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Abstract
In forest ecosystems, decomposition is essential for carbon and nutrient cycling and therefore a key process for ecosystem
functioning. During the decomposition process, litter chemistry, involved decomposer organisms, and enzymatic activity change
interdependently. Chemical composition of the litter is the most complex and dynamic component in the decomposition process
and therefore challenging to assess holistically. In this study, we aimed to characterize chemical shifts during decomposition and
link them to changes in decomposer fungal activity. We characterized the chemical composition of freshly fallen autumn leaves
of European beech (Fagus sylvatica) and the corresponding leaf litter after 1 year of decomposition by proton nuclear magnetic
resonance spectroscopy. We further tested the applicability of spiking experiments for qualitative and quantitative characteriza-
tion of leaves and litter chemistry. The composition and transcriptional activity of fungal communities was assessed by high-
throughput Illumina sequencing in the same litter samples. We were able to distinguish freshly fallen leaves from 1-year-old litter
based on their chemical composition. Chemical composition of leaves converged among regions with progressing decomposi-
tion. Fungal litter communities differed in composition among regions, but they were functionally redundant according to the
expression of genes encoding litter degrading enzymes (CAZymes). Fungi of the saprotrophic genera Mycena and Chalara
correlated with transcription of litter-degrading CAZymes in 1-year-old litter. Forestry measures influenced the diversity and
transcription rate of the detected CAZymes transcripts in litter. Their expression was primarily predicted by composition of the
soluble chemical fraction of the litter. Environmental NMR fingerprints thus proved valuable for inferring ecological contexts.
We propose and discuss a holistic framework to link fungal activity, enzyme expression, and chemical composition.
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Introduction

The decomposition of plant litter is essential for nutrient cy-
cling and therefore a key process for ecosystem functioning.
This is a dynamic process where litter chemistry, microbial
communities, and fungal activity closely interact in a complex
feedback network, and our current understanding regarding
these feedback responses is still very limited (Peršoh 2015).
During plant litter decomposition, CO2 is released, and organ-
ic matter is converted into decomposition products (Berg and
McClaugherty 2014). Litter decomposition is a vital compo-
nent of the nutrient cycle and therefore essential for soil fer-
ti l i ty and long-term storage of carbon (Berg and
McClaugherty 2014). Leaf litter requires several years to de-
cades to fully decompose (Parton et al. 2007). Our current
understanding of this complex process is that the decomposi-
tion rate of plant litter is mainly controlled by climate and litter
quality, but also mechanistically linked with decomposers and
extracellular enzyme activities at local scales (Parton et al.
2007; Bradford et al. 2016; Xiao et al. 2020).

Assessing and defining litter quality (i.e., chemical compo-
sition of litter) is challenging, because plant litter is composed
of a plethora of organic compounds with different susceptibil-
ities to break down during decomposition (Berg and
McClaugherty 2014). The early stage of decomposition is
particularly challenging to define and study, due to its com-
plex composition, quick degradation and synthesis of decom-
position products, and loss of soluble compounds by leaching
(Berg and McClaugherty 2014). Traditional approaches char-
acterize litter quality by sum parameters, such as total pheno-
lics, carbohydrate content, and “Klason lignin” (Dence 1992)
and do not allow for a holistic characterization of the litter
chemistry. Understanding of the litter decomposition process
would benefit from a more detailed characterization of the
various molecules being degraded, their degradation rate and
mechanisms.

Nuclear magnetic resonance (NMR) spectroscopy is a tech-
nique commonly applied in plant metabolomics (Fiehn 2002;
Holmes et al. 2006) and able to fully characterize the chemical
composition of organic matter at the molecular level
(Krishnan et al. 2005; Wishart 2008). NMR is advantageous
over techniques often used to analyze litter composition (e.g.,
chemical stoichiometry or mass spectrometry), because, while
being highly reproducible, stable, rapid, and requiring mini-
mal sample preparation, NMR allows quantification of bio-
molecules in liquid or solid phase (Dunn et al. 2005; Dunn and
Ellis 2005; Pauli et al. 2005; Holmes et al. 2006; Bonanomi
et al. 2019). This is a convenient and powerful tool for

metabolic profiling and monitoring metabolic changes in nat-
ural processes (Pauli et al. 2005). By analyzing plant litter at
different decomposition stages, it is possible to assess the litter
chemical composition during the decomposition process
(Preston et al. 2009; Bonanomi et al. 2019).

Plant-litter decomposition in forest ecosystems is accom-
plished primarily by fungi and secondarily by bacteria
(Baldrian et al. 2012; Stursová et al. 2012; Žifčáková et al.
2016; Žifčáková et al. 2017; Lladó et al. 2017), while other
saprotrophic organisms, such as animals and protists, play a
minor role (Persson et al. 1980; Bonanomi et al. 2019). Fungi
dominate the synthesis and secretion of extracellular enzymes
which degrade the plant compounds (de Boer et al. 2005;
Žifčáková et al. 2017), while bacteria comprise nitrogen fixa-
tion and some cellulolytic activity (Lladó et al. 2017). Key
exoenzymes for litter decomposition are the so-called
CAZymes (“Carbohydrate Active enZymes”) (Lombard
et al. 2014). They have a major role during the early stage of
decomposition and quickly degrade the easily accessible sol-
uble compounds of the plant litter (Davidson and Janssens
2006; Berg and McClaugherty 2014). The genetic capabilities
of individual fungi in general (Zhao et al. 2013; Osono 2020),
and functional guilds in particular (Wolfe et al. 2012; Zhao
et al. 2013; Sista Kameshwar and Qin 2017), differ strongly
with regard to CAZyme synthesis. However, fungal decom-
poser communities are considered to be functionally redun-
dant across forest ecosystems, even though they differ in tax-
onomic composition (Talbot et al. 2014). Activity of released
enzymes changes the chemical composition of litter, and thus
accessibility and availability of nutrients for fungi, entailing a
succession of differently specialized decomposer communi-
ties (Baldrian et al. 2012; Voříšková and Baldrian 2013;
Purahong et al. 2014b; Purahong et al. 2015; Purahong et al.
2016). While some studies already analyzed fungal commu-
nity composition and their transcriptional activity together
(Albright et al. 2020; Žifčáková et al. 2016; Schneider et al.
2021), so far, individual fungi remain to be linked to specific
chemical changes in litter.

Fungal communities and their functions are commonly
assessed by DNA metabarcoding and enzyme activities, re-
spectively (Voříšková and Baldrian 2013; e.g. Eichlerová
et al. 2015; Purahong et al. 2016; Žifčáková et al. 2016).
Functions are linked to communities by transcription
(mRNA) of active (rRNA) organisms, followed by post-
transcriptional modifications and interaction of the synthe-
sized enzymes with the surrounding environment. These link-
ages are mostly indirect since active and total organismic com-
munities can differ in composition (Baldrian et al. 2012) and
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enzyme abundance may be weakly linked to enzyme activity
in litter (Schneider et al. 2012). A more direct approach is
required to provide insights into the fungal response to the
surrounding substrate (i.e., litter).

In this study, we attempted to identify chemical shifts of
compounds decomposed and synthesized during the first year
of decomposition. We aimed at characterizing the chemical
composition of falling and decomposing autumn leaves, while
providing insights into the fungal decomposer community and
respective CAZyme transcription. We hypothesized that the
CAZyme transcription profiles are a response to the soluble
fraction of the litter chemistry. Furthermore, given the expect-
ed enzymatic decomposition, we hypothesized that the soluble
fraction (assessed by 1H-NMR) can clearly differentiate leaf
and litter samples that might be unclear in the complete un-
fractionated litter chemistry (assessed by 13C solid state
NMR). We expected the availability of energy-rich and easily
accessible compounds, such as glucose, to decrease with de-
composition.We hypothesized that chemistry of freshly fallen
leaves shapes the total fungal community detected in litter 1-
year-old litter, while the part of the community being active at
that time is predominantly shaped by the litter chemistry at
that time. Communities and substrate chemistry are expected
to reflect adaptations to local factors. However, the response
of the different communities is hypothesized to be functional-
ly redundant, as shown before in different soil layers and
forest types (Talbot et al. 2014; Žifčáková et al. 2017).

To test our hypotheses and to reduce and account for
effects of local and regional factors, we selected 14 dif-
ferent beech (Fagus sylvatica) forest plots in three distant
regions in Germany (Fig. 1A). We used proton nuclear
magnetic resonance (1H-NMR) spectroscopy to assess
the chemical composition of freshly fallen and 1-year-
old decaying leaves. To identify NMR peaks correspond-
ing to compounds of interest, we performed spiking ex-
periments. The species composition of the fungal commu-
nity in litter was assessed by metabarcoding and their
transcriptional activity by metatranscriptome sequencing.
We conducted model-based and correlative analyses to
determine interactions between total and active fungal
communities, litter-degrading enzyme transcription, and
substrate chemistry (Fig. 1B).

Materials and methods

Study area and sample collection

To avoid effects of host-specific microbiomes and chemistry,
this study focused on a single tree species, i.e., European
Beech (Fagus sylvatica). The study sites were beech-
dominated forest plots, selected within the framework of the
German Biodiversity Exploratory project for large-scale and

long-term functional biodiversity research (Fischer et al.
2010). The studied forest plots were located in three widely
distant (>300 km) regions in Germany (Hainich-Dün,
Schorfheide-Chorin and Swabian Alb), which comprised nat-
ural forests as well as stands managed by age-class and
selection-cut practices (Table S1). Selection-cut practice was
exclusive to Hainich-Dün, while age-class practice was simi-
lar among the different regions (Fischer et al. 2010). The
broad sampling design allowed us to test reproducibility of
results among the regions, while assessing if community func-
tions are generalizable on the different geographical scales
and biological levels.

Total fungi

TranscriptsCAZymes

Active fungi

Leaf

O
2

CO
2

Litter

Connections Influences

(7 plots)

(5 plots)

1

2

Chemical composition

Chemical composition
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(total and active)
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2
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Fig. 1 Study design (A) and hypothesis (B). Falling autumn leaves and 1-
year-old litter of beech (Fagus sylvatica) were collected in 14 plots in
three distant regions in Germany (A). The chemical composition was
assessed by 1H-NMR and fungal litter community composition and ac-
tivity by metagenome barcoding and metatranscriptome sequencing.
Hypothesized connections tested (black) and inferred (gray) in this study
(B). Chemical composition of leaves shapes the composition of the fungal
communities. Chemical composition of the litter influences the fraction of
the total fungi being metabolically active at a certain point in time. The
active community transcribes genes encoding litter-degrading CAZymes,
which change the chemical composition of the leaf-litter. A continuous
feedback loop is maintained by adaptation of fungal activity to changing
litter chemistry
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Senescent beech leaves were collected in autumn 2014 at
five positions per plot, by shaking whole trees or major
branches and collecting the falling leaves in nets (Table S2).
Damaged leaves or visually colonized by fungi or insects were
discarded. The leaf samples were stored in paper bags and
transported to the laboratory at ambient temperature. A soil
core (Ø 5.5 cm) was collected in the same positions, stored at
4 °C and transported to the laboratory where it was processed
within 12 h. Processing the samples in the laboratory assured
that the different datasets were obtained from the same source
material. The 1-year-old litter layer was subsequently subsam-
pled from the soil cores and pooled from two or three positions
per plot (Table S2 and S3). One-year-old litter recognizable as
mostly structurally intact but flattened leaves between the
freshly fallen litter layer and the at least initially fragmented
to largely decomposed lit ter. The similar macro-
morphological decomposition states are likely to indicate the
same year of leaf abscission, even if litter age may be arguably
variable among samples.

Nucleic acid co-extraction and RNA processing

The nucleic acids from 0.2 g of litter were extracted under
RNase-free conditions by adapting the protocol from Peršoh
et al. (2008). To co-extract the nucleic acids, 700 μL of Tris-
Buffer (0.1 M, pH 8) and 35 μL of aluminum sulfate
(Al2(SO4)3; 4 M) were added to each 0.2 g of litter sample.
The sample was homogenized in a FastPrep®-24 Instrument
(MP Biomedicals, Eschwege, Germany) at 4.0 m s−1 for 20 s.
The pHwas then adjusted to pH 8 by addingNaOH (4M), and
re-adjusted to 5.5 by adding 3.0 μl of acetic acid. A mixture of
glass beads (Ø 0.1–0.25 mm: 0.15 g; Ø 0.25–0.5 mm: 0.12 g;
Ø 1.25–1.55 mm: 0.12 g) and steel beads (Ø 3 mm: 3 beads),
325 μL of extraction buffer (0.4 M LiCl, 200 mM Tris-HCl
(pH 8), 120 mM EDTA (pH 8), 10% SDS), and 500 μl of
phenol were added to the sample. Cells were disrupted using a
FastPrep®-24 Instrument (MP Biomedicals) at 4.0 m s−1 for
30 s, followed by two steps of 6.5 m s−1 for 40 s, with an
intermediate incubation on ice of 5 min. After centrifugation
(14,165 g for 1 min at room temperature), 750 μL
phenol:chloroform:isoamyl alcohol (25:24:1 v/v) was added
to 750 μL of the supernatant. The sample was mixed and
incubated on ice for 5 min, while being mixed every 90 s.
After centrifugation (17,650 g for 15 min at 4 °C), three con-
secutive centrifugation (17,650 g for 15 min at 4 °C) steps,
with addition of an equal volume of chloroform:isoamyl alco-
hol (24:1) to the supernatant, with intermediate incubations on
ice of 5 min were performed. Nucleic acids were precipitated
by adding 0.1 volumes of NaCl (5 M) and 0.7 volumes of
isopropanol to 500 μl of the supernatant to the supernatant.
After overnight incubation at 20 °C, the sample was centri-
fuged (17,650 g for 60 min at 15 °C), and the resulting pellet
was air-dried for 3 min and resuspended in 20 μL of RNase-

free water. Concentration and quality of the nucleic acids were
assessed using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific Inc., Darmstadt, Germany). The nucleic acids
were stored at 80 °C until further processing.

To purify the total RNA, 16 μl of nucleic acids was incubat-
ed with 2 μl of DNase I (1 unit/μl) (Sigma-Aldrich, Munich,
Germany), in 2 μl of the correspondent buffer (200 mM Tris-
HCl, pH 8.3, with 20 mMMgCl2), for 15 min at room temper-
ature. The reaction was stopped by adding 2 μl of stop solution
(50 mM EDTA), followed by an incubation for 10 min at 70
°C. The DNA digestion was tested by attempting to amplify the
ITS region by PCR according to Guerreiro et al. (2018). The
quality of the total RNA was assessed on a Eukaryotic Total
RNA Nano chip with a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA).

mRNA library preparation and sequencing

Metatranscriptomic libraries (Table S3) were prepared and
barcoded using NEBNext® Ultra™ Directional RNA
Library Prep Kit for Illumina® (New England Biolabs
GmbH, Frankfurt am Main, Germany), according to the
Poly(A) mRNA Magnetic Isolation Module protocol and to
the manufacturer’s recommendations. To assure similar cov-
erage among samples, the libraries were sequenced twice on
an Illumina MiSeq® sequencer (Illumina, Inc., San Diego,
CA, USA), with 2 × 300 bp paired end sequencing (MiSeq
Reagent Kit v3 Chemistry, Illumina, Inc., San Diego, CA,
USA). The raw sequence data were deposited in the EBI
Metagenomics database (ht tps : / /www.ebi .ac .uk/
metagenomics; PRJEB7861 and PRJEB8419).

Processing of metatranscriptomic data

Metatranscriptomic raw reads from both runs were assembled
de novo as paired-end reads by CLC Genomics Workbench
(CLCbio, Qiagen, Valencia, CA, USA), using default settings
for trimming, automatic word and bubble size, and a mini-
mum contig length of 110 bp. The reads were afterwards
mapped against the obtained contigs.

Assembledmetatranscriptomic data were annotated using the
online tool KAAS (KEGG Automatic Annotation Server) Ver.
2.1 (Moriya et al. 2007) and the dbCAN2 release 9.0 (Zhang
et al. 2018). Coverages of contigs were normalized per sample
by dividing the sum of coverages for contigs encoding for the
ribosome pathway (03010 Ribosome [PATH:ko03010]), as
identified by KAAS. The normalized coverage was treated as
abundance of each contig (Table S4). Litter-decomposing
CAZymes were selected according to the literature
(Sinsabaugh et al. 1991; Kubicek et al. 1993; Schneider et al.
2010; Burns et al. 2013; Eichlerová et al. 2015; Talbot et al.
2015; Kameshwar et al. 2019). Only CAZyme families detected
in 5 or more samples were considered for further analyses
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(Table S4). The read coverage for each contig was considered
the contig-level transcription rate. The sum of the transcription
rates of all contigs encoding the same CAZyme family was
considered the CAZyme-level transcription rate.

Amplicon library preparation and sequencing

To assess composition of the fungal communities, the com-
plete fungal barcode ITS rRNA gene region (Schoch et al.
2012; Stielow et al. 2015) was amplified and sequenced as
detailed by Guerreiro et al. (2018). Briefly, the preparation of
the amplicon libraries comprised two sequential amplification
steps. The first amplification step was performed with the
fungal specific primer combination ITS1F (Gardes and
Bruns 1993) and ITS4 (White et al. 1990), modified to include
TAG sequences (Guerreiro et al. 2018), which allow for
multiplexing of multiple samples. The second amplification
step was performed with primers which included sequences of
the sequencing primer, the indices and the P5 and P7 adapters
for the Illumina sequencing (Guerreiro et al. 2018). PCR prod-
ucts were pooled equimolarily and the library purified by gel
electrophoresis (BluePippin, Sage Science, Beverly, MA,
USA) by selecting amplicon sizes >350 bp. The amplicon
libraries were sequenced on an Illumina MiSeq® sequencer
(Illumina, Inc., San Diego, CA, USA), with 2 × 250 bp paired
end sequencing (MiSeq Reagent Kit v3 Chemistry).

Processing of metabarcoding data

The obtained raw Illumina metabarcoding reads were proc-
essed using the open-source software QIIME version 1.9.0
(Caporaso et al. 2010) as detailed by Röhl et al. (2017).
Briefly, the TAG sequences were extracted and quality filters
(one ambiguity allowed and reads were truncated after 19
consecutive low quality, i.e., Phred > 19, base calls) were
applied. The quality-filtered reads were assigned to samples,
based on their identifiers (i.e., indices and TAG sequences).
The ITS1 barcode region was subsequently extracted and
trimmed to exclude the majority of the SSU rRNA gene re-
gion. The pre-processed sequence reads were deposited in the
European Nucleotide Archive database (http://www.ebi.ac.
uk/ena, accession number PRJEB19870).

The reads were clustered into Operational Taxonomic
Units (OTUs), using CD-HIT-OTU for Illumina reads version
0.0.1 (Fu et al. 2012) and a 97% similarity threshold, which
were considered as proxies for species. The generated table
listing the read count per sample and OTU was filtered and
samples with less than 1000 reads were discarded (Table S5).
OTUs were assigned to taxa (Table S6) based on matches to
the representative sequence in the UNITE database version
7.0 (Kõljalg et al. 2013). Only fungal OTUs were selected
for downstream analyses. Total and active fungal communi-
ties were distinguished according to the amplicons originating

from DNA and RNA extracts, respectively (Anderson and
Parkin 2007). The normalized amplicon read count indicated
species abundance or activity for fungal OTUs in total and
active communities, respectively.

Metabarcoding studies often deal with extensive amount of
information and rely on read abundance for interpretation of
the results. Comparing relative abundances of OTUs among
similar samples processes appears reliable (Peršoh 2015;
Sinclair et al. 2015; Röhl et al. 2017; Guerreiro et al. 2018),
even though absolute counts of amplicon reads are prone to
quantitative biases and do not necessarily reflect biological
abundances (Peršoh 2013). Quantification by qPCR also re-
cently confirmed results indicated by metabarcoding (Gossner
et al. 2021). This indicates that metabarcoding is a suitable
approach to address abundance or activity of individual fungal
species among complex community data.

Metametabolome extraction

Leaf and 1-year-old litter samples were dried in a drying oven
for about 8 weeks at 70 °C until constant weight. The dried
samples were ground in a Mixer Mill MM 2000 (Retsch
GmbH, Haan, Germany) for 2 min at 70% amplitude, with a
titanium sphere, in titanium vessels. The pulverized material
of leaves and litter, respectively, was pooled per plot. Two
hundred fifty milligrams of pulverized material were mixed
with glass beads (each 80 μl beads of Ø 0.1–0.25 mm, Ø
0.25–0.5 mm and Ø 1.25–1.55 mm) and 1000 μl of
Chloroform (Roth, Karsruhe, Germany) or methanol (Roth)
as solvent and incubated in a FastPrep®-24 Instrument (MP
Biomedicals) for 80 s at 6.5 m s−1. The suspension was cen-
trifuged (Eppendorf 5424, rotor FA-45-24-11; Eppendorf,
Wesseling-Berzdorf, Germany) for 5 min at 15,000 rpm, the
supernatant transferred into a spin-column (GeneON,Maxima
Spin Column GF-F1 1.5 ml; GeneON, Ludwigshafen,
Germany), centrifuged for 3 min at 6000 rpm, and the flow-
through stored. Another 1000 μl of solvent was added, the
extraction (incubation, centrifugation, and filtration) repeated
and the two flow-throughs combined. The combined flow-
through was dried in a Vacuum Concentrator Centrifuge
UNIVAPO 100 ECH (UniEquip, Planegg, Germany) at
1250 rpm and 60°C until dried and resuspended in 800 μl of
the corresponding but deuterated solvent (Sigma-Aldrich).
The suspension was centrifuged for 5 min at 12,000 rpm and
700 μl of the supernatant was transferred into an NMR tube
(5-mm diameter).

1H-NMR measurement and data processing

All solution spectra were recorded on Bruker DRX 400, DRX
600, and AVANCE IIIHD 700 spectrometers (Table S7), re-
spectively. 1D 1H and 1D 1H NOESY spectra were acquired
at 298 K and 303 K, applying Bruker standard pulse
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programs. Typically, 512 scans were applied for a spectral
size of 64,000 data points with an acquisition time of
1.7039 s and a relaxation delay of 2 s.

The resulting spectra were processed in MestReNova soft-
ware version 11.0.0–17609 (Mestrelab Research S.L.,
Santiago de Compostela, Spain). Spectra were manually
corrected for the phase and baseline. Bins with a width of
0.005 ppm were generated, with the “peaks” method, without
normalization (Table S8). The residual water influenced re-
gions (from 1.28 to 1.29 ppm in chloroform-d), the solvent
peak regions (7.285 to 7.29 ppm in chloroform-d and 3.32 to
3.375 ppm in methanol-d4), a highly intense peak (1.31 ppm)
in methanol-d4, and peaks with an intensity < 1×10−9 were
excluded from further analyses. The binned data were normal-
ized by cumulative sum scaling (CSS) (Paulson et al. 2013).
Normalization by total was applied to allow relative compar-
ison of resonances among samples. The derived resonance
data were categorized into functional chemical groups accord-
ing to Pretsch et al. (2009). The chemical composition of the
substrate was represented as the chemical shift (ppm) and
height of 1H-NMR peaks in the soluble fraction of leaf and
litter samples.

Spiking experiments

The identification of NMR peaks corresponding to glucose
and galactose was achieved by performing spiking experi-
ments. The presence of sugar compounds in two leaf and the
corresponding litter extracts (Table S7) was determined by
performing NMR measurements before and after the addition
of 35 μl of D-(+)-glucose (50 mM), 35 μl of D-(+)-galactose
(50 mM) (Sigma-Aldrich), and 3.5 μl of N-acetyl-D-galactos-
amine (50 mM) (Sigma-Aldrich). Due to the chemical prop-
erties of the sugars, the compounds for the spiking experi-
ments were prepared in methanol-d4 and only the methanol-
d4 fractions of the extracts were considered. Non-spiked and
spike spectra were imported into MestReNova, where they
were processed, aligned, and superimposed and the corre-
sponding compound peaks identified.

Spiking experiments with D-(+)-glucose were repeated as
detailed for the 14 leaf and litter methanol extracts. The line
fitting method in MestReNova was used to calculate the in-
tensity of the peaks. To determine the glucose content in each
spectrum, a reference peak was selected (approximately at
5.147 ppm) and its intensity used as reference. The ratio of
the glucose and the reference peak before spiking was divided
by the ratio of the glucose increment and the reference peak
after spiking.

Solid-state NMR

For two leaf samples and the respective litter samples
(Table S7), 13C solid-state NMR spectra were acquired using

magic angle spinning on a Bruker Avance III HD spectrome-
ter with an external magnetic field of B0 = 9.4 T. All spectra
are referenced with respect to TMS. The samples were packed
in 4.0-mm ZrO2 rotors and spun 10 kHz. For the cross polar-
ization experiments was a ramped cross-polarization (CP) ex-
periment, where the nutation frequency νnut on the proton
channel was varied linearly by 50%. For the excitation of
the proton spin bath, we applied a νnut = 100 kHz. νnut on
the 13C channel and the spin lock time was adjusted to 70 kHz
and 3 ms, respectively. The single pulse (SP) experiments
were carried out with a 90° pulse excitation where the pulse
length was set to 3.5 μs. The recycle delays for the 13C CP and
13C SP MAS spectra were adjusted to 1 s and 120 s, respec-
tively. During acquisition, proton broadband decoupling was
applied using a spinal-64 sequence (Fung et al. 2000) with
νnut = 70 kHz. Spectra were superimposed, manually
corrected for the phase and baseline using MestReNova soft-
ware. Bins were generated with a width of 0.005 ppm, using
the “peaks” method and without normalization. The derived
resonance data were categorized into functional chemical
groups as described in Bonanomi et al. (2019).

Statistical analyses

Tables of OTU, contig, and NMR quantities were normalized
by CSS (Paulson et al. 2013). Normalization by CSS outper-
forms other normalizationmethods by avoiding biases derived
from uneven sequencing depth (Weiss et al. 2017). The CSS-
standardized tables were subsequently imported into Primer 7
version 7.0.11 (Clarke and Gorley 2015) and further re-
standardized per sample by total abundance or total intensity.
For analyses considering the relative fungal abundance, rela-
tive CAZyme transcription, or chemical resonance intensity,
Bray–Curtis similarity matrices were calculated (Bray and
Curtis 1957). Analyses of similarity (ANOSIM) were calcu-
lated in Primer 7 based on Bray–Curtis similarity matrices and
using 10,000 permutations. Distance to centroids among sam-
ples derived from plots of the same region was calculated
using Primer 7 PERMDISP (distance-based test for
homogeneity of multivariate dispersions) method, with
10,000 permutations.

Diversity indices for each CAZymes transcribed were cal-
culated using Primer 7 DIVERSE methods, based on contig
composition and relative abundance. Diversity data were
imported into R version 3.4.3 (R Core Team 2017), where
linear models were applied to calculate the grand mean effect
of the forest management on each individual enzyme diversi-
ty. The effects of forest management on the diversity of each
CAZyme family were calculated as the log response ratio of
the enzyme diversity between natural and age-class plots
(Supplementary script S1).

Ternary plots were calculated with the “ggtern” package
(Hamilton 2018). Spearman coefficients and significance
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were obtained with the “psych” package (Revelle 2017) with-
out adjustments. The resulting tables were filtered for signif-
icant correlations (P < 0.05) and imported into Cytoscape
3.8.2 (Shannon et al. 2003) for visualization.

Euler Diagrams with proportional areas were generated
using the BioVenn web application (Hulsen et al. 2008).
Kruskal–Wallis tests were performed using STATISTICA
64 version 13.2 (StatSoft, Inc., Tulsa, USA). All statistical
tests were considered significant at P < 0.05.

Direct and indirect effects of leaf and litter chemical com-
position, total (i.e., DNA-derived) and active (i.e., RNA-de-
rived) litter fungal communities, and respective enzyme tran-
scription profiles were jointly modeled with a partial least
square path model (PLS-PM) approach (Wold 1975).
Briefly, the abundance data were Hellinger-transformed
(Legendre and Gallagher 2001) and scaled (via subtraction
of the mean and division by the standard deviation) in order
to yield scaled and thus directly comparable coefficient esti-
mates between the latent variables (Supplementary script S2).
All analyses were conducted with R (R Core Team 2017),
using the packages “plspm” (Sanchez et al. 2017) and
“ggplot2” (Wickham 2009).

Data accessibility

The sequence data are available from the European
Nucleotide Archive (http://www.ebi.ac.uk/ena/) under study
PRJEB19870 and from the EBI Metagenomics database
(https://www.ebi.ac.uk/metagenomics) under studies
PRJEB7861 and PRJEB8419. Raw 1H-NMR spectra were
archived in Open Science Framework (DOI 10.17605/OSF.
IO / 2 T JC 3 ; h t t p s : / / o s f . i o / 2 t j c 3 / ? v i ew _ o n l y =
593854b6f52f45ebbe285374051a0d52). Corresponding
metadata are provided in Tables S2, S3, and S7. All data
generated or analyzed during this study are included in this
published article and its supplementary information files.

Results

Regional influence on litter fungal community
structure

ITS-metabarcoding yielded a total of 963,520 quality-
filtered ITS1 reads from litter samples. They clustered into
492 fungal OTUs, 467 of which were found in the DNA
and 442 in the RNA extracts. The majority of the OTUs
(417 OTUs, 85%) were detected in both extracts (Fig. S1).
Across all 14 plots, Ascomycota was the most frequent and
abundant phylum in both DNA (271 OTUs, 65.7% of all
reads) and RNA extracts (256 OTUs, 63.4% of all reads),
followed by Basidiomycota (DNA: 137 OTUs, 28.9%
reads; RNA: 127 OTUs, 30.0% reads), fungi of unknown

phylum affiliation (DNA: 21 OTUs, 3.8% reads; RNA: 21
OTUs, 4.4% reads) and Mucoromycota (DNA: 5 OTUs,
1.9% reads; RNA: 5 OTUs, 2.3% reads). The DNA- and
RNA-derived communities differed significantly in com-
position (R = 0.204, P = 0.0002), with 46 OTUs (4.9%
reads) occurring exclusively in DNA communities and 21
OTUs (3.5% reads) exclusively in RNA communities. The
DNA-derived fungal litter communities were regionally
structured (R = 0.37, P = 0.0050), while the RNA-
derived communities only differed by trend across the re-
gions (R = 0.194, P = 0.0840) (Fig. 2A, Fig. S2). The latter
were regionally indistinct for Basidiomycota (R = 0.05, P =
0.3030), while composition of the (sub)community of non-
Basidiomycota OTUs differed significantly among regions
also according to the RNA extracts (R = 0.26, P = 0.0400)
(Fig. 2A). Forest management had no significant impact on
any community structure (R < 0.094, P > 0.3140).

Influence of geographical regions in the transcription
of litter-degrading CAZymes

We obtained 89,068,690mRNA reads, whichwere assembled
into 1,287,115 contigs. Annotation of the contigs against the
CAZyme database (dbCAN2 v9) revealed 216 CAZyme fam-
ilies (Table S9), 79 of which were reported to be involved in
litter decomposition. The CAZyme families selected for fur-
ther analyses were encoded by 4526 contigs and comprised 13
auxiliary activity (AA), 41 glycoside hydrolases (GH), 1 gly-
cosyl transferase (GT), 9 carbohydrate esterases (CE), 3 poly-
saccharide lyases (PL) families, and 12 carbohydrate-binding
modules (CBM) (Table S4).

The transcription profiles of the contigs encoding the se-
lected litter-degrading CAZymes were regionally structured
(R = 0.513, P = 0.0004) and highly variable (Fig. S3A). The
similarity among the transcription profiles of the contigs de-
creased significantly (P < 0.0001) with increasing geograph-
ical distance (Fig. S2). However, summarizing the transcrip-
tion rates of contigs coding for the same CAZyme families
resulted in similar profiles within (Fig. S3A) and among re-
gions (R = −0.046, P = 0.6170) (Fig. 2, Fig. S3B).
Furthermore, the expression of the CAZyme families was in-
dependent of the geographical distance (Fig. S2). This is sup-
ported by the absence of many individual contigs from at least
one region, while almost all CAZymes were transcribed in all
regions (Fig. 2).

The predicted functional activity of the contigs differed
significantly among regions for most functions involved in
litter decomposition (cellulolytic, hemicellulolytic,
ligninolytic, and pectinolytic activity), except for starch-
degrading activity (Fig. S4). However, the geographical re-
gions did not influence the predicted functional activity of
the CAZyme families (Fig. S4).
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Influence of management in transcription profiles
and encoded CAZyme families

Almost all CAZyme families were transcribed in similar pro-
portions in all forest management types (Fig. S5). However,

diversity indicators of contigs encoding individual litter-
degrading CAZyme families were sensitive to forestry mea-
sures (Fig. 3). While contigs of one CAZyme family were in
general equally evenly distributed across management types,
their diversity was higher in age-class (n = 4005) than in
natural forests (n = 2723). Furthermore, individual families
responded differently to forest management (Fig. S6); e.g.,
PL4 and GH30 were encoded by the most different contigs
in age-class forests. Additionally, the highest richness for
contigs encoding the CBM52 and GH63 was observed in
natural forests.
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�Fig. 2 Regional preferences of fungal communities and CAZyme
transcripts. Differences among regions according to total (DNA-based)
and active (RNA-based) litter fungal community composition, transcrip-
tion profiles of contigs and the inferred litter-degrading CAZyme families
are represented (A). Magnitude (ANOSIM R-value) of the differences is
depicted and significance (ANOSIM P) is indicated by asterisks (**P ≤
0.01; *P < 0.05; ns: P ≥ 0.05). Differences according to whole (black
bars) and non-Basidiomycetous fungal communities (gray bars) are
shown separately. Distribution of the contigs encoding CAZymes (B)
and corresponding CAZyme families (C). Symbol size indicates the av-
erage relative abundances. The CAZyme classes auxiliary activity (AA),
glycoside hydrolases (GH), glycosyl transferases (GT), carbohydrate es-
terases (CE), and polysaccharide lyases (PL) and the carbohydrate-
binding modules (CBM) are color-coded. Arrows indicate the orientation
of the axes
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Fig. 3 Effects of management on the contig diversity within litter-
decomposing CAZyme families. The grandmean of all CAZyme families
is represented for each diversity index. Indices were calculated for each
individual CAZyme family based on the relative abundance of the respec-
tive contigs. Only samples from age-class and natural forests in Hainich-
Dün (2 age-class plots; 3 natural plots) and Schorfheide-Chorin (3 age-
class plots; 2 natural plots) were considered. Points on the left and right
side of the dotted line indicate lower and higher diversity, respectively, in
natural as compared to age-class forests. Effects are deemed significant if
their corresponding approximated 95% confidence interval (displayed as
horizontal lines) does not cross the dotted line of zero effect
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The transcription rate of some CAZyme families was also
influenced by forest management. In natural forests, the ex-
pression profiles were on average dominated by GH43 (13%)
and GH16 (12%), while in age-class forests GH16 (10%) and
AA9 (9%) were the highest expressed CAZyme families (Fig.
S7). Transcription of 35 and 27 CAZyme families was higher
in age-class and natural forests, respectively. Age-class and
natural forests differedmost according to the expression levels
of AA8 (32.9 times higher in age-class forests), GH26 (6.7
times higher in age-class forests), CBM63 (40.1 times higher
in natural forests), CBM52 (6.4 times higher in natural for-
ests), and GH44 (5.5 times higher in natural forests) (Fig. S8).
The transcription of GH67, GH13, GH95, AA6, GH47, and
GH131 differed less than 5% in both managements (Fig. S8).
Despite the observed influences on the expression of individ-
ual CAZymes, the overall transcription profiles of the contigs
(R = −0.068, P = 0.6510) and respective litter-degrading
CAZyme families (R = 0.04, P = 0.2940) were similar for
between age-class and natural forests.

Differences in NMR spectra according to region and
decay state

Solid-state 13C-NMR spectra of leaves and litter were highly
similar (Fig. 4A–B). Although some consistent patterns were
visible in some of the spectral regions between leaves and
litter (e.g., higher relative abundance of carboxyl C in litter),

these were not consistent among the two locations (Fig. S9).
Furthermore, quantitative solid-state 13C-NMR spectra of lit-
ter before and after methanol and chloroform extraction were
also highly similar (Fig. 4C). In contrast, liquid NMR provid-
ed higher resolution and leaf samples were distinguishable
from litter samples according to their 1H-NMR spectra, of
both, methanol (i.e., polar fraction) (R = 0.99, P < 0.0001)
and chloroform (i.e., apolar fraction) extracts (R = 1, P <
0.0001). Overall, 267 NMR peaks (132 peaks from chloro-
form and 135 peaks from methanol extracts) were responsible
for 50% of the difference between leaves and litter
(Table S10). In both fractions, we obtained 852 NMR peaks
occurring in leaves and litter, while 592 peaks occurred only
in leaves and 446 only in litter (Fig. S10). NMR peaks occur-
ring exclusively in leaves, accounted for 25.5% of the total
chemical composition of leaves, while peaks occurring exclu-
sively in litter accounted for 16.1% of the litter chemical com-
position. Even though leaves and 1-year-old litter differed in
the presence and height of NMR peaks (Fig. S10 and S11), the
NMR peak heights summed for each of the major chemical
classes were similar in leaves and litter (Fig. S12).

1H-NMR spectra of leaves differed among the three regions
for both extractives (R > 0.57, P < 0.0001) (Fig. 5A). For litter,
the methanol extracts differed slightly among regions (R =
0.38, P = 0.007), while the chloroform extracts did not differ
(R = 0.16, P = 0.118). The majority of NMR peaks was shared
among regions and most of those occurred in at least two

0102030405060708090100110120130140150160170180190200
f1 (ppm)

0102030405060708090100110120130140150160170180190200
f1 (ppm)

0102030405060708090100110120130140150160170180190200
f1 (ppm)

HEW10

AEW08

HEW10

A

B

C

Fig. 4 Solid-state NMR spectra
of leaves and 1-year-old litter.
13C CP MAS NMR spectra (A,
B) of leaves (solid line) and cor-
responding 1-year-old litter
(dashed line) originating from 2
plots (HEW10 and AEW08).
Quantitative SP MAS NMR
measurements from samples of 1-
year-old litter (C) before (dashed
line) and after extraction of com-
pounds soluble in methanol (gray
line) or chloroform (black line)
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locations (Figs. 5B and S13). Despite the differences observed
in the peak distribution among the spatial categories, no dif-
ferences were found regarding chemical functional groups in
leaf or litter composition (Figs. 5C and S14). Forest manage-
ment showed no influence in the chemical composition of

leaves and litter (R < −0.012, P > 0.503), where most NMR
peaks were shared among practices and among and within
regions (Figs. S15 and S16).

Assignment and quantification of glucose and
galactose

Spiking with D(+)-glucose resulted in an increase in heights of
doublet peaks of the NMR-spectra at 4.48–4.51 ppm and
5.115–5.135 ppm (Fig. S17). Doublets at 5.155–5.169 ppm
increased by the addition of D(+)-galactose. N-Acetyl-D-ga-
lactosamine addition entailed increases in peak heights at
2.015 ppm and 5.148 ppm. While these peaks were absent
from the non-spiked spectra, those increased by glucose and
galactose addition were also detected in the non-spiked spec-
tra of the two analyzed leaf and litter extracts. In methanol
extracts from litter collected across 14 plots, the glucose con-
tent (i.e., heights of corresponding peaks) was significantly
lower for Hainich-Dün (P < 0.0079) than for Schorfheide-
Chorin (Fig. S18). In methanol extracts from the correspond-
ing autumn leaves, glucose was on average 2.7 times higher in
age-class than in natural forests (P = 0.0317; Fig. S18).

Links between fungal activity, CAZyme transcription,
and substrate chemistry

The orders Agaricales (Basidiomycota, Agaricomycetes),
Helotiales (Ascomycota, Leotiomycetes), and Pleosporales
(Ascomycota, Dothideomycetes) contributed the most to both
DNA- and RNA-derived communities, accounting for 14%,
12–13%, and 8%, respectively, in both datasets (Table 1).
These were also by far the most taxonomically diverse orders,
contributing to the overall species richness with 51 and 49
(Agaricales), 48 and 44 (Helotiales), and 43 and 40 OTUs
(Pleosporales), in the DNA- and RNA-derived datasets, re-
spectively. For most OTUs within these orders, taxonomic
assignment beyond order level was unreliable (Table S6).
Abundances of individual RNA-derived OTUs were indirect-
ly correlated to the heights of specific NMR peaks, via corre-
lations with the transcription level of litter-degrading
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�Fig. 5 Regional distribution of chemical compounds. Differences among
regions according to chemical composition of leaves and litter (A).
Magnitude (ANOSIM R-value) of the differences is depicted and signif-
icance (ANOSIM P) is indicated by asterisks (***P ≤ 0.0001; **P ≤
0.01; ns: P ≥ 0.05). Distribution of 1H-NMR peaks in the polar fraction
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indicated by symbol size; chemical shifts (from −1 to 12 ppm) are col-
or-coded. Distribution of main chemical functional groups in the polar
fraction of litter among the regions (C). Relative abundances of the
groups are indicated by dot size; chemical functional groups are color-
coded. Categorization of the compounds into functional chemical groups
was performed according to Pretsch et al. (2009). Arrows indicate the
orientation of the axes

10 Page 10 of 21



Mycological Progress (2023) 22:10 

Table 1 Taxonomic diversity of fungi detected in 1-year-old leaf litter
across 14 forest plots. For each phylum, class, and order, the total number
of OTUs is provided, as well as their relative proportion and contribution

to the total DNA and RNA pool, respectively. The overall OTUs and
proportions for each phylum are highlighted in bold

OTUs % of OTUs % of reads

Phylum Class Order DNA RNA DNA RNA DNA RNA

Ascomycota 271 256 62.44 62.59 65.69 63.36

Dothideomycetes 73 72 16.82 17.60 17.43 17.41

Pleosporales 43 40 9.91 9.78 7.53 8.06

Venturiales 12 12 2.76 2.93 5.80 4.67

Capnodiales 14 15 3.23 3.67 3.23 3.79

Dothideales 1 2 0.23 0.49 0.49 0.59

Myriangiales 2 2 0.46 0.49 0.28 0.28

Microthyriales 1 1 0.23 0.24 0.09 0.02

Leotiomycetes 65 61 14.98 14.91 16.92 17.40

Helotiales 48 44 11.06 10.76 12.32 13.45

Leotiales 6 6 1.38 1.47 1.83 1.54

Rhytismatales 2 2 0.46 0.49 0.38 0.49

Erysiphales 1 1 0.23 0.24 0.12 0.23

unidentified 8 8 1.84 1.96 2.27 1.69

Sordariomycetes 67 62 15.44 15.16 18.34 16.86

Hypocreales 27 24 6.22 5.87 7.35 5.72

Xylariales 11 12 2.53 2.93 2.59 3.28

Sordariales 11 11 2.53 2.69 2.55 1.99

Chaetosphaeriales 5 4 1.15 0.98 1.83 1.47

Diaporthales 3 3 0.69 0.73 0.83 0.75

Microascales 1 1 0.23 0.24 0.12 0.10

Incertae sedis 4 4 0.92 0.98 1.57 1.70

unidentified 5 3 1.15 0.73 1.50 1.85

Eurotiomycetes 12 12 2.76 2.93 1.62 1.38

Chaetothyriales 7 7 1.61 1.71 0.63 0.83

Eurotiales 5 5 1.15 1.22 0.98 0.56

Lecanoromycetes 1 1 0.23 0.24 0.10 0.03

Agyriales 0 1 0.00 0.24 0.00 0.03

Lecanorales 1 0 0.23 0.00 0.10 0.00

Pezizomycotina Incertae sedis 18 15 4.15 3.67 3.54 3.25

Pezizomycetes Pezizales 7 6 1.61 1.47 0.92 0.82

Orbiliomycetes Orbiliales 1 1 0.23 0.24 0.07 0.18

Saccharomycetes Saccharomycetales 1 1 0.23 0.24 0.18 0.16

Taphrinomycetes Taphrinales 1 1 0.23 0.24 0.03 0.10

unidentified 25 24 5.76 5.87 6.52 5.77

Basidiomycota 137 127 31.57 31.05 28.86 30.02

Agaricomycetes 100 96 23.04 23.47 25.10 26.23

Agaricales 51 49 11.75 11.98 14.04 14.42

Thelephorales 12 11 2.76 2.69 2.48 2.70

Cantharellales 6 6 1.38 1.47 1.29 2.12

Russulales 4 4 0.92 0.98 1.44 1.15

Polyporales 4 3 0.92 0.73 1.31 1.06

Boletales 4 4 0.92 0.98 0.94 1.00

Sebacinales 5 4 1.15 0.98 0.61 0.91

Trechisporales 3 4 0.69 0.98 1.00 0.81
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CAZyme families (Fig. 6). The abundances of OTU11
(Ciliciopodium sp., Hypocreales, Ascomycota), OTU23
(Chalara sp., Pezizomycotina, Ascomycota), and OTU47 (un-
identified Helotiales, Ascomycota) (Table S6) in the RNA
extracts were significantly (Spearman P < 0.05) and positively
(0.61 ≤ R ≤ 0.73) correlated with the transcription level of the
litter-degrading CAZyme family PL4 (rhamnogalacturonan
endolyase, EC 4.2.2.23) (Fig. 6). The PL4 transcription level
was again significantly (Spearman P < 0.05), positively and
negatively correlated with the heights of two groups of NMR
peaks, respectively, of the polar chemical compounds of fall-
ing autumn leaves. The NMR peak heights were negatively
correlated between and positively within the groups.

The abundances of OTU7 (Mycosphaerella sp.,
Mycosphaerellales, Ascomycota), OTU31 (unidentified
Ascomycota), and OTU35 (Mycena sp., Agaricales,
Basidiomycota) in the RNA extracts were significantly
(Spearman P < 0.05) and positively (0.53 ≤ R ≤ 0.59) corre-
lated with the transcription level of the litter-degrading GH9
CAZyme family, a multifunctional enzyme which includes
endoglucanase (EC 3.2.1.4), endo-β-1,3(4)-glucanase/
lichenase-laminarinase (EC 3.2.1.6), β-glucosidase (EC
3.2.1.21), lichenase/endo-β-1,3-1,4-glucanase (EC 3.2.1.73),
exo-β-1,4-glucanase/cellodextrinase (EC 3.2.1.74),

cellobiohydrolase (EC 3.2.1.91), xyloglucan-specific
endo-β-1,4-glucanase/endo-xyloglucanase (EC 3.2.1.151),
exo-β-glucosaminidase (EC 3.2.1.165), and endo-β-1,4-
glucanase (xanthanase) (EC 3.2.1.-) activity (Fig. 6). The
GH9 transcription level was significantly (Spearman P <
0.05) and negatively correlated with one group of NMR peaks
including peaks expected to be caused by glucose molecules
(Fig. 6) and positively correlated with a group of NMR peaks
not related to glucose. The two groups of NMR peaks were
detected in the polar fraction of 1-year-old litter and were
correlated negatively between and positively within them
(Fig. 6).

Table 1 (continued)

OTUs % of OTUs % of reads

Phylum Class Order DNA RNA DNA RNA DNA RNA

Atheliales 2 2 0.46 0.49 0.70 0.66

Auriculariales 2 2 0.46 0.49 0.38 0.26

Phallales 1 1 0.23 0.24 0.23 0.05

Corticiales 1 1 0.23 0.24 0.04 0.03

unidentified 5 5 1.15 1.22 0.63 1.06

Tremellomycetes 21 18 4.84 4.40 2.47 2.45

Tremellales 12 10 2.76 2.44 0.98 0.98

Filobasidiales 3 3 0.69 0.73 0.39 0.42

Cystofilobasidiales 1 1 0.23 0.24 0.32 0.25

unidentified 5 4 1.15 0.98 0.77 0.81

Microbotryomycetes 6 4 1.38 0.98 0.20 0.55

Sporidiobolales 4 2 0.92 0.49 0.15 0.24

Leucosporidiales 1 1 0.23 0.24 0.02 0.23

Incertae sedis 1 1 0.23 0.24 0.03 0.08

Malasseziomycetes Malasseziales 2 2 0.46 0.49 0.19 0.24

Cystobasidiomycetes Incertae sedis 1 1 0.23 0.24 0.04 0.18

Ustilaginomycetes Ustilaginales 1 1 0.23 0.24 0.12 0.15

Exobasidiomycetes Exobasidiales 2 1 0.46 0.24 0.11 0.02

unidentified 4 4 0.92 0.98 0.62 0.19

Mucoromycota Mortierellomycetes Mortierellales 5 5 1.15 1.22 1.88 2.27

Unidentified 21 21 4.84 5.13 3.58 4.35

�Fig. 6 Linkage between fungal activity and putative chemical
compounds via correlation with enzyme transcription rates. Network of
significant pairwise Spearman correlations (P < 0.05) between
transcription of the litter-degrading CAZyme families (black) with
RNA-derived fungal OTU abundances (brown) and leaf (A) and litter
(B) 1H-NMR peak abundance (green) of the respective polar fraction.
The polysaccharide lyase family 4 (PL4) and the glycoside hydrolase
family 27 (GH27) were considered. Numbers indicate the chemical shifts
(ppm) of compounds detected in the respective substrate. Glucose chem-
ical shifts (yellow) were determined by spiking experiments. Positive
significant correlations (R > 0, P < 0.05) are indicated in blue and nega-
tive significant correlations (R < 0, P < 0.05) in red
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A partial least squares path model revealed that the NMR
spectra of apolar chemical (i.e., chloroform extracts) extracts
from litter are best explained by the corresponding NMR spec-
tra of leaf chemistry (Fig. 7). This chemical fraction is only
weakly linked to the other variables. The spectra of polar
compounds (i.e., methanol extracts) of leaf and litter were
not tightly linked, but explained together the composition of
the DNA-derived fungal community well. Together, the total
fungal community and the litter polar chemistry explained the
composition of the RNA-derived community. Expression of
litter-degrading CAZymes was moderately explained by
NMR spectra of litter and composition of the RNA-derived
fungal community.

Discussion

The chemical compositions of leaves and litter are major
drivers of fungal community assembly (Bray et al. 2012),
while fungal exoenzymes change chemical composition of
the litter (Liers et al. 2011). Expression and catalytic efficien-
cy of litter-decomposing enzymes depend on the fungi active
at a certain time (Li et al. 1999; Benoit et al. 2012). These
represent a fraction of the whole fungal community detected
in the litter (Baldrian et al. 2012; Peršoh 2015). In this study,
we revealed a close interconnection between leaf and litter
chemistry, fungal community composition, and their tran-
scriptional activity (Fig. 1).

Total and active fungal communities are differently
structured

Total and active communities often differ in composition
(e.g., Fig. 2A), because not all detected fungi are metabolical-
ly active at a certain point in time (Baldrian et al. 2012; Peršoh

2015). Beyond that, we found that composition and CAZyme
expression of the active communities differed at different spa-
tial scales. The pool of expressed CAZyme-coding genes dif-
fered clearly among regions, while composition of the active
fungal communities was not regionally structured (Fig. 2 and
Fig. S3). This may be ascribed to different degrees of adapta-
tion reflected by the CAZyme content and diversity (Rytioja
et al. 2014; Sista Kameshwar and Qin 2017). While main litter
decomposers degrade plant material by expressing and releas-
ing CAZymes (Barbi et al. 2020), part of the metabolically
active fungal community may not produce CAZymes (Fig.
2A). This may apply for less specialized fungi, such as sec-
ondary decomposers and “cheaters,” which also inhabit the
litter but are not involved in primary degradation (Frankland
1998; Dighton 2007; van der Wal et al. 2013). They take
advantage of products from the initial degradation or of other
community-generated resources, respectively (see Velicer
2003). They are metabolically highly active while consuming
readily available and easily accessible compounds, without
producing notable amounts of CAZymes on their own. Our
findings would be compatible with the hypothesis that main
decomposers are structured by regional factors, and other
litter-inhabiting fungi by local factors. This is further support-
ed by the fact that the active community of non-
Basidiomycota fungi differs significantly among regions.
Early stages of decomposition are usually dominated by
Ascomycetes, while Basidiomycetes dominate late stages
(Schneider et al. 2012; Kuramae et al. 2013; Voříšková and
Baldrian 2013; Bonanomi et al. 2019). In our study, the
Agaricales (Basidiomycota) were the most active fungal order
in decomposing leaf litter, but all taxa of Ascomycota together
were roughly twice as abundant as Basidiomycota (Table 1).
The different structures of active communities, total commu-
nities, and transcripts (Table 1, Figs. 2, S2, and S3) might
therefore indicate the initial stage of a community shift from
Ascomycota towards Basidiomycota. However, studies in-
cluding chronologically higher resolved measurements will
be required to reveal details of this potential transition phase.

Decomposer communities are functionally redundant

Metatranscriptome sequencing of litter communities provides
insights into the activity of the entire community, but it has
also the potential to place individual members of the commu-
nity in context (Kuske et al. 2015). However, low availability
of fungal genome data is a limitation in assigning eukaryotic
transcripts to fungal taxa (Schneider et al. 2021). By applying
a protocol to enrich the poly(A) in mRNA, we reduced possi-
ble contamination by non-eukaryotic transcripts in our data.

Extracellular enzymes produced by fungi are the major
agents of litter decomposition in forest ecosystems (Baldrian
et al. 2012; de Boer et al. 2005; Stursová et al. 2012;
Žifčáková et al. 2016). Even though secreted by differently
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0.6
6

-0
.43

0.60

0.89

-0.15

-0.31

-0.29

0.55

-0.20

-0.33

-0
.68 CAZyme families

Active fungi

Total fungiLitter polar

Litter apolar

Leaf polar

Leaf apolar

Fig. 7 Interconnection among the analyzed parameters. Directed graph of
the partial least squares path model (PLS-PM). Direct and indirect effects
of leaf and litter polar and apolar chemical composition, total (i.e., DNA-
derived) and active (i.e., RNA-derived) litter fungal communities and
respective transcription profiles of litter-degrading CAZyme families
were jointly modeled. Positive (blue) and negative (red) effects among
the considered latent variables are plotted
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composed fungal communities, the enzymes are functionally
redundant with regard to the degradation of the major organic
compounds (Talbot et al. 2014). Samples from the three ana-
lyzed geographical regions were indeed not separable accord-
ing to the CAZyme transcription profiles (Fig. 2), while com-
position of the diverse transcripts encoding for each CAZyme
family clearly differed among regions. Interspecific sequence
variation in the transcripts encoding the same enzymes
(Table S4) (Aspeborg et al. 2012; Zhao et al. 2013) is likely
to cause this, as taxonomic composition of the fungal commu-
nities was also regionally distinct (Fig. 2). Functional redun-
dancy of decomposer communities is accordingly visible on
the transcriptional level.

Producing the same CAZymes but with different substrate
specificities and efficiencies (Collins et al. 2005; Benoit et al.
2012; Lombard et al. 2014; Wang et al. 2014), fungi with
regional preferences might cause the apparent discrepancy
between functional redundancy (Fig. 2) and convergence of
substrate chemistry (Fig. 5); i.e., initially distinct leaf chemis-
try converges with time as discussed below (see the “Leaf
chemical compositions reflect host origin and converge during
decomposition” section), despite transcription of the same
CAZymes. Although litter-decomposing fungal communities
are functionally redundant (Fig. 2), these results suggest that
litter communities are better adapted to their native litter (i.e.,
“Home-field advantage”) (Gholz et al. 2000; Prescott and
Grayston 2013), while being additionally adapted to local fac-
tors (Talbot et al. 2014; Guerreiro et al. 2018). In addition,
regionally different soil properties might affect persistence
and activity of secreted CAZymes in the extracellular environ-
ment (Allison and Vitousek 2005; DeForest 2009). Even
though these interactions are not known in detail, it is reason-
able to assume that transcriptional diversity within functional
fungal guilds is important for maintaining ecosystem services
under varying conditions (Hooper et al. 2005; Folke 2006;
Allison and Martiny 2008). By performing differently under
different environmental conditions, different species of the
same functional guild assure sustained overall ecosystem
functioning within a certain range of conditions (Hooper
et al. 2005). This resilience appears to be extended by forest
management, as indicated by the higher diversity of tran-
scripts per CAZyme in managed compared to natural forests
(Fig. 3).

Leaf chemical compositions reflect host origin and
converge during decomposition

Easily accessible soluble compounds, such as sugars, are
quickly consumed by the decomposer organisms, followed
by degradation of more complex largely insoluble com-
pounds, such as (hemi)cellulose and lignin (Berg and
McClaugherty 2014). These dynamic changes have been ob-
served by the decrease of relative labile C compounds and

respective relative increase of lignin throughout decomposi-
tion time (Purahong et al. 2014a; Bonanomi et al. 2019).
Chemical composition of leaf litter thus changes with time.
In our study, such changes were unclear (Fig. 4) or inconsis-
tent (Fig. S9) across locations in the complete unfractionated
material by solid-state NMR spectroscopy. According to the
higher-resolved liquid NMR spectra, the decomposition pro-
cess entailed a shift from leaves towards chemically distinct
composed litter (Figs. S10 and S11). The richness of region-
ally specific compounds decreased with time, suggesting that
leaves are chemically more complex than litter (Fig. S10).
However, many compounds were shared between freshly fall-
en and 1-year-old decaying leaves. This overlap may be due to
undegraded or only partly degraded soluble compounds, sug-
gesting that decomposition of the soluble compounds was not
completed within 1 year and still ongoing (Fig. S11).

Environmental conditions or abiotic stress influence the
metabolome of the host and accordingly the quality of its litter
(Bharti et al. 2011). This is supported by our findings, indi-
cating that the overall chemical composition of leaves differed
between geographic regions (Figs. 5 and S13), while the con-
tent of glucose, representing an omnipresent chemical com-
pound, was regionally more distinct in litter than in leaves
(Fig. S18). Plants change their phytochemistry and physiolo-
gy to adapt to the surrounding conditions, which will be
reflected by the plant metabolome (Shirouzu et al. 2009;
Bharti et al. 2011). However, the mechanisms behind this
adaptation process remain unclear. After senescence, chemi-
cal compounds derived from environmental adaptations are
preferably degraded in earlier stages (Preston et al. 2009;
Wallenstein et al. 2013). This is supported by our findings,
where a large part of regionally discriminative chemical com-
pounds in leaves were degraded during early decomposition
(Fig. S13). Consequently, we detected a convergence of the
chemical composition of leaf litter during decomposition
across the different regions (Fig. 5).

Complex chemical compounds may become fragmented
into smaller molecules during early decomposition (Šnajdr
et al. 2011). The functional groups detected by 1H-NMR in
these fragments may largely correspond to those in the origi-
nal substrate (Figs. S12 and S14). For example, degradation of
polysaccharides, such as cellulose, results in monosaccharide
units (de Souza, 2013), in which most of the hydrogen bounds
detected by 1H-NMR remain unmodified. On the other hand,
enzymatic digestion may also generate products with a polar-
ity differing from that of the original substrate. Accordingly,
reactant and product would be detectable in different solvents.
Such a process is known, for example, from the lipolysis path-
way, in which fatty acids (apolar compounds) are converted
into citric acid (polar compounds) (Nelson and Cox 2013;
Haynes 2014). Such processes would result in a decrease in
concentration in the apolar (chloroform soluble) fraction and
an increase in signals in the polar (methanol soluble) fraction,
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or vice versa. It is reasonable to assume that, in agreement
with our results (e.g., Fig. 5A), primarily apolar compounds
are degraded into simpler water-soluble polar compounds dur-
ing early stages of decomposition and become more easily
absorbable by fungi (Berg andMcClaugherty 2014). The tem-
poral shifts in chemical composition of leaf litter observed in
our pioneer study are therefore largely in agreement with the
current general concept of the decomposition process.

Linking fungal activity, enzyme transcription, and
chemical shifts

The substrate chemistry regulates the transcription of extracel-
lular enzymes (Allison et al. 2011). However, the secreted
enzymes will change the chemistry of the litter (Šnajdr et al.
2011), generating a complex regulatory feedback loop, as in-
dicated by the direct linkage between litter chemistry and
CAZyme expression levels (Fig. 7). Furthermore, composi-
tion of the active part of the fungal litter community is directly
linked to transcription profiles of CAZyme families (Fig. 7).
These direct linkages represent immediate effects, which are
complemented by indirect, mostly long-term effects: Leaf
chemistry affects composition of the total fungal community
and thereby indirectly affecting the active fungal community.
The indirect linkage appears reasonable, because the original,
regionally discriminative leaf compounds have already been
degraded at the time of litter sampling (Fig. 5). The leaf chem-
istry and CAZyme family transcription profiles are therefore
supposed to be directly linked only in the very early stages of
decomposition, i.e., before regionally discriminative com-
pounds are degraded. In that early stage, leaf chemistry prob-
ably had a strong impact on assembly of the initial community
(Šnajdr et al. 2011) and thereby influenced succession towards
current litter community composition via priority effects
(Cline and Zak 2015; Hiscox et al. 2015). The current com-
position and transcription profiles of the fungal communities
are probably as much influenced by chemical changes and
species successions in the past, as by the currently prevailing
conditions.

Combining metametabolomics, metabarcoding, and
metatranscriptomics approaches revealed to be a promising
holistic approach to reveal interconnections between substrate
chemistry, fungal community composition, and their tran-
scriptional activity (Fig. 1). Correlative analyses may eventu-
ally link species to enzyme transcription and specific chemical
shifts in litter (Fig. 6). In our study, Helotiales, Agaricales,
and Pleosporales were the most active and diverse fungal
groups in 1-year-old litter (Table 1). Furthermore, OTUs
assigned to the generaMycena and Chalara correlated direct-
ly with the activity of litter-degrading CAZymes (Fig. 6).
Chalara species live mostly as litter saprotrophs (Koukol
2011), while several Mycena species are reported to switch
between saprotrophic and biotrophic lifestyles (Thoen et al.

2020). These results further highlight the robustness of our
approach to link fungal identity with ecological processes.
Nevertheless, some of the OTUs correlating with litter-
degrading CAZymes were assigned to ecologically ambigu-
ous taxa, such asMycosphaerella, a group of fungi known to
include saprobes but also plant pathogens (Crous et al. 2001).
This is due to the known limitations in taxonomic assignment
of environmental OTUs in current metabarcoding approaches
(Iquebal et al. 2021). The application of long-read sequencing
approaches might improve the accuracy of taxonomic assign-
ment in the medium term (Heeger et al. 2018; Jamy et al.
2020; Tedersoo et al. 2020). In the long term, increasing avail-
ability of genome data might allow to directly link CAZymes
to fungal species. This will provide new insights into fungal
ecology based on the role of CAZyme functioning in environ-
mental processes.

Suitable spatial and temporal scales are a prerequisite for a
conclusive picture, because the processes involved in decom-
position, such as community assembly, fungal responses, en-
zyme activity, and chemical conversion, are closely intercon-
nected (Fig. 1B) but occur at different time scales. While as-
sessment of most major components (i.e., metagenome, pro-
teome, and transcriptome) involved in decomposition is now
well established microbial ecology (Franzosa et al. 2015;
Peršoh 2015; Rastogi and Sani 2011), holistic assessment of
the chemical properties and dynamics in the substrate is usu-
ally missing. Intensive monitoring is therefore required to
causally link community succession, respective activity and
changes in chemical composition. By enclosing fresh leaf lit-
ter in mesh bags and incubating them in the forest ground,
litter bags represent a method close to natural conditions,
while allowing accurate dating, high replication, and subsam-
pling over time. However, litter bags are still artificial; they
represent disturbances in the microclimate, might exclude
macroinvertebrates from the process, and do not allow to de-
termine losses by leaching (Karberg et al. 2008). Hypotheses
arising from such experimental approaches should therefore
be verified by analyzing natural litter. We were able to show
that 1H-NMR spectroscopy provides meaningful fingerprints
analyzable in context with other meta’omics data. Assigning
additional NMR peaks to chemical compounds by spiking
experiments (Fig. S17) in future studies will provide valuable
reference data which will massively enhance the value of en-
vironmental 1H-NMR spectra.

Conclusions

In this study, we applied for the first time environmental NMR
fingerprinting to infer ecological contexts from chemical sub-
strate composition analyzed concertedlywithmetatranscriptomic
and community metabarcoding data. The NMR spectra success-
fully distinguished the chemical composition of freshly fallen
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leaves from that of 1-year-old litter.We determined that chemical
composition of leaves converges with progressing decomposi-
tion, while litter decomposing fungal communities were func-
tionally redundant according to the expression of genes encoding
litter-degrading enzymes (i.e., carbohydrate-active enzymes
(CAZymes)). However, forestry measures influenced the diver-
sity of transcribed litter-decomposing CAZymes. Since function-
al resilience of decomposer communities likely depends on tran-
script diversity, the findings are of major relevance for environ-
mental ecology and applied forestry. Environmental NMR fin-
gerprinting proved suitable for inferring ecological contexts, be-
cause the CAZyme expression profiles in litter could be shown to
be influenced directly by litter and indirectly by leaf chemistry.
The comprehensive and quantitative information provided NMR
spectra was even accessible by spiking chemical compounds of
interest. Altogether, we provide a conceptual framework that
combines metametabolomics, metabarcoding, and
metatranscriptomics approaches with the potential to unveil
mechanistic interactions between substrate chemistry, fungal
community composition, and their transcriptional activity.
Determining how generalizable these findings are is crucial for
future ecological studies in decomposition. Experimental incuba-
tions with mock communities, considering single or multiple
species, will help determine the role of individuals within the
communities and their influence on the decomposition process.
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