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Abstract

Litter decomposition is a key ecosystem process, relevant for the release and storage of nutrients and carbon in soil. Soil fungi are one
of the dominant drivers of organic matter decomposition, but fungal taxa differ substantially in their functional ability to decompose
plantlitter. Knowledge is mostly based on observational data and subsequent molecular analyses and in vitro studies have been limited
to forest ecosystems. In order to better understand functional traits of saprotrophic soil fungi in grassland ecosystems, we isolated 31
fungi from a natural grassland and performed several in vitro studies testing for i) leaf and wood litter decomposition, ii) the ability to
use carbon sources of differing complexity, iii) the enzyme repertoire. Decomposition strongly varied among phyla and isolates, with
Ascomycota decomposing the most and Mucoromycota decomposing the least. The phylogeny of the fungi and their ability to use
complex carbon were the most important predictors for decomposition. Our findings show that it is crucial to understand the role of
individual members and functional groups within the microbial community. This is an important way forward to understand the role
of microbial community composition for the prediction of litter decomposition and subsequent potential carbon storage in grassland

soils.
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Introduction

The decomposition of litter in soil is a key ecosystem process, rel-
evant for the supply of nutrients to plants and for soil carbon stor-
age. Grasslands are of crucial importance for soil carbon seques-
tration as they store about two thirds of terrestrial carbon (Bai
and Cotrufo 2022). One of the main drivers of organic matter de-
composition are soil saprobic fungi (Treseder and Lennon 2015).
However, our knowledge on fungal litter decomposition is mainly
based on observational field data, studies on fungi living above-
ground, e.g. saprotrophs growing on senescent leaf litter, and se-
quencing approaches (Hudson 1968, Frankland 1998, Bradford et
al. 2014, Johnston et al. 2018, Osono 2020, Lodato et al. 2021), thus
lacking information on the functional capabilities of individual,
soil inhabiting taxa. There are a number of studies with a focus on
fungal litter decomposition by individual fungal isolates, but these
studies are mostly limited to forest ecosystems (e.g. Hiscox et al.
2017, Lustenhouwer et al. 2020, Osono 2020). Another important
parameter to assess the role of fungi in organic matter turnover
is their ability to use different single carbon sources. However, the
research regarding this question is also limited to fungi originating
from forests or aquatic ecosystems (Sati and Bisht 2006, Hanson et
al. 2008, Algora Gallardo et al. 2021). Therefore, we currently lack
detailed information on functional traits of individual, soil inhab-

iting fungal taxa of grassland ecosystems and the links between
these traits.

Many of the early studies on litter decomposition have re-
vealed how fungi tackle the degradation of organic matter based
on successional community dynamics. Also, fungi were grouped
according to their abilities to break down simple or complex or-
ganic matter, i.e. Mucoromycota were identified as ‘sugar fungi’
with a clear preference for readily available substrates (Hudson
1968). Cellulose degraders were found in both Ascomycota and
Basidiomycota, with Ascomycota more frequently being found to
break down cellulose (Hudson 1968), but Agaricomycetes (Basid-
iomycota) have an especially pronounced ability in this context
(Treseder and Lennon 2015). Basidiomycetes are traditionally seen
as wood decomposers (Boddy and Watkinson 1995), while the ac-
tual ability to break down the complex compound lignin is most
frequently found in the class of the Agaricomycetes (Treseder and
Lennon 2015), but can also be found throughout Asco- and Basid-
iomycota.

The use of different carbon sources is linked to the ability to
produce extracellular enzymes (hereafter referred as enzymes).
Although a lot is known about the relationship between enzyme
activities and litter decomposition in situ (e.g. Sinsabaugh 1994,
Sinsabaugh et al. 1994, 2016, Allison and Vitousek 2004, Kang and
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Freeman 2009), we only have limited data on this relationship for
individual fungal isolates (e.g. Lustenhouwer et al. 2020). Addi-
tionally, most studies use either single or combined substrates
and fungal species and sometimes measure only a few individ-
ual enzymes. However, litter decomposition is a complex process
driven by a suite of different enzymes (Sinsabaugh et al. 1994,
Moore et al. 2020, Zheng et al. 2020).

The functional ability to decompose litter further depends on
the litter chemistry, such as the litter quality. Litter quality is usu-
ally subclassified in high-quality litter, which is easily degradable,
and low-quality litter, which is difficult to degrade and more per-
sistent (Castellano et al. 2015). Another important aspect of litter
chemistry is the amount of water-soluble carbon in the litter (Alli-
son and Vitousek 2004) and the identity and availability of particu-
lar carbon sources, which can influence the relative abundance of
individual species and thus fungal community composition (Han-
son et al. 2008).

Litter decomposition further depends on the identity of the
plant, the plant tissue (e.g. leaves or twigs), the number and the di-
versity of litter types present and also the nutrient status of litter
and soil (Gartner and Cardon 2004, Yin and Koide 2019, Grossman
et al. 2020, Osono 2020, Porre et al. 2020). For example, Yin and
Koide (2019) describe that the microbial community requires spe-
cific nutrients for the decomposition of more complex litter. Fun-
gal decomposers have different strategies to deal with the chal-
lenges of varying nutrient and carbon (C) supply (Frankland 1998).
Such strategies include changing growth and respiration (C alloca-
tion), metabolism (e.g. enzyme excretion) and cell stoichiometry
(Camenzind et al. 2021, Manzoni et al. 2021).

There is large variability in the ecosystem process of litter de-
composition. The functional ability of individual fungal taxa can
differ substantially and thus potentially contributes to this vari-
ability (Allison 2012, Crowther et al. 2014). Trait-based approaches
have shown important functional differences among fungal lin-
eages and have linked them to traits such as competitiveness,
enzymatic capability, stress tolerance or growth rates (Lusten-
houwer et al. 2020). Due to these functional differences among
fungal taxa, the composition of microbial communities will be
important to assess and forecast soil organic matter dynamics.
Currently, only microbial biomass or fungal: bacterial ratios are
incorporated into carbon cycling models. However, for the devel-
opment of microbial-explicit models in grasslands it will be im-
portant to understand the role of individual members and func-
tional groups within fungal communities in this ecosystem as
well, in order to adequately predict litter decomposition and sub-
sequent carbon release and storage (Hicks et al. 2022, Wan and
Crowther 2022).

Thus, with this study, we aimed to improve our understanding
of functional differences among saprotrophic soil fungi originat-
ing from a grassland ecosystem, and their ability to decompose
substrates differing in complexity. Our set of fungi includes 31
isolates of the phyla Ascomycota and Basidiomycota—which are
generally well known to be able to process various organic com-
pounds, including complex substrates—and Mucoromycota. For
this last group there has been some debate in the past, and a large
study using fungi from forest ecosystems found that the ability
of Mucoromycota to process complex litter is low compared with
Asco- and Basidiomycota (Osono 2020). However, a recent study
could show that there are some families within the Mucoromy-
cota that also can process complex organic matter (Pawtowska et
al. 2019).

We know from previous studies with our set of saprotrophic
fungi that they have varying enzymatic capabilities, e.g. the 7 iso-
lates of Mucoromycota are unable to produce laccase (Zheng et

al. 2020). The 31 isolates also have varying aggregate formation
capabilities, a key ecosystem process that is linked to many other
processes, including stabilization and storage of organic matter in
soil (Lehmann et al. 2020). Moreover, these fungi have flexible sto-
ichiometric reactions to differing nutrient supply, suggesting they
can adapt to changing resource supply (Camenzind et al. 2021).

With this set of fungi, we performed three laboratory experi-
ments to analyze i) the ability of fungal isolates to decompose leaf
and wood litter, ii) their usage of different carbon substrates vary-
ing in complexity and iii) enzymatic capabilities. We additionally
relate our experimental data to a dataset of existing chemical
and biotic traits of the same set of fungi. We hypothesized that
(i) there will be important differences in litter decomposition
among isolates, even within phyla that are known for being
typical cellulose degraders, i.e. Ascomycota and Agaricomycetes,
or wood decomposers, i.e. Basidiomycota. (ii) Mucoromycota will
show low decomposition rates of woody litter, since they are
known as ‘sugar fungi’, also reflected by a preference for simple C
substrates. And (iii) we expected to see correlations of enzymatic
traits and the ability to use complex C sources with fungal litter
decomposition rates.

Material and methods

Fungal isolates

We used 31 fungal isolates previously characterized in detail
(Andrade-Linares et al. 2016, Camenzind et al. 2022). Saprotrophic
fungi were isolated from a grassland soil (Mallnow Lebus, Bran-
denburg, Germany, 52°27.778'N, 14°29.349’E) and cover the phyla
Mucoromycota, Basidiomycota and Ascomycota (see Supporting
Information, Table S1). Briefly, soil was washed and diluted in or-
der to reduce spore abundance and to increase the quantity of
living fungal hyphae attached to soil particles (Gams and Dom-
sch 1967, Thorn et al. 1996). Subsequently, soil suspensions were
spread on different media with the addition of antibiotics to pre-
vent bacterial growth. Isolates were grown on potato-dextrose-
agar (PDA) at room temperature thereafter (22°C).

Experiment I: In vitro experiment on litter
decomposition

We performed an in vitro study with soil and 31 saprotrophic fun-
gal isolates decomposing two different types of litter (N=10 for
each isolate), with 20 control plates (no fungus) per litter type,
resulting in 660 experimental units. The stock of fungal cultures
was grown on PDA and kept at 4°C. For the experiment, we used @
6 cm petri dishes with water agar, on top of which we added an in-
oculum plug (0.5 cm diameter) of the stock culture, and placed a
mesh bag (2x2 cm, 38 pm pore size (Sefar NITEX, Switzerland))
containing litter next to the inoculum. For this experiment we
chose two litter types of plants that are common at the field site:
a low-quality litter: linden wood (Tilia cordata) and a high-quality
litter: leaves of a grass (Arrhenatherum elatius). For leaf litter we
collected whole plants at the field site in summer when leaves
were green. After collection, plants were dried at room temper-
ature in order to mimic senescence, and finally, leaves were cut
to 1 cm pieces. Wood stems were purchased as uniform stems
4x3x100 mm (Meyer & Weigand GmbH, Germany) and cut to
small pieces of 5-10 mm. 35 mg of dried litter were added to the
mesh bag, the bags closed with a stainless steel clip and auto-
claved twice within 48 h. After the addition of the mesh bag to the
plate, we finally added 10 grams of sterilized soil (autoclaved twice
at 121°C for 20 min with a time delay of 24 h between events; see
Fig. S2 for a picture of the stepwise filling of the plates). The soil
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originated from the same field where the fungi were isolated. Soil
properties were 0.11% N, 1.45% C, 19 mg kg~! available P (Mehlich
III extraction) and pH 6.79. The soil was wetted to 60% field ca-
pacity. The plates were incubated in the dark for 10 weeks at
room temperature. We know from other experiments with these
fungi that respiration, and thus microbial activity, starts to de-
cline after 4 weeks under similar experimental conditions (data
in preparation for publication). Considering that our wood litter
pieces are smaller (4x3x5-10 mm) compared to other studies’ lit-
ter sizes (usually 10-20x5 mm) and comparing experiment dura-
tions (e.g. Lustenhouwer et al. 2020, Osono 2020), we estimated
that 10 weeks were sufficient for the revelation of differences in
wood degradation. Upon harvest the soil and litter were dried and
the litter mass loss was determined gravimetrically. We refer to
litter decomposition as effect size calculated as

effectsize = littermasslossin treatment (%)
— littermasslossin control (%)

Hyphae were extracted from 4.0 g of soil (Jakobsen et al. 1992)
and hyphal length (m g=! soil) of all present hyphae in soil was
measured according to Rillig et al. (1999). We corrected the results
for background concentration of hyphae from the control plates
without fungi.

Experiment II: In vitro experiment on carbon
substrate use

In a second experiment we tested the ability of the same set of
fungi to utilize different carbon sources for growth (N=3 for each
isolate; 30 fungal isolates (RLCS10 failed to grow on the medium
type that was used); 6 different C sources incl. control without C
source; yielding 540 experimental units). For this experiment, fun-
gal isolates were grown on phytagel based media in @ 6 cm petri
dishes, overlain with a 1 pm mesh to be able to extract fungal
biomass at the end of experiments (see Supporting Information S4
for methodological details). Growth media were designed follow-
ing principles according to Liebig's Law of the Minimum (Camen-
zind et al. 2020). All elements were provided in sufficient amounts
to ensure C to be the only limiting element in order to observe ef-
fects exerted by C substrate manipulation. Element supply rates
were determined based on the direct analysis of respective ele-
ment contents in fungal tissues, avoiding osmotic stress by high
salt additions (for details see Table S3). We prepared six different
media using phytagel as gelling agent (2 g L7!) and final amounts
of carbon compounds as follows: control (no C source), glucose
5gL7t, cellobiose 4.75 g L%, xylan (a hemicellulose) 4.4 g L1, cel-
lulose 4.5 g L1, and litter 4.42 g L. Litter was assembled from
a mixture of plant litter collected at the site of fungal isolation
that was dried at 40 °C and ground to a powder. C additions were
standardized by molar amounts, resulting in comparable concen-
trations of C for each treatment.

We used the biomass gain of fungal isolates on each C substrate
minus the biomass gain on control treatments (no C source added)
as a response variable, and standardized these values based on
maximum biomass growth in order to make these values com-
parable among isolates. The use of a carbon source j for a fungal
isolate 1 was calculated as follows, based on average values of all
three replicates:

Cusejj = (biomass;; — biomass control;) /maximum biomass;

where maximum biomass is the largest biomass the isolate had
on any of the five C sources.
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For this experiment we also calculated an indicator for the abil-
ity of fungal isolates to grow on more complex C compounds, here-
after referred to as “complex carbon use ability” (CCUA), which we
defined as the weighted average of values according to the com-
plexity of C compounds used:

CCUA = (Cuseonglucose*1 + Cuseon cellobiose *2
+Cuseonxylan*3 + Cuseon cellulose *4
+ Cuseonlitter *5)/ sum of unweighted C use.

This indicator serves as an index and has no quantitative mean-
ing, since the numbers indicating complexity are chosen arbitrar-

ily.

Experiment III: In vitro experiment on
extracellular enzyme activity

We determined the activity of a number of hydrolytic en-
zymes using the laboratory kit API ZYM™ (BioMerieux) for semi-
quantitative analyses of selected enzymes produced by microor-
ganisms. We used this assay, because it covers a large range of
fungal enzymes and the targeted enzyme activities provide in-
sights into functional traits that are not only related to carbon
use and fungal growth, but also to fungal competition. Among
the enzymes included in this set are acid phosphatase, alka-
line phosphatase and phosphohydrolase, which can be related
to P mineralization, and leucine arylamidase, valine arylami-
dase, trypsin, a-chymotrypsin, and N-acetyl-8-glucosaminidase,
which are important for fungal N turnover in soil. In addition,
the carbon-targeting enzymes esterase, lipase, a-galactosidase,
a-glucosidase, a-mannosidase, g-galactosidase, B-glucoronidase
and g-glucosidase were included in the assay. Fungi were grown
on PDA and fungal material was collected from the margin of
an actively growing colony, the agar was removed and the fun-
gal biomass homogenized with 2 ml of NaCl solution (0.85%). Fol-
lowing the manufacturer’s instructions, 65 pl of the resulting sus-
pension were added to each cupule of the kit and incubated at
37°C for 4.5 h. After the incubation one drop of ZYM A (25 g Tris
hydroxymethyl-aminomethane, 11 ml 37% HCI, 10 g sodium lau-
ryl sulfate, 100 ml H,0) and ZYM B (0.12 g Fast Blue BB, 50 ml
methanol, 50 ml dimethyl sulfoxide) reagent were dispensed into
each of the cupules. The resulting color reactions were read after
5 min and the color intensity compared to the color code provided
by the manufacturer. Results were documented in steps as num-
bers from 0-5 as the amount of substrate hydrolyzed: 0 (0 nmol),
1 (5 nmol), 2 (10 nmol), 3 (20 nmol), 4 (30 nmol), and 5 (=40 nmol).
The intensity of enzyme activity (nmol) was taken as response
variable. This response variable is semi-quantitative, as the ad-
dition of fungal material was standardized by size only and the
quantitative assessment of fungal biomass in the cupules was dif-
ficult. We therefore show relative enzyme activities in order to vi-
sualize the enzymatic capabilities and calculated an index for the
joint effect of enzymes. This calculated index was used for cor-
relations with other traits (see ‘Statistical analyses’ for more de-
tails). For the controls, we repeated the above described procedure,
but used plates with PDA medium only, free of fungal material.

Trait collection

To complete our trait database, we selected further traits from
previously published data using the same set of 31 fungi (Table 1,
Lehmann et al. 2020, Zheng et al. 2020). We selected traits that
likely influence litter decomposition or can be linked with decom-
position, either through biotic properties of the fungus (e.g. colony
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Table 1. Traits used from the trait database

Trait # Fungal trait Description Relevance

1 Aggregate formation Ability to form new soil aggregates (Lehmann et al. Contribution to the stabilization of OM in the soil
2020) (Lehmann et al. 2020)

2 Hydrophobicity Hydrophobicity of fungal surface (Alcohol droplets Potential contribution to the stabilization of soil
test) (Lehmann et al. 2020) aggregates (Lehmann et al. 2020)

3 Biomass density Biomass density on potato dextrose agar (ug mm=2) Fungal abundance has been used as proxy for OM
(Lehmann et al. 2020) turnover (McGuire and Treseder 2010)

4 Colony extension rate Colony growth rate on potato dextrose agar (pm h=1) Fast growing fungi have been shown to be better
(Lehmann et al. 2020) decomposers (Lustenhouwer et al. 2020)

5 Competitive ability Sum of wins against competitors in pairwise Dominant fungi have been shown to be better

interactions (Soliveres et al. 2018)

6-10 Cellobiohydrolase, laccase,
leucine aminopeptidase,
acid phosphatase 2020)

Enzyme activity measured on fungal material growing
on potato dextrose agar (U mg~' biomass) (Zheng et al.

decomposers (Lustenhouwer et al. 2020)

Enzyme activity is often related with the degradation
of litter (Sinsabaugh et al. 1994, Allison and Vitousek
2004, Kang and Freeman 2009)

extension rate) or through chemical properties (e.g. enzyme
activities).

Statistical analyses

We used the software R for all statistical analyses (version 4.3.1
R Core Team 2023). As a first step, we visualized the raw mass
loss data using swarm plots and an estimation method that gen-
erates unpaired mean differences (treatment minus control) with
bootstrapping (5000 iterations, package ‘dabestr’; Ho et al. 2019,
Ho 2020). This plot allowed us to see the magnitude and preci-
sion of the fungal taxa effect on litter decomposition compared
to the control. The bootstrap estimates are by default bias- and
skewness-corrected and produce 95% confidence intervals (CI),
which, if situated above the zero line (line of no effect), can show
that the treatment induced a detectable response.

As a second step, we visualized raw decomposition data
(treatment—control) for individual isolates, and subsequently an-
alyzed mean decomposition of each isolate (mean of 10 repli-
cates) for correlations using Spearman’s rank correlations (Spear-
man’s p). We analyzed correlations of decomposition with carbon
use (data from experiment II), enzyme activities of experiment
III and traits of our trait collection. The enzyme activities of ex-
periment III were analyzed as i) joint effect of all enzymes using
the first principal component of a principal component analysis
(PCA) applied to the 16 enzyme activities and ii) as joint effect
of those enzymes targeting C degradation using the first princi-
pal component of a PCA applied to the enzyme activities of es-
terase, lipase, «-galactosidase, p-galactosidase, B-glucoronidase,
a-glucosidase, B-glucosidase, N-acetyl-g-glucosaminidase and a-
mannosidase. The enzymes included in the trait collection were
also analyzed as joint effect using the first principal compo-
nent of a PCA applied to the four enzyme activities of that
dataset. To summarize this large dataset we created a cor-
relation matrix of all variables using Spearman’s correlation
type in the packages ‘Hmisc’ and ‘corrplot’ (Harrell 2014, Wei
et al. 2021).

We further tested correlations of average decomposition rates
of each isolate for phylogenetic signals using phylogenetic gener-
alized linear models (pgls function in the package ‘caper’; Orme
2018). Pgls models are similar to linear regression, where we in-
vestigate the relation between a predictor variable and a response
variable, with the addition of controlling for phylogenetic signals

in the response, i.e. we test for the non-independence of the resid-
uals under the influence of the potential phylogenetic relatedness
of the taxa involved (Mundry 2014). We mainly used three out-
put parameters for the interpretation of pgls models: i) A: If A =0
then residuals are independent, i.e. there is no phylogenetic sig-
nal in the variation of the data; if A > 1 the data has more covari-
ation than expected under Brownian motion (Orme 2018, Cooper
2022). We decided to use A based on Minkemdiller et al. (2012) and
because it is used in numerous other publications and therefore
comparable to those results. ii) Adjusted R-squared and P-values
that show whether the model detects a significant relationship be-
tween predictor and response after phylogenetic correction. The
phylogenetic tree used for this analysis was constructed using the
unweighted pair group method with arithmetic mean (upgma(),
package ‘phangorn’; Schliep 2010), based on long sequence reads.
Taxon names are based on taxonomic classification of ITS1, 5.8S,
ITS2 and partial LSU marker according to the UNITE database
(Nilsson et al. 2019) and the RDP LSU dataset (Cole et al. 2014).
Phylum names are given as in Spatafora et al. (2017); if synony-
mous names occurred the ‘current name’ according to Species Fun-
gorum was used (https://www.speciesfungorum.org/; see also Ca-
menzind et al. 2022).

Thirdly, we performed a PCA to learn about links of decompo-
sition with other variables of the whole trait data set available for
this set of fungi. In order to increase readability of the PCA we
reduced the number of traits included in the analysis and thus
selected those traits for the PCA that showed a significant rela-
tionship with decomposition in the Spearman or the pgls analysis.
The selected variables were scaled to unit variance in the prcomp
function of the package ‘stats’ (R Core Team 2023).

Results
Litter decomposition

Across all isolates, mass loss was 56.8% for leaf litter and 15.6%
for wood litter, while in the control mass loss was 35.5% and 4.9%,
respectively (See Fig. 1A and B). Mass loss across Ascomycota was
on average 61.7% for leaf litter and 18.9% for wood litter; Basid-
iomycota caused an average mass loss of 64.5% in leaf and 17.5%
in wood litter, and Mucoromycota had an average mass loss of
38.7% for leaf and 5.1% for wood litter. Both Asco- and Basidiomy-
cota had CIs above the zero line for leaf and wood litter, i.e. they
actively decomposed both litter types, whereas Mucoromycota
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Figure 1. Unpaired mean difference plot for mass loss of leaf and wood litter in control, Ascomycota, Basidiomycota and Mucoromycota. The swarm
plot represents the raw data, the unpaired mean difference represents means (black dots), standard errors (black lines) and confidence intervals (grey

areas around the mean).

had CIs overlapping with the zero line, showing a neutral re-
sponse.

Decomposition (treatment—control) varied substantially
among isolates (see Fig. 2A and B). For leaf litter there was
also variation among the replicates of one isolate, for example
for RLCSO1 (Mucor fragilis), RLCS02 (Mortierella elongata strain 2)
and RLCS04 (Mortierella exigua) there were some replicates that
decomposed litter and some not at all. These strains are all
within the Mucoromycota, which decomposed on average only
slightly more than the control (plus 3.2%). One strain (RLCSO09,
Trametes versicolor) had considerable variation in decomposition
of both leaf and wood litter. The leaf and wood litter in the control
plates also had mass loss, which can be explained by degradation
through fragmentation caused by wetting the experimental units
and through handling the litter at harvest when the litter was

very brittle. Therefore, a few replicates showed negative results
for decomposition.

Carbon substrate use

The carbon sources were preferred in the order glucose > cel-
lobiose > xylan > cellulose > ground litter (see Fig. 3A). Almost all
fungi were able to grow on glucose media very well, while pure cel-
lulose and ground litter based media were poor growth substrates
for the majority of isolates. However, we also found differences be-
tween isolates, e.g. RLCS29 (Macrolepiota excoriata, Basidiomycota),
RLCS12 (Didymellaceae, Ascomycota) and RLCS06 (Chaetomium an-
gustispirale, Ascomycota) grew comparatively well on more com-
plex substrates, while not growing as well on glucose as the other
isolates.
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Figure 2. Violin plot with raw data points for decomposition (treatment—control) per isolate, means and standard errors (black points and bars) of leaf
litter (upper panel) and wood litter (lower panel). Information about phylum affiliation is color coded (yellow: Ascomycota, red: Basidiomycota, dark
blue: Mucoromycota). The phylogenetic tree (top of Figure) was constructed using the unweighted pair group method with arithmetic mean (upgmay),
package ‘phangorn’; Schliep 2010) based on long sequence reads (ITS1, 5.8S, ITS2, and partial LSU marker according to the UNITE database and the
RDP LSU data set. For more details see Methods section.
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Figure 3. Enzymatic capacities of the different fungal isolates determined either by the use of different C sources (A) or enzymatic activity profiles (b).
(a) Heat map of the use of the carbon sources glucose (glu), cellobiose (cb), xylan (xyl), cellulose (cel) and ground litter (lit) and the index for the
complex carbon use ability (CCUA); values depict relative biomass production. Values for each isolate are added to the heatmap, where the brown tone
illustrates the complexity of C sources (from left to right: glucose with light brown, to litter with dark brown), and the color intensity of the respective
brown tone represents the values of individual isolates in each column. Differences in CCUA values are also visualized by respective color intensity.
(B), Relative activity of different extracellular enzymes (% of total activity) determined by semi-quantitative analyses using the API ZYMTM kit.
Abbreviations for enzymes are: Ak_pho = alkaline phosphatase, Ac_phos = acid phosphatase, PhoHyd = phosphohydrolase, Leu_Aryl = leucine
arylamidase, Val_Aryl = valine arylamidase, Try = trypsin, e_Chy = a-chymotrypsin, 3_GluAm = N-acetyl-B-glucosaminidase, «_Glu = «-glucosidase,
B_Glu = g-glucosidase, «_Gal = a-galactosidase, B_Gal = p-galactosidase, B-Glucoro = g-glucoronidase, «_Man = «-mannosidase, Est = esterase, Lip =

lipase

Extracellular enzyme activities

A number of enzymes were produced by >70% of isolates,
although in contrasting intensities. Among them were al-
kaline phosphatase, acid phosphatase, esterase, leucine ary-
lamidase, valine arylamidase, phosphohydrolase, g-glucosidase
and N-acetyl-g-glucosaminidase (Fig. 3B). Activity of lipase,
trypsin, e-chymotrypsin, e-galactosidase, g-galactosidase and g-
glucuronidase was detected in very few species (<10 isolates).

The Mucoromycota showed a more uniform enzyme pattern
compared to the other phyla. Their enzyme repertoire mainly con-
sisted of acid and alkaline phosphatase, phosphohydrolase and
leucine and valine arylamidase. Basidiomycota and Ascomycota
had more diverse enzyme repertoires and large variations among
their isolates.

In Basidiomycota, for all isolates of our set, activities of the
following enzymes were detected: alkaline phosphatase, leucine
arylamidase, valine arylamidase, acid phosphatase, phosphohy-

drolase, p-glucosidase and N-acetyl-g-glucosaminidase. In As-
comycota, for most isolates of our set, activities of the following
enzymes were detected: alkaline phosphatase, esterase, leucine
arylamidase, acid phosphatase, phosphohydrolase, N-acetyl-8-
glucosaminidase and B-glucosidase.

When we correlated litter decomposition rates with other
functional traits, the growth on hemicellulose (xylan), the in-
dex for the ability to use complex carbon (CCUA) and the joint
effect of the enzymes of our trait collection (PC1_EnzTraitCol)
had the strongest relationship with decomposition rates of both
litter types (Fig. 4). Leaf decomposition also had strong links
with the joint effect of the C targeting enzymes of experiment
III (PC1_CEnz_exp3) and the ability to form new soil aggregates
(Aggr_formation). A summary of correlations of all variables with
each other is shown in Fig. S6 as a correlation matrix.

When we considered phylogenetic dependencies of the data
in the pgls models, we saw a different picture for leaf and wood
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(A) P-value
Xyl_use 0.0023
CCUA 0.0044
PC1_CEnz_exp3 0.0098
PC1_EnzTraitCol 0.0114
Aggr_formation 0.0314
Cb_use 0.1581
Biom_dens 0.2022
Compet_ability 0.2780
Lit_use 0.3406
Cel_use 0.3414
PC1_AllEnz_exp3 0.4174
Hydrophobicity 0.5001
Glu_use 0.3501
Col_ext_rate 0.2114
Hyphal_length 0.0785
-0.4 -0.2 0 0.2 0.4 0.6

(B)

Xyl_use 4.74E-5
CCUA 0.0153
PC1_EnzTraitCol 0.0386
Hydrophobicity 0.0719
Cel_use 0.1305
Lit_use 0.1750
Biom_dens 0.2283
Compet_ability 0.3075
Aggr_formation 0.3076
Cb_use 0.5775
PC1_CEnz_exp3 0.9717
Hyphal_length 0.8505
Col_ext_rate 0.5489
Glu_use 0.2631
PC1_AllEnz_exp3 0.1425

-0.4 -0.2 0 0.2 0.4 0.6 0.8

Spearman's rank correlation (p)

Figure 4. Bars represent Spearman’s rank correlation coefficients (p) for the average decomposition of leaf litter (A) and wood litter (B) with other
traits. Corresponding P-values of the Spearman correlation are listed on the right. Coefficients span a range from positive values (right side of y-axis),
indicating positive relationships, to negative values (left side of the y-axis), indicating negative relationships. Abbreviations: Aggr_formation = ability
to form new soil aggregates, Biom_dens = fungal biomass density, Cb_use = fungal growth on cellobiose based medium, CCUA = complex carbon use
ability, Cel_use = fungal growth on cellulose based medium, Col_ext_rate = colony extension rate, Compet_ability = competitiveness, Glu_use =
fungal growth on glucose based medium, Hydrophob = hydrophobicity of fungal biomass, Hyphal_length = hyphal length in soil, Lit_use = fungal
growth on litter medium, PC1_EnzTraitCol = principal component 1 of PCA of the four enzymes of trait collection, PC1_AllEnz_exp3 = principal
component 1 of PCA of the 16 enzymes of experiment I1I, PC1_Cenz_exp3 = principal component 1 of PCA of nine C targeting enzymes of experiment
III (esterase, lipase, alpha_galactosidase, beta_galactosidase, beta_glucoronidase, alpha_glucosidase, beta_glucosidase, beta_glucosamine,
alpha_mannosidase), Xy_use = fungal growth on xylan based medium.
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Figure 5. PCA showing leaf and wood litter decomposition for the three phyla (yellow, red and dark blue) with isolates depicted as dots. Abbreviations:
Aggr_form = ability to from new soil aggregates, CCUA = complex carbon use ability, Compet = competitive ability expressed as number of wins in
pairwise interactions, Decomp_leaf = decomposition of leaf litter, Decomp_wood = decomposition of wood litter, Glucose_use = fungal growth on
glucose based medium, Hy_le_leaf = hyphal length in soil samples with leaf litter, Hy_le_wood = hyphal length in soil samples with wood litter,
PC1_EnzTraitCol = principal component 1 of PCA of the four enzymes of trait collection, PC1_AllEnz_exp3 = principal component 1 of PCA of the 16
enzymes of experiment III, PC1_CEnz_exp3 = principal component 1 of PCA of nine C targeting enzymes of experiment III (esterase, lipase,
alpha_galactosidase, beta_galactosidase, beta_glucoronidase, alpha_glucosidase, beta_glucosidase, beta_glucosamine, alpha_mannosidase), Xyl_use =

fungal growth on xylan based medium.

decomposition (see Table S5). The ability to form new aggregates
was a strong predictor for leaf decomposition (R? = 0.31, P-value =
0.0008), independent of the phylogeny. When taking phylogenetic
dependencies into account, the analysis revealed a positive rela-
tionship of competitiveness and a negative relationship of hyphal
length with leaf decomposition (R? = 0.22, P-value = 0.0055; R? =
0.30, P-value = 0.0008, respectively). Relationships of leaf decom-
position with growth on xylan based media, CCUA and joint ef-
fects of enzymes (PC1_EnzTraitCol and PC1_CEnz_exp3) were sig-
nificant in the spearman analysis, but not in the pgls model, sug-
gesting a strong influence of the phylogeny of the data in these
cases. For wood decomposition, the growth on xylan based media
(R? = 0.42, P-value = 0.0001) and the ability to use complex carbon
(CCUA) (R? =0.28, P-value = 0.0015) had the strongest explanatory
power, independent of the phylogeny. The consideration of phylo-
genetic dependencies also revealed a negative correlation of wood
decomposition with the joint effect of all enzymes of experiment
ITT (PC1_AllEnz_exp3; R? = 0.13, P-value = 0.027) and a negative re-
lationship with growth on glucose based media (R? = 0.21, P-value
= 0.006).

In a PCA of all (relevant) traits, the PC axis 1 explained 33% of
the variance, while axis 2 explained 19% of the variance (Fig. 5).
The primary PC axis 1 shows that the largest trait variability in
this dataset was reflected by the ability to use complex C sources,
with negative loadings of isolates with a clear preference for glu-
cose, and positive loadings of the ability to use xylan and com-
plex C sources. Likewise, litter decomposition ability positively
loaded on the 1% axis, as well as some of the joint enzyme ac-
tivities (Fig. 5). Likewise, the correlation matrix (Fig. S6) showed
that leaf and wood decomposition correlated well with the use of
xylan and the more general ability to use more complex carbon
(CCUA), but also with specific joint effects of enzymes: the joint
effect of C degrading enzymes of experiment III (PC1_CEnz_exp3)
correlated with leaf litter decomposition, and the joint effect of
the enzymes of our trait collection, which included the oxidative
enzymes laccase and cellobiohydrolase (PC1_EnzTraitCol), corre-
lated with wood decomposition. Fungal growth on the glucose

based media negatively aligned with wood litter decomposition
and hyphal length in leaf litter samples (Hy_le_leaf) negatively
aligned with leaf decomposition. The PCA results further illus-
trated the clear separation of trait spaces among phyla. Especially
the Mucoromycota were separate, characterized by negative val-
ues on PC1.

Discussion

Grassland soils harbor Ascomycota and
Basidiomycota fungi broadly involved in leaf
litter decomposition, but less in wood litter
decomposition

The functional ability to decompose litter varied substantially
among isolates, with differences conserved at the phylum level.
While within the Ascomycota and Basidiomycota most isolates
showed the ability to decompose leaf litter (increase in 26% and
29%, respectively, in relation to the controls), only 10 out of 24
isolates within these groups were also able to decompose wood.
Mucoromycota had much lower ability to decompose leaf litter
(increase of 3.2% compared to control) and showed no ability to
decompose wood.

These results confirmed a clear preference of the grassland
fungal isolates used here for leaf litter. Since fungal isolates were
isolated from a natural grassland soil, an adaptation to this kind
of high-quality litter from grassland plants is likely. Additionally,
growth in their “home” soil may have facilitated the decomposi-
tion of this litter type. However, grassland soils also harbor very
complex organic matter, partly resulting from woody litter such
as woody roots or woody stem pieces of certain shrubs. There-
fore, lower-quality litters such as wood litter must also represent
a valuable C source for these soil fungi. It has been shown before
that certain substrates, for example cellulose, can be preferred
by a specific community where species are organized into func-
tional guilds of decomposers (Bhatnagar et al. 2018). The 10 iso-
lates that were able to decompose a noticeable amount of wood
(>5%) are distributed among the orders Sordariales, Pleosporales,
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Hypocreales, Helotiales (Ascomycota) and Polyporales (Basid-
iomycota). These fungi seem to form a functional group in our
set of fungi.

Interestingly, there is a connection between leaf decomposition
and the ability to form new soil aggregates. As we showed in a pre-
vious study by Lehmann et al. (2020), the ability to form new ag-
gregates is strongly influenced by fungal phylogeny, with Ascomy-
cota being the best and Mucoromycota the worst aggregators.
Based on their analyses of fungal trait contributions to soil aggre-
gation, the authors concluded that a critical local colony biomass
density and the phylogeny, rather than overall soil hyphal length,
contribute to the formation of new soil aggregates. Similarly, we
could not find a positive influence of hyphal length on decom-
position. In other, similar experiments by our lab, we saw these
fungi switching from growth to reproduction, i.e. the production
of spores at the time of resource depletion (data in preparation
for publication). Hence, the biomass and hyphal length measured
at the end of the experiment do not necessarily reflect the fun-
gal abundance throughout the duration of the experiment. For
leaf decomposition the relationship with hyphal length was neg-
ative after phylogenetic correction. This might be indicative of a
trade-off between decomposition of high-quality litters and hy-
phal growth, similar to the trade-off found for enzymatic activity
and fungal growth in Zheng et al. (2020).

In this study, overall enzymatic capacities of our fungal collec-
tion had significant relationships with decomposition of both lit-
ter types, corroborating numerous findings in the literature show-
ing correlations between enzyme activity and decomposition (e.g.
Sinsabaugh et al. 1994). When we joined the enzyme activities
as ‘C targeting enzymes’, we found a good correlation with leaf
decomposition only, indicating that the specification of C target-
ing enzymes (analyzed here) can be used as predictor for the de-
composition of high-quality litter. The relationship between en-
zymatic activities and decomposition of both litter types was
strongly influenced by the phylogeny of the data, showing that
certain taxa within our data set have similar traits that can drive
these correlations. The phylogeny also drives the relationship of
the competitiveness of the fungi with decomposition. After tak-
ing phylogeny into account, leaf decomposition had a strong re-
lationship with competitiveness, indicating that good competitors
can decompose high-quality substrates better than more complex
ones, such as wood litter. The degradation of litter in our grassland
soil will thus be strongly influenced by the microbial community
composition.

Complex carbon and xylan utilization by fungi
are associated with litter decomposition

The ability to grow on xylan based media and more complex sub-
strates in general (CCUA) were positively correlated with leaf and
wood litter decomposition. Within our set of fungi, we observed
strong differences between the phyla, but also large variations be-
tween isolates for this trait, showing that there are likely special-
ists among our set of fungi that are able to use one resource more
effectively than others. This corroborates previous findings show-
ing that members of the Mucoromycota, Ascomycota, and Basid-
iomycota can have very different resource utilization capabilities
(Osono and Takeda 2002, Hanson et al. 2008, Khosravi et al. 2015,
Pawtowska et al. 2019).

We found that the relation of growth on xylan based media
and CCUA with wood litter decomposition was conserved when
we considered fungal phylogeny, showing that the correlation be-
tween wood decomposition and xylan use and CCUA is not only
driven by phylogenetic relatedness. Thus, we can use the ability

to process complex carbon and the use of hemicelluloses like xy-
lan as predictors for wood decomposition for our set of grassland
fungi. For leaf litter decomposition CCUA and xylan use were also
important predictors, but in this case, correlations were mainly
driven by phylogeny. Hence, decomposition of high-quality litter
such as leaf litter in our soil may depend on fungal community
composition.

Contrary to growth on xylan, maximum biomass gain on glu-
cose (related to reduced capacities to use complex C sources
(Fig. 5)) was negatively related to wood decomposition, showing
that fungi preferring a simple sugar as substrate did not degrade
the more complex leaf and wood litter very well. In our study, this
can be attributed to the Mucoromycota, which had their highest
biomass on glucose amended medium, and which were unable to
decompose wood litter and only slightly decomposed leaf litter.

Phylogenetic effects on decomposition differ
between leaf and wood litter

In our study, we used three different phyla, with the Mucoromy-
cota clearly forming an ecologically separate group. They have
different enzyme profiles and different abilities to process car-
bon and decompose litter, i.e. they were among the worst decom-
posers. This result agrees with the general notion in the litera-
ture of Mucoromycota being ‘sugar fungi’, and having less en-
zymatic capability for C degradation than Asco- and Basidiomy-
cota (Pawlowska et al. 2019, Moore et al. 2020). However, this very
general grouping has recently been questioned by Pawlowska et
al. (2019). The authors screened the capability of 52 Mucoralean
strains to use different C sources using the Biolog phenotypic
microarray system, and found surprisingly diverse metabolic ac-
tivity. However, similar to enzymatic profiles, Biolog data repre-
sent no direct evidence for the decomposition potential of com-
plex litter types. On the other hand, Pawloska et al. (2019) mainly
included members of Mucorales and Umbellopsidales, while we
also tested several Mortierellales. Indeed, Mucor (RLCS01) and Um-
belopsis (RLCS19) showed slightly different traits than Mortierella,
but still clearly grouped within the Mucoromycota. Additionally,
some species of Mucoromycota are specifically known to be able
to degrade hemicelluloses (Dix and Webster 1995). These differ-
ent outcomes show that our results strongly depended on the
species we included in our study. Thus, it may be relevant to
test the observed relationships with more fungal isolates, or com-
plement these analyses with the growing availability of genomic
traits (Treseder et al. 2021).

The ecological separation of the Mucoromycota in our dataset
clearly drives the phylogenetic signal that we find in leaf litter de-
composition and the correlations with this variable. Therefore, we
assume that the specificisolates among the Mucoromycota in our
grassland soil will only have minor effects on dynamics of high-
quality litter decomposition.

One Basidiomycete of our set is a member of the family Poly-
porales (RLCS09), a group known to be wood decomposers (Money
2016). This was the only Basidiomycete that decomposed wood
in our experiment. The other three Basidiomycetes of our set are
in the group Agaricales (Agaricomycetes) and did not decompose
wood, but they decomposed leaf litter. This supports the general
assumption that Agaricomycetes have widely diverging abilities
to utilize lignin and cellulose (Floudas et al. 2020), and that only a
minority of fungi possess the ability to produce lignin degrading
peroxidases (Treseder and Lennon 2015).

Ascomycota were the largest group in our data set (20 out of 31
fungi) and were among the best decomposers, especially for leaf
litter. This corroborates existing knowledge on these fungi, which



are known to be involved in, for example, straw decomposition
(Sordariales and Hypocreales; Ma et al. 2013) or wood decompo-
sition (Xylariales; Helotiales; Richter and Glaeser 2015, Cedefio—
Sanchez et al. 2020), and represent a major group found in wood
and leaf litter (Pleosporales; Zhang et al. 2012), or the organic layer
of forest soils (Chaetothyriales, Heliotiales; Baldrian et al. 2012).
Thus, we conclude that this phylum is of crucial importance for
the prediction of litter decomposition in grassland soils.

Conclusion and further research

The direct assessment of fungal utilization of xylan—and more
complex C sources in general—appears to be a strong predictor
of litter decomposition, even stronger than the enzyme repertoire
of the fungi. Thus, future studies should preferably use more di-
rect assessments of fungal carbon use abilities, in order to predict
litter degradation patterns. We found that the phylogeny of fungi
in our dataset was very important for the prediction of litter de-
composition. There are likely specialists in wood decomposition
in our grassland soil that could be indicative for the degradation
of complex substrates in grassland soils. In order to fully under-
stand the role of the phylogeny for decomposition in grassland
soils, future research should include fungi from different grass-
land ecosystems, i.e. further species, and more importantly, this
research should look at the role of fungal richness and diversity
for litter decomposition. Another important factor for follow-up
studies is litter diversity, namely the presence of more than one
litter type at a time, which can also be decisive for the decompo-
sition rate (Pei et al. 2017).
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