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Plant litter decomposition in the soil is governed by microorganisms such as bacteria and fungi that colonize
lignocellulose residues during the decomposition process, and thus, the interplay of bacterial and fungal com
munities can yield insight into the lignocellulose decomposition dynamics. Previous studies have mainly
investigated litter decomposing communities in microcosms or ex-situ conditions or at a single soil ecosystem.
Here we conducted a 12 week-long litter decomposition experiment to explore how the temporal dynamics of soil
enzyme activities and microbial communities are linked to litter decomposition under three different land use
sites (forestland, farmland, and abandoned farmland) in Nanjing, China. We found that litter decomposition in
the forestland was the highest among the three land use sites. Then, using a multifactorial approach, we showed
that this higher decomposition rate in forest soils is determined by microbial communities with higher lig
ninolytic enzyme activities, higher diversity, and a less complex but more specialized network. Chryseobacterium
in bacteria, and Fusarium, Aspergillus and Penicillium in fungi were the keystone taxa in networks across three land
use types. We conducted subsequent culturing that further confirmed the strong decomposition ability and
enzyme activities of these taxa, indicating their importance for microbial litter decomposition. As such, this is
one of the first studies to validate the role of keystone taxa for litter decomposition, and it demonstrates that cooccurrence network scores can be used for statistical identification of putative keystone taxa for further screening
and linking to microbiome functioning. Overall, we show that land use alters the composition and network
structure of soil microbiota that determine the litter decomposition. Our study also reveals that specialized
keystone taxa are involved in the decomposition dynamics, and highlights an opportunity of harnessing such taxa
for manipulating lignocellulose decomposition in soil ecosystems.

1. Introduction

as a conglomerate to degrade complex lignocellulose substrates and
show distinct changes during the decomposition process (Payne et al.,
2015). For example, in the early stage, cellobiohydrolase removes the
monomers and dimers from the end of the cellulose chain, while
beta-glucosidase hydrolyzes glucose cellobiose dimers to glucose (Pérez
et al., 2002). After that, beta-xylanase is involved in the cellulose- and
hemicellulose decomposition. Ligninolytic enzymes such as laccase,
lignin peroxidase, manganese peroxidase and versatile peroxidase,
secreted by Basidiomycetes fungi, are involved in lignin degradation
(Šnajdr et al., 2008; Noll et al., 2016).

Lignocellulose, a key component of plant residues, is one of the most
abundant renewable resources in terrestrial environments (Dashtban
et al., 2009). The process of lignocellulose decomposition is critical for
soil carbon and nutrient cycling in both natural and agricultural systems
(Randlett et al., 1996). Lignocellulose is composed of cellulose, hemi
cellulose and lignin (Huang et al., 2019), and thus, its decomposition
requires concurrent actions of multiple enzymes originating from mi
crobial decomposers (López-Mondéjar et al., 2016). These enzymes act
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Numerous studies have been carried out to assess the variation of
plant residue decomposition and microbial community successions
(McGuire and Treseder, 2010; Wegner and Liesack, 2016; Zhao et al.,
2019). For example, it has been found that the depletion of
water-soluble carbon (C) is associated with a change from a
bacteria-dominated to a fungi-dominated community (Marschner et al.,
2011). Both bacterial and fungal communities may vary in their sub
strate preferences and strategies for nutrient-acquisition, in which
copiotrophs have high growth rates and low resource-use efficiency, and
oligotrophs have low growth rates and high resource-use efficiency
(Klappenbach et al., 2000; Fierer et al., 2007). It has been reported that
copiotrophs (e.g. Alphaproteobacteria, and Bacteroidetes) typically
dominate the early stages by utilizing the easily degradable C-com
pounds, whereas oligotrophs (e.g. Acidobacteria, Actinobacteria, and
Basidiomycota) tend to dominate at later stages as substrate quality
declines over time and only recalcitrant C-compounds (e.g. lignin) are
available (Bastian et al., 2009a; Fanin and Bertrand, 2016). Although
extracellular enzyme activities and microbial succession have been
investigated separately for different litter types, a mechanistic under
standing of lignocellulose decomposition requires insights into the
interplay and dynamics of enzyme activities and microbial communities.
As microbial communities play an important role in litter decom
position, composition of microbiomes can be a regulating factor. This
has also been described as the ‘Decomposer Control Hypothesis’, which
describes how distinct microbial communities can differentially affect
decomposition in the same environment (Strickland et al., 2009; Wick
ings et al., 2012). It was found that the composition of microbial com
munities is one of the determinant factors affecting litter decomposition
rate, but the effects changed as time proceeds (Cleveland et al., 2014).
However, the link between microbial communities and activities of
lignocellulose degrading enzymes and their effects on decomposition
require further investigations. For example, land use type may also
determine the initial microbial composition (Tardy et al., 2015), thereby
affecting enzyme activities related to lignocellulose degradation and
litter decomposition (Sauvadet et al., 2018). Different land uses may
have distinct microbial communities and fungi:bacteria ratios that can
modify the ability of decomposing litters (Banerjee et al., 2016; Fanin
and Bertrand 2016). A majority of these previous studies investigated
relationships between fungal-bacterial interplay, enzyme activities and
litter decomposition in pairs across stages of decomposition and often
under a single land use. However, reports on litter decomposition dy
namics with concurrent assessments of soil extracellular enzyme activ
ities and microbial communities under different land uses are limited. It
is also unclear whether microbial network structure and connectivity
differ between different environments during litter decomposition.
The microbial world harbors a myriad of members that seamlessly
associate with each other. Concurrent associations among thousands of
such members highlights microbiome complexity, which has important
functional implications (Fuhrman, 2009; Wagg et al., 2019). Indeed,
recent studies have shown that the overall abundance and diversity of
microbes alone cannot explain the functioning of the whole community
(Gonzalez et al., 2020). Litter decomposition is a ‘broad’ process that
involves a wide range of microbes and associations among those mi
crobial groups may determine the decomposition outcome, highlighting
the importance of gaining an understanding beyond the level of relative
abundance and diversity. For instance, interactions amongst litter
decomposing microbiota would vary with resource availability and
environmental conditions and thus, associations among different mi
crobial groups involved in lignocellulose decomposition would yield
insights into the competition or facilitation for resources, exchange of C
compounds and electron acceptors, and predation or parasitism (Scow,
1997; Schimel and Schaeffer, 2012). Network analysis can reveal com
plex associations within microbial communities and provide informa
tion beyond sample-level comparisons (de Vries et al., 2018; Morriën
et al., 2017; Delgado-Baquerizo et al., 2018). Statistical scores such as
degree and centrality can reveal which groups are more connected in the

network and their position in the microbiome, and such scores can also
be used ‘statistically’ identify the potential keystone taxa (Berry and
Widder, 2014; Lupatini et al., 2014). Microbial keystone taxa are highly
connected taxa that individually or in a guild exert a significant influ
ence on microbiome structure and functioning irrespective of their
abundance across space and time (Banerjee et al., 2018). These taxa
have a unique and crucial role in microbial communities and their
removal can cause a dramatic shift in microbiome structure and func
tioning. It was found that straw decomposition had strong positive as
sociations with the relative abundance of both bacterial and fungal
keystone taxa (Banerjee et al., 2016). Generally, a majority of
wood-based lignocellulosic decomposers are white rot fungi (Janusz
et al., 2017; Akyol et al., 2019) whereas fungi such as Penicillium and
Aspergillus show high efficiency of degrading crop-based materials
(Islam et al., 2011; Liao et al., 2012). Thus, a pertinent question is
whether these microbial groups can also act as keystone taxa during
decomposition. Until now, the contribution of keystone microbial
groups during the decomposition have only been assessed in a single soil
ecosystem, and their relative importance across different land uses re
mains to be evaluated. More importantly, previous studies have only
used statistical identification of keystone taxa involved in soil organic
matter decomposition (Banerjee et al., 2016), and to our knowledge, no
study has conducted subsequent cultural screening to validate their roles
in decomposition.
Our study aimed to understand the interplay of bacterial and fungal
communities and their correlations with litter decomposition and
enzyme activities at different land-use sites. We also aimed to identify
keystone taxa in different land uses and assess their ability of litter
decomposition. We used rice straw as the model litter across three land
uses because rice is the main crop growing in this region and farmers
usually return rice straws to the fields to restore soil fertility. However,
rice straw may take a long time to decompose naturally in the field and
thus, identifying and isolating the key microbial players of straw
decomposition from different soil environments have important
ecological implications. Moreover, since local climate is a driver of litter
decomposition in soil (Sun et al., 2013), we selected three land use sites
(forestland, farmland and abandoned farmland) in close proximity and
under the same climate to minimize the impact of climate and focus
solely on the effects of microbial communities. We expected that litter
decomposition in the forestland would be higher than the other two land
uses due to the distinct soil microbiota of forestland soil with higher
activities of litter decomposition enzymes, higher microbial diversity,
and highly connected keystone taxa are involved in litter decomposition.
In order to test this hypothesis, we first assessed the dynamics of litter
decomposition, enzyme activities and microbial succession in three land
use sites. To investigate important microbial players, we identified the
keystone taxa involved in litter decomposition using network analysis
and then performed further screening to test their decomposition
abilities.
2. Materials and methods
2.1. Experimental sites
Litter decomposition experiments were conducted at three different
sites (20–35 km away from each other) in Nanjing, China, from July 5th
to September 27th in 2014 (Fig. S1). The three sites belonged to different
land uses: a forestland in the Zijin Mountain (32◦ 02′ 15.28′′ N,
118◦ 55′ 05.79′′ E) that has been afforested for more than 30 years, a
farmland in Qinlin town (32◦ 03′ 18.08′′ N, 118◦ 58′ 28.50′′ E) that grows
rice for the last seven years, and a former farmland in Bagua town close
to the Yangzte River (32◦ 09′ 37.38′′ N, 118◦ 49′ 58.25′′ E). The former
farmland has been abandoned for more than 10 years as the local gov
ernment forbids farming activities along river-banks to avoid soil
erosion and water contamination. Hereafter this site would be denoted
as abandoned farmland. The classification and physio-chemical
2
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properties of soils from three sites are shown in Table 1. The three sites
have similar climatic conditions. During the experimental period, the
average maximum and minimum air temperatures were 28.6 ◦ C and
22.6 ◦ C respectively, and the mean rainfall was 1106.5 ± 16 mm.

general, the forestland had a higher soil pH (7.3), soil organic matter
(25.82 g kg− 1), available N (151.74 mg kg− 1), available P (19.7 mg
kg− 1), and available K (127.37 mg kg− 1) compared with the other two
sites (Table 1).

2.2. Litter decomposition experiment and sample collection

2.4. Content of cellulose, hemicellulose and lignin

Rice straw, which is one of the most important resource inputs to the
soil in this area, was collected from a rice paddy field (32◦ 03′ 18.08′′ N,
118◦ 58′ 28.50′′ E) in Nanjing, China. It contained 39.85% total C, 0.48%
total N content, 36.52% cellulose content, 29.16% hemicellulose,
13.99% lignin. The straws were oven-dried at 60 ◦ C for 24 h before being
added to soil (Sun et al., 2013). This was done to quickly decrease and
standardize the water content of straws and to avoid degradation by the
initial microbiome on/inside the straw or from the environment, which
happens in air-drying method. Thus, the advantage of using oven-dried
method is to eliminate the initial microbiome associated with the straw,
resulting a standardized straw material for further study. Oven-dried
straws were subsequently cut into 2 cm pieces using a sterilized scis
sor. Ten grams of rice straw were evenly placed into a nylon mesh bag
(25 × 10 cm), with a mesh size of 74 μm, allowing soil microorganisms
to pass, but preventing any loss of non-decomposed residuals. At each
land-use site, nylon bags were buried separately below the soil surface at
the depth of 10 cm for 12 weeks. At each site, the nylon bags were
equally distributed in three plots (3.5 × 7.5 m) positioned at least 1 m
away from each other. Following 2, 4, 6, 8, and 12 weeks after burial,
three nylon bags were randomly sampled per plot. In total, 15 nylon bag
samples (3 replicates × 5 time points) were obtained from each site.
Each sample was divided into four parts for different experimental
purposes. One part of the residues in the mesh bags was weighed before
drying at 85 ◦ C for 48 h to determine the litter decomposition and
component of cellulose, hemicellulose and lignin. Another part of resi
dues in the mesh bags was stored at 4 ◦ C before determining enzyme
activity related to litter decomposition. The third part was stored at
− 80 ◦ C for DNA extraction and high-throughput sequencing. The last
part of the residues was also used to culture straw-decomposing bacteria
and fungi.

Content of cellulose, hemicellulose and lignin was measured as
adapted from Ververis et al. (2007). In order to hydrolyze cellulose and
hemicellulose totally, 0.7 g air-dried and ground (5 mm sieve) litter
samples were boiled with 5 mL 72% (V/V) H2SO4 in boiled water for 4.5
h. The crushed liquid was suction filtered, and the residue was dried to
constant mass at 105 ◦ C and weighed as W1. The dried residue was
transformed to a dry porcelain crucible and heated at 650 ◦ C for 5 h
(W2). Acid insoluble lignin was calculated by W1–W2. Contents of
glucose (C1) and reducing sugar (C2) in the filtrate were measured with
Glucose (HK) Assay kit (Sigma-Aldrich, USA) and DNS method (Miller,
1959), respectively. Cellulose content was calculated as (0.9/0.96) × C1
× (V/M) × α × 100% where 0.9 represents the molecular mass ratio of
monomer hexose to polymer and 0.96 represents the saccharification
coefficient. C1 represents the glucose content (g L− 1). V represents the
total volume of sugar solution (L). M represents the mass of the dry
matter added to the sample and α indicates the dilution times. Hemi
cellulose content was calculated as (0.88/0.93) × (C2–C1) × (V/M) × α
× 100% where 0.88 represents the molecular mass ratio of
multi-monomer pentose to polymer, 0. 93 represents the hydrolysis
yield of xylan and xylose, and C2 represents the total reducing sugar
content (g L-1).
2.5. Lignocellulose degrading enzyme activities
The main components of rice straws are cellulose, hemicellulose, and
lignin (Xiao et al., 2001). Therefore, we measured cellulose and hemi
cellulose hydrolase and one representative of lignin oxidase. The ac
tivities of beta-xylanase, cellobiohydrolase, beta-glucosidase, and
laccase in the straw residuals were assayed immediately after collecting
litters from each site. The litter samples were mixed with 200 mM so
dium acetate buffer (pH 5.0) at the ratio of 1:16. The mixture was
agitated on an orbital shaker at 100 rpm for 1 h, and was centrifuged at
4 ◦ C (12,000 rpm, 15 min). The supernatant was filtered through
Whatman #5 filter paper and desalted using C18-SD desalting columns
(Empore, USA) to remove inhibitory small-molecular-mass compounds.
The desalted samples were kept at 4 ◦ C until enzyme activity analysis
within 24 h (Šnajdr et al., 2008). Beta-xylanase activity was determined
by using the methods adapted from a previous study (Liao et al., 2012,
see Supplemental Methods for detail). One unit of enzyme activity was
defined as the amount of enzyme releasing 1 μmol of reducing sugars per
minute per gram straw (dry weight) (Baldrian et al., 2010). Cellobio
hydrolase was evaluated using p-nitrophenyl-β-D-cellobioside (PNPC,
Sigma, USA) according to a previous study (Valášková et al., 2007, see
Supplemental Methods for detail). One unit of cellobiohydrolase activity
was defined as the quantity of enzyme required to release 1 μmol
p-nitrophenol per minute per gram straw (dry weight). Beta-glucosidase
was determined in sodium acetate buffer (pH 5.0) with p-nitro
phenyl-β-D-glucopyranoside (10 mM) based on the method described by
Liao et al. (2015). Laccase activity was measured by monitoring the
oxidation of 2,2′ -azinobis-3-ethylbenzothiazoline-6-sulfonic acid in a
citrate–phosphate (100 mM citrate, 200 mM phosphate) buffer (pH 5.0)
at 420 nm (Bourbonnais and Paice, 1990).

2.3. Physicochemical parameter determinations
The soil samples before the experiment were also collected from each
plot. These initial soil samples were assessed for pH, organic matter
content, and relevant nutrient contents such as available N, P, K. In
Table 1
Physio-chemical properties of soils from three sites (forestland, farmland and
abandoned farmland).
Site characteristicsa

Forestland

Farmland

Abandoned
farmland

Soil type
Soil pH
Total carbon (%)

Alfisol
7.3 ± 0.03 a
2.52 ± 0.011 a

Entisol
6.7 ± 0.01 b
0.62 ± 0.012 c

Total nitrogen (%)

0.24 ± 0.007 a

Anthrosol
6.42 ± 0.06 c
1.45 ± 0.004
b
0.14 ± 0.001
b
10.35 ± 0.08
b
21.6 ± 0.29 b
84.33 ± 0.94
b
16.82 ± 0.14
b
94.7 ± 0.33 b

C/N

b

Soil organic matter (g/kg)
Available nitrogen (mg/
kg)
Available phosphorus
(mg/kg)
Available potassium (mg/
kg)

10.5 ± 0.36 a
25.82 ± 0.43 a
151.74 ± 2.57
a
19.7 ± 0.38 a
127.37 ± 1.46
a

0.06 ± 0.001 c
10.33 ± 0.01 b
9.36 ± 0.12 c
58.65 ± 1.31 c
10.83 ± 0.23 c

2.6. Determination of microbial dynamics during litter decomposition

70.13 ± 0.66 c

2.6.1. Absolute abundance of bacterial and fungal using quantitative PCR
Total DNA was extracted from approximately 0.5 g of soil or straw
samples using the MoBio PowerSoil DNA isolation kit (MoBio Labora
tories, Carlsbad, CA, USA). Quantitative PCR (qPCR) was used to

a
Significant difference for the different soil characteristics among land uses
tested by one-way ANOVA. Different lower-case letters indicate statistical sig
nificant differences (Tuckey’s HSD test, P < 0.05).
b
C/N was calculated as follows: total carbon/total nitrogen.
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determine absolute abundance of bacterial and fungal in the soil (Week
0) and straw samples (Week 2 to week 12). Bacterial absolute abundance
was quantified by targeting 16S rRNA gene using the 347F (5′ -GGA GGC
AGC AGT RRG GAA T-3’) (Kim et al., 2008) and Bact531R (5′ -CTN YGT
MTT ACC GCG GCT GC-3’) primer pair (Carlos et al., 2010), and the
fungal absolute abundance was quantified by targeting the ITS region
using the ITS1 (5′ -AGA AGT CGT AAC AAG GTT TCC GTA GG-3′ ) and
ITS4 (5′ -TCC TCC GCT TAT TGA TAT GC-3′ ) primer pair (Gardes and
Bruns, 1993). Each 25 μL reaction solution contained 10 μL of iTaq
Universal SYBR green Supermix (Bio-Rad, Hercules, CA, USA), 10.5 μL
ddH2O, 0.5 μL of ROX Reference Dye II (50 × ), 1 μL of each primer (10
μM), and 2 μL diluted DNA as the template. The conditions were 95 ◦ C
for 15 min, followed by 40 cycles of 95 ◦ C for 1 min, 53 ◦ C for 30 s, and
72 ◦ C for 1 min. Standards were prepared from a 10-fold dilution series
of plasmids containing cloned target sequences. Standard curves for all
qPCR runs had efficiency values ranging from 0.97 to 1.07 and R2 values
of 0.99.

2.7. Isolation of lignocellulose-degrading microorganisms
Straw-degrading microorganisms were isolated from the straw res
idue at each sampling time using the standard serial dilution plating
technique (Ulrich and Wirth, 1999). One gram of straw residue sample
was added to 9 mL of sterile distilled water for 15 min on a shaker
(25 ◦ C, 170 rpm). Then, the suspensions were diluted and plated on agar
CMC medium (2 g L− 1 yeast extract, 5 g L− 1 carboxymethylcellulose, 50
mg L− 1 of cycloheximide, pH 7.0). After incubation at 25 ◦ C for 7 days,
up to 32 bacteria and 24 fungi were isolated from each straw-residue
sample, and they were further screened using the same media cultured
at 25 ◦ C. A total of 576 bacteria and 432 fungi were isolated at the end of
decomposition process. All these microorganisms were cultured on agar
plates stained with 0.1% Congo red (Carder, 1986) to preliminarily test
their abilities to degrade carboxymethylcellulose. The bacterial and
fungal isolates showing clear halos (indicating carboxymethylcellulose
degradation) were further identified by 16S rRNA gene sequencing using
the primers 27F (5′ -AGA GTT TGA TCC TGG CTC AG-3′ ) and 1492R
(5′ -TAC CTT GTT ACG ACT T-3′ ) (Lane, 1991) or by ITS gene sequencing
using the primers ITS1/ITS4 as described above (Gardes and Bruns,
1993). The results were submitted to Biozeron Co., Ltd. (Shanghai,
China) for sequencing. The sequences were compared with 16S rRNA
gene sequences or ITS gene available in the Genebank nucleotide library
by BLAST. To avoid redundant analysis, only one strain was stored when
isolates had close phylogenetic distance (>97% similarity). In the end, a
total of 34 bacterial and 17 fungal isolates were maintained for further
characterization (Table S2).

2.6.2. MiSeq sequencing of bacterial and fungal communities
We used primer pairs ITS1F/ITS2 (ITS1F: 5′ -CTT GGT CAT TTA GAG
GAA GTA A-3’; ITS2: 5′ -GCT GCG TTC TTC ATC G) (Gardes and Bruns,
1993; White et al., 1990) and 515F/806R (515F: 5′ -GTG CCA GCM GCC
GCG GTA A-3’; 806R: 5′ -GGA CTA CVS GGG TAT CTA AT-3′ ) (Caporaso
et al., 2011) to amplify the fungal ITS1 region and V4 region of the
bacterial 16S rRNA gene, respectively. The 25 μL PCR mixture contained
10 μL of 2.5 5 × Prime HotMaster mix (5 Prime, Gaithersburg, MD), 13
μL of ddH2O (Mo Bio Laboratories, Carlsbad, CA, USA), 0.5 μL of each
primer (10 μM), and 1 μL of isolated DNA as the template. Primers were
designed for Illumina sequencing with adapters, primer pads, and 2-bp
linker sequences, and the reverse primer contained a 12-bp barcode
sequence unique to each sample (Bellemain et al., 2010; Caporaso et al.,
2012). The thermal cycling protocol was 94 ◦ C for 5 min, 35 cycles of
94 ◦ C for 45 s, 50 ◦ C for 45 s, and 72 ◦ C for 90 s, followed by a final
extension period at 72 ◦ C for 10 min. All samples were amplified in
triplicate on thermal cyclers (Bio-Rad, Hercules, CA, USA), pooled
together, and visualized on agarose gels. PCR products were purified
using the UltraClean PCR cleanup kit (Mo Bio Laboratories). The V4
region of 16S rRNA gene and ITS region of fungi were sequenced using
the Illumina MiSeq platform at Biozeron Co., Ltd., (Shanghai, China).
Using in-house perl scripts, raw fastq files were first demultiplexed
according to the barcode sequences information for each sample with
the following criteria: (i) 250 bp reads were truncated at any site
receiving an average quality score <20 over a 10 bp sliding window,
discarding the truncated reads that were shorter than 50 bp. (ii) exact
barcode matching, 2 nucleotide mismatch in primer matching, and
removing reads containing ambiguous characters; and (iii) only assem
bling sequences that overlap longer than 10 bp. Chimera sequences were
identified according to ChimeraSlayer reference database (version
microbiomeutil-r20110519) and removed using UCHIME algorithm
(Edgar et al., 2011). Reads that could not be assembled were discarded.
Sequencing reads were quality filtered and processed using the
USEARCH pipeline (Edgar, 2010). Filtered sequences were clustered
into operational taxonomic units (OTUs) by 97% thresholds. Q30 score
of all 108 samples were above 78.99%, while sequence reads ranged
from 50,244 to 74,772 per sample. We annotated and aligned sequenced
rRNA against Silva (Release 128, http://www.arb-silva.de) and Unite
(Release 7.1 https://unite.ut.ee) databases, respectively. The raw
sequencing data was deposited into the NCBI Sequence Read Archive
(SRA) database (Accession number: SRP272170, BioProject ID:
PRJNA646534). In total, we had 3,441,941 rarified 16S sequence reads
and 3,385,817 ITS sequence reads, which resulted in 13,013 bacterial
OTUs and 4167 fungal OTUs, respectively. We removed all singletons
before further analysis.

2.8. Litter decomposition of selected microorganisms
The identified bacterial and fungal isolates were tested for litter
decomposition and lignocellulose degrading enzyme activities, i.e. cel
lobiohydrolase, beta-glucosidase, beta-xylanase and laccase. Isolates
were pre-grown in liquid CMC medium for 24 h and inoculated onto
liquid minimal medium at pH 7.0 (López-Mondéjar et al., 2016). One
liter of minimal medium consisted of 2 g NH4H2PO4, 0.6 g KH2PO4, 0.5
g L− 1 MgSO4⋅7H2O, 0.4 g L− 1 K2HPO4, and 10 mL of trace elements
solution. The trace element solution contained 7.40 g CaCl2⋅2H2O, 1.20
g FeSO4⋅7H2O, 0.66 g ZnSO4⋅7H2O, 0.5 g MnSO4⋅4H2O, 0.10 g
CoCl2⋅6H2O, and 1 mg thiamine. Straw segment was added to the me
dium as the sole carbon source, and microbial cultures (105 CFU mL− 1 as
final concentration) were grown for 7 days at 25 ◦ C on an orbital shaker
(170 rpm). For the measurement of litter decomposition, the remaining
straw residual was collected, cleaned, oven-dried for 48 h and weighed
the partial mass. Litter decomposition was calculated and enzyme assays
for cellobiohydrolase, beta-glucosidase, beta-xylanase and laccase were
performed by using the methods described in section 2.5.
2.9. Data analysis
2.9.1. Litter decomposition and enzyme activities
Litter decomposition was derived from litter mass loss relative to the
initial mass of rice straws added in the nylon bag. We calculated the
litter decay constants (k) per year of each site over the whole period
(Yuan et al., 2019). Enzyme activities were calculated into the unit of
μmol/h/g (dry weight of straw) when doing data analysis. We performed
ANOVA test to compare the difference in litter decomposition, enzyme
activities, and microbial abundance among the three land uses. In
addition to individual enzyme activity, we also generated an overall
index by calculating a Z-score using the following formula: Z-score =
(x-μ)/σ, where x, μ and σ denote for individual, average and standard
deviation of activity for each enzyme. For each enzyme, the average is
the mean of all measured activity of the same enzyme. We used
Shapiro-Wilk and Bartlett’s tests to investigate the data distribution,
means and the variance of litter decomposition and straw components
among three land uses. We also generated separate linear models
4
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correlating enzyme activities and litter quality.
2.9.2. Microbial communities
We used OTU richness to represent bacterial and fungal α-diversity.
OTU richness was determined using the vegan package in R (Oksanen
et al., 2018) in Rv3.4.3 (https://www.r-project.org/). Microbial β-di
versity was assessed using principal coordinate analysis (PCoA), based
on the Bray-Curtis distance of normalized OTU data. Permutational
multivariate analysis of variance (PERMANOVA) was performed based
on Bray-Curtis distance at phylum level by using adonis function.
Redundancy analysis (RDA) was performed using vegan package to
examine the relationship among microbial composition, enzyme activ
ities and litter decomposition (including change of litter quality). To
assess correlations between microbial composition and litter decompo
sition, we performed Spearman correlations between parameters
defining microbial α-diversity and litter quality (cellulose, hemicellulose
and lignin) for each land use. We also conducted repeated-measures
ANOVA analysis to compare effects of land use on microbial α- (OTU
richness) and β-diversity (PCoA1) parameters across time points.
2.10. Network analyses and keystone species
We performed network analysis to assess microbiome complexity
and identify potential keystone taxa for each land use site. To avoid
spurious correlations, the top 300 dominant bacterial OTUs and 100
dominant fungal OTUs were selected, which accounted for the top
43.69% of bacterial relative abundance and top 87.29% of fungal rela
tive abundance. This selection was also supported by the number of
OTUs i.e., the total number of bacterial OTUs were ~3 times greater
than the total number of fungal OTUs. We used Spearman’s rank cor
relation to assess the association among microbial OTUs from all time
points. Corrections for multiple comparison performed for Spearman’s
rank correlations using the false discovery rate correction (Benjamini
and Hochberg, 1995). We used the fdrtool package for calculating cor
relation networks in R (Strimmer, 2008). Correlation coefficients greater
than 0.8 with a corresponding of p-value less than 0.01 were considered
statistically robust and were included to generate the networks. The
network structure was explored and visualized with the interactive
platform Gephi (Bastian et al., 2009b), using the undirected network
(where edges have no direction) and the Fruchterman-Reingold layout.
Relevant topological parameters of the resulting networks and node
scores (Newman, 2006) were obtained in Gephi. Degree is the number of
edges/links of each node, representing how many other nodes (OTUs) in
the network are connected with the given node. Path length represents
the shortest distance between two nodes. Clustering coefficient showing
the extent a node is connected with its neighbors. Diameter is the largest
distance between two nodes of a network. Closeness centrality is based
on the average shortest paths and thus reflects the central importance of
a node in disseminating information. We used high degree and high
closeness centrality to statistically identify the keystone taxa (Banerjee
et al., 2019). The sum of these two values were transformed also into a
Z-score for all identified keystone taxa, and the top 20 OTUs with high
Z-score were selected as keystone taxa for each land use.

Fig. 1. Litter decomposition and changes of litter quality in forestland (blue),
farmland (green) and abandoned farmland (red). Litter decomposition as
calculated as the percentage of the biomass loss at each sampling time (a).
Panels b–d show changes in cellulose (b), hemicellulose (c) and lignin (d)
content. * and ** indicate statistical significance at P < 0.05 and P < 0.01 levels
(Tukey’s HSD test). Error bars represent standard errors (n = 3). DM represents
dry matter of litters. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

than that of farmland and abandoned farmland (P < 0.001, Fig. S2).
Both land-use and time had significant effects on litter decomposition
(Table S3, P < 0.001).
Changes of litter composition also showed variation among three
land-uses (Fig. 1b–d). For example, cellulose content decreased rapidly
through the whole period of decomposition. Forestland showed the
lowest cellulose content at weeks 2, 4 and 6 (Fig. 1b, week 2: P = 0.002,
F2,6 = 20.69; week 4: P < 0.001, F2,6 = 50.73; week 6: P < 0.001, F2,6 =
33.49). At week 2 and 12, hemicellulose contents in forestland were
significantly lower than those in farmland and abandoned farmland
(Fig. 1c, week 2: P = 0.0015, F2,6 = 23.38; week 12: P < 0.001, F2,6 =
519.7). Lignin decomposition occurred after week 2 and accelerated
between weeks 4 and 8 (Fig. 1d). Only lignin content in the late stage
showed significant differences between forestland and the other two
land-uses (Fig. 1d, week 12: P = 0.002, F2,6 = 20.8). Both land-use and
time affected the change in litter quality (Table S3).
3.2. Changes of enzyme activities
The activities of cellobiohydrolase, beta-glucosidase, beta-xylanase,
and laccase differed significantly across the three land uses (Fig. 2a–d).
All enzyme activities in the forestland were significantly higher than
those in the farmland and abandoned farmland at each sampling date,
including the initial time. In general, the activities of each enzyme at the
three sites showed different trends. For example, beta-glucosidase ac
tivity had a rapid increase before week 4 but increased slowly afterward
among three land-uses while only beta-glucosidase activity in the
farmland increased from week 8 on (Fig. 2b). Cellobiohydrolase and
beta-xylanase activity increased before week 6 and dropped rapidly at
week 8 (Fig. 2a and c). Laccase activity was low initially (before week 4)
but increased afterward (Fig. 2d).
When the four enzyme activities were summarized into one enzyme-

3. Results
3.1. Litter decomposition dynamics and enzyme activities
3.1.1. Litter decomposition and changes of litter quality
Land use had a clear effect on litter decomposition over time with
forestland showing the highest litter decomposition while the aban
doned farmland had the lowest litter decomposition at week 2 (Fig. 1a,
P < 0.001, F2,6 = 135.9) and week 12 (Fig. 1a, P < 0.001, F2,6 = 71.24).
After 12 weeks, the litter decomposition in forestland, farmland and
abandoned farmland reached 63.42%, 53.75% and 50.38%, respectively
(Fig. 1a). The litter decay constant of forestland was significantly higher
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samples. The overall bacterial absolute abundance in the nylon bags was
significantly higher in the forestland than the farmland and abandoned
farmland at both early (week 2: P < 0.001, F2,24 = 42.58; week 4: P <
0.001, F2,24 = 39.53) and later (week 12: P < 0.001, F2,24 = 10.71) stages
(Fig. 3a). Bacterial OTU richness had an immediate decline after the
litter decomposition started (Fig. 3c), suggesting that a subgroup of
bacterial community from the bulk soil was assembled to decompose
rice straws. As decomposition progressed the bacterial OTU richness
increased with time, reaching the highest in week 6 and week 8 and
declining thereafter (Fig. 3c). Bacterial communities in the forestland
differed from those in the farmland and abandoned farmland (P < 0.001,
Fig. 3e) and these differences were visible at each sampling time
(Fig. S6, Fig. S7 and Fig. S8). Proteobacteria, Bacteroidetes, Actino
bacteria and Chloroflexi dominated across all samples during litter
decomposition (Fig. 3g). Dominant phyla showed different trends in the
three different sites (Fig. S6, Fig. S7 and Fig. S8). Only bacterial β-di
versity (PCoA1) showed negative correlation with lignin in forestland (P
= 0.040, F = 4.98, R2 = 0.19, Fig. S11). Taken together, these results
indicate that the role of distinct soil bacterial groups at specific stages of
litter decomposition changes with ecosystem types.
In general, land use only had effects on the fungal community
(Table S4). The overall fungal absolute abundance in the forestland
decreased significantly from week 2 to week 6 and increased markedly
from week 8 to week 12 (Fig. 3b). Fungal absolute abundance in the
forestland was significantly higher than those measured in farmland and
abandoned farmland across all timepoints (P < 0.05, Fig. 3b). Similar to
bacterial communities, a strong decline in the fungal OTU richness was
observed at week 2 compared with that of in the initial bulk soil
(Fig. 3d). Fungal OTU richness in the forestland was significantly higher
than the other two sites at week 2 and week 6 (P < 0.05, Fig. 3d). Fungal
community structure in the forestland was significantly different from
farmland and abandoned farmland (P < 0.001, Fig. 3f), but this differ
ence was consistent at week 0, 2, 6 and 12 (Fig. S9). With the progres
sion of litter decomposition, the dominance of Ascomycota and
Basidiomycota was noted across all three land-use types and all time
points (70–99% of total sequences; Fig. 3h, Fig. S10). Basidiomycota
dominated at week 4 and 6 in farmland and abandoned farmland. For
example, Coprinopsis and Psathyrella of Basidiomycota dominated in
farmland and abandoned farmland at week 4 and 6 (Fig. S15). In
farmland, both of these genera had significant correlations with cello
biohydrolase (Fig. S15a and b). In abandoned farmland, both genera had
significant correlations with beta-xylanase, but only Coprinopsis corre
lated with cellobiohydrolase (Fig. S15c-e).
Results from RDA showed that correlations between microbial suc
cession (OTU level), enzyme activities and litter decomposition dy
namics were different at each timepoint under each land use (Table S7
and Fig. S12). Three land uses showed distinct correlations between
enzyme microbial succession, enzyme activities and litter decomposi
tion throughout the whole time period. Cellulose displayed strong re
lationships with both bacterial and fungal communities at the early
stage of litter decomposition (week 2), while litter decomposition
showed strong correlations in the late stage (week 8 and 12) in forest
land (Fig. S12a and b). In addition, litter decomposition correlated with
bacterial communities from the two other land uses at week 12, but
correlated with fungal communities at week 8 (Fig. S12c-f).

Fig. 2. Changes in cellobiohydrolase (a), Beta-glucosidase (b), Beta-xylanase
(c) and Laccase (d) in forestland (blue), farmland (green) and abandoned
farmland (red). Relationship between total enzyme Z-score (summary of the
four lignocellulose degrading enzyme activities) and litter decomposition at
three land-use sites (e). The unit of enzyme activity is calculated into μmol/h/g
(dry weight of straw). * and ** indicate statistical significance at P < 0.05 and
P < 0.01 levels (Tukey’s HSD test). Error bars represent standard errors (n = 3).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

index, the overall enzyme activities in the forestland was significantly
higher than those in the other two sites (P < 0.001, F2,51 = 22.57,
Fig. S3). A strong positive association between lignocellulose enzyme
activities and litter decomposition was observed at all three sites (P <
0.001, Fig. 2e). Specifically, beta-glucosidase was significantly corre
lated with cellulose and hemicellulose across all sites (Table S5 and
Fig. S4). Laccase had a significant relationship with lignin (Table S5 and
Fig. S4). Both land-use and time significantly affected the change in litter
quality (Table S3). Taken together, these results show a strong associ
ation between litter decomposition and pertinent enzyme activities
across three land-use types.

3.4. Co-occurrence networks and keystone taxa
Network complexity varied considerably across the three land-use
types. For example, compared to the farmland and abandoned farm
land, microbial communities in the forestland had a less complex
network with fewer edges (3368), a lower average degree (16.84), and a
lower average clustering coefficient (0.63, Fig. 4a and b). The network in
abandoned farmland was the most complex with two times more edges,
average degree as well as a higher clustering coefficient (Fig. 4b). The
majority of keystone taxa belonged to Actinobacteria, Bacteroidetes,

3.3. Succession of microbial communities during litter decomposition
Both bacterial and fungal communities varied significantly with time
(Table S4). The initial samples represent the original soils from each
land use whereas other samples were collected from straw surfaces be
tween weeks 2–12. After 2–12 weeks enrichment, the microbial com
munities on straw surfaces were different from that of the initial
6
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Chloroflexi and Proteobacteria in bacteria, and Ascomycota in fungi
(Table S1). To assess the impact of the removal of keystone OTUs on
networks, we constructed land use specific networks without them.
Results showed that microbial networks were less complex without the
keystone OTUs (Table S6 and Fig. S14). For example, important pa
rameters such as the number of nodes, degree, and modularity decreased
after removing 20 potential keystone OTUs in Table S1. In order to
further validate these keystone taxa, we matched the selected 60
keystone OTUs with the culturable 34 bacterial and 17 fungal isolates
(Table S2) based on their phylogenic status. Five of the 60 OTUs were
found from the culturable isolates: TU3451 (Penicillium sp. ZJ-F2) and
TU3409 (Fusarium sp. ZJ-F3) in the forestland, OTU10384 (Chrys
eobacterium sp. QL-B4) and TU84 (Aspergillus aculeatus QL-F3) in the
farmland, and TU1317 (Aspergillus sp. BG-F2) in the abandoned farm
land (Fig. 4b).
3.5. Decomposition efficacy of potential keystone species
We assessed the litter decomposition ability of the five keystone
isolates: Penicillium sp. ZJ-F2, Fusarium sp. ZJ-F3, Chryseobacterium sp.
QL-B4, Aspergillus aculeatus QL-F3, and Aspergillus sp. BG-F2. Penicillium
sp. ZJ-F2 from the forestland had a significantly higher litter decom
position ability than the isolates from the two other sites (P < 0.001,
Fig. 5a). The other isolate Fusarium sp. ZJ-F3 from the forestland also
decomposed straw similar to Aspergillus sp. BG-F2 (Fig. 5a) and per
formed better than QL-B4 and QL-F3 (P < 0.001, Fig. 5a). The highest
activity of cellobiohydrolase, beta-xylanase, beta-glucosidase and lac
case was observed from Penicillium sp. ZJ-F2 (4.35 μmol/h/g, 43.77
μmol/h/g, 1.66 μmol/h/g, and 0.73 μmol/h/g, respectively, Fig. S13).
When the four enzyme activities were further summarized into a Zscore: Penicillium sp. ZJ-F2 displayed the best litter decomposition also
had the highest enzyme Z-score, while Chryseobacterium sp. QL-B4
showed the poorest ability of litter decomposition also had the lowest
enzyme Z-score (Fig. 5b). The positive relationship between litter
decomposition and enzyme Z-score further validated the link between
litter decomposition and keystone taxa (Fig. 5c). Overall, these results
suggest that co-occurrence network scores can be used for statistical
identification of putative keystone taxa for further screening and linking
them to microbiome functioning.
4. Discussion
Soil microbiota plays an important role in litter decomposition
(McGuire and Treseder, 2010). It has been found that litter decompo
sition is affected by land use (Kagezi et al., 2016) and that decomposi
tion is typically faster in forestlands than agroecosystems (Geissen et al.,
2009; Höfer et al., 2001). However, the underlying mechanisms of such
higher litter decomposition in forest ecosystems have been unclear.
Consistent with previous studies, our study also observed these patterns
but revealed the underlying insights. Using a multifactorial approach,
we found that the higher litter decomposition in forest soils results from
microbial communities with higher lignocellulose enzyme activities,
higher diversity, and a less complex but more specialized network.
Soil enzymes are the primary drivers of plant residue degradation in
most ecosystems (Koeck et al., 2014). However, a clear link between
litter decomposition and enzyme activities across different land uses is
often rare to ascertain (Wickings et al., 2012; Fanin and Bertrand, 2016).
Our result showed that lignocellulose enzyme activities (cellobiohy
drolase, beta-glucosidase, beta-xylanase and laccase) were significantly
linked to litter decomposition and changes of litter quality across three
land uses, which underpins the synergistic effect of enzyme activities on
litter decomposition (Song et al., 2016). Higher lignocellulolytic enzyme
activities cause faster litter decomposition (Šnajdr et al., 2011). These
enzyme activities, together with microbial OTU richness, were signifi
cantly higher in the forestland, explaining the higher litter decomposi
tion in forest soils. This is in line with previous reports that litter

Fig. 3. Changes in bacterial and fungal overall abundance, diversity, commu
nity structure, and taxonomic composition during the 12-week litter decom
position experiment in forestland (blue), farmland (green) and abandoned
farmland (red). Bacterial (a) and fungal (b) absolute abundance was measured
by qPCR. Bacterial (c) and fungal (d) richness is represented by OTU richness.
Bacterial (e) and fungal (f) community structure (at phylum level) was assessed
by principal coordinate analysis of UniFrac distance matrix. Changes in the
relative abundance of the most dominated bacterial (g) and fungal (h) phyla.
Initial soil sample (week 0) was collected from the soil patch where the litter
bag was buried. * and ** indicate statistical significance at P < 0.05 and P <
0.01 levels (Tukey’s HSD test). Error bars represent standard errors (n = 3).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. a) Network of co-occurring bacterial
and fungi OTUs across three land-use types.
Only Spearman’s correlation coefficient (r >
0.8 or r < − 0.8 significant at P < 0.01) is
shown. The nodes are colored according to
phyla. Green edges represent positive corre
lations and red edges represent negative
correlations. Node size is proportional to the
betweenness centrality of each OTU, and
edge thickness is proportional to the weight
of each correlation. b) Network parameters
and the potential keystone species matching
with culturable isolates under three land use
types. Average degree is the number of edges
on each node, representing how many other
nodes (OTUs) in the network are connected
with the given node. Path length represents
the nearest distance between two nodes.
Diameter is the largest distance between two
nodes in a network. Clustering coefficient
shows the extent a node is connected to its
neighbors. (For interpretation of the refer
ences to color in this figure legend, the
reader is referred to the Web version of this
article.)

Fig. 5. Keystone taxa of isolated bacteria and fungi
litter decomposition and enzyme-scores after seven
days of straw decomposition under liquid fermenta
tion. Litter decomposition (a) and lignocellulose
degrading enzyme activities (b) of the isolated
keystone taxa in forestland (blue), farmland (green),
and abandoned farmland (red). Panel c: Linear
regression between litter decomposition and ligno
cellulose degrading enzyme activities. Error bars
represent standard errors of three biological repli
cates. Different letters on the bar of panel a indicate
statistical significance at P < 0.05 level (Tukey’s HSD
test). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)

decomposition decreases with land use intensification (Kagezi et al.,
2016). This is not only because fungal communities play a vital role in
litter decomposition in forest systems (Voříšková and Baldrian, 2013)
but also because there is typically a higher fungal diversity in native
ecosystems than agroecosystems (Fanin and Bertrand, 2016). Moreover,
the total microbial biomass and enzyme activities (e.g., beta-glucosidase
and laccase activities) were also higher in the forestland. Higher fungal
relative abundance can be correlated with high laccase activity, which is
necessary for lignin decomposition (Baldrian et al., 2010; de Boer et al.,
2005). Though only laccase was measured in this study, it should be
noted that activities of other lignolytic enzymes, such as peroxidase and
manganese peroxidase are also important for lignin decomposition.
Future studies should include these enzymes while assessing microbial
contributions to litter decomposition. Together, these results demon
strate that litter decomposition differs across land use and this difference
might be because of the distinct microbial communities and intrinsic
differences in enzyme activities in individual land use.
The dynamics of soil bacterial and fungal communities change

during litter decomposition depending on the interplay of copiotrophs
and oligotrophs (Sun et al., 2013). Copiotrophic groups such as Pro
teobacteria, Bacteroidetes and Ascomycota (Chodak et al., 2014; Fierer
et al., 2007) increased in forest soils right after the litter addition, while
the oligotrophic phyla such as Actinobacteria and Acidobacteria
decreased (Fierer et al., 2007). This indicates a change in microbial
patterns based on resource acquisition and nutritional status during
decomposition. Proteobacteria and Actinobacteria were also found to be
the key players in decomposition of organic materials (Jurado et al.,
2014). For fungi, our results showed that Ascomycota played an
important role in litter decomposition, which is consistent with previous
studies (Li et al., 2017a). Ascomycota is one of the major litter decom
posing players, which is also more abundant than Basidiomycota (de
Boer et al., 2005). Indeed, cellulolytic groups within the Ascomycota
phyla have been found in the forest litter layer (Anzhou et al., 2013). In
addition, Penecillium sp. was found to be one of the high frequency taxa
in the forest (Osono et al., 2006), and has a relatively high efficiency to
degrade rice straw (Liao et al., 2015). This may explain the identification
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of Penecillium sp. is one of the keystone taxa in our study. Though
Basidiomycota is the second most abundant fungi in all three land uses,
its members were not found in culturable microbes in this study. This
might have resulted in the lower number of Basidiomycota isolations in
our litter samples. Future studies may also attempt to include more
general medium, such as malt extract agar or potato dextrose agar, to
isolate Basidiomycota and other possible keystone taxa. Collectively,
these findings demonstrate that distinct microbial groups lead to
changes in the litter decomposition and lignocellulosic enzyme
activities.
Network analysis can be used to study why some species occur
together in niches and to statistically identify the taxa that are highly
connected in the community (Fuhrman, 2009; Berry and Widder, 2014;
Agler et al., 2016). A better understanding of litter decomposition re
quires insight into the associations within and between bacterial and
fungal communities. To our knowledge, this is the first study to explore
microbial co-occurrence patterns and to subsequently culture the
keystone strains during litter decomposition across land-use types. The
microbial network in the forestland was less complex than the farmland
and abandoned farmland. This indicates that microbes are highly
selected by heterogenous residues in the forestland. It is also possible
that distinct bacterial and fungal associations mediated by keystone taxa
might have reflected in a less complex but more specialized network in
the forestland, resulting in a higher litter decomposition. Interestingly,
the number of edges in the abandoned farmland was far more than either
the forestland or the farmland. This may indicate that the microbiome in
the abandoned farmland has recovered for more than ten years from the
past agricultural management and is now similar to a riverbank
ecosystem.
It should be noted that network analysis may not always represent
true biotic interactions (Freilich et al., 2018). Therefore, identification
of keystone taxa through network analysis is ‘statistical’ and requires
empirical validation (Banerjee et al., 2018). In this study, we first sta
tistically identified the potential keystone taxa (Penicillium, Fusarium
and Aspergillus) in litter decomposition based on their connections and
central positions in the networks, and then, confirmed their abilities of
litter decomposition via subsequent culturing. Importantly, the statisti
cal identification of keystone taxa through network analysis was not due
to their higher relative abundance in the community. This is in accor
dance with the fact that dominant taxa affect microbiome functioning
due to their high relative abundance, whereas keystone taxa may be able
to selectively alter specific members of the microbiome and thus, may
exert their influence irrespective of their abundance (Curtis et al., 2014).
In our study, culturing confirmed that fungal keystone taxa Penicillium
and Fusarium sp. indeed had a higher litter decomposition rate and
enzyme activity. This can likely explain the highest litter decomposition
rate and enzyme activities in the forestland. Supporting this, previous
studies also found that Penicillium and Fusarium could produce a series of
enzymes and degrade lignocellulose efficiently (Liao et al., 2014; Mar
tins et al., 2008; Panagiotou et al., 2003). It has been reported that
Penicillium spp. have the ability to use lignocellulose by producing
extracellular enzymes in decomposing leaves (Aneja et al., 2006). It is
also reported that Penicillium, Fusarium, and Aspergillus produce ligno
lytic peroxidases, which are important enzymes for lignin degradation
(Liu et al., 2014; Rodrigues et al., 2020; Zhang et al., 2020). Thus, it is
worth to analyze lignolytic peroxidase for these keystone taxa in future
work, as well as analyzing for other potential species that were not
isolated at this time. Indeed, fungi could play a pivotal role in the litter
decomposition by breaking down the complex lignocellulose with
secreting hydrolyzing enzymes (Kjøller and Struwe, 2002; de Boer et al.,
2005). Keystone bacteria isolated from farmland, Chryseobacterium sp.,
has been reported as celluloytic strain with high activities of endoglu
canase and xylanase (Tan et al., 2017). Chryseobacterium sp. showed
significant correlations with litter decomposition and degradation of
cellulose and hemicellulose (Spearman correlation < − 0.8 or >0.8).
Though Bacillus, Arthrobacter, and Paenibacillus etc. were not isolated,

these genera also have high celluloytic ability (Thakur et al., 2018). This
supports the results that these bacterial keystone taxa also play impor
tant roles in litter decomposition. Future studies should selectively
exclude the keystone taxa to verify changes in species interactions and
the overall microbiome functioning. Additionally, the importance of
other keystone species is also worth verifying by changing the isolation
medium (more generalized or pH adjusted), as growth medium re
strictions may leave out taxa that are important for soil functioning.
A keystone species influences community composition through its
effects on other subsidiary taxa and thus, its removal can cause signifi
cant changes in microbiome composition and functioning (Berry and
Widder, 2014). Statistically identified fungal and bacterial keystone taxa
have been previously found to be linked to organic matter decomposi
tion in agricultural soils (Banerjee et al., 2016; Li et al., 2017a). Our
study not only supports this finding but also extends it to show the
performance of such taxa under in vitro conditions. The potential im
plications of our results are two-folds. Firstly, the strong association
between keystone taxa and litter decomposition suggests that the in
formation of such taxa can be used to strengthen decomposition models.
This is particularly important since microbial biomass information has
been already shown to improve our understanding of soil organic matter
estimates (Wieder et al., 2013). Secondly, our results highlight an op
portunity of harnessing such taxa through microbiome manipulation.
However, it should be noted that the concept of keystone taxa in the soil
microbiome is still in development due to the inherent diversity and
complexity of microbes in soils. An important step in this direction
would be to perform re-inoculation experiments to discern the ‘true’
effect of these keystone taxa in the community. For example, in future
work, it would be important to inoculate multiple taxa (whole or part of
a microbial community) and then selectively exclude the keystone taxa
to test the impact of their removal on community function or composi
tion. While culturable synthetic communities may be the logical choice,
it may not always represent the native community, and this important
limitation should be understood. The present study has taken the first
step towards empirical validation of keystone taxa involved in litter
decomposition, however, targeted culturomics studies involving both in
situ experiments and robust synthetic community profiling in the labo
ratory would be the next step.
5. Conclusions
We show that ligninolytic enzyme activities, microbial community
structure, and co-occurrence patterns changed during litter decompo
sition, and that these patterns were land-use-driven. A multifactorial
approach revealed that the greater litter decomposition in forest soils
was due to the higher ligninolytic enzyme activities, greater microbial
diversity, and a less complex but more specialized microbial network.
Thus, our results show that land-use mediated soil microbial succession
shape litter decomposition. We also identified microbial keystone taxa
based on the co-occurrence networks and subsequent culturing. These
taxa displayed strong decomposition abilities and enzyme activities,
indicating their importance for litter decomposition. The amalgamation
of network analysis and culturing highlights that keystone taxa identi
fied through network scores can be characterized by cultural screening.
Moreover, this indicates an exciting opportunity of harnessing empiri
cally validated keystone taxa for metabolic modelling and microbiome
engineering.
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2016. Impacts of land-use intensification on litter decomposition in western Kenya.
Web Ecology 16 (1), 51–58.
Kim, B.-S., Kim, B.K., Lee, J.-H., Kim, M., Lim, Y.W., Chun, J., 2008. Rapid phylogenetic
dissection of prokaryotic community structure in tidal flat using pyrosequencing.
Journal of Microbiology 46, 357–363.
Kjøller, A., Struwe, S., 2002. Fungal communities, succession, enzymes, and
decomposition. In: Burns, R.G., Dick, R.P. (Eds.), Enzymes in the Environment:
Activity, Ecology and Applications. CRC Press, pp. 267–284.
Klappenbach, J.A., Dunbar, J.M., Schmidt, T.M., 2000. rRNA operon copy number
reflects ecological strategies of bacteria. Applied and Environmental Microbiology
66 (4), 1328–1333.
Koeck, D.E., Pechtl, A., Zverlov, V.V., Schwarz, W.H., 2014. Genomics of cellulolytic
bacteria. Current Opinion in Biotechnology 29, 171–183.
Lane, D.J., 1991. 16S/23S rRNA sequencing. In: Nucleic Acid Techniques in Bacterial
Systematics. J.Wiley and Sons.
Li, P., Li, Y., Zheng, X., Ding, L., Ming, F., Pan, A., Lv, W., Tang, X., 2017a. Rice straw
decomposition affects diversity and dynamics of soil fungal community, but not
bacteria. Journal of Soils and Sediments 18 (1), 248–258.
Liao, H., Li, S., Wei, Z., Shen, Q., Xu, Y., 2014. Insights into high-efficiency
lignocellulolytic enzyme production by Penicillium oxalicum GZ-2 induced by a
complex substrate. Biotechnology for Biofuels 7, 162.
Liao, H., Xu, C., Tan, S., Wei, Z., Ling, N., Yu, G., Raza, W., Zhang, R., Shen, Q., Xu, Y.,
2012. Production and characterization of acidophilic xylanolytic enzymes from
Penicillium oxalicum GZ-2. Bioresource Technology 123, 117–124.
Liao, H., Fan, X., Mei, X., Wei, Z., Raza, W., Shen, Q., Xu, Y., 2015. Production and
characterization of cellulolytic enzyme from Penicillium oxalicum GZ-2 and its
application in lignocellulose saccharification. Biomass and Bioenergy 74, 122–134.
Liu, Y., Hu, T., Wu, Z., Zeng, G., Huang, D., Shen, Y., He, X., Lai, M., He, Y., 2014. Study
on biodegradation process of lignin by FTIR and DSC. Environmental Science and
Pollution Research International 21 (24), 14004–14013.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.soilbio.2021.108230.
References
Agler, M.T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S.-T., Weigel, D., Kemen, E.M., 2016.
Microbial hub taxa link host and abiotic factors to plant microbiome variation. PLoS
Biology 14 (1), e1002352.
Akyol, Ç., Ince, O., Ince, B., 2019. Crop-based composting of lignocellulosic digestates:
focus on bacterial and fungal diversity. Bioresource Technology 288, 121549.
Aneja, M.K., Sharma, S., Fleischmann, F., Stich, S., Heller, W., Bahnweg, G., Munch, J.C.,
Schloter, M., 2006. Microbial colonization of beech and spruce litter–influence of
decomposition site and plant litter species on the diversity of microbial community.
Microbial Ecology 52 (1), 127–135.
Anzhou, M., Xuliang, Z., Junmei, W., Mengmeng, C., Di, L., Chunzhao, L., Guoqiang, Z.,
2013. Ascomycota members dominate fungal communities during straw residue
decomposition in arable soil. PloS One 8 (6), e66146.
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