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The addition of pyrogenic organic matter (PyOM), the aromatic carbon-rich product of the incomplete
combustion of plant biomass or fossil fuels, to soil can influence the rate of microbial metabolism of
native soil carbon. The interaction of soil heterotrophs with PyOM may be governed by the surficial
chemical and physical properties of PyOM that evolve with environmental exposure. We present results
of a 36-day laboratory incubation investigating the interaction of a common white-rot fungus, Trametes
versicolor, with three forms of 13C-enriched (2.08 atom% 13C) PyOM derived from Pinus ponderosa
(450 �C): one freshly produced, and two artificially weathered (254 nm, UV light-water treatment and
water-leaching alone). Analysis (FTIR, XPS) of the UV-weathered PyOM showed increased aliphatic
C–H content and oxidation of aromatic carbon relative to both the original and water-leached PyOM. The
addition of both weathered forms of PyOM stimulated (positively primed) fungal respiration of the
growth media, while the unaltered PyOM mildly inhibited (negatively primed) respiration. Artificial
weathering resulted in higher oxidative (laccase and peroxidase) enzyme activity than unaltered
PyOM, possibly the result of a diminished capacity to bind reactive substrates and extracellular enzymes
after weathering. However, and contrary to expectations, simple water-leached weathering resulted in a
relatively higher enzyme activity and respiration than that of UV-weathering. The 13C content of respired
CO2 indicated negligible fungal oxidation of PyOM for all treatments, demonstrating the overall low
microbial reactivity of this high temperature PyOM. The increased enzymatic and positive priming
response of T. versicolor to weathered PyOM highlights the importance of weathering-induced chemistry
in controlling PyOM–microbe–soil carbon interactions.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Pyrogenic organic matter (PyOM), the solid, aromatic, carbon-
rich product of the incomplete combustion of plant biomass or
fossil fuels, can exert many important influences on terrestrial
ecosystem dynamics through its alteration of the chemical, physi-
cal, and microbiological properties of soil (Hammes and Schmidt,
2009; Lehmann et al., 2009; Hart and Luckai, 2013). PyOM can
make up a significant proportion (�5–45%) of soil organic carbon
(SOC) (Glaser et al., 1998; Skjemstad et al., 1996, 2002; Schmidt
et al., 1999) with estimates as high as 89% of SOC in some desert
and urban soils (Hamilton and Hartnett, 2013). The mean residence
time (MRT) of biomass-derived PyOM C in soil is much higher than
its unpyrolyzed source material (Santos et al., 2012; Maestrini
et al., 2014b). Six-month laboratory soil mesocosms of ponderosa
pine-derived PyOM showed microbial decay losses of �0.4%
compared with 30% C loss of its parent pine material (Santos
et al., 2012).
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MRTs of PyOM are typically on the centennial scale although a
broader range, �90–1616 years, has been reported (Singh et al.,
2012). This ‘‘recalcitrance” imparted to biomass carbon is based
upon an enhanced resistance to microbial decay derived from ther-
modynamic, structural, and inhibitory controls (i.e., high
hydrophobicity, high aromaticity and condensation, and poten-
tially toxic gaseous or extractive chemicals) (Hammes et al.,
2008). The potential for enhanced C sequestration by PyOM in soil,
in addition to positive influences to cation exchange capacity, pH,
and enhanced microbial nutrient cycling, is one of the asserted
positive benefits for the intentional production and addition of
PyOM or biochar to agricultural soils, although a beneficial
response to soil has not been consistently observed (Lehmann
et al., 2006; McHenry, 2009; Laird et al., 2010a,b; Kauffman
et al., 2014). The impact that increased PyOM input to surface soils
will have in forest ecosystems experiencing greater frequency and
intensity of forest fires is still being debated (Adams, 2013).

As stable as PyOM seems to be under natural soil conditions, it
is, however, susceptible to environmental oxidative alteration by
both biotic and abiotic factors (Kawamoto et al., 2005; Cheng
et al., 2006; Zimmerman, 2010; LeCroy et al., 2013). PyOM may
be susceptible to oxidation in the dark under aqueous conditions
(Zimmerman, 2010), by interaction with ozone (Kawamoto et al.,
2005), and on contact with air (Cohen-Ofri et al., 2006), demon-
strating that PyOM can be progressively weathered by natural abi-
otic processes in soil or while entrained in the atmosphere (Cheng
et al., 2006). Generation of an oxidative rind (LeCroy et al., 2013)
can influence its wettability, solubility, and porosity and thus the
ability of microbes to both inhabit and utilize it as a carbon source
(Hockaday et al., 2006; Lehmann et al., 2011).

It is estimated that over 7.6 Tg of particulate PyOM is emitted
into the atmosphere globally with 42% contributed from open bio-
mass burning (Bond et al., 2013). Recent studies, however, have
shown that global emission values may be underestimated by a
factor of 3 (Randles et al., 2013) and that rural emission contribu-
tion to this estimate is very low (Santos et al., 2014). PyOM parti-
cles can persist in the atmosphere on a time scale of days to weeks
and can travel long distances prior to deposition (Environmental
Protection Agency, 2012; Santos et al., 2014) as is evidenced by
the influence of PyOM on the albedo and subsequent melting of
Arctic glaciers (Clarke and Noone, 1985). It is unknown exactly
how much PyOM is redeposited from the atmosphere and is incor-
porated in soil but estimates place it between <1% and 17% of SOC
(Hamilton and Hartnett, 2013; Santos et al., 2014; Lehndorff et al.,
2015). Photolytic oxidation of PyOM, either at the surface of the
soil or once entrained as particulate matter in the atmosphere,
could be extensive, particularly where UV exposure is high
(Khalizov et al., 2009). Once oxidized to produce soluble PyOM,
fractions of this material may further react photolytically or, once
in the soil or aquatic system, be metabolized by microbes or bind
to particle surfaces (Kuhlbusch, 1998; Hockaday et al., 2006; Fujii
et al., 2009). However, current estimates of PyOM MRT do not con-
sider the potential effects of photochemical oxidation or environ-
mental weathering on its fate.

The addition of PyOM to soil can influence the stability of native
soil carbon by increasing (positive priming) or decreasing (negative
priming) rates of microbial metabolism (Hamer et al., 2004; Liang
et al., 2010; Zimmerman et al., 2011; Maestrini et al., 2014a). How-
ever, the magnitude and direction of the priming effect can vary
with soil and PyOM type, addition rate, incubation conditions,
and length of study (e.g., Zimmerman et al., 2011; Santos et al.,
2012; Woolf and Lehmann, 2012). In soil incubations, positive
priming effects are often observed in the initial stages of the exper-
iment which are subsequently followed by a trend to negative
or neutral priming. This trend has been attributed to an initial
co-metabolism of labile fractions within PyOM and SOC
(Hamer et al., 2004; Cheng and Lehmann, 2009; Jones et al., 2011;
Keith et al., 2011; Zimmerman et al., 2011; Maestrini et al.,
2014a). Negative priming effects have been attributed to physical
and chemical protection mechanisms such as sorption of dissolved
organic matter to PyOM surfaces, or accumulation of the more
recalcitrant portion of the PyOM after the labile materials are
decomposed (Bell and Worrall, 2011; Jones et al., 2011;
Zimmerman et al., 2011; Singh et al., 2012; Farrell et al., 2013). More
recently, the potential for PyOM to disrupt intracellular signaling of
specific microbial groups has been posited as a phenomenon
contributing to negative priming effects (Masiello et al., 2013).

Field and laboratory PyOM incubations have recently demon-
strated that a wide range of soil microbe groups have the ability
to assimilate and oxidize PyOM in soil (Santos et al., 2012;
Farrell et al., 2013; Gomez et al., 2014). Saprotrophic wood decay
fungi are considered to have an enhanced capacity to degrade
many forms of highly condensed aromatic carbon (HCAC) given
the complement of extracellular phenoloxidases and peroxidases
they produce. In particular, many forms of white-rot decay fungi,
such as Trametes versicolor, are known to degrade and take up
many forms of HCAC including manufactured fullerol nanocarbon,
PAHs, and coal products (Hofrichter et al., 1999; Márquez-Rocha
et al., 2000; Leonowicz et al., 2001; Andersson et al., 2003;
Schreiner et al., 2009). Recent decay studies of highly condensed
aromatic nanocarbon materials (e.g., carbon nanotubes, fullerols)
indicate that surface oxidation, as would be induced through
chemical, biological, or photolytic oxidation (i.e., weathering that
adds hydroxyl or carboxyl groups) greatly increases the metabolic
response of saprophytic soil fungi (Schreiner et al., 2009; Berry
et al., 2014). Knowledge of how specific microbial groups, like
saprotrophic fungi or other potential degraders, respond to the
presence of different weathering states of HCAC may be an impor-
tant key to understanding both the short and long term ecological
impact of PyOM in soils.

We present the results of a 36-day laboratory single culture
incubation study investigating the interaction of a common sapro-
trophic white-rot fungus, T. versicolor, with artificially weathered
(both 254 nm light in a water slurry and water leached) and unal-
tered 450 �C PyOM produced from 13C-enriched (3 atom% 13C)
Pinus ponderosa. We hypothesized that the photolytically weath-
ered PyOM will enhance the C mineralization of the malt extract
agar (MEA) growth media (i.e., positive priming) compared with
untreated PyOM. Similarly, we also expected greater enzymatic
oxidation of the photolytically weathered PyOM resulting in the
production of measurable 13C-labeled CO2. In contrast, we expect
that PyOM that is unaltered or simply weathered through water
leaching will exhibit little inductive or primary reactivity given
its higher degree of condensed aromatic surface chemistry, lower
surface oxidation, and decreased solubility of low molecular com-
ponents. We quantified the decomposition of culture growth
media and PyOM by monitoring the isotopic CO2 efflux and carbon
isotopic composition, and the influence of PyOM on fungal enzy-
matic response by measuring the activity of the oxidative enzymes
laccase and peroxidase.
2. Materials and methods

2.1. Production of PyOM

Detailed description of the methods to grow Ponderosa pine, P.
ponderosa, saplings under 13C–CO2 atmosphere and the subsequent
pyrolysis were given in Bird and Torn (2006) and Santos et al.
(2012). Briefly, P. ponderosa saplings were grown in a chamber
with a pulsed 13CO2 atmosphere, at the University of California,
Davis. Stems were then pyrolyzed at a constant temperature of
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450 �C for 5 h under N2 with the resultant PyOM characterized
using solid state 13C NMR, and elemental and stable isotope analy-
sis (Santos et al., 2012). The stable carbon isotopic composition
was measured to be 848‰ (2.3 atom% 13C), and the elemental
abundance was 77.9% C, 3.4% H and 14.4% O (Santos et al., 2012).
Additional detailed chemical characterization of Ponderosa pine
PyOM and precursor wood, including DR-FTIR and solid state
NMR, has been reported elsewhere (Chatterjee et al., 2012). Briefly,
solid state 13C nuclear magnetic resonance (NMR) and diffuse
reflectance Fourier transform infrared spectroscopy (DR-FTIR) of
the source pine and PyOM showed with pyrolysis the accumula-
tion of heat resistant aliphatic domains and fused or stacked aro-
matic rings and diminished polysaccharide-derived oxygenated
aliphatic and carboxyl groups (Chatterjee et al., 2012). Aryl or
alkene C contributed 93% of the total acquired signal as determined
by direct polarization (DP) 13C NMR demonstrating that PyOM
used in this study is dominated by aromatic C.

2.2. Artificial weathering of PyOM

Weathering effects were simulated by reacting the fresh,
untreated PyOM (PyOMF) in an aqueous slurry for 4 weeks either
in the dark (PyOMW), or under UV (254 nm) light (PyOMUV).
Briefly, to produce PyOMUV, the original fresh untreated PyOMF
(particle size 6 2 mm) was loaded as 30 mg subsamples into 4 sep-
arate 16 ml quartz vials (New England Ultraviolet Company, Bran-
ford, CT) containing 10 ml of ultra-pure water. The vials were then
sealed and attached to a gently rotating carousel (5 rpm) with con-
tinuous exposure to two fixed low-pressure mercury lamps, which
emit light at 254 nm, for 4 weeks in a procedure modified from
Skjemstad et al. (1996). The intensity of incident UV light from
these lamps was �1.5 � 10�9 Einstein cm2/s (Chu et al., 1998;
Diehl et al., 2002). Foil-covered vials were also prepared and used
as the dark reaction comparisons, simulating only water exposure
and leaching. The UV treatment applied to PyOM in this experi-
ment was identical to Chu et al. (1998) and is calculated to produce
�1879W/cm2 of energy over the four weeks. This amount of
energy is equivalent to �11 days of solar radiance at mid latitudes
(39� 160 22 N) at 2944 m above sea level (McKenna and Andreas,
1997).

Prior to isolation of the weathered PyOM, after 4 weeks of treat-
ment, a 3 ml headspace sample was removed from the vials and
injected into pre-evacuated exetainer vials (Labco Ltd., Ceredigion,
UK) to determine the extent of oxidation of PyOM to CO2 and to
assess the 13C-label content. The contents of the vials were then
combined within treatment, filtered to 0.22 lm, using a cellulose
acetate filter and air dried to recover the weathered PyOM.

2.3. Analysis of PyOM surface chemistry

2.3.1. Fourier-transform infrared (FTIR)
FTIR spectra of the untreated and weathered PyOM was

obtained using a Nicolet 6700 FTIR spectrometer (Thermo Fisher,
Waltham, MA). A Smart Diffuse Reflectance accessory (Thermo
Fisher, Waltham, MA) was used in the sample bench. The samples
were analyzed by mixing 10 mg of PyOM with 190 mg of spectral
grade KBr (Pike Technologies, Madison, WI) then grinding in an
agate vial for 30 s using a Wig L Bug mixer (Dentsply Rinn, York,
PA). The mixtures were then packed into a 6 mm diameter sample
cup and the mixture surface was flattened with a metal spatula
prior to analysis. DR-FTIR spectra were collected with 64 individual
scans which were signal averaged using 4 cm�1 optical resolution
in the region from 4000 to 580 cm�1. Sample spectra were normal-
ized by a background spectrum of KBr using the standard Kubelka
Monk transformation in OMNIC Series Software Version 8.2
(Thermo Fisher, Waltham, MA). Spectra were further analyzed by
investigating the peak areas associated with O–H stretching
(3600–3300 cm�1), aromatic C–H stretch (3000–3100 cm�1),
aliphatic C–H stretch (2850–3000 cm�1), C@O stretch (1700–
1725 cm�1), C@O stretching/C@C aromatic stretch (1400–
1600 cm�1), and C–O stretch (1210–1320 cm�1) (Cheng et al.,
2008; Keiluweit et al., 2010; Demyan et al., 2012). As a semi-
quantitative measure, the relative contributions of peak area inten-
sities were calculated as outlined in Demyan et al. (2012) and
Harvey et al. (2012). Briefly, a local peak area associated with each
functional group was selected by establishing a lower and upper
boundary and drawing a local baseline within these boundaries
to designate integration limits based on group frequencies
reported by Cheng et al. (2008), Keiluweit et al. (2010) and
Demyan et al. (2012). The peaks within the established integration
limits were then baseline corrected and integrated to obtain peak
areas using Grams/32 AI Version 6.0 (Galactic Software, Salem,
NH). Ratios of the resultant peak areas were then calculated to
determine spectral difference amongst the different types of PyOM.
Although FTIR is a bulk analysis, the chemical characteristics and
subsequent measured differences with treatment may be attribu-
ted to surface chemical phenomenon reported in previous studies
(Harvey et al., 2012).

2.3.2. X-ray photoelectron spectroscopy (XPS)
XPS was used to obtain an average surface carbon oxidation

assessment of the particles as this method penetrates the top
�10 nm of the surface. For the analysis, 30 mg was sampled from
the three initial pools of PyOMF. Approximately 3 mg of PyOM
was dusted onto copper tape until the tape was fully covered. Sam-
ples were analyzed in a PHI 5600 XPS system using Mg Ka X-rays
(1253.6 eV, 15 kV, 300 W) and a high-energy electron energy ana-
lyzer, operating at a constant pass energy of 5.85 eV. XP spectra
were processed using commercially available software (CasaXPS
version 2.3.16, CASA Software, Ltd., Teignmouth, UK) and integra-
tion of the relevant peak areas was used for quantification. Each
spectrum was given a Shirley background and energy adjusted to
284.6 eV in the C (1s) region.

2.4. Fungal inoculation experiments

To evaluate the response of the white-rot fungus T. versicolor
(strain MAD-697-R) to untreated and artificially weathered 13C-
labeled PyOM, single culture inoculation experiments were estab-
lished in malt extract agar (MEA), a growth media produced from
malted barley with an isotopic composition of �23.8‰ d13C. The
large difference between d13C values in the growth media and
the PyOM allows for distinction of the two sources in evolved
CO2 and thus is used to determine relative microbial mineraliza-
tion of source. T. versicolor was obtained from the Forest Pathology
and Wood Microbiology collection at the University of Minnesota,
St. Paul, Minnesota. Decay studies were performed in 12 ml
borosilicate exetainer vials (Labco Ltd., Ceredigion, UK) with hard
plastic screw cap fitted with glass fiber filter (GF/F) paper to allow
for gaseous exchange or septum to permit headspace CO2 accumu-
lation. PyOM particles were mixed into 0.75 ml of 2% MEA at a
loading of 5% of the MEA C. This was poured onto a 1.5 ml, non-
nutritive base layer of 3% agar precharged into the vial. The denser
base media was included to prevent large PyOM from settling at
the bottom of the containers during the incubation period. MEA
without PyOM additions was also inoculated and prepared as con-
trols. Microcosms (except for no-fungi controls) were then inocu-
lated with a 1 cm diameter plug taken from the 2% MEA stock
plate and incubated for 4 days in the dark at 25 �C without head-
space analysis to allow fungal colonization. Headspace monitoring
began after day 4 and continued for 36 days. The headspace of
each vial was sampled for CO2 on days 4, 23, 30 and 36 after



Table 1
Mean d13C (‰) values of headspace CO2 with standard errors (n = 5) after four weeks
of artificial weathering in a water slurry in sealed quartz vials while exposed to
UV-light (PyOMUV) and in the dark (PyOMW).

Treatment CO2 (lmole) d13C (‰)

PyOMFa – ± – 840 ± 0.20
PyOMW 0.13 ± 0.01 �5.81 ± 3.68
PyOMUV 1.36 ± 0.10 305.7 ± 16.0

a This value was obtained from elemental analysis of untreated PyOM (Santos
et al., 2012).
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1 h accumulation periods. This was done by replacing the
GF/F-containing caps with caps fitted with Teflon coated rubber
septa, flushing with moistened CO2 free air prior to accumulation
time, and removing 3 ml of headspace from each vial after accumu-
lation of gases. The sample was then injected into pre-evacuated
exetainer vials (Labco Ltd., Ceredigion, UK).

2.5. Stable isotope trace gas analysis

To distinguish between growth media or 13C-labeled PyOM in
the inoculation experiments, the stable isotope content of evolved
CO2 was determined using a Sercon Cryoprep TG2 interfaced to a
Sercon 20-22 Isotope Ratio Mass Spectrometer (IRMS) (Sercon,
Crewe, UK). Isotopic ratios are expressed in standard delta notation
(d) and in units of per mil (‰) relative to the Vienna Pee Dee
Belemnite (VBDB) standard. The CO2 carbon source was calculated
using a two component mixing model as follows:

d13Cmeasured ¼ fMEA � d13CO2MEA þ 1þ fMEAð Þ � d13CO2MEAþPyOM ð1Þ

fMEA þ fMEAþPyOM¼1 ð2Þ
Total C respired was calculated using the estimated cumulative

C mineralized at each sample time point. This method assumed
that the rate of CO2 evolved for each subsampled time point was
representative of the rate of CO2 evolved during the period of time
elapsed since the previous sample point. Cumulative CO2 was cal-
culated using the following equation:

Ci ¼
Xn

i¼1

Ri � Ti ð3Þ

where Ci is cumulative C mineralized until the current time point (i)
of the CO2 analysis, n is the number of total time points in this
experiment, Ri is respiration rate of the current time point, Ti is
the time interval between i point and the following time point
(i + 1). Total C respired was calculated by using the sum of the
cumulative CO2 for all sample points.

2.6. Enzyme activity assays

To determine the oxidative enzyme response of T. versicolor to
the control and PyOM treatments, a 2,20-azino-bis-(3-ethylbenzo
thiazoline-6-sulfonate) (ABTS) assay was performed on enzymes
extracted via micro-centrifugation of growth media, modified from
the methods described in Heinonsalo et al. (2012) and Berry et al.
(2014). To recover enzymes from the MEA layer, 4 mm square
plugs of media plus fungi were extracted from each tube of which
replicates within the same treatment were combined and homog-
enized. Three equal volume subsamples of the homogenate were
added to a micro-centrifuge tube with 0.45 lm cellulose acetate
membrane filters (Costar Spin-X, Corning Inc., NY) and then cen-
trifuged at room temperature and 15,700g for 30 min. Replication,
therefore, for the enzyme assays was at the analytical level, not the
experimental treatment level.

The reaction solution consisted of 0.5 mMMnSO4, 1.0 mM ABTS,
5 ll of H2O2 (added after measuring laccase activity) and 50 mM
sodium malonate buffer at pH 6 (Sigma–Aldrich, St. Louis, MO).
The supernatant from each micro-centrifuge tube was added
(�200 ll) to the reaction solution and the absorbance read at
420 nm after 20 s. After the initial measurement, H2O2 was added
and absorbance was measured after 20 s. Enzyme activity was
quantified against a standard curve prepared by reacting purified
laccase of known activity from T. versicolor with reaction solution.
Peroxidase activity was determined 20 s after the addition of H2O2

and was calculated by subtraction of laccase activity from total
activity. All activities are reported in mU/ml of supernatant.
2.7. Statistical methods

Each inoculation treatment was prepared in triplicate and stan-
dard errors of means for FTIR and stable isotope measurements
were calculated from the individual analysis of each replicate.
Enzyme assays were done on combined inoculation treatments.
Means were compared using a Two-way ANOVA and Tukey’s
HSD test at p < 0.05 using SAS JMP 10 (SAS Institute, Cary, NC).

3. Results

3.1. 13C Isotopic evidence for weathering-induced oxidation of PyOM

Stable isotope analysis of sample headspace after 4 weeks of
artificial weathering showed highly 13C-enriched CO2 values for
PyOMUV (�306‰), but only mildly 13C enriched values for
PyOMW (��5.0‰) compared to the head space blank d13C CO2

value (�11‰) (Table 1). The UV weathering-derived CO2, however,
was significantly depleted with respect to the reported d13C value
of the PyOMF at �840‰ (Santos et al., 2012). The enriched PyO-
MUV head space indicates UV promoted oxidation of the PyOM
surface, but because the head space and water used in the experi-
ment were not flushed of background CO2, the stable isotope value
was diluted by more than half the anticipated �840‰ CO2 value.
These values clearly indicate that UV weathering (PyOMUV)
resulted in surface oxidation while water leaching (PyOMW) liber-
ated only small amounts of 13C-labeled CO2.

3.2. Chemical analysis of weathered and fresh PyOM

XPS spectra resolved into %C and %O for each treatment
revealed a minor decrease in surface C and a concomitant increase
in surface O for the UV light PyOMUV treatment (Table 2). These
changes resulted in a slight shift in the elemental O:C ratio from
0.148 (PyOMF) to 0.177 (PyOMUV) indicating a slight increase in
surficial oxygen content through photolysis. PYOMW showed min-
imal change in the XPS analysis.

The FTIR analysis of the PyOM treatments exhibited trends con-
sistent with changes indicated in the XPS analysis. The sum of the
combined peak areas of O–H stretching vibrations associated with
free hydroxyl groups (3630, 3535 and 3490 cm�1) decreased for
both PyOMUV and PyOMW with respect to PyOMF, with the lar-
gest decrease observed in the UV light treatment (Fig. 1a and
Table 3). This change was driven primarily by 3630 cm�1 as there
was no significant change in peak intensity at this wavelength
among the treatments (Fig. 1). The aromatic C–H and C@C stretch-
ing vibrations (3050 cm�1 and 1600 cm�1) decreased in PyOMUV
with respect to PyOMF (Fig. 1b and c) while only the C@C stretch-
ing vibration (1600 cm�1) decreased in PyOMW (Fig. 1b and c). For
PyOMUV, the aliphatic C–H (2965, 2910 and 2870 cm�1) and the
carbonyl C@O (1705 cm�1) stretching vibrations increased relative
to PyOMF and PyOMW (Fig. 1b and c). This same region decreased
in PyOMW relative to PyOMF. The region from 1274 cm�1 (C–O
stretching vibration and OH plane deformation) exhibited a



Table 2
X-ray photoelectron spectroscopy (XPS) analysis resolved into C and O elemental % for
fresh pyrogenic organic matter (PyOMF) and artificially weathered forms of PyOM
treated for four weeks in a water slurry either exposed to UV light (PyOMUV) or in the
dark (PyOMW). Measurements were made prior to addition to fungal inoculation
experiments.

Element PyOMF PyOMW PyOMUV

%C 85.6 84.8 83.2
%O 12.7 12.8 14.7

Fig. 1. FTIR spectra of fresh pyrogenic organic matter (PyOMF) and artificially
weathered forms treated for four weeks in a water slurry either exposed to UV light
(PyOMUV) or in the dark (PyOMW) in the: (a) O–H stretching region (3600–
3300 cm�1), (b) C–H stretching region (3100–2820 cm�1), and (c) the lower
frequency fingerprint region (1710–1200 cm�1).

Table 3
FTIR band assignments and peak area for fresh pyrogenic organic matter (PyOMF) and
artificially weathered forms of PyOM treated for four weeks in a water slurry either
exposed to UV light (PyOMUV) or in the dark (PyOMW). Measurements were made
prior to addition to fungal inoculation experiments. The mean and standard error
(n = 3) of each of the PyOMF, PyOMW, and PyOMUV treatments is shown.

Wavenumber
(cm�1)

Assignment PyOMF
area

PyOMW
area

PyOMUV
area

3630, 3535,
3490

Free O–H stretching
vibration

4.5 ± 0.9 3.7 ± 0.3 3.3 ± 0.3

3050 Aromatic C–H
stretching vibration

1.4 ± 0.3 1.1 ± 0.1 1.6 ± 0.2

2965, 2910,
2870

Aliphatic C–H
stretching vibration

1.3 ± 0.1 1.1 ± 0.0 2.2 ± 0.3

1705 Carbonyl stretching
vibration of carboxylic
groups

3.2 ± 0.2 2.8 ± 0.2 5.0 ± 0.9

1600 Aromatic C@C
vibration, C@O
stretching vibration

14.7 ± 0.9 11.7 ± 0.8 9.1 ± 0.9

1435 Aromatic skeletal
vibration with C–H in
plane deformation or
C–O stretching
vibration from
carbonates

8.0 ± 0.4 6.2 ± 0.9 5.2 ± 0.4

1274 C–O stretching
vibration, OH plane
deformation

37 ± 4 30 ± 7 20 ± 3

Table 4
Ratios of FTIR peak areas for of aryl C–H stretching vibration to aliphatic C–H
stretching vibration (3050/(2965, 2910, 2870 cm�1)), carbonyl C@O stretching
vibration to aryl C@C vibration (1705/1600 cm�1), C–O stretching to OH stretching
((1274/3630, 3535, 3490) cm�1), carbonyl to carboxylate (1705/1435 cm�1), and aryl
C@C stretching vibration to aliphatic C–H stretching vibration (1600/2965, 2910,
2870 cm�1) for PyOMF, PyOMW, and PyOMUV treatments. The mean and standard
error (n = 3) of each of the PyOMF, PyOMW, and PyOMUV treatments is shown.
Measurements were made prior to addition to fungal inoculation experiments.

Band assignments Ratio of
wavenumbers
(cm�1)

PyOMF
ratio
values

PyOMW
ratio
values

PyOMUV
ratio
values

Carbonyl C@O/Ar C@C 1705/1600 0.2 ± 0.0 0.3 ± 0.0 0.6 ± 0.1
C–O/OH 1274/3630,

3535, 3490
8.5 ± 0.7 8 ± 1 6.2 ± 0.9

Carbonyl C@O/
Carboxylate C–O

1705/1435 0.4 ± 0.0 0.50 ± 0.0 1.0 ± 0.1

Ar C–H/AL–CH 3050/2965,
2910, 2870

1.1 ± 0.1 1.0 ± 0.0 0.7 ± 0.0

Ar C@C /AL C–H 1600/2965,
2910, 2870

11.6 ± 0.9 10.2 ± 0.3 4.1 ± 0.5
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decrease for both weathering treatments, but with the PyOMUV
treatment exhibiting a large (ca. 50%), reduction relative to the ini-
tial PyOMF.

The relative changes of functional groups attributed to oxidized
carbon (carbonyl, carboxylate), aliphatic carbon (C–H), aromatic
C@C and C@CAH, and OH stretching vibrations (those highly sus-
ceptible to photochemical oxidation) are used herein to elucidate
how artificial weathering changes surface chemical properties that
could influence interactions with fungi (Table 4). The ratios of car-
bonyl C@O stretching vibration (1705 cm�1) to aryl C@C vibration
(1600 cm�1) versus aryl C–H stretching vibration (3050 cm�1) to
aliphatic C–H stretching vibration (2965, 2910 and 2870 cm�1)
shows that the PyOMUV samples become relatively enriched in
oxidized carbonyl-C (C@O) over aryl-C while simultaneously
trending toward a chemistry relatively enriched in aliphatic C at
the expense of aromatic C–H (Table 4). Additionally, the relative
contribution of the carbonyl (1705 cm�1) to carboxylate
(1435 cm�1) C–O band increased significantly in the PyOMUV sam-
ples compared to both PyOMF and PyOMW (Table 4). Relative
changes of the C–O to broad OH stretching vibrations (Table 4)
exhibit a dramatic reduction concomitant with the shift to alipha-
tic carbon driven by a large loss in the C–O stretch associated with
aromatic hydroxyl groups. Together, these results reflect the com-
bined effects of photo-oxidation and water leaching of soluble car-
boxylic groups.
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3.3. Total carbon respired and carbon source partitioning

Over the 36 day incubation with T. versicolor the cumulative
production of CO2 ranged from a low of 16.6 mg C/g MEA C for
the MEA + PyOMF treatment to a high of 260 mg C/g MEA C for
the MEA + PyOMW treatment (Fig. 2). The addition of PyOMF to
MEA resulted in a marginally significant (a = 0.10) reduction in
CO2 efflux with respect to the MEA-fungi control. Addition of both
weathered PyOM treatments increased the production of CO2 by
over 2� for PyOMUV and 5� for PyOMW, respectively.

Across all four treatments, the average d13C values of respired
CO2 ranged from �23.5 (±0.8), �22.1 (±1.1), �23.9 (±0.5), and
�24.5 (±1.5) for the 4, 23, 30 and 36 day samplings, respectively.
Despite the large differences in the concentration in CO2 efflux
among the treatments, the d13C values of the CO2 showed no differ-
ence among the treatments or between the weathered and control
experiments.
3.4. Enzyme activity

Laccase activity ranged from 50.8 (control) to 265.8 mU/ml
media (PyOMW) while peroxidase ranged from 55.3 (control) to
386.4 mU/ml media (PyOMW) (Fig. 3). The addition of PyOMUV
and PyOMW resulted in a significant increase in both laccase and
peroxidase activities above the MEA-fungi control (a = 0.05) which
Fig. 2. Total C respired, normalized per gram of malt media agar (MEA) C, over
36 days for un-amended MEA (control) and MEA amended with fresh pyrogenic
organic matter (PyOMF) and artificially weathered forms treated for four weeks in a
water slurry either exposed to UV light (PyOMUV) or in the dark (PyOMW).
Treatments that do not share the same letters are significantly different from each
other (a = 0.05).

Fig. 3. Laccase and peroxidase enzyme activity from T. versicolor inoculated microcos
pyrogenic organic matter (PyOMF) or artificially weathered forms treated for four week
Treatments which do not share letters are significantly different for laccase (lower case
had the lowest values of both enzymes. The addition of PyOMF
resulted in only a moderate increase (a = 0.10) in laccase and no
increase in peroxidase activity. As with total C respired, the addi-
tion of PyOMW resulted in the most significant effects on enzyme
activity.

4. Discussion

4.1. UV-treatment induced PyOM surface oxidation consistent with
natural weathering

Weathering by UV exposure and water leaching induced signif-
icant changes to the surface chemistry of PyOM particles (PyO-
MUV) used in this incubation (Table 4). Overall, these chemical
changes are consistent with expected surface alteration of highly
condensed aromatic carbon substances by photo-oxidation (Chen
and Jafvert, 2010; Bitter et al., 2014). Aromatic carbon readily
absorbs UV light, and in the presence of oxygen and water leads
to the oxidation and cleavage of the C@C bonds resulting in the for-
mation of hydroxyl, carbonyl, and/or carboxylic groups (Bertilsson
and Stefan, 1998; Wu et al., 2001). Observed changes in our current
study included increased surface O content (Table 2) and a general
increase in carbonyl and aliphatic chemical groups at the expense
of aromatic ones (Table 3). The changes in FTIR signatures for the
leached weathering treatment (PyOMW) (Fig. 1 and Tables 3 and
4), which were limited to minor decreases in aromatic (3050 and
1600 cm�1), minor increases in carboxyl stretches (1435 cm�1),
and a decrease in the broad hydroxyl distribution (3630, 3535
and 3490 cm�1) may be attributed to redistribution of more mobile
moieties from within the PyOM structure to the surface without
significant oxidation. These chemical alterations are also consis-
tent with other investigations of artificial and natural aging of
PyOM, which showed an increase in surficial carbonyl and car-
boxylic acid functional groups (Yao et al., 2010; LeCroy et al.,
2013; Liu et al., 2013).

Chemical weathering of PyOM also involves a decrease in the
degree of condensation of the aromatic ring structure. Weathered
PyOM that has undergone extensive surface oxidation were shown
to consist of less than ten fused aromatic rings substituted with
carboxyl groups and one or two hydroxyl groups compared to
greater than ten for their un-weathered precursors (Mao et al.,
2012). In our study, the higher intensity of both aliphatic and aryl
C–H peak areas in PyOMUV is likely the result of a number additive
processes including the leaching and photochemical decarboxyla-
tion of carboxylic groups, the reabsorption of aliphatic compounds
mobilized from the interior of the PyOM particles, and the photo-
chemical breaking of the aryl C@C bonds (Cheng et al., 2006).
ms (n = 3) of malt extract agar (MEA) (control) and MEA containing either fresh
s in a water slurry either exposed to UV light (PyOMUV) or in the dark (PyOMW).
) and peroxidase (upper case) activity (a = 0.05).
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While most chemical characterization studies of PyOM aging in
soils have involved the recovery of 6 month to 100 year PyOM,
short-term exposure of PyOM in soils where microbial interactions
may be the dominant control on chemical change have also
resulted in increased surface O and carboxyl groups (Hockaday
et al., 2007; Nguyen et al., 2009; LeCroy et al., 2013) as we have
also seen here. Surficial changes in soil aging, however, have an
added ambiguity in that it is nearly impossible to distinguish
microbial oxidation from sorption of oxidized dissolved organic
matter in the soil.

4.2. Artificial weathering of PyOM induces fungal enzymatic response

We found a significant increase in both laccase and peroxidase
enzyme activities with the addition of PyOMUV and PyOMW
(a = 0.05). However, PyOMF resulted in only a marginal increase
in laccase activity (a = 0.10) compared to the no-PyOM control
(Fig. 3). In contrast to our original hypothesis, PyOMW exhibited
a significantly greater response in enzyme activity than PyOMUV
(p < 0.001). These findings, in conjunction with the chemical char-
acterization data, demonstrate that surface PyOM chemistry and
degree of condensation play significant roles in microbial response
to PyOM (D’Annibale et al., 2005; Schreiner et al., 2009; Arun and
Eyini, 2011; Berry et al., 2014).

The distinct chemical differences observed for PyOMF, PyOMUV
and PyOMW (Fig. 1 and Tables 3 and 4) should influence a variety
of physical properties such as inorganic and organic sorptive and
binding capacity, and surface charge, which could be a controlling
factor in the distinct enzymatic and mineralization responses
observed (Kasozi et al., 2010; Lehmann et al., 2011). These chemi-
cal differences may even influence the binding and thus the activ-
ity of extracellular enzymes. Cho and Bailey (1978) observed
decreased apparent glucose oxidase and gluconolactonase activi-
ties with the addition of char-based activated carbon to a maltose
solution inoculated with the enzymes. Similarly, a study by Zhang
and Yu (2000) demonstrated that activated C decreased dye decol-
orization and laccase activity when added to an azo dye inoculated
with T. versicolor. In the context of the present study, such findings
indicate that our untreated PyOMF may have inhibited the enzy-
matic activity of T. versicolor explaining the marginal suppression
of MEA C mineralization.

In general, our results for PyOMUV and PyOMW in comparison
to PyOMF are consistent with previous work on the white-rot fun-
gal response to single wall carbon nanotubes (CNTs), highly con-
densed aromatic carbon structures with different degrees of
surface oxidation (Berry et al., 2014). These authors found that
the two white rot fungi T. versicolor and Phlebia tremellosa both
increased the activity of laccase and peroxidase enzymes in single
culture media when CNT, with just 3% carboxyl content, were
added to the growth media. However, these same fungi exhibited
no response when pure, unfunctionalized CNT were added, leading
to the hypothesis that surface carboxyl functional groups caused
an increase in degradative enzyme activity and thus oxidative
aging would be a critical factor for environmental microbial degra-
dation. This response may be governed by the sorptive capacity of
PyOM and other HCAC (Kasozi et al., 2010; Masiello et al., 2013). In
some cases, this could lead to the disruption of extracellular signal-
ing of the fungus, as demonstrated by Masiello et al. (2013) who
observed reduced gene expression by gram negative bacteria as a
result of sorption of stimulatory compounds on the surface of
PyOM. This has implications for the weathered (leached and
photo-treated) analogs of PyOMF as increased weathering may
lower capacity to bind key regulatory compounds. These results
suggest that substrate and enzyme sorption, occlusion of enzyme
active sites, and binding of regulatory compounds may be involved
in the inhibition of substrate mineralization in PyOMF and to a
lesser degree weathered PyOM. The overall suppressive effect of
PyOMF is in keeping with strong adsorption of both extracellular
enzymes and nutrients which should limit decomposition of both
media and PyOM; similar to the interpretation of past mesocosm
studies where activated char was shown to bind enzyme active
sites and prevented dye decolorization (Zhang and Yu, 2000).

It is not immediately clear, however, what mechanisms would
result in the seemingly non-linear relationship between surface
chemical change, highest for PyOMUV, and fungal reactivity
response, highest for PyOMW. Our original hypothesis stated that,
although this particular 450 �C PyOM has been shown to have very
low lability in soil (Santos et al., 2012), the oxidized PyOMUV
would exhibit the highest fungal enzyme activity, PyOM decompo-
sition, and MEA decomposition as this material would leach lignin-
like signaling compounds, like veratryl alcohol (Dekker et al.,
2001), to induce oxidative enzyme production (Schreiner et al.,
2009; Berry et al., 2014). Interestingly, although PyOMW exhibited
surface chemical changes far less than PyOMUV, as exhibited by
the XPS, FTIR, and 13CO2 analyses (Tables 1–3 and Fig. 1), it induced
the greatest enzyme response and MEA priming. Taken together,
the relative response between PyOMF and PyOMUV can be reason-
ably explained by suppressive surface binding effects of PyOMF
and an amplifying reactivity effect from PyOMUV because of
potential inducer compounds; a hypothesis consistent with earlier
studies (Berry et al., 2014). That explanation, unfortunately, runs
counter to the relative reactivity observed between PyOMUV and
PyOMW and their assumed chemical differences. One possible
explanation that could make sense of the three treatment
responses might be gathered from the FTIR data. The increase in
aryl CH and aliphatic CH stretching vibrations in PyOMUV relative
to PyOMF (Fig. 1 and Tables 3 and 4) suggests that the PyOMUV
surface may be relatively more hydrophobic than PyOMW and thus
could have potentially greater surface sorptive properties for
enzymes or labile MEA compounds. Without further chemical
characterization, it is not possible to unequivocally determine
relative controls.

4.3. Weathered PyOM induces fungal priming but is not
simultaneously degraded

Similar to the differential response of the enzyme activity upon
addition of fresh and weathered PyOM, T. versicolor exhibited a dis-
tinct capacity to mineralize the MEA growth media C based on
PyOM type (Fig. 2). We anticipated that total C mineralized would
increase with degree of simulated weathering in the order MEA <
PyOMF < PyOMW < PyOMUV, and that each PyOM treatment
would induce some degree of MEA decomposition. However, the
greatest yield in respired CO2 was in the PyOMW treatment with
the overall relative rank as PyOMF6MEA < PyOMUV < PyOMW.
In fact, PyOMF mildly suppressed (a = 0.1) MEA mineralization
with respect to the no-PyOM MEA-fungi control. Surprisingly,
and contrary to our hypotheses, there was no PyOM 13CO2 miner-
alized during the incubation process, at least after the first week of
the experiment when CO2 accumulation began. Therefore, the
main effect of the weathered PyOM was to induce, or positively
prime (Kuzyakov et al., 2009) MEA decomposition while the main
influence of the PyOMF was to mildly suppress (or negatively
prime) MEA decomposition. Certainly, under the appropriate con-
ditions, T. versicolor, and many white-rot fungi in general, have
the capacity to mineralize highly condensed polyaromatic carbon
materials, which has been shown in similar laboratory and soil
inoculations (Zhang and Yu, 2000; Schreiner et al., 2009; Arun
and Eyini, 2011). Fungal decay studies using T. versicolor and
highly condensed aromatic compounds have also shown that
carbon mineralization potential decreases with the degree of
ring condensation (Andersson et al., 2003; Atagana, 2009).
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Andersson et al. (2003) also observed a suppression of PAH
degradation after wood addition. With respect to large, highly
condensed aromatic particles like PyOM, prior field and laboratory
soil mesocosm studies, including one by Santos et al. (2012) that
investigated the exact PyOMF materials used in the present study,
demonstrated PyOM oxidation to CO2 and incorporation into both
fungal and bacterial PLFAs (Maestrini et al., 2014a). Furthermore,
Santos et al. (2012) showed that uptake of PyOM C into fungal PLFA
was lower (>20 mol%) than in bacterial PLFA while the reverse was
observed for soil-derived C. A low preference for PyOM by fungi is
in agreement with the results demonstrated herein that showed no
PyOM-13C in the headspace and indicates either a preference for
MEA C, relatively lower substrate use efficiency, the inability of
fungi to penetrate PyOM pore spaces to access labile PyOM C, or
the need for complex microbial consortia (Boonchan et al., 2000;
Jin et al., 2010; Zimmerman et al., 2011).

A portion of the resilience of PyOM in soil has been ascribed, in
part, to enhancement of physical protection mechanisms within
soil aggregates (Hamer et al., 2004; Zimmerman et al., 2011) or
coating by a protective rind (Brodowski et al., 2006). Kasozi et al.
(2010) showed that compounds containing hydroxyl and carboxyl
groups can be progressively sorbed to PyOM surfaces over time
and that PyOM can sorb up to 0.1% of its weight in natural organic
matter (NOM) and about 1% of low molecular weight phenolic
compounds. While soil aggregation is not possible in the present
study, it suggests that there is potential for PyOM suspended in a
nutrient rich growth media, to be protected from mineralization
by essentially being coated in a protective layer that provides a
barrier between the PyOM surface and extracellular enzymes.

Previous PyOM-soil mesocosm studies exhibit a positive prim-
ing effect at the early stage of the incubation (Hamer et al., 2004;
Zimmerman, 2010; Zimmerman et al., 2011; Jones et al., 2011;
Cross and Sohi, 2011). Proposed mechanisms for this phenomenon
include co-metabolism through extracellular enzyme production,
microbial community behavior, i.e., copiotrophs versus olig-
otrophs, and sorption of carbon sources to PyOM (Hamer et al.,
2004; Zimmerman et al., 2011; Maestrini et al., 2014a). However,
our study shows that no PyOM C was mineralized as CO2, suggest-
ing that these labile components are either inaccessible to fungi, or
play a different role in the mineralization process when abundant
metabolizable carbon is present. It is important to note that we
allowed the fungi to incubate with the media and PyOM while
the hyphae initially grew before sampling the headspace. It is pos-
sible that all the rapidly metabolizable PyOM C was consumed in
this short time frame. While our study focused on one species of
fungi, these results suggest possibly a less-significant role of fungi
in PyOM decomposition; a finding consistent with recently pub-
lished studies from soil-PyOM incubations. Using 13C-labeled
PyOM to trace metabolic uptake into phospholipid fatty acids both
Santos et al. (2012) and Farrell et al. (2013) demonstrated that
gram positive bacteria were able to incorporate more PyOM C in
their cells than either gram negative bacteria or fungi and they also
showed that fungi had a greater preference for wood. It is also pos-
sible that if our experiments used PyOM produced over range of
production temperature we would observe very different results
with respect to fungal accessibility of the weathered and fresh
PyOM as has been demonstrated with soil incubations (Luo et al.,
2011; Zimmerman et al., 2011).
5. Conclusions

This study provides the first evidence for the direct role of sur-
face oxidation in the response of white-rot fungi to pyrogenic
organic matter in a decomposition study. Addition of weathered
PyOM resulted in increased mineralization of malt extract media
as indicated by increases in both CO2 evolved and enzyme activity,
serving as a microbial inducer rather than an available C source.
While this study focused on one species of fungi, these results
may shed light on the role of fungi in PyOM studies involving soil
and sediments and help to explain why microbial priming results
vary extensively among experiments. It could be that fungi are
more involved in the positive priming of SOC in the presence of
PyOM than bacteria. While this study did not measure the sorptive
character of the different PyOM used, our results demonstrate that
over time, weathering of PyOM might aid in the sequestration of C
by increased binding of organic compounds with increased weath-
ering by altering surface charge. However, further study is needed
to confirm that sorption to PyOM surface is a major factor in the
response of enzymatic activity and total C mineralized as well as
confirming whether these fungi exhibit strategies that select for
SOC over PyOM in priming studies. The increased enzymatic and
positive priming response of T. versicolor to weathered PyOM high-
lights the importance of weathering-induced chemistry in control-
ling PyOM–microbe–soil carbon interactions.
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