoxus. This bacterium has been identified in the past to utilize sulfonates in 344 

rhizospheres of crops (Schmalenberger et al., 2008; Schmalenberger and Kertesz, 2007) and 345 

grassland (Schmalenberger et al., 2010), and could be responsible for utilizing some of the 346 

wood sulfonates. 347 

 Apart from L. cyathiformis, all tested wood-degrading fungi grew better in vitro with 348 

cysteine or sulfonate as S source than with sulfate, which suggest that their S assimilation 349 

pathways could be adapted to organo-S compounds. Indeed, eukaryotes have a protein 350 

recycling system which includes the recycling of bound S and is linked to the F-box domain. 351 

In Saccharomyces cerevisiae the Met30 and Met4 F-box proteins regulate the incorporation of 352 

degraded S compounds into biomass structures such as proteins, sulfolipids and FeS cores of 353 

enzymes (Jonkers and Rep, 2009). The uptake of proteins with reduced S (e.g. cysteine) could 354 

lead to the repression of sulfate uptake and the decrease of the reduction rate of oxidised S 355 

compounds. Moreover, incorporation of oxidised S sulfate into fungal biomass is 356 

disadvantageous as it needs to be reduced via the assimilatory pathway where two activation 357 

stages have to be carried out and eight electrons have to be supplied to reduce sulfate to 358 

sulfide (Leustek, 1996). Energetically, it might be much more efficient to transfer the reduced 359 

S group from organic S compounds into fungal biomass compounds such as thiol in wood.  360 

 In soils, sulfate-esters (oxidised S) and sulfonates (intermediate S) represent the 361 

dominant S oxidation status and soils are the habitat of most saprophytic fungi. Therefore, 362 

wood-degrading fungi may access, besides S fraction from wood, also organic S fractions 363 

from soil. Indeed, many saprophytic fungi are sulfatase active (Marzluf, 1997) and most likely 364 

contribute to the soil sulfatase activity that serves as a proxy for soil fertility and health 365 

(Tabatabai and Bremner, 1970). 366 

  367 
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 The aim of this study was to identify trends in the utilization of S sources by wood-368 

degrading fungi when growing on wood as sole carbon and nutrient source. The analysis of 369 

XANES spectra confirmed the widespread usage of sulfate-esters as S source and revealed as 370 

novel S source the fungal use of thiol and to a minor importance also the use of sulfoxide. 371 

However, the growth on sulfonates as S source was only found in vitro on agarose plates. The 372 

co-inoculation with selected desulfonating bacteria on wood showed only minor trends that 373 

suggest changes in the S functional groups. The results of this study allowed a first glimpse at 374 

the utilization of S sources among wood-degrading fungi, where S utilization is not uniform 375 

but highly complex. 376 

 377 
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Figure legends: 386 

 387 

Fig. 1. Normalised and stacked S K-Edge XANES spectra from reduced and oxidised sulfur 388 

(S) sources from standard chemical compounds (bottom up) thiol (cysteine), sulfoxide 389 

(dimethylsulfoxide), alkylsulfonate (pentanesulfonate) ,sulfate and sulfate-ester 390 

(sodiumdodecylsulfate, sulfate), arylsulfonate (toluenesulfonate) and a combined fit of the 391 

standards. 392 

 393 

Fig. 2. Normalised and stacked S K-Edge XANES spectra from A) combined fit of the 394 

standards, beech wood blocks, beech wood blocks after incubation with Trametes versicolor 395 

and T. versicolor biomass after wood degradation (bottom up) B) combined fit of the 396 

standards, beech wood blocks, beech wood blocks after incubation with Lenthius cyathiformis 397 

and L. cyathiformis biomass after wood degradation (bottom up). 398 

 399 

Fig. 3. Normalised and stacked S K-Edge XANES spectra from A) combined fit of the 400 

standards, pine wood blocks, pine wood blocks after incubation with Oligoporus placenta and 401 

O. placenta biomass after wood degradation (bottom up) B) combined fit of the standards, 402 

pine wood blocks, pine wood blocks after incubation with Gloeophyllum trabeum and G. 403 

trabeum biomass after wood degradation (bottom up). 404 

 405 

Fig. 4. Normalised and stacked S K-Edge XANES spectra from A) combined fit of the 406 

standards, pine wood blocks, pine wood blocks after incubation with Oligoporus placenta and 407 

Variovorax paradoxus, and O. placenta and V. paradoxus biomass after wood degradation 408 

(bottom up) B) combined fit of the standards, pine wood blocks, pine wood blocks after 409 

incubation with O. placenta and Rhodococcus sp. P14D10 and O. placenta and R. sp. P14D10 410 

biomass after wood degradation (bottom up). 411 

 412 

413 
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Table 1 Fuctional S groups, configuration, oxidation status and photon energy. 414 

 415 

Functional S group Configuration Oxidation Status Photon energy (eV)* 

Sulfide  -2 (reduced) 2471.8  

Disulfide R-S-S-R -1 / 0 (reduced) 2472.4  

Thiol R-S-H -1 / +0.5 (reduced) 2472.4 

Sulfoxide R-(S=O)-R +2 (intermediate) 2475.4 

Sulfonates R-C-SO3 +5 (intermediate) 2480.2-2480.4 

Sulfate-ester R-O-SO3 +6 (oxidised) 2481.6 

Sulfate SO4 +6 (oxidised) 2481.6 

* Photon energy were revealed by XANES measurements after addition of representative 416 

functional S compounds in wood (see details in Material and Methods).   417 

 418 

Table 2 Fungal growth in MMN medium with various sulfur sources after 3 weeks of 419 

incubation at 25°C. Ranking are means of three replicate measurements. 420 

 421 

Fungal species Sulfur free Sodium 

sulfate 

Cysteine DMSO SDS Pentane 

sulfonate 

Toluene 

sulfonate 

Gloeophyllum trabeum A C-D B-C C A C C 

Oligoporus placenta B C C-D B-D A-B C-D D 

Trametes versicolor A C D B - B C 

Lentius cyathiformis - A A-B A-B A-B A-C A-B 

 422 

- = no growth 

A = Initial growth beyond inoculum  

B = Initial growth on medium 

C = Substantial growth on medium 

D = Medium completely overgrown 

 423 

 424 

Table 3 Sulfate and total sulfur (S) concentrations in incubated wood blocks. Means ± 425 

standard deviation (SD) of two replicate measurements. 426 

 427 

Analyzed wood blocks Total S 

(µg g-1
) 

 

± SD 

Sulfate-S  

(µg g-1
) 

 

± SD 

Sulfate 

(%) 

Pine 50.0 2.1 1.2 0.4 2.4 

Beech 106.4 7.5 20.2 0.4 19.0 

Beech with L. cathyiformis 117.5 33.1 32.9 1.4 28.0 

Beech with T. versicolor 94.5 25.8 12.7 0.8 13.4 

Pine with O. placenta 108.0 5.2 15.3 1.2 14.2 

Pine with G. trabeum 42.6 0.1 2.0 0.1 4.7 

Pine with V. paradoxus 56.5 7.9 11.4 2.9 20.2 

Pine with R. sp. P14D10 65.4 3.3 5.6 0.8 8.6 

Pine with O. placenta and V. paradoxus 57.0 3.8 11.6 0.1 20.4 

Pine with O. placenta and R. sp. P14D10 77.5 17.4 9.5 0.2 12.2 

 428 

429 
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Table 4 Estimated shifts in XANES spectra (ATHENA linear combination fit). Ranking are 430 

means of three replicate measurements.  431 

 432 

Analyzed wood blocks  

 

thiol sulfoxide sulfonate sulfate 

(ester) 

-1/0 +2 +5 +6 

Beech (portion in %) 15-20 10-20 15-20 45-55 

Beech with T. versicolor -A N +B -B 

T. versicolor (beech) +C N N -B 

Beech with L. cathyiformis +A -A N N 

L. cathyiformis (beech) +C N -B -C 

Pine (portion in %) 30-35 10-15 15-20 35-40 

Pine with O. placenta -B N +A N 

O. placenta (pine) +B N -A -A 

Pine with G. trabeum N +A +B -B 

G. trabeum (pine) +A +A +A -B 

Pine with O. placenta and R. P14D10 -B N +A +A 

O. placenta and R. P14D10 (pine) +B +A -A -B 

R. P14D10 (pine) +C N -A -C 

Pine with O. placenta and V.paradoxus -A +A N N 

O. placenta and V. paradoxus (pine) +C N -A -C 

 433 

N = no changes 434 

+/-A = small changes of 5-10% 435 

+/-B = substantial changes of 10-20% 436 

+/-C = large changes >20% 437 

 438 

 439 

440 



 13

References: 441 

 442 

Autry, A.R., Fitzgerald, J.W., 1990. Sulfonate S - A major form of forest soil organic sulfur. 443 

Biol. Fertil. Soils 10, 50-56. 444 

Beil, S., Kehrli, H., James, P., Staudenmann, W., Cook, A.M., Leisinger, T., Kertesz, M.A., 445 

1995. Purification and characterization of the arylsulfatase synthesized by Pseudomonas 446 

aeruginosa PAO during growth in sulfate-free medium and cloning of the arylsulfatase gene 447 

(atsA). Eur. J. Biochem. 229, 385-394. 448 

Chen, G.C., 1992. Fungal resistance of loblolly-pine reacted with para-toluene sulfonyl 449 

chloride or isocyanate. Wood Fiber Sci. 24, 161-167. 450 

Csonka, L.N., Hanson, A.D., 1991. Procaryotic osmoregulation - genetics and physiology. 451 

Annu. Rev. Microbiol. 45, 569-606. 452 

De Boer, W., Folman, L.B., Summberbell, R.C., Boddy, L., 2004. Living in a fungal world: 453 

impact of fungi on soil bacterial niche development. FEMS Microbiol Rev 29, 795-811. 454 

EN113, 1996. Wood preservatives. Test method for determining the protective effectiveness 455 

against wood destroying basidiomycetes. Determination of the toxic values, In: 456 

Standardization, E.C.f. (Ed.), Brussels. 457 

Fairchild, II, Loader, N.J., Wynn, P.M., Frisia, S., Thomas, P.A., Lageard, J.G., De Momi, A., 458 

Hartland, A., Borsato, A., La Porta, N., Susini, J., 2009. Sulfur fixation in wood mapped by 459 

synchrotron X-ray studies: implications for environmental archives. Environ. Sci. Technol. 460 

43, 1310-1315.Fengel, D., Wegener, G., 1984. Wood chemistry, ultrastructure, reactions. 461 

Walter de Gruyter & Co, Berlin. 462 

Fors, Y., Nilsson, T., Risberg, E.D., Sandström, M., Torssander, P., 2008. Sulfur 463 

accumulation in pinewood (Pinus sylvestris) induced by bacteria in a simulated seabed 464 

environment: Implications for marine archaeological wood and fossil fuels. Int. Biodeter. 465 

Biodegrad. 62, 336-347. 466 

Fors, Y., Sandstrom, M., 2006. Sulfur and iron in shipwrecks cause conservation concerns. 467 

Chem. Soc. Rev. 35, 399-415. 468 

Hewitt, E.J., 1966. Sand and Water Culture Methods used in the Study of Plant Nutrition. 469 

Technical Communication No. 22 Commonwealth Bureau of horticulture plantation crops 470 

GB. 471 

Hibbett, D.S., Donoghue, M.J., 2001. Analysis of character correlations among wood decay 472 

mechanisms, mating systems, and substrate ranges in homobasidiomycetes. Syst. Biol. 50, 473 

215-242. 474 

Jakobs-Schönwandt, D., Mathies, H., Abraham, W.R., Pritzkow, W., Stephan, I., Noll, M., 475 

2010. Biodegradation of a biocide (Cu-HDO) as part of a wood preservative by a defined soil 476 

bacterial community. Appl. Environ. Microbiol. 73, 8076-8083. 477 

Jonkers, W., Rep, M., 2009. Lessons from fungal F-box proteins. Eukaryot. Cell 8, 677-695. 478 

Kertesz, M.A., Fellows, E., Schmalenberger, A., 2007. Rhizobacteria and plant sulfur supply. 479 

Adv. Appl. Microbiol. 62, 235-268. 480 

Kertesz, M.A., Mirleau, P., 2004. The role of soil microbes in plant sulfur nutrition. J. Exp. 481 

Bot. 55, 1939-1945. 482 

Koshino, H., Masaoka, Y., Ichihara, A., 1993. A benzofuran derivative released by Fe-483 

deficient Medicago sativa. Phytochemistry 33, 1075-1077. 484 

Lamark, T., Kaasen, I., Eshoo, M.W., Falkenberg, P., McDougall, J., Strom, A.R., 1991. 485 

DNA-sequence and analysis of the bet genes encoding the osmoregulatory choline betaine 486 

pathway of Escherichia coli. Mol. Microbiol. 5, 1049-1064. 487 

Lamark, T., Rokenes, T.P., McDougall, J., Strom, A.R., 1996. The complex bet promoters of 488 

Escherichia coli: Regulation by oxygen (ArcA), choline (BetI), and osmotic stress. J. 489 

Bacteriol. 178, 1655-1662. 490 

Landfald, B., Strom, A.R., 1986. Choline-glycine betaine pathway confers a high-level of 491 

osmotic tolerance in Escherichia coli. J. Bacteriol. 165, 849-855. 492 



 14

Leustek, T., 1996. Molecular genetics of sulfate assimilation in plants. Physiol. Plantarum 97, 493 

411-419. 494 

Martinez, D., Challacombe, J., Morgenstern, I., Hibbett, D., Schmoll, M., Kubicek, C.P., 495 

Ferreira, P., Ruiz-Duenas, F.J., Martinez, A.T., Kersten, P., Hammel, K.E., Wymelenberg, 496 

A.V., Gaskell, J., Lindquist, E., Sabat, G., BonDurant, S.S., Larrondo, L.F., Canessa, P., 497 

Vicuna, R., Yadav, J., Doddapaneni, H., Subramanian, V., Pisabarro, A.G., Lavin, J.L., 498 

Oguiza, J.A., Master, E., Henrissat, B., Coutinho, P.M., Harris, P., Magnuson, J.K., Baker, 499 

S.E., Bruno, K., Kenealy, W., Hoegger, P.J., Kues, U., Ramaiya, P., Lucash, S., Salamov, A., 500 

Shapiro, H., Tu, H., Chee, C.L., Misra, M., Xie, G., Teter, S., Yaver, D., James, T., Mokrejs, 501 

M., Pospisek, M., Grigoriev, I.V., Brettin, T., Rokhsar, D., Berka, R., Cullen, D., 2009. 502 

Genome, transcriptome, and secretome analysis of wood decay fungus Postia placenta 503 

supports unique mechanisms of lignocellulose conversion. Proc. Natl. Acad. Sci. U. S. A. 504 

106, 1954-1959. 505 

Marx, D.H., 1969. Influence of ectotrophic mycorrhizal fungi on resistance of pine roots to 506 

pathogenic infections. I. Antagonism of mycorrhizal fungi to root pathogenic fungi and soil 507 

bacteria. Phytopathology 59, 153-&. 508 

Marzluf, G.A., 1997. Molecular genetics of sulfur assimilation in filamentous fungi and yeast. 509 

Annu. Rev. Microbiol. 51, 73-96. 510 

McGrath, S.P., Zhao, F.J., 1995. A risk assessment of sulfur deficiency in cereals using soil 511 

and atmospheric deposition data. Soil Use Manage. 11, 110-114. 512 

Morra, M.J., Fendorf, S.E., Brown, P.D., 1997. Speciation of sulfur in humic and fulvic acids 513 

using X-ray absorption near-edge structure (XANES) spectroscopy. Geochim. Cosmochim. 514 

Acta 61, 683-688. 515 

Newville, M., 2001. EXAFS analysis using FEFF and FEFFIT. J. Synchr. Rad. 8, 96-100. 516 

Noll, M., Naumann, A., Ferrero, F., Malow, M., 2010. Exothermic processes in industrial-517 

scale piles of chipped pine-wood are linked to shifts in gamma-, alphaproteobacterial and 518 

fungal ascomycete communities. Int. Biodeter. Biodegrad. 64, 629-637. 519 

Novak, M., Jackova, I., Zemanova, L., Fottova, D., Prechova, E., Buzek, F., Erbanova, L., 520 

2009. Controls on sulfur content in tree rings of Norway spruce and European beech at a 521 

heavily polluted site. Geochem. J. 43, E1-E4. 522 

Omar, S.A., Abd-Alla, M.H., 2000. Physiological aspects of fungi isolated from root nodules 523 

of faba bean (Vicia faba L.). Microbiol. Res. 154, 339-347. 524 

Osteras, M., Boncompagni, E., Vincent, N., Poggi, M.C., Le Rudulier, D., 1998. Presence of a 525 

gene encoding choline sulfatase in Sinorhizobium meliloti bet operon: Choline-O-sulfate is 526 

metabolized into glycine betaine. Proc. Natl. Acad. Sci. U. S. A. 95, 11394-11399. 527 

Pickering, I.J., George, G.N., Yu, E.Y., Brune, D.C., Tuschak, C., Overmann, J., Beatty, J.T., 528 

Prince, R.C., 2001. Analysis of sulfur biochemistry of sulfur bacteria using X-ray absorption 529 

spectroscopy. Biochem. 40, 8138-8145. 530 

Ravel, B., Newville, M., 2005. ATHENA, ARTEMIS, HEPHAESTUS: Data analysis for X-531 

ray absorption spectroscopy using IFEFFIT. J. Synchr. Rad. 12, 537-541. 532 

Ressler, T., 1998. WinXAS: a program for X-ray absorption spectroscopy data analysis under 533 

MS-Windows. J. Synchrotron Rad. 5, 118-122. 534 

Sandstrom, M., Jalilehvand, F., Damian, E., Fors, Y., Gelius, U., Jones, M., Salome, M., 535 

2005. Sulfur accumulation in the timbers of King Henry VIII's warship Mary Rose: a pathway 536 

in the sulfur cycle of conservation concern. Proc. Natl. Acad. Sci. U. S. A.  102, 14165-537 

14170. 538 

Schmalenberger, A., Hodge, S., Bryant, A., Hawkesford, M., Singh, B., Kertesz, M.A., 2008. 539 

The role of Variovorax sp. and other Comamonadaceae in desulfonation of aromatic 540 

sulfonates in the rhizosphere of wheat exposed to different types of sulfur fertilization. 541 

Environ. Microbiol. 10, 1486-1500. 542 



 15

Schmalenberger, A., Hodge, S., Hawkesford, M.J., Kertesz, M.A., 2009. The sulfonate 543 

mineralization capability of the genus Rhodococcus in wheat rhizosphere communities 544 

exposed to different sulfur fertilization regimes. FEMS Microbiol. Ecol. 67, 140-150. 545 

Schmalenberger, A., Kertesz, M.A., 2007. Desulfurization of aromatic sulfonates by 546 

rhizosphere bacteria - high diversity of the asfA gene. Environ. Microbiol. 9, 535-545. 547 

Schmalenberger, A., Telford, A., Kertesz, M.A., 2010. Sulfate treatment affects desulfonating 548 

bacterial community structures in Agrostis rhizospheres as revealed by functional gene 549 

analysis based on asfA. Eur. J. Soil Biol. 46, 248-254. 550 

Schmitz, H., Kaufert, F., 1936. The effect of certain nitrogenous compounds on the rate of 551 

decay of wood. Am. J. Bot. 23, 577-634. 552 

Solomon, D., Lehmann, J., Martinez, C.E., 2003. Sulfur K-edge XANES spectroscopy as a 553 

tool for understanding sulfur dynamics in soil organic matter. Soil Sci. Soc. Am. J. 67, 1721-554 

1731. 555 

Sterner, R.W., Elser, J.J., 2002. Ecological Stoichiometry: the biology of elements from 556 

molecules to the biosphere. Princeton University Press, Princeton. 557 

Struis, R.P.W.J., Ludwig, C., Barrelet, T., Krahenbuhl, U., Rennenberg, H., 2008. Studying 558 

sulfur functional groups in Norway spruce year rings using S L-edge total electron yield 559 

spectroscopy. Sci. Total Environ. 403, 196-206. 560 

Tabatabai, M.A., Bremner, J.M., 1970. Arylsulfatase activity of soils. Proc. Soil Sci. Soc. 561 

Amer. 34, 225-229. 562 

Tlalka, M., Fricker, M., Watkinson, S., 2008. Imaging of long-distance {alpha}-563 

aminoisobutyric acid translocation dynamics during resource capture by Serpula lacrymans. 564 

Appl. Environ. Microbiol. 74, 2700-2708. 565 

Weißhaupt, P., Pritzkow, W., Noll, M., 2011. Nitrogen metabolism of wood decomposing 566 

basidiomycetes and their interaction with diazotrophs as revealed by IRMS. Int. J. Mass 567 

Spec., doi:10.1016/j.ijms.2010.1012.1011. 568 

Wesenberg, D., Kyriakides, I., Agathos, S.N., 2003. White-rot fungi and their enzymes for the 569 

treatment of industrial dye effluents. Biotechnol. Adv. 22, 161-187. 570 

Yadav, J.S., Lawrence, D.L., Nuck, B.A., Federle, T.W., Adinarayana-Reddy, C., 2001. 571 

Biotransformation of linear alkylbenzene sulfonate (LAS) by Phanerochaete chrysosporium: 572 

oxidation of alkyl side-chain. Biodegradation 12, 443-453. 573 

Zhao, F.J., Lehmann, J., Solomon, D., Fox, M.A., McGrath, S.P., 2006. Sulphur speciation 574 

and turnover in soils: evidence from sulphur K-edge XANES spectroscopy and isotope 575 

dilution studies. Soil Biol. Biochem. 38, 1000-1007. 576 

 577 

 578 

579 



 16

 580 

 581 



 17

 582 



 18

 583 


