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A B S T R A C T   

Brown rot fungi utilize iron as part of a chelator-mediated Fenton (CMF) reaction during wood biodegradation. 
Research suggests these fungi reduce Fe3+ to promote oxygen radical generation resulting in depolymerization of 
the wood cell wall. High levels of Mn are also found in wood decayed by brown rot fungi. However, little is 
known about the oxidation states of Fe and Mn during the decay process. X-ray absorption near edge spec
troscopy (XANES) can be used to examine metal oxidation states and coordination chemistry. XANES experi
ments were conducted on wood decayed by Gloeophyllum trabeum over 2–8 weeks with results showing that Mn2+

and Fe3+ predominated for metal oxidation states. However, Fe2+ was present at sites of greater fungal growth In 
certain cases, the μXANES measurements showed that the fraction of Fe2+ in the wood samples was as high as 
50%. Localized areas of reduced iron corresponded with areas of greater fungal hyphal mass which is in 
agreement with how brown rot fungi decay wood via the CMF reaction. The limited change in oxidation state of 
Mn observed in wood with active fungal activity suggests that the role of manganese in CMF biodegradation 
chemistry should be further explored.   

1. Introduction 

Brown rot fungi cause a type of wood decay that results in rapid 
strength loss of wood in the built environment. Research has shown that 
brown rot fungi are responsible for 85% of the damage to wood struc
tures caused by decay fungi (Viitanen and Ritschkoff, 1991). Further
more, brown rot decay can cause large reductions in the strength of 
lignocellulosic polymers even with low amounts of mass loss (Eaton and 
Hale, 1993; Green and Highley, 1997; Ibach, 2005). 

Understanding the mechanisms involved in the brown rot decay of 
lignocellulosic polymers remains an active area of research, particularly 
regarding non-enzymatic catalytic activity. It is generally accepted that 
the first stage of brown rot decay involves chelator-mediated Fenton 
(CMF) catalytic degradation where metal ions are used to generate hy
droxyl radicals that depolymerize wood (Arantes et al., 2012; Baldrian 
and Valášková, 2008; Goodell et al., 1997, 2017). Although brown rot 
fungi translocate many metal cations, such as K and Ca, Fe has a special 

role as the primary metal known to be involved in CMF degradation 
(Jellison et al., 1997). Recent reviews of literature on phenolate deriv
ative chelators produced by the brown rot fungi Gloeophyllum trabeum 
(Gt-chelator) have shown that Gt-chelator primarily consists of hydro
quinone metabolites such as hydroquinone (HQ) and methoxy catechol 
(MeC) derivatives (Arantes and Goodell, 2014; Goodell et al., 1997; 
Jensen Jr. et al., 2001; Paszczynski et al., 1999; Suzuki et al., 2006). The 
CMF mechanism proposes that fungal HQ/MeC metabolites can reduce 
Fe3+ extracellularly under pH conditions promoted by the fungus, and 
the reduced iron can then react with H2O2 produced by the fungus to 
start a radical depolymerization of the wood cell wall. Mn is typically 
associated with white-rot fungal enzymatic action where secreted Mn 
peroxidase oxidizes Mn2+ to a Mn3+/Mn4+ state as part of the depoly
merization of lignin (Glenn et al., 1986; Hofrichter, 2002). However, Mn 
oxidation is not strictly associated with white rot fungi as even asco
mycete fungi oxidize Mn2+ (Saratovsky et al., 2009). Furthermore, 
Jellison et al. (1992) noted Mn may also play a role in brown rot decay as 
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Mn levels are greatly elevated in wood decayed by brown rot fungi, 
although its role is unclear. 

A better understanding of these proposed mechanisms can be ach
ieved through visualization of the spatial positioning and oxidation 
states of metals in wood and fungi during wood decay. Not only could 
this understanding lead to potential mechanisms for wood protection, 
but they could also be useful in developing biomimetic methods for 
lignocellulose biomass conversion (Arantes et al., 2012; Jakes et al., 
2016; Ray et al., 2010). Synchrotron based X-ray Fluorescence Micro
scopy (XFM) and X-ray Absorption Near Edge Spectroscopy (XANES) are 
uniquely suited for better understanding the role of metals in the decay 
process. XFM can be used to create sub-micron maps of elemental 
composition down to trace concentrations. Using XANES, X-ray ab
sorption is examined above and below the K-edge (binding energy of a 
K-shell electron) and the absorption pattern can be used to determine 
the oxidation state and coordination chemistry of metals in diverse 
substrates (Bertsch and Hunter, 2001). 

Recently, XFM was used to map the ion concentration profiles pro
duced by the brown-rot decay fungus Serpula lacrymans (Wulfen) P. 
Karst. (1884) at mm and μm length scales (Kirker et al., 2017). Sections 
cut from decayed wood had elevated levels of Fe in the wood cell wall, 
and maps of wood with fungal hyphae showed elevated levels of Fe, Mn, 
Zn, K, Ca. The XFM measurements of Kirker et al. (2017) gave insight 
into how the fungus was accumulating and distributing metal ions 
during the decay process. However, since XFM could not detect the 
oxidation states of the ions, it was not possible to confirm the Fe 
oxidation state changes associated with the CMF degradation pathways. 

Several papers have suggested the use of XANES for understanding 
the role of Fe, Mn, and S in the wood decay process (Illman and Dowd, 
1997; Illman and Bajt, 1997; Schmalenberger et al., 2011). Notably, 
several review papers by Illman report that XANES measurements of Fe 
and Mn in decayed wood were conducted as early as the 1990s (Illman 
and Dowd, 1997; Illman and Bajt, 1997). However, no data are pre
sented in these review papers other than a statement that Fe2+/Fe3+

ratio in brown-rot decayed wood is higher than control. Furthermore, 
the papers cited in the review articles do not contain XANES data but are 
rather short abstracts of the experimental techniques utilized (Illman 
et al., 1994, 1995). Given the lack of published data, it is unclear 
whether Fe or Mn oxidation states change during the decay process and 
whether these changes can be used to better understand the decay 
mechanisms. 

While there has only been limited work using XANES to understand 
Fe and Mn cycling in wood decay fungi, XANES has been used exten
sively for understanding how certain fungi cycle Mn in the soil. XANES 
was found to be an ideal technique for studying how some types of fungi 
utilize Mn because the oxidation state can be measured in situ without 
changing the soil moisture content (Thompson et al., 2005). The amount 
of the most bioavailable form of manganese, Mn2+, can be quite variable 
in soils. However, most manganese in minerals will be found associated 
with iron, and in insoluble oxidized states such as Mn4+. Oxidation of 
soluble Mn2+ to Mn3+ or Mn4+ states in soils is known to be caused by 
fungi and bacteria (Diaz et al., 2013; Guest et al., 2002). XANES has been 
used to demonstrate that the take-all disease in wheat caused by Gaeu
manomyces graminis var. tritici involves the oxidation of bioavailable 
Mn2+ to insoluble Mn4+ near the roots of the wheat plant (Schulze et al., 
1995a, 1995b; Thompson et al., 2005). These papers illustrate the utility 
of XANES for exploring how fungi and other microorganisms alter metal 
oxidation states and highlight its potential utility for better under
standing mechanisms of wood decay fungi. 

In this work, we used XANES to study the oxidation states of Fe and 
Mn during wood decay by the brown rot fungus Gloeophyllum trabeum. 
Specimens were grown such that living fungi could be placed in the 
synchrotron beamline for analysis. Two different beamlines were used 
so that the XANES patterns could be collected at different length scales; a 
beam focused to approximately 1 mm was used to measure the overall 
oxidation state of the Fe and Mn in the bulk decayed wood, while a sub- 

micron focused beam was also used so that individual features such as 
hyphae could be examined. For the large field of view technique, mea
surements were also taken on dried samples to examine whether the 
oxidation states were different when the fungi were not active. The goal 
of this work is to better understand the role of transition metals in brown 
rot decay, with our objective to examine if XANES could detect changes 
in key transition metal states that are associated with both extracellular 
enzymatic and non-enzymatic CMF mechanisms proposed to be active 
during brown rot. Understanding how transition metals undergo 
oxidation and reduction in fungal environments will help us understand 
their roles in promoting extracellular enzyme-, and non-enzymatic- ac
tivity. Further this understanding will provide tools for harnessing 
biodegradation mechanisms for both biorefinery and wood protection 
processes. 

2. Materials and methods 

2.1. Overview of the measurement techniques 

Two related techniques were used to measure the spatial distribu
tion, concentration, and oxidation states of metals within decayed wood; 
synchrotron based XANES and X-ray Fluorescence Microscopy (XFM). In 
XFM, a sample is placed in the beam and exposed to a focused X-ray 
beam. A fluorescence detector is used to collect photons emitted from 
the sample. The energy of these emitted photons can be deconvoluted to 
give the elemental composition of that location down to trace concen
trations. The sample can then be raster scanned to develop a map of the 
composition of the sample. Our XANES measurements used a similar (in 
some cases the same) fluorescence detector and a similar X-ray energy. 
However, instead of scanning different positions, the X-ray energy was 
changed at a single position. By measuring fluorescence near the K-edge, 
information about the metal oxidation state can be obtained. 

2.2. Fungal growth conditions 

All experiments examined Gloeophyllum trabeum (Pers.) Murrill MAD 
617. Two different length scales were examined as described below. 

The macroscale measurements utilized an X-ray beam approximately 
1-mm in diameter and the beam was focused on southern pine (Pinus 
spp.) cubes of 9 mm per side. The experimental setup in general followed 
the AWPA E10 soil block assay method (Anon, 2012). However, instead 
of using flint-glass bottles for the growth chambers, the specimens were 
grown in a polypropylene cup. Polypropylene cups were filled with soil 
and distilled water so that conditions proportionally match the E10 
standard and were autoclaved prior to inoculation. At inoculation, two 
5 mm plugs of fungal mycelium harvested from cultures actively 
growing on malt agar extract plates were transferred aseptically onto a 
pre-sterilized 40 × 30 × 3 mm feeder strip (also southern pine) that 
directly abuts the sample to be exposed. Prepared cups were then placed 
into an environmental chamber at 27 ◦C and 70% relative humidity. 
Fungal inoculations were staggered in order to achieve the exposure 
times (2, 4, 6, and 8 weeks). Immediately prior to placing the specimen 
in the beam, a window was cut in the polypropylene cup and replaced 
with a polyimide film window to allow the beam to fully penetrate the 
container and impinge on the sample (Fig. 1a). Between 2 and 6 wood 
block specimens per time point were examined at 2,4,6, and 8 weeks (2, 
4,6 and 8w) of growth to allow biological variability to be captured. 

The microscopic measurements, hereafter referred to as μXANES 
were collected from fungi grown on 2 μm thick longitudinal and trans
verse sections of southern pine. The 2 μm thick sections were cut from 
small wood cubes in a Leica EM UC7 ultramicrotome (Wetzlar, Ger
many) fitted with a diamond knife. The 2 μm thick sections were then 
mounted between aluminum sample holder plates that could easily be 
attached to the kinematic mount on the beamline. A sacrificial southern 
pine sample known as a “feeder strip” was mounted to the sample holder 
immediately adjacent, and in contact with, the 2 μm thick sections. This 
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entire assembly was placed in a sterile growth chamber, with a fungal 
monoculture of G. trabeum (Fig. 1b) used to inoculate the feeder strip. 
Prior to μXANES analysis, the metal assembly in Fig. 1b was removed 
from the soil after a set fungal-exposure period of either 2 or 5 weeks, 
and placed into a humidified chamber within the beam such that the 
fungal hyphae near the 2 μm thick section were not disturbed. Each time 
point, 0, 2 and 5 weeks, was represented by 2–3 biological samples. The 
time points were shorter for these measurements as the 2 μm sections get 
completely engulfed in hyphae by 8 weeks and the goal was to collect 
XANES patterns on both the wood and the fungus. A HumidiSys™ 
relative humidity generator (InstruQuest Inc., Coconut Creek, Florida, 
USA) supplied with ultra-high purity helium was used to maintain near- 
saturation humidity conditions allowing the fungus to be imaged in a 
fully hydrated, and potentially living state. The lack of oxygen in the 
environment, necessary to prevent beam scattering, likely impacted 
fungal respiration and growth, but only during the approximate 12–36 h 
period required for beam exposure. 

2.3. XANES measurements 

The XANES measurements were performed at beamline 9-BM-C of 
the Advanced Photon Source located at Argonne National Laboratory. 
The XANES patterns were collected using a fluorescence detector. For 
each measurement, multiple (4–6) scans were taken at a single point and 
then merged into a single curve to reduce noise using the Athena soft
ware package (Demeter version 0.9.26) for XAFS processing (Ravel and 
Newville, 2005). XANES patterns for 2–6 samples each were collected at 
2,4,6, and 8 weeks of growth around both the Mn K-edge and Fe K-edge. 

For the Fe XANES, the energy was scanned from 150 eV below the Eo 
of 7110.75 eV–459.14 eV above the Eo over 511 points. The step size 
depended on the distance from Eo and was in 5 eV steps from − 150eV to 
− 20eV, 0.3eV steps from − 20eV to 100eV, and 4.2eV from 100eV to 
459.14eV, with a 1s dwell time at each point. The Mn XANES utilized the 
same step sizes, number of points, and dwell time, but was centered 
around an Eo of 6537.67 eV. 

In addition to testing wood with living fungi, an additional 2–6 wood 
blocks samples were removed from the growth chambers and the XANES 
patterns were collected on this material in the dry state. The material 
was dried by removing the samples from the growth chambers and 
allowing the samples to air dry. In some cases, the surface hyphae were 
scraped from the wood samples, and the dried wood with only internal 
fungal decay hyphae were then analyzed. However, no differences were 
found between the dried wood samples that were scraped and the 
samples with surface hyphae, so the raw data for all dry samples were 

merged into a single XANES pattern for easy comparison. To check for 
sample damage caused by the beam, living samples were scanned mul
tiple times over a several hour period and no differences could be 
detected in the XANES pattern suggesting that the beam was not 
affecting the XANES patterns or the metal oxidation states. Multiple 
replicates were examined in both the living and dry state with 12–36 
individual scans merged to produce final plots. Raw data were 
normalized using the Athena software package (Ravel and Newville, 
2005). The fluorescence signal was divided by incident X-ray beam in
tensity to produce the X-ray absorption coefficient “μ(E)” as a function of 
energy. The μ(E) was then normalized from the pre and post-edge re
gions to have an edge step of one in Athena. 

2.4. μXANES and XFM measurements 

The μXANES measurements were taken at beamline 2-ID-D of the 
Advanced Photon Source located at Argonne National Laboratory. The 
beamline was configured such that maps of the elemental concentrations 
of several elements important in fungal decay (Ca, Fe, Mn) could also be 
collected by raster-scanning the sample with the beam energy set to 
higher than the Fe K-edge using XFM. 

The experimental procedure involved collecting elemental maps for 
elements whose Kα peaks were lower than that of Fe using XFM and then 
targeting specific regions of fungal hyphae or wood cells to collect a 
XANES pattern. The XFM maps were taken with a dwell time of 5 ms. 
Several different vertical and horizontal step sizes were used; most maps 
were collected with step sizes between 0.3 μm and 0.5 μm. The XFM data 
were analyzed using the MAPS software package where the full fluo
rescence spectra were fit to modified Gaussian peaks and the back
ground was iteratively calculated and subtracted (Vogt, 2003). The 
elemental quantification was calibrated by a standard reference 
(RF4-100-S1749, AXO DRESDEN GmbH, Heidenau, Germany). 

Because the beam energy could not be adjusted without re-aligning 
the beam, only Fe μXANES patterns were collected. The data were 
collected in 1 eV steps from 7074eV to 7154 eV. The fluorescence signal 
and upstream ion current were exported from the MAPS software 
package and normalized in Athena as described earlier. 

2.5. Determination of Mn oxidation states 

The Mn oxidation states were determined by the method of Schulze 
et al. (1995b) with the following modifications. Schulze et al. (1995b) 
calculated the percentage of Mn2+ in unknown mixtures by noting that 
the white line peak of a Mn mixture was linearly related to the fraction of 
Mn2+. In our work, we established the Mn2+ peak at 6551.09 eV as 
measured from a standard of MnSO4⋅H2O (Mn2+) and the Mn4+ peak 
6560.23 eV was established from a standard of Birnessite (Na4M
n14O27⋅9H2O). The white line peak (Pwl, in eV) was then measured for 
each experimental scan and the fraction of Mn2+ was determined from 

f
(
Mn2+)=

(Pwl − 6560.23)
6551.09 − 6560.23

Eq (1)  

2.6. Determination of Fe oxidation states 

The iron oxidation states were determined from the position of the 
pre-edge centroid, similar to previous work identifying iron oxidation 
states in soils, aerosols, and tissues (Bajt et al., 1994; Kwiatek et al., 
2001; Oakes et al., 2012; Prietzel et al., 2007). The pre-edge feature 
arises from 1s→3d transitions and the position of the pre-edge centroid 
depends primarily upon the oxidation state but is also dependent on 
whether the iron is complexed to organic or inorganic compounds 
(Prietzel et al., 2007). 

The peak of the pre-edge centroid for the XANES spectra was 
determined in a three-stage process using custom routines constructed 
using MATLAB (MathWorks, Natick, MA) curve fitting software. Full 

Fig. 1. Experimental setup for the (a) XANES and (b) μXANES measurements. 
The dotted white line shows the approximate path of the beam from the shutter, 
to sample impingement, and then to the fluorescence detector. The metal holder 
for the μXANES measurements was buried in soil to the height of the “feeder 
strip” so that the fungus could colonize this sacrificial wood strip and then grow 
into the 2 μm thick wood sections that were placed immediately adjacent to the 
feeder strip. The white arrow (1b) is pointing to one of the 2 μm thick 
wood sections. 
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details of the program used to locate the centroid position, illustrations 
of the white line and pre-edge peak positions, and the MATLAB code are 
provided in the Supplementary Information. 

Fe2+ oxalate and Fe3+ oxalate were used to develop a two point 
calibration curve for the oxidation states. According to Prietzel et al. 
(2007), iron oxalates are the ideal model compounds for organic iron 
oxidation state determination as most organic iron is bound with car
boxylic acid groups. The measured centroid position of Fe2+ oxalate was 
7111.40 eV and the position of Fe3+ oxalate was 7113.10 eV. The 
oxidation state in the sample was then calculated from the following 
equation: 

f
(
Fe2+)=

(C − 7113.10)
7111.40 − 7113.10

Eq (2)  

where C is the pre-edge centroid position in eV and f(Fe2+) is the fraction 
of Fe2+ in the sample. 

The iron foil white line was calibrated to different energies at 2-ID-D 
and 9-BM (Kraft et al., 1996). To ensure consistency in the 
iron-oxidation state analyses, the pre-edge centroids of the 2-ID-D data 
were shifted. The shift was performed by measuring the pre-edge 
centroid of Fe3+ sulfate and then shifting the measured centroids 
measured at 2-ID-D so that the Fe3+ sulfate occurred at the same energy 
(7113.32 eV). 

3. Results 

3.1. Mn XANES 

Fig. 2 summarizes the Mn oxidation states measured at 0,2,4,6, and 
8w on the bulk wood samples exposed to the fungus. For each condition, 
the oxidation state was measured for wood samples in the growth 
chamber with living fungi “wood with active growth”, in samples 
removed from the growth chamber and allowed to dry “dried wood”, 
and in the soil from the growth chamber “soil”. Example XANES patterns 

are presented for the 8 weeks of exposure time point in Fig. 3 for 
reference along with the standards used to get the oxidation state cali
bration curves for Birnessite (Na4Mn14O27⋅9H2O), the Mn4+ standard 
and MnSO4⋅H2O (Mn2+) and the white line positions of Mn2+ and Mn4+

used in Eq. (1). 
From Fig. 2, it is clear that Mn appears to be in a predominately Mn2+

oxidation state for all of the samples. The control wood (labeled “0w” in 
Fig. 2) contained 100% Mn2+. Similarly, for the blocks that were 
exposed to G. trabeum and then dried (labeled “dried wood” in Fig. 2), 
the fraction of Mn2+ was also very high and approached unity. Both the 
white line peak and post-edge region appeared like that of the control 
wood. 

For the samples measured in the live/hydrated state (labeled “wood 

Fig. 2. Summary of the Mn oxidization states measured on macroscopic sam
ples presented as the fraction of Mn2+ as determined from the white line peak 
(Eq (1)) as a function of exposure time and sample condition. “Dry wood” 
specimens were removed from the growth chamber and tested in a dry state. 
The “wood with active growth” samples were tested on live fungi within the 
growth chamber. “Soil” samples were measurements from soil within the 
growth chambers. Since the “0 w” data are uninoculated controls, there is no 
data for living fungi at that time period. Error bars represent the stan
dard deviation. 

Fig. 3. Example Mn XANES patterns after 8 weeks exposure to G. trabeum, 
along with the control wood, soil, and the Mn2+ and Mn4+ standards used to 
calibrate the oxidation state calculation. 
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with active growth” in Fig. 2), a small fraction of Mn4+ was observed. 
The fraction of Mn4+ varied between 5% in the sample exposed for 4 
weeks to as high as 8% in the sample exposed for 6 weeks. While the 
small amount of Mn4+ was observable by a slight shift in the white line 
peak, the post edge region retained most of the features of the 
MnSO4⋅H2O standard. The domination of the spectra by the high frac
tion of the Mn2+ features makes it difficult to make observations on the 
coordination of the Mn4+ in the decaying wood. 

3.2. Fe XANES 

Fe oxidation states were measured on wood with living decay fungi, 
wood that had been dried after decay, and soil with living decay fungi at 
2,4,6 and 8 weeks. However, unlike the Mn data, which showed a 
variation in the oxidation state, nearly all the Fe was in the Fe3+

oxidation state. The sole exception was the wood blocks exposed to 
fungus for 8 weeks and then dried, which contained 6% Fe2+. 

Example XANES patterns taken from the data at 8w, along with the 
control data and the iron oxalate standards (Fig. 4) show all spectra 
appear very similar to the Fe3+ oxalate standard. Notably, the white line 
peak of the 8w dried sample was shifted to a lower energy indicating the 
presence of more Fe2+. However, the data suggest that nearly all the iron 
in the other samples assayed was in the Fe3+ oxidation state. The control 
wood, which was not exposed to the fungus, did not have enough iron 
transported into it to measure a XANES pattern. Iron concentrations in 
the control sample were measured using XFM. Fe maps of two-micron- 
thick wood sections were found to contain 0.4–0.6 μmol Fe per g of 
dried wood. This supports our prior research which demonstrated that a 
significant amount of iron is translocated by decay fungi, even at 
exposure periods of only 2w (Kirker et al., 2017). A potential concern in 
this work is that intense light is known to reduce iron in the presence of 
oxalate. The fact that we were able to obtain consistent and repeatable 
Fe2+ oxalate XANES patterns in replicates over time, and the fact that 
the Fe2+ oxalate data collected closely matches previously published 
Fe2+ oxalate XANES patterns, demonstrates that the beam was not 
photo-oxidizing the iron oxalate in the sample to a Fe3+ oxidation state. 
We conclude therefore that the majority of the iron in wood inoculated 
with G trabeum on the macroscopic level has an Fe3+ oxidation state with 
patterns similar to the Fe3+ oxalate standard. 

3.3. Fe μXANES 

Fe μXANES measurements were performed on hydrated fungi grown 
on 2 μm thick sections of wood. Because these scans had a low signal-to- 
noise ratio at this level of resolution, many μXANES spectra were too 
noisy to analyze and the pre-edge centroid could not be determined. Of 
the 146 scans collected, only 25 scans had a sufficient signal to noise 
ratio to locate a pre-edge centroid with the MATLAB code presented in 
the Supplementary Information without having the code select peaks 
outside the limits of the curve fitting bounds. The 25 scans represented 3 
different biological samples at both 2w and 5w. Attempts were made to 
measure the XANES pattern of “control” wood without decay; however, 
as with the large-scale measurements, there was not enough Fe in these 
samples to collect a XANES pattern. Measurable amounts of Fe2+ were 
detected in the samples at 5w exposure; at 2w exposure only three scans 
showed measurable amounts of iron and in all three of these scans the 
amount of Fe2+ was less than 40% (Fig. 5). 

A unique aspect of μXANES analysis is that measurements can be 
taken on specific features within the fungal hyphal mass and the decayed 
wood located in the XFM maps. We used this technique to examine our 
hypothesis that different regions or features within wood or hyphal mass 
may have different metal oxidation states. XFM maps for samples 
exposed for 5 weeks are shown in Fig. 6 which show XFM maps of Fe, Mn 
and Ca along with corresponding μXANES measurement positions; the 
XANES measurements in Fig. 6a show a much higher amount of Fe2+

than the measurements in Fig. 6b. The relative sizes of Fig. 6a and b are a 

result of scan areas selected at the beam and represent the full field of 
view imaged for XANES scan locations. 

Fig. 6a is a scan of a wide area of fungal growth. No wood cell wall 
features can be seen in the figure as fungal hyphae overlaying the wood 
obscure the wood features in most locations. There is a large hyphal mat 
visible in the left side of the figure as evidenced by the large region of 
high iron concentration and high amounts of total scattering. On the 
right side of the image there appears to be less fungal growth and some 
areas with empty space in between hyphae. In addition, there is another 
agglomeration (mat) of hyphae on the far right side of the image, ori
ented in a diagonal strip. Four XANES scans were taken at various fea
tures in the large hyphal mat and on the diagonal agglomeration of 

Fig. 4. Fe XANES patterns after 8 weeks exposure to G. trabeum, along with 
data from the control soil and the Fe2+ and Fe3+ standards used to calibrate the 
oxidation state calculation. There was not enough iron in the control wood to 
measure a XANES pattern. 
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hyphae; the scan locations are indicated with numbers on Fig. 6a. Lo
cations 3 and 4 had 60% Fe2+ and locations 1 and 2 had 30–40% Fe2+. 

In contrast to the sample material in Fig. 6a, the material in Fig. 6b 
had much less fungal growth. In this image, which is at higher spatial 
resolution than that in Fig. 6a, the wood cell wall is visible as regions of 
higher total scattering. The region was identified as being part of the cell 
wall because of its size, straightness, and orientation were similar to how 
the sample was placed on the sample holder and previous XFM images of 
wood cell walls. The positions of the wood cell walls are highlighted 
with orange lines in Fig. 6b and the dark area between these lines in the 
total scattering image is the cell lumen. The total scattering also con
tained bright regions, with corresponding high concentrations of Ca, and 
to a lesser extent, Fe and Mn. Similar features have been observed in 
XFM maps of decayed wood and were identified as oxalate crystals 

(Kirker et al., 2017). Brown rot fungi secrete oxalate and other low 
molecular weight chelators to regulate the CMF reaction and excess 
oxalate has been observed to form crystals in decayed wood (Goodell 
et al., 1997; Kirker et al., 2017; Paszczynski et al., 1999). XANES mea
surements were taken in regions along the cell wall with varying 
amounts of Fe and on oxalate crystals. In addition to having much less 
fungal growth than Fig. 6a, the average oxidation states measured in 
Fig. 6b were lower than those measured in Fig. 6a with the mean 
measurement containing 20% Fe2+ compared to a mean value of 50% 
Fe2+ for the measurements taken on features in Fig. 6a. The measure
ment at Location 1 had no detectable Fe2+. 

Fig. 5. Histogram showing the distribution of Fe2+ from μXANES scans taken at 2 weeks and 5 weeks of exposure.  

Fig. 6. XFM maps of the total scattering, Fe, 
Mn, and Ca at 5w exposure. The numbers 
mark the positions of XANES scans. 4(a) The 
image contains a large hyphal mat on the left 
side of the image and another smaller diag
onal strip of hyphae mat on the right side. 4 
(b) At left, the orange lines outline the wood 
cell walls. The white numbers mark the po
sitions of XANES scans and are placed over 
the histograms so that the fraction of Fe2+ at 
each location can be determined. The scale 
bars are 50 μm long. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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4. Discussion 

4.1. Mn oxidation states 

Mn was found to be predominately in an Mn2+ oxidation state for all 
of the samples. A limited amount of Mn4+ (up to 8% of total Mn) was 
observed in blocks with living fungi. In general, the samples exposed to 
fungus and then dried had the highest fraction of Mn2+ and for all time 
points observed except 2w, the fraction of Mn2+ was similar across the 
soil and the samples with living fungi. G. trabeum is not a white rot 
fungus and it has no genes encoding Mn peroxidase enzymes. Keiluweit 
et al. (2015) found that litter decomposing fungi of unknown species 
were associated with Mn oxidation over longer periods of time when 
more organic matter was present. It is possible that, with longer expo
sures with more organic matter that our work may have shown similar 
trends. 

In the decayed wood, a limited amount of Mn4+ was observed, 
possibly due to brown rot fungal action, but it is currently unclear how 
much of the change noted may be caused by the fungus. The cycling of 
Mn (from Mn2+ to Mn4+) has not previously been reported associated 
with brown rot biodegradation of wood although manganese redox 
cycling with certain chelators is known. This suggests that further 
research with Mn should be conducted in the future to determine if a Mn 
cycle is associated in some cases with the Fe-CMF cycle, which might 
enhance or regulate brown rot fungal biodeterioration under some 
environmental conditions. 

4.2. Fe oxidation states 

The resolution of the XFM images and μXANES measurements do not 
easily lend themselves to the identification of hyphal features (which are 
typically less than 4 μm in diameter (Wilcox, 1993)). Furthermore, 
corresponding light microscopy could not be performed on the same 
samples, as drying would greatly affect the size and geometry of the 
fungal growth. While we were not able to correlate the measured 
oxidation state to individual hyphal features, in general, some trends can 
be observed in the μXANES spectra. The amount of Fe2+ appears to 
correlate with the amount of fungal growth and the transport of iron into 
the wood samples by fungal hyphae. Samples measured at 2w of growth 
had little or no detectable Fe2+ (Fig. 5). Furthermore, within the vari
ation of samples measured at 5w, the amount of Fe2+ was higher in 
regions where there was more fungal growth, as noted by the total 
scattering and Fe concentration (See Fig. 6). Finally, the amount of Fe2+

does not appear to vary greatly between the calcium oxalate crystals and 
the fungal growth next to the crystals. Macroscopically, the XANES 
measurements showed that nearly all of the Fe was in the Fe3+ state 
except for a small amount detected in the sample exposed for 8w and 
then dried. 

In general, these features are consistent with the macroscopic mea
surements and our understanding of CMF biodegradation of wood by 
brown rot fungi. Our understanding of CMF degradation in wood sug
gests that Fe2+ is transient and rapidly cycles back to Fe3+ during the 
decay process (Arantes and Goodell, 2014; Goodell et al., 2017; Liu 
et al., 2020). In the macroscopic measurements on living fungi, it ap
pears that the majority of the iron sampled was in the ferric state for 
much of the time the samples were analyzed. These μXANES measure
ments on living brown rot fungi were able to detect some regions of 
reduced Fe, and the amount of Fe2+ was generally correlated with the 
amount of fungal growth. This is consistent with how we would expect 
brown rot fungi to employ low molecular weight metabolites to redox 
cycle with iron in the non-enzymatic CMF biodegradation mechanism. 

5. Conclusions 

Fe-μXANES analyses showed measurable amounts of reduced Fe2+

which correlated with the amount of fungal growth, which supports the 

role of Fe cycling in CMF brown rot biodegradation mechanisms. In 
contrast, Mn4+ did not increase with additional fungal exposure time 
during fungal biodegradation of wood. 
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