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Abstract

Amino sugars in fungal cell walls (such as chitin) represent an important source of nitrogen (N) in many forest soil eco-
systems. Despite the importance of this material in soil nitrogen cycling, comparatively little is known about abiotic and biotic
controls on and the timescale of its turnover. Part of the reason for this lack of information is the inaccessibility of these mate-
rials to classic bulk extraction methods. To address this issue, we used advanced visualization tools to examine transformation
pathways of chitin-rich fungal cell wall residues as they interact with microorganisms, soil organic matter and mineral sur-
faces. Our goal was to document initial micro-scale dynamics of the incorporation of 13C- and 15N-labeled chitin into fun-
gi-dominated microenvironments in O-horizons of old-growth forest soils. At the end of a 3-week incubation experiment,
high-resolution secondary ion mass spectrometry imaging of hyphae-associated soil microstructures revealed a preferential
association of 15N with Fe-rich particles. Synchrotron-based scanning transmission X-ray spectromicroscopy (STXM/NEXA-
FS) of the same samples showed that thin organic coatings on these soil microstructures are enriched in aliphatic C and amide
N on Fe (hydr)oxides, suggesting a concentration of microbial lipids and proteins on these surfaces. A possible explanation
for the results of our micro-scale investigation of chemical and spatial patterns is that amide N from chitinous fungal cell walls
was assimilated by hyphae-associated bacteria, resynthesized into proteinaceous amide N, and subsequently concentrated
onto Fe (hydr)oxide surfaces. If confirmed in other soil ecosystems, such rapid association of microbial N with hydroxylated
Fe oxide surfaces may have important implications for mechanistic models of microbial cycling of C and N.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Structurally complex microbial amino sugars are an
important component of carbon (C) and nitrogen (N) cy-
cling in soil ecosystems. High microbial demand and strong
competition for easily assimilable C and N compounds in
these systems may promote the development of adaptive
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features to better utilize amino sugar C and N. Amino sug-
ars are derived predominantly from cell wall components of
bacteria and fungi (Guggenberger et al., 1999; Amelung
et al., 2001a,b). For example, chitin and its monomeric
building block N-acetyl-glucosamine (NAG) comprise a
significant pool of organic N in many soils (Stevenson,
1982; Amelung, 2003) and appear to be utilized by micro-
bial communities in N-poor soils (Olander and Vitousek,
2000; Zeglin et al., 2012). Despite their importance as an or-
ganic N source in N-limited ecosystems, little is known
about possible abiotic and biotic controls on the microbial
utilization of N in fungal cell wall components.
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In order to exploit decomposing fungal hyphae as an N
source, microorganisms produce the enzyme NAGase
(commonly called chitinase), which depolymerizes the cell
wall polymer chitin into monomeric subunits (i.e., NAG)
that can be assimilated (Sinsabaugh et al., 1993). Elevated
respiration and N mineralization rates as well as higher
NAGase activity potentials in soils with high fungal bio-
mass (so-called ectomycorrhizal mats) highlight the ability
of microorganisms in such microenvironments to rapidly
cycle C and N (Griffiths et al., 1990; Kluber et al., 2010).
High NAGase activity may thus reflect a high microbial de-
mand for amino sugars and/or a high abundance of micro-
biota that can utilize this N-source. In recent incubation
experiments, Zeglin et al. (2012) showed that microbial
communities associated with ectomycorrhizal mat patches
assimilate amino sugar N more efficiently than microbial
communities present in non-mat O-horizon soil. These
observations strongly support the notion that microbial
communities (predominantly bacteria) associated with
mycorrhizal mats efficiently utilize amino sugar substrates
in this microenvironment.

To date, only circumstantial evidence exists for a possi-
ble role of abiotic controls in amino sugar turnover. How-
ever, several independent observations suggest a role of the
mineral matrix in amino sugar cycling. Amino sugars can
adsorb to both crystalline mineral phases such as kaolinite
and goethite (Kaiser and Zech, 2000) and to the hydroxyl-
ated surfaces of poorly crystalline metal (hydr)oxides such
as ferrihydrite (Mikutta et al., 2010). Other sources suggest
that the mere presence of minerals does not alter the rate of
amino sugar turnover but rather the relative proportions of
N assimilated by bacteria and fungi (Amelung et al.,
2001a,b). So while there is reason to infer a role of abiotic
processes in amino sugar cycling, the precise mechanisms
involved remain obscure. Furthermore, although the gen-
eral affinity of carbohydrates for Fe oxides is well-docu-
mented (Kiem and Koegel-Knabner, 2002, 2003;
Eusterhues et al., 2011), neither the time scale of formation
of such associations nor their ecological importance N-lim-
ited systems has been well investigated.

Understanding the micro-scale complexity present in
heterogeneous soil systems poses significant challenges for
conventional bulk methods. To characterize soil micro-
structures associated with fungal hyphae and to identify
and trace amino sugars from fungal cell wall components
and its transformation products into the soil microenviron-
ment, we employed a novel combination of isotopic and
spectroscopic imaging techniques. First, synchrotron-based
scanning transmission X-ray microscopy (STXM) in com-
bination with near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy, which has been employed to
interrogate structurally intact soil micro-aggregates (Wan
et al., 2007; Lehmann et al., 2005; Kinyangi et al., 2006), of-
fers chemically sensitive spectroscopic imaging of biological
and environmental samples with high spatial resolution
(<30 nm). Second, high-resolution mass spectrometry imag-
ing with a Cameca NanoSIMS 50 has previously been used
to track specific isotopes of organic compounds in natural
(Herrmann et al., 2007) and artificial soil microstructures
(Müller et al., 2012) with better than 100 nm resolution.
Our conceptual approach was to take advantage of the
synergistic effects of NanoSIMS and STXM/NEXAFS
imaging. Applied to the same sample, NanoSIMS allowed
us to follow isotopically-labeled amino sugars from fungal
cell walls as they became metabolized or bound to miner-
als and SOM, while with STXM/NEXAFS spectromicros-
copy we could determine the chemical transformations of
C and N functionalities of this substrate during the pro-
cess. The general goal was to visualize the fate of 13C-
and 15N-labeled fungal cell wall material and determine
the effects and relative importance of the microbial drivers
and abiotic controls of the initial dynamics on initial ami-
no sugar breakdown in soils. The specific objectives of this
study were to (i) determine the short-term fate of fungal
cell wall material in hyphal-associated microenvironments
and (ii) identify potential abiotic factors such as attach-
ment to mineral surfaces or native SOM that might affect
microbial N cycling. In this microenvironment, we ex-
pected amino sugar cycling to be rapid and micron-scale
imaging methods to be particularly suited to probe for
the location and chemistry of the labeled fungal cell wall
material and its transformation products. We focused
our analyses on the interface between fungal hyphae (the
natural source of chitin-rich cell wall materials) and the
adjacent soil matrix containing abundant microorganisms,
SOM, and minerals.

2. MATERIALS AND METHODS

2.1. Sample characteristics

2.1.1. Soil characteristics

For this experiment 13C- and 15N-labeled fungal cell wall
material was incubated for 3 weeks with O-horizon soil col-
lected under Douglas-fir in the H.J. Andrews Experimental
Forest (Oregon, USA). The O-horizons sampled for this
experiment are characterized by abundant patches of ecto-
mycorrhizal mats. Fungal hyphae in these mat-colonized
organic soils can constitute up to 50% of dry weight (Ing-
ham et al., 1991) and may serve as a natural source of chi-
tinous cell wall material. The underlying soils are coarse
loamy mixed mesic Typic Hapludands according to US
taxonomy (Soil Survey Staff, 2010), and have a mean
O-horizon depth of 6 cm. O-horizon samples had a pH of
4.5–4.8, and an organic matter content of 638 ± 22 mg/g
dry mass (mean ± SE) (Zeglin et al., 2012) as determined
by loss-on-ignition (Nelson and Sommers, 1996). Thus,
while clearly dominated by organic matter, the O-horizon
material contains a significant proportion of mineral
constituents.

2.1.2. Soil incubations

To obtain 15N- and 13C-labeled fungal cell wall material,
Baker’s yeast (Saccharomyces cerevisiae) was cultured in
media containing 99 atm% 13C-glucose and 99 atm%
15NH4

+ (Cambridge Isotope Laboratories, USA). After
harvest, cells were washed and chemically treated to isolate
insoluble chitin-enriched cell wall material (Roff et al.,
1994; Kirchman and Clarke, 1999). In brief, cells were
bead-beaten to break cell walls and release cytoplasmic
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molecules, washed, treated with 4% sodium dodecyl sulfate
at 90 �C for 2 h before and after incubation with proteinase
K overnight, bead-beaten and washed again, and extracted
twice with a 1:1 mixture of chloroform:methanol; this pro-
tocol was designed to preferentially remove water- and or-
ganic-soluble cell debris and cell wall glycoproteins. Finally,
because insoluble S. cerevisiae cell wall polymers are dom-
inated by glucans (Cabib and Bowers, 1971; Watson et al.,
2009), the material was incubated with 1–3-glucanase over-
night at 37 �C, thus enriching the material in chitin. The
molar C:N ratio of the resulting material was 20:1, implying
a 2:1 ratio of glucan (6C) to amino sugar (8C:1N) molecules
in the final polymeric material, and the amino sugar content
of the material was independently estimated at 39% using
analyses described in Zeglin et al. (2012).

The 15N and 13C enrichment of the cell wall material
were determined using a LECO (St. Joseph, MI, USA)
isotope ratio mass spectrometer (IRMS) at the Oregon
State University Stable Isotope Research Unit, and were
referenced to N2 in air and Vienna Pee Dee Belemnite
(VPDB), respectively. Multiple batches of cell wall mate-
rial combined and had average d15N values of 501&

and d13C values of 151&. For the soil incubation, 1%
w/w (dry mass basis) of suspended fungal cell wall mate-
rial was mixed in 10 g dry (approximately 30 g wet at field
water holding capacity) soil in airtight 500 mL Ball Jars as
described in Zeglin et al. (2012). Incubations were main-
tained for 3 weeks at 24 �C in the dark, after which whole
soil was sampled for STXM/NEXAFS and NanoSIMS
analysis. After the incubation, subsamples were also col-
lected to determine the isotopic enrichment of the bulk
soil and chloroform-extracted microbial biomass using
IRMS.

2.1.3. Specimen preparation

To allow for high-resolution SIMS imaging and STXM/
NEXAFS spectromicroscopic analysis of the same sample
specimen, the samples were required to have limited topog-
raphy and the ability to withstand high vacuum. They also
had to be dry, conductive, and thin enough to allow photon
transmission (<1 lm) and prepared without carbon-based
reagents. The preparation described in the following was
found to consistently isolate fungal hyphae, including asso-
ciated soil bacteria and minerals, from the soil. After the
incubation, the soil was thoroughly mixed and three subs-
amples of approximately 400 mg of soil were gently dis-
persed in 2 ml of 10 mM NaCl for 1 min. Larger soil
particles were allowed to settle for 15 min and the individ-
ual supernatants were removed. For each subsample, 1 lL
of the supernatant (containing numerous hyphal fragments)
was dried on silicon nitride (Si3N4) windows (Silson Ltd.,
England). Samples were sputter-coated with 5 nm of irid-
ium and then mapped using scanning electron microscopy
(SEM) on a JEOL 7401 SEM (Tokyo, Japan) at Lawrence
Livermore National Laboratory, CA (LLNL) with an
accelerating voltage of 1 kV. Regions of interest (ROIs)
for SIMS and STXM imaging analyses were selected based
on morphology (i.e., targeting microstructures that in-
cluded fungal hyphae, bacteria and minerals) and sample
thickness.
2.2. Synchrotron-based scanning transmission X-ray

microscopy (STXM) in combination with near edge X-ray

absorption fine structure (NEXAFS) spectroscopy

2.2.1. Imaging analysis

STXM analysis of six ROIs identified by SEM was per-
formed on the Molecular Environmental Sciences beam-
lines 5.3.2.2 (250–600 eV) and 11.0.2 (80–2000 eV)
(Kilcoyne et al., 2003; Warwick et al., 2003) of the Ad-
vanced Light Source (ALS) at Lawrence Berkeley National
Laboratories. These X-ray microscopes use a Fresnel zone
plate lens to focus a monochromatic X-ray beam onto the
sample. Imaging contrast relies on core electron excitation
by absorption of soft X-ray radiation (Kirz et al., 1995).
The sample is scanned through the fixed beam and trans-
mitted photons are detected via a scintillator–photomulti-
plier detector assembly to provide 2D images of the
sample volume probed.

STXM/NEXAFS at the bend magnet beamline 5.3.2.2
was used to perform C and N spectromicroscopy. The en-
ergy was calibrated at the C 1s edge using the 3p Rydberg
peak of gaseous CO2 at 292.74 and 294.96 eV (Ma et al.,
1991) and at the N 1s edge using the 1s–p* transition of
N2 at 401.10 eV (Sodhi and Brion, 1984). Dwell times for
the collection of C and N NEXAFS stacks were 61.2 ms
to avoid potential beam damage. No visible alteration of
the spectra was observed under these conditions. The spa-
tial and spectral resolution during our measurements was
40–50 nm and �0.1 eV, respectively. Clean areas of the
Si3N4 membrane were used to normalize the transmission
signal obtained from analyzed regions of interest. After
recording of C and N NEXAFS stacks, Fe 2p absorption
spectra were collected using small slit sizes to limit the inci-
dent flux at the undulator beamline 11.0.2. Dwell time, step
size as well as the spatial and spectral resolution for Fe
NEXAFS scans was as described for C and N NEXAFS.

Transmission images at energies below and at the relevant
absorption edge energies were converted into optical density
(OD) images [OD = ln(I0/I), with I0 being the incident pho-
ton flux and I the transmitted flux]. Image sequences (also
called ‘‘stacks”) acquired at multiple energies spanning the
relevant absorption edge (278–330 eV for C 1s edge, 390–
440 eV for N 1s edge, and 690–740 eV for Fe 2p edges) were
used to extract NEXAFS spectra.

Standard spectra were collected from pure reference
compounds (i.e., N-acetyl-glucosamine, sodium alginate,
and bovine serum albumin) in powder form. The standard
materials were finely ground with an agate mortar, sus-
pended in filter-sterilized and deionized water (Milli-Q), ap-
plied to a Si3N4 window with a micropipette, and air-dried.
Additional standard spectra were recorded for pure yeast-
derived fungal cell wall material and bacteria (Escherichia

coli). Fungal cell wall material was prepared as described
above and E. coli was grown on nutrient broth for 24 h.
In preparation for STXM analysis, fungal and bacterial cell
materials were washed twice with Milli-Q water and 2 lL of
cell suspension was air-dried on Si3N4 windows. For each
standard, three spectra were acquired from regions with
optical densities <1.5 (to minimize saturation of the spectral
features) and averaged.



Table 1
Quantification of relative proportions of organic functional groups in 1s C NEXAFS spectra by Gaussian peak deconvolution.

Aromatic C Phenolic C Aliphatic C Carboxyl C/amide C O-alkyl C Carbonyl C Aromaticityb O-alkyl/
aromatic Cc

Photon energy (eV) 284–285.5 286.5–287 287.1–287.8 288.0–288.8 289–289.5 290–290.5
(a) Chemical changes in 15N-labeled materials (% abundance of functional groupsa)

Original fungal cell
wall material

9(1) 1(0) 11(1) 27(1) 46(2) 7(1) 0.34 4.95

Fe-associated OM
(15N-enriched) (n = 3)

10(1) 12(0) 15(0) 35(2) 24(1) 4(1) 0.30 2.31

(b) Chemical changes in spectral types (% abundance of functional groupsa)

Type 1 (n = 3) 13(2) 16(3) 9(2) 32(3) 27(2) 4(2) 0.41 2.08
Type 2 (n = 6) 11(0) 13(3) 12(1) 35(3) 26(1) 3(2) 0.31 2.36
Type 3 (n = 7) 9(1) 11(1) 16(1) 36(2) 25(1) 3(1) 0.24 2.89
Type 4 (mineral
surfaces (n = 5)

5(3) 9(1) 19(2) 38(1) 24(1) 5(1) 0.13 3.19

a Numbers are mean values reported with standard error in parentheses.
b Aromaticity index = (aromatic C)/(carboxyl and amide C).
c O-alkyl/aromatic C = ratio of% O-alkyl to aromatic C.
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2.2.2. Data processing

Stack images were aligned via a spatial cross-correlation
analysis, clean areas of the Si3N4 membrane were used to
normalize the transmission signal obtained from analyzed
ROIs, and NEXAFS spectra were extracted from groups
of pixels from ROIs using the aXis 2000 software package
(Hitchcock, 2009).

Extracted C and N 1s NEXAFS spectra were normal-
ized using the Athena software package for X-ray absorp-
tion spectroscopy (Ravel and Newville, 2005). Edge step
normalization was performed using E0 values of 290 eV
and 408 eV for C and N NEXAFS, respectively. NEXAFS
spectra were normalized across the full recorded range
(278–330 for C 1s and 390–440 eV for N 1s). Peak assign-
ments can be found in the figure captions.

A semi-quantitative analysis of C 1s NEXAFS spectra
extracted from distinct features in the sample (such as fun-
gal hyphae, bacteria, and mineral surfaces discussed as
‘types’ in the results section) was carried out by peak decon-
volution using the software PeakFit (SeaSolve Software
Inc., San Jose, CA, USA). Peak positions were assigned
according to conventions reported by Schumacher et al.
(2005) and Solomon et al. (2005). The deconvolution proce-
dure was applied using Gaussian transitions with parame-
ters as described in Kleber et al. (2011). No restrictions
were placed on the Gaussian peaks and the final FWHM
values and energy positions (Fig. A2, Appendix). Peak
magnitude and energy for all Gaussian transitions were al-
lowed to vary freely, allowing the peak positions to con-
strain themselves to the ranges given in Table 1.

2.3. High-resolution secondary ion mass spectrometry

imaging

2.3.1. Imaging analysis

Isotopic and chemical images were acquired on a Nano-
SIMS 50 (Cameca, Gennevilliers, France) at LLNL. This
instrument allows the simultaneous imaging of five isotopes
with high spatial resolution (up to 50 nm) and high mass
resolution. For this study, electron multiplier (EM) detec-
tors were positioned to collect 12C�, 13C�, 12C14N�,
12C15N�, and 56Fe16O� ions. Due to the poor yield of N�

under the Cs+ primary beam, nitrogen was detected as
the molecular ion CN�, and iron was detected using its
oxide ion (56Fe16O�). The secondary mass spectrometer
was tuned for >6800 mass resolving power (defined as the
ratio M/DM) in order to resolve isobaric interferences.

Ion images of the ROIs previously imaged by STXM
were generated with a 1.5 pA Cs+ primary beam, focused
to a spot size of 120 nm, and stepped over the sample in
a 256 � 256 pixel raster. Dwell time was 1 ms/pixel, and
raster size was 10 � 10 lm. Secondary ions were detected
in simultaneous collection mode by pulse counting to gen-
erate 60–180 serial quantitative secondary ion images (or
‘layers’). No pre-analysis sputtering was done on these sam-
ples as we hypothesized that chemistry of interest might ex-
ist as thin layers on components of the sample (i.e., mineral
particles). The electron flood gun was used for all analyses
to avoid charging effects (Pett-Ridge and Weber, 2011).

A series of forty additional high-resolution NanoSIMS
images (without corresponding STXM analysis) were col-
lected to determine the isotopic enrichment of a larger num-
ber of soil particles, and to assess whether there was a
spatial correlations between Fe-rich phases and 15N enrich-
ment. Forty 10 � 10 lm (256 � 256 pixels) images were col-
lected at random locations on the aforementioned
specimens. Images were generated using the NanoSIMS set-
tings described above.

2.3.2. Data processing

NanoSIMS image data were processed as quantitative
isotopic ratio images using the L’image software package
developed by L. Nittler (Carnegie Institution of Washing-
ton), and were corrected for effects of quasi-simultaneous
arrival (QSA), detector dead-time and image shift from
layer to layer (due to drift in the location of the ion beam
from frame to frame). Data planes collected before
sputtering equilibrium was achieved (typically 5–10) were
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discarded. The isotopic composition (d13C and d15N) of
each ROI was calculated by averaging over all replicate lay-
ers where both C and N isotopes were at sputtering equilib-
rium. d13C and d15N were calculated as follows:

daX ¼ Rm

RSTD
� 1

� �
� 1000 ½&� ð1Þ

where Rm is the isotopic ratio of the sample and RSTD that
of the reference standard. Repeated NanoSIMS analyses of
a Bacillus subtilis spore preparation were used as a reference
standard for the C and N isotopic measurements
(d13C = �14.4&; d15N = 12.3&) (Kreuzer-Martin and Jar-
man, 2007). Isotopic enrichment of standards was indepen-
dently determined at the University of Utah and used to
normalize sample analysis as described previously by (Fin-
zi-Hart et al., 2009). 56Fe16O�/12C� ratios were used to
localize Fe in the sample.

For those analysis locations analyzed by both SIMS and
STXM imaging, ROIs for NanoSIMS data analysis were
drawn based on the morphology of individual features
using L’image. For the forty additional randomly-located
NanoSIMS images, ROIs were drawn around discrete Fe-
rich particles defined using two thresholds: Fe-rich particles
with (i) average 56Fe16O�/12C� ion ratios greater than 0.05
and (ii) pixel sizes between 200 and 5000 (i.e., total areas be-
tween 0.3 and 7.5 lm2). These thresholds were based on the
STXM characterization of three randomly located Fe (hy-
dr)oxides in the sample, which all had 56Fe16O�/12C� ratios
P0.03 and particles sizes ranging from �1 to 2.5 lm2. For
comparison, ROIs of the remaining (mostly organic) soil
particles were defined as those particles with 56Fe16O�/12C�

ratio values >0.001 and <0.03.

3. RESULTS

3.1. Selection of regions of interest (ROIs)

SEM mapping of the prepared samples indicated that
20–150 lm long hyphal structures associated with periodic
clusters of minerals, organic matter and microbial residue
were common features. The six hyphae-associated micro-
structures were analyzed for C, N and Fe speciation using
STXM/NEXAFS and subsequently for 15N and 13C enrich-
ment (to locate added isotopically enriched fungal cell wall
material) using the more destructive NanoSIMS imaging
technique. We did not observe any specific locations where
13C was significantly enriched above natural abundance,
but noticed slightly enriched 13C values uniformly distrib-
uted across all analyzed areas (data not shown). However,
three of the STXM/SIMS sample locations had areas with
15N enrichment above background levels and are discussed
further.

3.2. NanoSIMS imaging of the d15N and Fe distribution

NanoSIMS imaging was used to reveal general patterns
in the distribution of 15N-enriched fungal cell wall material
and potential transformation products within the sample
collected after 3 weeks of incubation. General morpholo-
gies as well as the 15N and Fe distribution within the three
sample locations chosen for the combined imaging analysis
are shown in Fig. 1. Transmission maps of the three loca-
tions show the same morphological patterns. In general,
fungal hyphae are surrounded by soil particles (identified
as mineral particles, amorphous organic matter, microbial
residue in Section 3.3). Comparable morphological features
were observed in preparations of samples collected after 1
and 2 weeks of incubation (see Fig. A1 in Appendix). Com-
parison of d15N and Fe distribution maps for the three loca-
tions shows that the spots with greatest enrichment of 15N
tend to coincide with Fe-rich particles.

3.3. STXM/NEXAFS characterization of 15N-enriched

features on Fe-rich surfaces

STXM/NEXAFS spectromicroscopy was used to inves-
tigate the C and N chemistry of 15N-enriched OM associ-
ated with Fe-rich particles and the chemical form of Fe
present. To this end, C, N and Fe NEXAFS spectra were
extracted from 15N-enriched ROIs (white arrows in
Fig. 1). Averaged NEXAFS spectra of 15N-enriched organ-
ic matter on Fe-rich particles (=Fe-associated OM) and
additional reference materials are shown in Fig. 2 and are
described below.

3.3.1. C NEXAFS spectroscopy

The average C NEXAFS spectrum of the original fungal
cell wall material consists of peaks representing signals of
aromatic (a), aliphatic (c), carboxyl/amide (d) and O-alkyl
(e) carbon (Fig. 3A). The predominance of the O-alkyl
and carboxyl/amide C peak indicates the presence of b-
1,3-glucan and NAG units in the cell wall, whereas aro-
matic C may originate from glycoproteins. Comparison of
spectra extracted from the original fungal cell wall material
to the 15N-enriched OM found on Fe-rich soil particles
after 3 weeks of incubation reveals substantial changes
(Fig. 2A). These changes could be due to a strong back-
ground of native organic materials coating the Fe-rich par-
ticle and/or substantial chemical transformations of the
original material over the course of the incubation.

Spectral deconvolution of C NEXAFS spectra from the
original and the 15N-labeled Fe-mineral associated OM
shows the changes in functional group abundance that oc-
curred over the course of the soil incubation (Table 1a). The
most prominent change includes a strong decrease of O-al-
kyl C abundance associated with polysaccharides, such as
b-1,3-glucan, with a simultaneous increase in carboxyl/
amide C corresponding to proteinaceous materials. A
change was also observed for aliphatic and phenolic C,
which is notably more abundant on the Fe-rich particles.
This might indicate a preferential association of lipid mate-
rial with hydroxylated Fe oxide surfaces, or could have ri-
sen from the complexation of carboxylic groups with Fe
or other metals on the surface (Plaschke et al., 2005; Arm-
bruster et al., 2009). However, the increase in phenolic C
also suggests that native organic matter derived from plants
represents a substantial fraction of the organic coating
found on these surfaces.

In order to gain insights into the molecular form of 15N-
enriched compounds found on Fe-rich particles, we



Fig. 1. Three hyphal-associated microstructures investigated by NanoSIMS imaging and STXM/NEXAFS spectromicroscopy: panels A, B
and C show (i) STXM optical density maps of the three microstructures recorded at 300 eV and the corresponding heat maps for (ii) d15N and
(iii) Fe across the entire feature generated using 12C15N�/13C14N� and 56Fe16O�/12C� secondary ion counts, respectively.
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compared average spectrum of 15N-enriched Fe-associated
OM to pure standards of individual fungal cell wall compo-
nents (amino sugars, polysaccharides and protein). The
spectra corresponding to Fe-associated OM show less
intensity for peaks associated with polysaccharides (e) and
greater intensity for peaks observed in proteinaceous mate-
rials (d) (Fig. 2A). Finally, there is a striking similarity be-
tween the reference spectra of purified bacterial cells and
the spectra obtained from Fe-associated OM.

3.3.2. N NEXAFS spectroscopy

Comparing the N NEXAFS of fungal cell wall material
to averaged spectra of the mineral-associated OM provides
evidence for the chemical transformations of the starting
material over the course of the incubation (Fig. 3B). The
spectral peak at 401.7 eV (b) dominating spectra of fungal
cell wall material is less pronounced and shifted to lower
energies (401.5 eV) in spectra corresponding to mineral-
associated N. This peak is commonly attributed to amide
N (Mitra-Kirtley et al., 1993; Gillespie et al., 2009; Cody
et al., 2011), but may contain contributions of pyrrolic
and nitro N (Leinweber et al., 2007). The same peak also
dominates the average N NEXAFS spectrum of the Fe-
associated OM. Lower energy resonances (399–401 eV)
were not interpreted due to the larger variability and poten-
tial artifacts related to damage induced by the X-ray beam
(Leinweber et al., 2007).

The dominant resonance at 401.5 eV can be indicative of
amide N from fungal amino sugars, peptides from micro-
bial proteins (see references spectra in Fig. 2B), or nucleo-
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Fig. 2. Near edge X-ray absorption fine structure (NEXAFS) spectra
extracted from the 15N-enriched regions on the Fe-rich particle
surfaces. Averaged and normalized NEXAFS spectra of these
locations collected at the C (A) and N (B) 1s absorption edge are
compared to reference spectra of an amino sugar (N-acetyl-glucosa-
mine, the monomer of fungal chitin), polysaccharide (alginate),
protein (bovine serum albumin) and bacterial cells (E. coli). NEXAFS
spectra collected at the Iron 2p absorption edge (C) are compared to
reference spectra of goethite (a-FeOOH). Average spectra are shown
as mean ± standard deviation to this mean. Average spectra were
obtained by calculating the mean at each energy value with n = num-
ber of spectra. (A) Carbon 1s absorption edge peaks are identified as
C = C 1s–p* transition of aromatic C at 285.1 eV (a), 1s–p* transition
of C„C in ene-ketone at 286.7 eV (b), 1s–3p/r* transition of aliphatic
C at 287.4 eV (c), 1s–p* transition of carboxylic and/or amide C at
288.3 eV (d), the 1s–3p/r* transition of alcohol C–OH at 289.4 eV (e),
and the 1s–p* transition of carbonyl C at 290.3 eV (f) (Cody et al.,
1998; Schumacher et al., 2005; Solomon et al., 2005, 2009; Cody et al.,
2011; Kleber et al., 2011). (B) Nitrogen 1s absorption edge peaks are
identified as imine N 1s–p* transition at 399–400 eV (a), amide N 1s–
3p/p* transition at 401.3 eV, and nitro N 1s–p* transition at 403.6 eV
(c) (Cody et al., 2011). (C) Iron 2p absorption spectra consist of two
main features associated with transitions from the 2p3/2 (L3,�710 eV)
and 2p1/2 (L2,�721 eV) core levels. Absorbance was normalized at the
location of the low-energy peak (709.8 eV).
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tides in DNA/RNA (reference spectra in Leinweber et al.
(2007) and Mitra-Kirtley et al. (1993)). Due to these
overlapping signals, our N NEXAFS spectra cannot
conclusively determine whether the organic N in the Fe-
associated OM is derived from amino sugars, protein
and/or DNA/RNA. However, the N NEXAFS standard
spectrum for bacterial cells shows very similar spectral
patterns as those observed for Fe-associated OM. Since
Fe-particle associated C appears to be of bacterial origin
as suggested above, it is reasonable to assume that 15N-en-
riched spots of N on Fe particle surfaces are likely derived
from a microbial source.

3.3.3. Fe NEXAFS spectroscopy

Fe 2p NEXAFS spectra provide information on the oxi-
dation state of Fe (van Aken and Liebscher, 2002). Fe 2p
NEXAFS spectra acquired from 15N enriched mineral par-
ticles have spectral signatures that mirror that of a Fe (hy-
dr)oxide standard (goethite) (Fig. 2C). As the observed
intensity ratio between the higher energy (709.8 eV) and
lower energy (708.0 eV) mimics that of the Fe(III) standard
and there is no obvious absorbance in the expected Fe(II)
energy range (707.5 eV), it appears that the mineralogy of
this sample is dominated by Fe(III). Fe NEXAFS image
scans of other mineral particles found within the three sam-
ple locations with noticeably less 15N enrichment showed
little or no sign of Fe. However, difference maps across
the Si and Al K-edges revealed greater concentrations of
Si and Al in these particles (data not shown).

In summary, organic matter derived from 15N-labeled
fungal cell wall materials appears to be preferentially asso-
ciated with surfaces of Fe (hydr)oxide minerals in amide N
form and has a C signature consistent with that of micro-
bial residues.

3.4. STXM/NEXAFS characterization of spatial and

chemical patterns in hyphae-associated microstructures

To test whether morphological and chemical patterns
observed within the three soil microstructures provide addi-
tional insights into general transformation pathways of na-
tive hyphal material (and the amino sugars therein), general
patterns in the micro-scale C and N dynamics were ana-
lyzed using the STXM/NEXAFS image data. A total of
21 C and N NEXAFS spectra were extracted for all struc-
turally discernable features observed in the three imaged
sample locations (see Fig. 3A for ROIs).

3.4.1. C NEXAFS spectroscopy

Close comparison of recurring patterns in the 21 C
NEXAFS spectra extracted from all three sample locations
showed that they could be grouped into four distinct spec-
tral types (Fig. 4B). Morphological and chemical character-
istics of each type are as follows:

(1) Type 1 spectra (grey) represent fungal hyphae and
are dominated by peaks corresponding to aromatic
C (a), phenolic C (b), carboxyl/amide C (d), and O-
alkyl (e) (Fig. 3B). In the absence of other aromatic
compounds, aromatic C is derived from proteina-
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1 = 3; nType 2 = 6; nType 3 = 7; nmineral surfaces = 5). (For interpretation
of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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ceous cell wall components and/or melanin-like com-
pounds, while amide C functionalities have their ori-
gin in chitin constituents of fungal cell walls. Phenolic
peaks likely arise from fungal melanin and/or sur-
face-associated phenols which tend to coat the fungal
mycelium during the breakdown of lignin (Chua
et al., 1983; Perez and Jeffries, 1992; Tian et al.,
2003; Zhong et al., 2008).

(2) Type 2 spectra (brown) are associated with amor-
phous organic residues surrounding the fungal
hyphae and mineral particles. These spectra show
strong similarity to those identified as Type 1, but
originate from objects that lack the straightforward
morphology of fungal hyphae.

(3) Type 3 spectra (green) were extracted from small
ROIs in the immediate vicinity of hyphal structure
and mineral particles. These spectra show dominant
resonances in the aromatic C region (a), followed
by a steep rise in the carboxyl/amide C region (d).
The overall spectral signature is that of microbial tis-
sues and proteins (see Fig. 3A, also: Toner et al.
(2009)), implying that this spectral type represents
OM composed of microbial biomass or material that
has been processed by a microbial metabolism.

(4) The fourth spectral type (blue) was derived from OM
bound to mineral surfaces (=mineral-associated
OM). Comparing Type 4 to Types 1–3 is of interest
because the latter represent potential sources for the
surface-associated OM. Type 4 spectra differ substan-
tially from Type 1 and 2 spectra, and exhibit the same
microbial signature as Type 3 with the exception of
two subtle differences. These are a slightly lower aro-
matic C signal (letter “a” in Fig. 4B) and a slightly
stronger O-alkyl C signal (e) relative to that of car-
boxylic C/amide N (d). These differences suggest that
this mineral-associated OM is derived from microbial
materials or residues (similar to Type 3), and that the
contributions from Types 1 and 2 (hyphae domi-
nated) are minor.

Deconvolution of the C NEXAFS spectra showed sig-
nificant chemical changes across the four distinct features
(or ‘Types’) of the sample (Table 1b). First, the relative pro-
portion of carbonyl C remains relatively constant going
from Type 1 to Type 4 spectra, with a concomitant decrease
in O-alkyl C. Second, the relative amounts of carboxyl C/
amide C and aliphatic C increase from Type 1 though 4,
with surface-bound OM having the highest contribution.
Finally, the relative proportions of aromatic and phenolic
C declined from Type 1 to 3, and are lowest in those organ-
ic materials that are attached to mineral surfaces (Table 1).

Along the sequence from Type 1 to mineral-associated
Type 4 materials, there is a consistent evolution of the func-
tional group composition (Fig. 4A). The abundance of ali-
phatic C progressively increases until it peaks on mineral
surfaces where it is more than double relative to Type 1
materials. In contrast, aromatic and phenolic C abundances
gradually decline to less than half of the Type 1 value
(�68% and �47%, respectively).
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3.4.2. N NEXAFS spectroscopy

In the corresponding N NEXAFS spectra of the four
spectral types described above (Fig. 4C), a broad absorp-
tion band at 401–402 eV, originating from amide N, domi-
nates all four types. This amine N peak is more pronounced
in Types 1 and 2 than in Type 3, suggesting some depletion
of amide N may have occurred during the progression from
Type 1 to Type 3 materials. The average N NEXAFS spec-
trum of mineral-associated OM shows a less pronounced
amide N peak. Lines indicating the standard deviation sug-
gest a substantial variation in abundance and form of N on
these surfaces (Fig. 4C). In contrast to the average spectrum
of Fe-associated OM (Fig. 2; extracted from small 15N-en-
riched patches in Fe hydroxide surfaces), this spectrum was
averaged across five minerals. It is possible to assume that
some of the variability in the results is related to differences
in mineral surface chemistry.

3.5. Characterization of the d15N and Fe distribution of

distinct morphological and chemical features

NanoSIMS imaging of the STXM locations described
above was used to measure 15N enrichment as a function
of Fe abundance across the four distinct morphological
and chemical features (or ‘Types’) (Fig. 5A). All four types
were enriched in 15N relative to unlabeled bulk soil and the
extracted microbial biomass (Fig. 5A, solid lines). Among
the four particle types, Fe abundance increased, with Type
1 < Type 2 < Type 3 < Type 4. Along the same trajectory
average d15N values showed a steep increase from Type 1
(intact hyphae) and Type 2 (decomposing hyphae) to Type
3 (microbial residue), before increasing more moderately to
Type 4 (mineral-associated OM) following a log relation-
ship (R2 = 0.81, p < 0.05) (Fig. 5). The elevated enrichment
for Type 3 (microbial residue) were in agreement with our
isotopic data for enriched bulk soil showing 15N enrichment
of the microbial biomass relative to the whole soil (Fig. 5,
dashed lines).

In addition, d15N values were extracted from local 15N-
hotspots on Fe-rich particles previously analyzed by STXM
and NanoSIMS (Fig. 1, white arrows). These values tended
to be larger than those of Type 3 (microbial residue) and
Type 4 (mineral-associated OM), and are correlated with
Fe abundance (R2 = 0.98, p < 0.05) (Fig. 5B).

In order to substantiate the relationship between 15N
enrichment and Fe abundance, 30 additional Fe-rich parti-
cles in 40 randomly selected 10 � 10 lm images were ana-
lyzed by NanoSIMS. In this larger dataset, Fe-rich
particles were significantly enriched in 15N compared to
the remaining soil particles (p < 0.05, two-tailed t-test)
(Fig. 5C).

4. DISCUSSION

Our combined imaging mass spectrometry and STXM/
NEXAFS results suggest that in the vicinity of fungal hy-
phae and associated soil microstructures, 15N-labeled amide
N, derived from fungal cell wall material, preferentially
associates with Fe (hydr)oxide surfaces or Fe-OM co-pre-
cipitates on the surface of other minerals. After 3 weeks
of incubation we found no significant 13C-enrichment sug-
gesting that much of the C in the initial substrate may have
become mineralized. The chemistry of 15N-enriched Fe-
associated spots, however, was dramatically altered com-
pared to the initial substrate and took on a spectral signa-
ture that is consistent with bacterial cells. The combination
of C and N NEXAFS data further indicate that amide N
found on mineral surfaces stems from bacterial protein
rather than amino sugars or nucleotides. This suggests that
the fungal cell wall material may have been rapidly metab-
olized prior to partitioning onto the mineral surfaces.

4.1. Microbial C cycling in hyphal-dominated

microenvironments

General patterns of C and N dynamics within the three
sample locations were resolved by categorizing similar
chemical and morphological features into four distinct
types. The chemical trends observed in the four spectral
types can be rationalized by assuming that (i) Type 1 spec-
tra represent fungal hyphae surrounded by dead hyphal res-
idues (Type 2) that lost their morphological structure due to
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initial decomposition processes, but still consist of the same
chemical components, (ii) Type 3 spectra reflect microor-
ganisms or microbial residue associating with the hyphae,
and (iii) OM associated with minerals represent an endpoint
(Type 4) where selected microbial components derived from
Type 3 accumulate (Fig. 4B).

The model we propose for chemical transformations of
the added cell wall biomass is supported by the strongly
microbial C chemistry in Type 3 and 4 features, which
are dominated by the aliphatic C of cell membrane phos-
pholipids and carboxyl/amide C of proteins in bacterial
cells (Lengeler et al., 1999). The chemical trends not only
indicate that mineral-associated OM is mostly of bacterial
origin (Type 3), but also that certain chemical components
(aliphatic C) become selectively enriched on mineral sur-
faces relative to their origin, while others (aromatic and
phenolic C) are depleted. Spectra of this kind have been
reported for organic materials rich in proteins and aliphat-
ics on marine particles (Brandes et al., 2004) and in soil
microaggregates (Lehmann et al., 2006; Kleber et al.,
2011).

4.2. Microbial amide N cycling in hyphal-dominated

microenvironments

In hyphal dominated soil environments, transformation
pathways of amino sugar N appear to be directly linked to
the C dynamics that we discuss above. Assuming that min-
eral surface-associated C is of bacterial origin, we can rea-
sonably assign the 15N-enriched spots of amide N on the
mineral surface to microbial residues as well. This suggests
that amide N from amino sugars is initially assimilated by
hyphal-associated bacteria, and subsequently re-synthe-
sized into bacterial proteins before adsorbing to Fe (hydr)o-
Fig. 5. (A) Average 15N enrichment as a function of Fe abundance for
microstructures analyzed by NanoSIMS imaging. Data points are color-
(grey), Type 2 (brown), Type 3 (green) and Type 4 (blue). The reader is re
values for d15N and Fe represent averaged 12C15N�/13C14N� and 56Fe16O
for the within-feature variability (e.g., as is evident on the surface of the la
Type (nType 1 = 3; nType 2 = 3; nType 3 = 4; nmineral surfaces = 3). Average d15

of soil incubated over the 3-week time period are drawn as horizontal lin
wall material (enriched) and unlabeled cell wall materials (control) are pr
for ‘hotspots’ located on the three Fe-rich particles shown in Fig. 1 (white
15N enrichment of soil particles detected in 40 randomly selected 10 � 10
defined as features with 56Fe16O�/12C� ratios P0.03 and particle sizes >
are defined by 56Fe16O�/12C� ratios between 0.001 and 0.03. Mean valu
xide surfaces of co-precipitation with Fe (hydr)oxide. That
amide N from microbial proteins becomes concentrated by
Fe (hydr)oxides may also be a result of associations that oc-
cur after cell lysis, through trapping of extracellular en-
zymes, or adhesive interactions of cell wall proteins
during bacterial colonization (Rillig et al., 2007)
(Fig. 4B). In our incubation, amide N may have become
concentrated (relative to C) due to microbial assimilation
of the added fungal cell wall N. This conclusion is sup-
ported by the fact that low levels of 13C appeared to be dis-
persed uniformly through the sample, whereas 15N was
found in concentrated patches.

Our micro-scale observations of microbial assimilation
of amide N in fungal cell wall material within a relatively
short incubation period of 3 weeks concurs with previous
reports suggesting fungal amino sugars act as an N source
for microbiota in N-deficient forest soil ecosystems (Oland-
er and Vitousek, 2000; Zeglin et al., 2012). Standard bulk
analyses can only account for the fraction of the added N
that becomes assimilated (biomass N pool) or mineralized
(inorganic N pool). What is not accounted for by these
methods is generally assumed to be either (i) N that was
never modified by microbial activity or (ii) N from the cell
wall material that was so fully transformed that it could not
be detected in mineralized or assimilated pools. Our results
suggest that some of this remaining amide N has undergone
significant microbial transformations, and that the associa-
tion of this residual amide N with Fe-minerals may often
escape detection by bulk analyses. The fact that this unac-
counted microbial amide N is preserved on Fe-rich mineral
surfaces also suggests that N cycling in N-limited systems
may be controlled in part by the presence of Fe (hydr)o-
xides or other mineral adsorbents with similar surface
properties.
defined ‘Types’ of structures within the three heterogeneous soil
coded according to the spectral types extracted from them: Type 1
ferred to Section 3.3 for additional discussion of these types. Given
�/12C� ion ratios, respectively, of entire ROIs and do not account

rge mineral particles in Fig. 1). Mean values ± SE are given for each
N values of whole soil and chloroform-extracted microbial biomass
es. For comparison, values for soils amended with 15N-labeled cell
ovided. (B) Average 15N enrichment as a function of Fe abundance
arrows). Mean values ± SE are reported for each ROI (n = 20). (C)
lm images analyzed by NanoSIMS. Fe-rich particles (n = 30) are

0.3 lm2, while all remaining, mostly organic soil particles (n = 180)
es ± SE are reported.
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4.3. High affinity of Fe (hydr)oxides for microbial C and N

Our imaging investigation demonstrated that Fe (hy-
dr)oxide surfaces or co-precipitates act to concentrate ali-
phatic C derived from microbial lipids as well as amide C
and N from bacterial protein, and suggests that such asso-
ciations can form on a very short time scale. Both lipids and
proteins are major components of bacterial extracellular
polymeric substances (EPS) which both gram-positive and
-negative bacteria exude EPS into the surrounding soil
microenvironment (Davies, 1999), thereby coating exposed
mineral surfaces. The formation of these ‘conditioning
films’ is generally regarded as an adaptive strategy to colo-
nize mineral surfaces (Roberson and Firestone, 1992; Da-
vies, 1999). Various studies show that microbial lipids
tend to be enriched in clay-sized soil mineral fractions (Bal-
dock et al., 1992; Guggenberger et al., 1995; Clemente et al.,
2011). One possible explanation is the large sorptive affinity
of phospholipids to the surfaces of clay-sized Fe (hydr)o-
xide minerals (Omoike et al., 2004; Parikh and Chorover,
2008; Cagnasso et al., 2010). For instance, Cagnasso et al.
(2010) demonstrated the rapid formation of inner-sphere
complexes between phosphate groups of bacterial cell mem-
brane phospholipids and hydroxylated Fe oxide surfaces.
Interactions of proteins with mineral surfaces are a long
established phenomenon (Theng, 1979; Chevallier et al.,
2003; Wershaw, 2004) and their roles in soil N cycling are
discussed by Kleber et al. (2007) and Rillig et al. (2007).
Omoike and Chorover (2006) showed that phosphorylated
proteins in a mixture of extracellular polymeric substances
preferentially adsorb to hydroxylated goethite surfaces via
both inner-sphere and electrostatic interactions involving
phosphate groups. The association of EPS with mineral
surfaces via such sorptive interactions has been suggested
to be the initial step in the formation of organo-mineral
assemblages in soils (Chenu and Stotzky, 2002), which are
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Fig. A1. Corresponding STXM transmission maps, Fe distribution ma
harvested after 1 and 2 weeks of incubation. Transmission was measured
above and below the edge (700 and 709 eV), and C NEXAFS are grouped
in the transmission map indicate the origin of the spectra.
widely seen as essential to soil C and N stability (Lehmann
et al., 2006; Kögel-Knabner et al., 2008; Miltner et al.,
2011).

5. CONCLUSIONS

Our high-resolution imaging investigation was focused
on the microbial processing of biomaterials and the parti-
tioning of newly synthesized microbial products onto
hydroxylated surfaces in a real soil microenvironment,
and suggests that associations of Fe (hydr)oxides with
microbial residue can establish within very short time scales
(3 weeks). In our experiment, a substantial fraction of the
15N-labeled amide N from chitinous fungal cell wall mate-
rial entering this particular microenvironment – dominated
by closely associated fungal hyphae, bacteria and minerals
– became preferentially associated with Fe (hydr)oxide min-
erals. The spectral signatures of these OM-Fe associations
match those of microbial biopolymers, particularly proteins
and lipids. This implies that intensive microbial processing
of the amino sugars occurred prior to association with the
mineral surfaces. We hypothesize that this is because N
from fungal amino sugars was assimilated and processed
by hyphal-associated bacteria. It is possible that some of
this amide N may not be continually recycled within the
biomass pool, but instead may become concentrated and/
or immobilized on Fe (hydr)oxides as microbial protein.
Our results raise important questions regarding how associ-
ations of microbial N with Fe (hydr)oxide surfaces influ-
ences N cycling, specifically whether Fe surface
immobilization of N affects its availability to microorgan-
isms in these microenvironments: Is amide N bound irre-
versibly to these surfaces and rendered unavailable for
microorganisms or is this surface-associated N part of a
bioavailable ‘conditioning film’ that is actively promoted
by microorganisms to serve a specific physiological pur-
map 
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Fig. A2. Illustration of the Gaussian and arctangent functions used for the spectral deconvolution of C NEXAFS. (A) Sample spectrum
taken from Type 1 (solid line) and the best fit (dashed line). (B) Positions of Gaussian and arctangent function producing the best fit in this
example.
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pose? Although the scope of this study is limited to organic
layer horizons of a specific soil ecosystem, these issues are at
the core of how we comprehend biotic and abiotic interac-
tions that shape initial decomposition processes in soil and
their implications for ecosystem functioning.
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See Figs. A1 and A2.
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