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A B S T R A C T

The changes of chemical structure and decomposer community during straw degradation have been inconsistent
in previous reports, showing either convergence or divergence of chemical structures or microbial communities
among different straw types. Hence the strength of their relationship remains unclear. Here, we directly mea-
sured the chemical structures and bacterial and fungal communities of wheat (Triticum aestivum L.) and maize
(Zea mays L.) residues after four-year decomposition in three Calcaric Fluvisols that varied in soil textures.
Separation of the chemical structures among the six soil-straw combinations (two straw types × three soil
textures) were generally coupled with trends in the communities of bacterial and fungal decomposers, but the
nature of their coupling differed. In the sand soil, soil texture was the central feature that shaped bacterial and
fungal communities for both straw types, driving in turn the convergence of chemical structures of both de-
composing straws. In contrast, in the sandy loam and silty clay soils, straw type was the primary regulator of the
colonizing bacterial and fungal communities, which resulted in the divergence of chemical structures according
to straw type.

1. Introduction

The temporal changes in litter chemistry during decomposition have
received increasing attention, but to date they have showed no con-
sistent direction. Wickings et al. (2012) classified chemical pathways of
litter decay into three patterns: (1) The “chemical convergence pat-
tern”, by which initially divergent litter chemistries generally con-
verged when 75–80% of the initial mass had been lost (Preston et al.,
2009; Wang et al., 2012; Bonanomi et al., 2018); (2) The “the initial
litter quality control pattern”, suggesting that initial differences in litter
chemistry persisted throughout the decomposition process (Baumann
et al., 2009; Li et al., 2015); and (3) The “decomposer control pattern”,
by which the types of decomposer communities exerted dominant
control on the chemical changes in the decomposing litters (Šnajdr
et al., 2011; Wickings et al., 2011). Each chemical pathway would re-
sult in distinct chemical characteristics of persistent residues, which
represent a major fraction of soil organic matter (SOM) (Kubartová
et al., 2009) and contribute significantly to soil ecosystem functioning
(Kögel-Knabner, 2002).

Litter decomposition is widely believed to be carried out by a con-
sortium of microbes, and both the bacterial and fungal communities
associated with decomposing litter undergo rapid successional changes
so that different taxa dominate temporarily at different decomposition
stages (Voříšková and Baldrian, 2013; Maarastawi et al., 2018). It is
generally accepted that the dominance of r-strategists that utilize easily
degradable compounds in early stages is eventually replaced by K-
strategists, which degrade recalcitrant substrates, in later stages of de-
composition (Fierer et al., 2007; Bastian et al., 2009). However, this
general progression could potentially be altered by selective role of
initial litter quality on their degrading microbes (Aneja et al., 2006;
Baumann et al., 2009) or the distinct microbial taxa in different soils
(Mula-Michel and Williams, 2013). In addition, assembly history—the
competitive and facilitative interactions between early colonizers and
new immigrants—governs the succession of decomposer community
structure (Fukami et al., 2010). It is possible that small differences in
early assembly history result in substantial differences in subsequent
microbial composition, which would make microbial evolution un-
predictable (Fukami et al., 2010). Therefore, further information is
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needed to clarify changes in the direction of decomposer community.
Are they random or instead directionally constrained by ecological
strategies of microbes, soil condition, or litter type?

Bonanomi et al. (2019) and Baumann et al. (2009) showed that
chemical changes observed during decomposition interacted with shifts
in microbial community composition. The replacement of r- by K-stra-
tegists during litter degradation could drive the convergence of che-
mical structure of residues to a recalcitrant nature (Berg and
McClaugherty, 2008). However, other studies demonstrated that the
regulatory effects of decomposer communities on chemical changes
during litter decomposition were strongly influenced by initial litter
type so that the imprints of initial chemistry persisted throughout the
decomposition (Wickings et al., 2012; Wallenstein et al., 2013). Yet in
other studies, changes in litter chemistry driven by decomposer com-
munities also exhibited strong responses to specific soil conditions
(Aneja et al., 2006; Wickings et al., 2011). This discrepancy may arise
because simplistic broad categorization of microbial populations un-
derestimates the divergent roles of decomposers having specific phy-
siological capabilities (Wickings et al., 2011), so that changes in en-
vironmental factors (e.g. litter type or soil condition) could result in
functionally different decomposer communities which could then
modulate the chemical structure of residues. The relative importance of
environmental factors in altering decomposer communities remains
unclear.

The North China Plain (NCP) is a major agricultural production area
in China, and has representative soil of Calcaric Fluvisol (FAO, 1998)
with its texture ranging from sand to clay (Xia et al., 2015). Winter
wheat and summer maize are widely grown in the NCP. Previous
publications have shown that decomposer community composition
could be altered by soil texture, probably through changing soil nutri-
tion, moisture, and temperature conditions (Wickings et al., 2012;
Mula-Michel and Williams, 2013).

In this study, we aimed to elucidate the specific directions of che-
mical and microbial changes of straw residues and their potential re-
lationships, as influenced by straw type and soil textures. We directly
assessed the chemical structures and microbial community composi-
tions of residues persisting in the advanced decomposition stage at the
NCP. Specifically, we buried wheat and maize straws in three Calcaric
Fluvisol soils differing for their textures (sand, sandy loam, and silty
clay), incubated for four years, and then detailed the chemical struc-
tures of the straws using solid-state 13C nuclear magnetic resonance
(13C NMR) spectroscopy and residue-inhabiting microbial community
compositions using 16S rRNA and ITS gene sequencing. The straw re-
sidues following four-year decomposition can be regarded as stable
materials persisting after extensive decomposition, as we previously
found that the straw masses decreased by 80% during an initial
10 months decomposition under conditions similar to those of the
present study but decreased negligibly from 10 to 20 months (Li et al.,
2020). We hypothesized that the chemical change of residues during
degradation is depended on the dominant driver (straw type or soil
textures) structuring decomposer communities.

2. Materials and methods

2.1. Study site and litterbag experiment

A long-term field experiment located in Pandian, Fengqiu Country,
Henan province, China (114° 34′ E, 35° 01′ N) was initiated in 1992 to
investigate the effects of soil texture on crop performance. The most
common soil in this area is classified as a Calcaric Fluvisol (FAO, 1998).
Three Calcaric Fluvisol soils differing from one another by having
textures of sand, sandy loam, and silty clay were collected in 1992 from
the villages of Huangling (114° 42′ E, 34° 58′ N), Pandian (114° 34′ E,
35° 01′ N), and Huangde (114° 25′ E, 35° 11′ N), respectively. Soil
samples were collected at a depth of 0 to 60 cm from the three sites, and
for each site, the surface layer (0 to 20 cm), center layer (20 to 40 cm),

and bottom layer (40 to 60 cm) were collected separately. Then these
soil samples were transferred to the study site in Pandian for placement
into the experimental plots according to their original layer sequence.
There were three replicated plots for each soil texture, giving a total of
nine plots. Each plot (1.5 m wide × 2 m long × 0.6 m deep) was
separated by cement banks that were 60 cm deep and extended 10 cm
above the soil surface. The three sampling sites are about 50 km from
each other, and therefore they shared the same climate, annual crop-
ping system of winter wheat (October to May) and summer maize (June
to September), and management strategies for> 50 years. From 1992
to 2012, annual crops with wheat and maize were cultivated under the
same management regimes across all plots at the study site.

A litterbag experiment was initiated on December 4, 2012 in the
nine plots. Some basic soil properties before the initiation are listed in
Table S1. The wheat and maize straws were collected at harvest in June
and October in 2012, respectively, from a nearby field, which has been
under well-fertilized and crop management strategies common to the
region. About 20 kg fresh wheat and 120 kg fresh maize straw were
taken from five random quadrats (2 m × 2 m) in this field (about
3000 m2). The straws were then cut into<2 cm pieces, followed by air-
drying in the laboratory, and incubated in litterbags (10 cm
wide × 12.5 cm long) that were made of double-layer nylon mesh with
mesh size of 0.074 mm. Each litterbag contained 15 g of air-dried
(20–30 °C for 20 days) straw, which was equivalent to 13.67 g and
13.31 g of oven-dried (50 °C for 48 h) wheat straw and maize straw,
respectively. The wheat straw contained: 450.1 ± 3.52 g C kg−1;
8.41 ± 0.14 g N kg−1; 0.58 ± 0.02 g P kg−1; and
29.49 ± 0.94 g K kg−1. The maize straw contained:
469.1 ± 2.47 g C kg−1; 8.61 ± 0.17 g N kg−1;
0.96 ± 0.03 g P kg−1; and 11.93 ± 0.51 g K kg−1. Carbon and N
contents of the straw residues were determined using a Flash EA-Delta
V (Flash-2000 Delta V Advantage, Thermo-Fisher, Germany). Straw P
and K contents were digested by H2SO4 and H2O2 and then measured by
molybdenum-blue method (Olsen et al., 1954) and flame photometer
(FP640, Huayan, Shanghai, China), respectively. In the NCP, crop
straws are usually returned back to the field on harvest, followed by
mixing with the topsoil (0–15 cm) mechanically. To mimic the field
condition, the litterbags were inserted vertically at 15 cm depth in each
plot and were covered with a 5-cm layer of soil on the surface. Three
litterbags of each straw type have been buried in each plot, resulting in
a total 54 of litterbags (three soil textures × three replicates × two
residue types × three replicates).

After four-year incubation, one wheat litterbag and one maize lit-
terbag were sampled randomly from each of the three plots of each soil
on December 4, 2016, resulting in a total of 18 litterbags (two residue
types × three replicates × three soil textures). Adhered soil was gently
removed from the bags and each residual straw sample was weighed
with its mass recorded and then divided into two parts after thorough
mixing. One part was oven-dried (50 °C for 48 h) for determining
moisture content and adjustment of the mass of total residual sample,
followed by grinding to pass through a 0.15 mm sieve for elemental and
chemical structural analyses. The other part was stored at ambient
field-moisture at −80 °C for DNA extraction.

The percentages of straw biomass, C, and N lost from the litterbag
after four years were modeled using the equation: Biomass, C, or N loss
(%) = (M0 − Mt)/M0 × 100, where M0 is the initial mass of biomass,
C, or N of the straws, and Mt is the mass of biomass, C, or N of the
straws remaining after four-year incubation.

2.2. Nuclear magnetic resonance spectroscopy

The chemical compositions of original and residual straws were
assessed using advanced solid-state 13C NMR spectroscopy. All the 13C
NMR experiments were carried out on a Bruker Avance 400 (Billerica,
USA) spectrometer operating at a resonance frequency of 100 MHz for
13C. Samples were packed into 4-mm sample rotors and run in a double-
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resonance probe head. We combined samples from the three field re-
plicates of each residue in each soil into one composite. The 13C mul-
tiple cross-polarization magic-angle spinning (multiCP MAS) NMR
spectra were recorded at a spinning speed of 14 kHz, with recycle delay
of 0.35 s, and 90° 13C pulse-length of 4 μs. All the obtained spectra have
good signal-to-noise ratios, with minor (< 3%) spinning sidebands and
limited overlap with center bands. To differentiate non-protonated C
and mobile C from total C signal, 13C multiCP MAS with dipolar de-
phasing was performed under the same conditions as for 13C multiCP
MAS but combined with a dipolar dephasing time of 68 μs (Cao et al.,
2011).

The 13C multiCP MAS spectra were segmented into eight chemical
shift regions assigned to the following C functional groups (Mao and
Schmidt-Rohr, 2004): alkyl C (0–44 ppm), methoxy/N-alkyl C (OCH3/
NCH) (44–64 ppm), O-alkyl C (64–93 ppm), anomeric C (93–113 ppm),
aromatic C (113–142 ppm), aromatic CeO (142–162 ppm), carboxyl/
amide C (162–188 ppm), and ketone/aldehyde C (C]O)
(188–220 ppm).

The multiCP spectra with dipolar dephasing can further quantify
non-protonated C and mobile C signals, which specifically permits se-
parating the rotating CCH3 and long-chained CH/CH2 from alkyl C,
OCH3 and NCH from OCH3/NCH, non-protonated O-alkyl C (OCq) and
protonated O-alkyl C (OCH) from O-alkyl C, and the non-protonated
aromatic C (aromatic CeC) and protonated aromatic C (aromatic CeH)
from aromatic C. The percentages of different functional groups were
obtained by integrating and normalizing the spectral areas to the total
signal intensity (0–220 ppm) for each spectrum.

2.3. DNA extraction, 16S rRNA and ITS gene amplification and sequencing,
and bioinformatics analysis

Genomic DNA was extracted from 0.2 g decaying residue using the
Fast DNA Spin Kit (MP Biomedicals, Santa Ana, CA, USA), following the
manufacturer's instructions. DNA quantity and quality were assessed
using a NanoDrop 2000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). DNA was stored at −80 °C until further analysis.

The V4–V5 region of bacterial 16S rRNA gene and the ITS1 region of
fungal internal transcribed spacer (ITS) were amplified using primer
pairs 515F/907R (5′-GTGCCAGCMGCCGCGGTAA-3′/5′-CCGTCAATT-
CMTTTRAGTTT-3′) and ITS5F/ITS1R (5′-GGAAGTAAAAGTCGTAACA
AGG-3′/5′-GCTGCGTTCTTCATCGATGC-3′), respectively. The poly-
merase chain reaction (PCR) amplification was performed using a 25 μl
reaction mixture, containing 2 μl (2.5 mM) of dNTPs, 0.25 μl of Q5
high-fidelity DNA polymerase (5 U/μl), 1 μl (10 μM) of each forward

and reverse primer, 5 μl of Q5 reaction buffer (5×), 2 μl of DNA
template, 5 μl of Q5 high-fidelity GC buffer (5×), and 8.75 μl of ddH2O.
The thermal cycling for bacteria consisted of initial denaturation at
98 °C for 5 min, followed by 24 cycles consisting of 98 °C for 30 s, 52 °C
for 30 s, and 72 °C for 1 min, with a final extension at 72 °C for 5 min.
The thermal cycling for fungi consisted of initial denaturation at 98 °C
for 5 min, followed by 28 cycles consisting of 98 °C for 30 s, 52 °C for
30 s, and 72 °C for 1 min, with a final extension at 72 °C for 5 min.

The PCR products were purified with Agencourt AMPure Beads
(Beckman Coulter, Indianapolis, IN) and quantified using the PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). The purified PCR
products were pooled in equal amounts and sequenced using the
Illlumina MiSeq platform. Raw Sequence data have been submitted to
the NCBI Sequence Read Archive database under accession numbers
SUB6360544 and SUB6366319.

The Quantitative Insights into Microbial Ecology (QIIME, USA) pi-
peline was used to process the sequence data (Caporaso et al., 2010). In
brief, sequences with an average Phred scores of< 20, a length of<
150 bp, exact matches to the barcodes and primers, and containing
mononucleotide repeats of> 8 bp as well as ambiguous bases were
filtered for further analysis (Gill et al., 2006; Chen and Jiang, 2014).
After paired-end reads assembly and chimera detection, the remaining
high-quality sequences were clustered into operational taxonomic units
(OTUs) based on 97% identity threshold using UCLUST (Edgar, 2010).
The most abundance sequence for each OTU was selected as the re-
presentative sequence. Bacterial 16S rRNA and fungal ITS OTU re-
presentative sequences were aligned against the Greengenes database
(v. 13.8) (DeSantis et al., 2006) and the UNITE database (Kõljalg et al.,
2013), respectively. Non-bacterial and non-fungal sequences and rare
taxa (containing<0.001% of total sequences) were discarded and the
remaining sequences of all the samples were then rarefied to the same
sequencing depth (16919 for 16S rRNA and 26195 for ITS) for down-
stream analysis. Principal coordinate analysis (PCoA) of the weighted
UniFrac distance was measured to assess the bacterial and fungal
community dissimilarities among samples.

2.4. Statistical analyses

Two-way analyses of variance (ANOVA) followed by a least sig-
nificant difference multiple-comparison test was conducted to identify
significant effects of soil texture and straw type on losses of straw
biomass, C, and N as well as on the bacterial and fungal taxa. The
normality and homogeneity of all variables were tested using the
Kolmogorov-Smirnov test and the Levene statistic, respectively.

Fig. 1. Mass losses of biomass, carbon (C), and nitrogen (N) in
the residual straws of wheat and maize after four-year de-
composition in three Calcaric Fluvisol soils differing by tex-
ture (sand, sandy loam, and silty clay). Vertical bars denote
the standard errors of the means. Same lowercase letters
above the bars indicate no significant differences (P > 0.05)
for that specific parameter. “ns” indicates no significant dif-
ferences (P > 0.05) for that specific parameter.
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Significant differences were defined as P < 0.05 unless the P-values
are reported.

The principal component analysis (PCA) was employed to exhibit
chemical differences among treatments based on NMR data by using R
statistical software v3.3.3 with the vegan package (Dixon, 2003). Per-
mutational multivariate analysis of variance (PERMANOVA) was con-
ducted to determine the significant differences in microbial commu-
nities among treatments using the “adonis2” function in the vegan
package, and the differential OTUs among treatments were dis-
tinguished by using the edgeR package. Similarity percentage analysis
(SIMPER) was also conducted to reveal dissimilarities in microbial
communities among treatments and to identify the key OTUs con-
tributing to the observed differences (Clarke, 1993). The overall re-
lationships between chemical composition and bacterial and fungal
community composition were compared using the Mantel test (999
permutations) in the vegan package.

To explore the co-occurrence patterns among chemical structure
and microbial communities in decaying residue, we calculated all
possible pair-wise Spearman's rank correlations between residual C-
functional groups and bacterial and fungal OTUs using the psych
package. The obtained P-values were adjusted for multiple comparisons
using the false discovery rate at 0.05 level. To reduce network com-
plexity, we only considered the OTUs that exhibited significant differ-
ence between treatments and also contained>0.1% of total sequences
assigned to bacteria and 0.01% of sequences assigned to fungi. The
selected 90 bacterial OTUs, 120 fungal OTUs, and five C-functional
groups with either strong positive (Spearman's correlation coeffi-
cient > 0.6, P < 0.05) or strong negative (Spearman's correlation
coefficient < −0.6, P < 0.05) relationships were used for con-
structing a network in Cytoscape v.3.4.0. We calculated the network
topological features using the NetworkAnalyzer tool and the modularity
using MCODE plugin in Cytoscape.

3. Results

3.1. Weight losses of straw biomass, C, and N

Averaged across straw types and soil textures, 83.1%, 88.4%, and
95.6% of the original masses of straw biomass, C, and N respectively,
were lost after four-year decomposition (Fig. 1). The ANOVA results
further revealed that their losses were not significantly affected by
straw type or soil texture (P > 0.05, Fig. 1).

3.2. Chemical structure

The chemical structures of the initial two straws were dominated by
OCH, accounting for 49.9% of the total C in wheat and 46.2% in maize
straw (Table 1; Fig. S1). The initial maize straw exhibited higher CH/
CH2 abundance than did the initial wheat straw. After four-year de-
composition, there were substantial decreases in the abundances of
OCH (by 25.3% in wheat and 20.1% in maize) and anomeric C (by
3.96% in wheat and 2.10% in maize) and increases in the abundances
of other C functional groups across soil textures, particularly CH/CH2

(by 7.34% in wheat and 3.36% in maize) and carboxyl/amide C (by
4.90% in wheat and 4.24% in maize) (Table 1).

The PCA performed on the relative abundances of functional groups
in the residues following decomposition showed that the chemical
structures among the six soil-straw combinations (two straw
types × three soil textures) could be separated into three groups
(Fig. 2). The first group contained both wheat and maize residues in the
sand soil, which had the lowest OCH and highest carboxyl/amide C
abundances; the second group contained only wheat residues in the
sandy loam and silty clay soils, which exhibited the lowest aromatic
CeH and highest CH/CH2 abundances; and the third group contained
only maize residues in the sandy loam and silty clay soils, which
showed the lowest CH/CH2 and highest OCH abundances.Ta
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3.3. Microbial community composition of the residues

Major bacterial phyla were present in all residual straws, of which
Proteobacteria accounted for 36.6 ± 0.13% of the total sequences,
followed by the Actinobacteria (21.8 ± 0.24%), Chloroflexi
(13.1 ± 0.15%), and Acidobacteria (9.08 ± 0.08%) (Fig. 3a). Within
the Proteobacteria, Alphaproteobacteria (20.0 ± 0.13%) showed the
highest relative abundance. Both wheat and maize straw in the sand soil
had the lowest Actinobacteria abundance, while the wheat straw in the
sandy loam and silty clay soils had the lowest Acidobacteria abundance
(P < 0.05).

Ascomycota comprised 86.6 ± 0.59% of all fungal sequences in the
six soil-straw combinations (Fig. 3b). Regarding the major fungal
genera, both wheat and maize straws in the sand soil were dominated
by unclassified Coniochaetales, comprising 73.2 ± 1.63% of the total
sequence, but this genus was barely detected in the other treatments
(Fig. 3b). The relative abundances of the fungal genera were more si-
milar in the sandy loam and silty clay soils, with the predominant
fungal genera in the wheat straws being Pseudogymnoascus
(37.5 ± 2.01%) and Acremonium (17.1 ± 2.21%), and in the maize
straws being Pseudogymnoascus (17.9 ± 1.05%) and unclassified
Lasiosphaeriaceae (14.5 ± 1.42%) (Fig. 3b).

The PCoA with weighted distance results both for bacterial and
fungal communities were clearly separated among the six soil-straw
treatments into the same three groups as for the PCA pattern of the
NMR results (Figs. 2 and 4). Namely, the first group contained both
wheat and maize residues in the sand soil, the second contained only
wheat residues in the sandy loam and silty clay soils, and the third
contained only maize residues in the sandy loam and silty clay soils
(Fig. 4). The results of PERMANOVA further confirmed the significant
differences among these three groups (P < 0.01, Table 2).

The edgeR and SIMPER analyses were performed to identify the key
OTUs contributing to the differences of bacterial or fungal communities
among the three soil-straw combination groups (Fig. 5; Tables S2 and
S3). Specifically, the species that most contributed to the divergences of
bacterial communities among the three groups were the dominant
Jiangella sp. and unclassified members of Cytophagaceae, Chloroflexi,
Anaerolineae, and Bacillales in the first group, the enriched members of
Solirubrobacterales, Cytophagaceae, Anaerolineae, Pirellulaceae, and
Acidimicrobiales in the second group, and the abundant Solirubrobacter

sp., Microbacterium sp., and unclassified members of Sinobacteraceae,
Acidobacteria subgroup 6, Solirubrobacterales, Acidimicrobiales, and
Cytophagaceae in the third group (Fig. 5a; Table S2).

The divergences of fungal communities among the three groups
were mainly attributed to the overwhelming dominance of specialized
Coniochaetales sp. in the sand soil, whereas more diverse fungal species
distributed in the other two groups, including the abundant
Pseudogymnoascus roseus sp., Acremonium psammosporum sp., and
Coniochaeta sp. in the wheat residues in the sandy loam and silty clay
soils, and the enriched Lecythophora sp., Agaricales sp., Microascales sp.,
and Pyrenochaetopsis sp. in the maize residues in the same two soils
(Fig. 5b; Table S3).

3.4. Relationships between chemical structure and microbial community
composition

Overall, there were significant (P < 0.001) and positive interac-
tions between the chemical structures of the residual straws and their
associated bacterial and fungal communities (Table S4). To further
characterize their relationships, network analysis associated bacterial
and fungal taxa with C functional groups (Fig. 6). The network com-
prising of 216 nodes and 3879 edges was partitioned into seven mod-
ules. The highly interconnected relationships among C groups and the
microbial taxa in the first three modules suggested that they represent
the functional core of the network. Specifically, module I was composed
of OCH, CH/CH2, and 41 bacterial and 17 fungal OTUs. Module II was
dominated by aromatic CeH and 33 bacterial and 16 fungal OTUs.
Module III included carboxyl/amide C and 10 bacterial and 6 fungal
OTUs.

The abundance of OCH was negatively connected with Jiangella sp.,
unclassified Chloroflexi and Coniochaetales sp. and positively connected
with Solirubrobacter sp.,Microbacterium sp. and unclassified members of
Acidobacteria subgroup 6 and Acidimicrobiales (Fig. 6). The CH/CH2

showed negative associations with unclassified Sinobacteraceae, un-
classified Solirubrobacterales, Microbacterium sp., Lecythophora sp.,
Microascales sp., and Pyrenochaetopsis sp., and positive associations with
Pseudogymnoascus roseus sp.. The aromatic CeH abundance was nega-
tively associated with Pseudogymnoascus roseus sp. and Acremonium
psammosporum sp.. In addition, the carboxyl/amide C abundance
showed a positive association with unclassified Bacillales.

Fig. 2. Combined ordination plot of principal component analysis (PCA) performed on the relative abundances of 12 C functional groups for the residual straws of
wheat and maize after four years decomposition in three Calcaric Fluvisol soils differing by texture (sand, sandy loam, and silty clay).
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Fig. 4. Principal coordinate analysis (PCoA) plots depicting the weighted UniFrac distance of bacterial communities (a) and fungal communities (b) in the residual
straws of wheat and maize after four years decomposition in three Calcaric Fluvisol soils differing by texture (sand, sandy loam, and silty clay).

Fig. 3. Relative abundances of the major bacterial phyla and dominant classes of Proteobacteria (a) and the major fungal genera (b) in the residual straws of wheat
and maize after four years decomposition in three Calcaric Fluvisol soils differing by texture (sand, sandy loam, and silty clay).
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4. Discussion

4.1. Deviations of chemical structure in straw residues after four-year
decomposition

Generally, the chemical changes in the decomposing straw residues
were in accordance with the decay trajectory elaborated by many stu-
dies (Preston et al., 2009; Wang et al., 2012; Bonanomi et al., 2018), the
loss of easily decomposable compounds, characterized by 13C NMR as
O-alkyl and anomeric C, causing relative enrichment of more re-
calcitrant compounds such as aliphatic and aromatic materials. How-
ever, distinct differences in chemical composition, which were quanti-
fied by advanced solid-state NMR techniques, still existed between
residues at four years by which time 83% of the original biomass had
been lost (Table 1; Fig. 1).

The convergence of initially distinct chemical compositions of
wheat and maize straws after four-year decomposition in the sand soil is
consistent with some previous studies, which found that initially di-
vergent litter chemistries generally converged when 75–80% of the
initial mass had been lost (Preston et al., 2009; Wang et al., 2012;
Bonanomi et al., 2018). In the sandy loam and silty clay soils, however,
the changes in chemical structure during decomposition deviated be-
tween the two straw types. Specifically, the initial wheat straw in both
soils exhibited higher OCH but lower CH/CH2 abundances than the
maize straw, whereas, the wheat straw showed lower OCH but higher
CH/CH2 abundances than the maize straw after four-year decomposi-
tion (Table 1). This kind of divergence according to straw type in these
two finer-textured soils seems partially contradictory to the reports
showing that the imprints of initial chemistry persisted throughout the
decomposition (Wickings et al., 2012; Wallenstein et al., 2013; Parsons
et al., 2014). This results suggest that, during four-year decomposition,
specific microbial communities with distinct C-related decomposition
strategies might have developed that led to the differentiation of three
soil-straw combination groups of chemical structure.

4.2. Deviations of microbial composition in residues after four-year
decomposition

After four-year decomposition, the dominant abundance of
Alphaproteobacteria and Actinobacteria, which belonged to bacteria
with K-strategists (Senechkin et al., 2010; Di Lonardo et al., 2017), was
consistent with their marked superiority at the advanced stages of de-
composition reported in other studies (Dilly et al., 2004; Šnajdr et al.,
2011; Mula-Michel and Williams, 2013; Moitinho et al., 2018). How-
ever, the overwhelming dominance of Ascomycota, which were gen-
erally known as fungal cellulose decomposers, was in contrast to the
reported replacement of Ascomycota by recalcitrant compound de-
composer-Basidiomycota during litter degradation (Voříšková and
Baldrian, 2013; Purahong et al., 2016). This may relate to the dom-
inance of OCH group, which is considered as easily degradable (Kögel-
Knabner, 2002).

The bacterial and fungal communities among the six soil-straw
combinations were clustered into the same three straw-soil combination
groups as for chemical structure. The bacterial community of the first

group exhibited the most abundant Jiangella sp., when compared with
the second or third groups. Given that Jiangella sp. has thus far been
described as aerobic filamentous bacteria (Estrada-Medina et al., 2016),
its abundance may be related to the high degree of aeration that would
prevail in the sand soil that defined the first group. Simultaneously, the
fungal community of the first group was especially dominated by op-
portunistic Coniochaetales sp. (73.2 ± 1.63% of the total sequence),
indicating a competitive exclusion of other taxa, while a more diverse
array of fungal species was heterogeneously distributed within the
second and third groups. One speculative explanation for this ob-
servation centers on soil nutrient availability, which Siciliano et al.
(2014) associated with fungal richness and diversity. Relative to the
sandy loam and silty clay soils, the sand soil was deficient in various
nutrients (Table S1), which may induce competition among species,
resulting in the competitive exclusion by the opportunistic Con-
iochaetales sp. of other taxa (Hardin, 1960). On the contrary, the sandy
loam or silty clay soils had higher nutrients contents (Table S1), which
may alleviate the competition among species, resulting in coexistence
of diverse fungal species.

4.3. Linkages between chemical structure and microbial composition

The chemical structure of decaying residues was positively asso-
ciated with both bacterial and fungal community composition, sug-
gesting that chemical change was coupled with microbial variation.
This was consistent with the findings of Liu et al. (2016) and Bonanomi
et al. (2019) who described the close relationship between the temporal
dynamics of litter chemistry and decomposer composition over 7-month
and 180-day periods, respectively.

More specifically, the most significant taxa in the wheat and maize
residues of the first group, including Jiangella sp., unclassified
Chloroflexi, and Coniochaetales sp. abundances, were negatively asso-
ciated with OCH abundance. Among them, the Jiangella sp. could po-
tentially degrade polysaccharide (Lladó et al., 2016), the Chloroflexi
species were previously identified as cellobiose-degrading bacteria
(Baker et al., 2015), and Coniochaetales sp. was identified as a fast
growing opportunistic saprotroph (Weber et al., 2015) that may parti-
cipate in the utilization of easily degradable fraction. Consequently, the
enrichment of these microbial species may result in the decrease of
OCH abundance in the first group. Meanwhile, the higher carboxyl/
amide C abundance observed in the first group may be related to their
abundant unclassified member of Bacillales, which was found to be
involved in the oxygenation of lignin polymers (Martins et al., 2013)
and may contribute to the production of carboxylic acid (Hilscher and
Knicker, 2011). Alternatively, the greater loss of OCH in this first group
compared to the other two groups might lead to selective enrichment of
compounds such as carboxyl that are associated with advanced states of
decomposition (Zech et al., 1997). The specific OCH-related metabo-
lism in the sand soil might reflect the dominance of the soil texture
effect over the straw type effect.

In the second group, the wheat residues were significantly enriched
with Pseudogymnoascus roseus sp., which exhibited negative correlation
with aromatic CeH and positive correlation with CH/CH2 abundances.
Batista-García et al. (2017) reported that Pseudogymnoascus displayed
high ligninolytic enzymes activities. We postulate that the Pseudo-
gymnoascus roseus sp. may be involved in the degradation of aromatic
structure, followed by the formation of aliphatic groups (Geng and Li,
2002). Meanwhile, the observed negative association between the
Acremonium psammosporum sp. and the aromatic CeH abundance may
relate to the lignocellulolytic capability of Acremonium species (Rime
et al., 2016).

In the third group, the highly enriched species in the maize residues
including Solirubrobacter sp., Microbacterium sp. and unclassified
members of Acidobacteria subgroup 6 and Acidimicrobiales, were po-
sitively associated with OCH abundance. Among them, the
Solirubrobacter species were reported to be involved in complex

Table 2
Differences of bacterial and fungal composition between residual straws after
four-year decomposition based on PERMANOVA analyses.

Group A Group B Bacterial composition Fungal composition

F P F P

First group Second group 8.18 0.005⁎⁎ 30.88 0.002⁎⁎

First group Third group 9.94 0.003⁎⁎ 21.89 0.004⁎⁎

Second group Third group 6.51 0.001⁎⁎ 7.3 0.006⁎⁎

⁎⁎ indicates significant at P<0.01.
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Fig. 5. Ternary plots indicating the distribution of bacterial (a) and fungal (b) OTUs from three groups. Circle size represents the average abundance of the OTU, and
location represents their proportional abundances in the three groups. Circle color represents the corresponding OTUs assigned to major phyla or classes.

Fig. 6. Network analysis revealing the associations among bacterial and fungal taxa and C functional groups. Blue and red lines represent strong positive (Spearman's
correlation coefficient > 0.6, P < 0.05) and strong negative (Spearman's correlation coefficient < −0.6, P < 0.05) relationships, respectively. Colored nodes
signify corresponding OTUs assigned to major phyla and classes. C functional groups are indicated with triangles. (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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glycoside degradation (Jacquiod et al., 2013). Members of Micro-
bacterium have significant starch hydrolysis activities (Lee et al., 2014)
and β-glucosidase catalytic activities (Park et al., 2008). Acid-
imicrobiales are known to be involved in plant degradation by secreting
glycoside hydrolases and carbohydrate esterases (Zhang et al., 2015).
Therefore, all these species could break down complex polymers and
consequently form free sugars, which may result in the accumulation of
OCH groups. Meanwhile, the dominant species, including Sinobacter-
aceae, Solirubrobacterales, Microbacterium sp., and Microascales sp.,
showed negative associations with CH/CH2 abundance (Fig. 6), prob-
ably because of their capability to metabolize aliphatic hydrocarbon
compounds (Manickam et al., 2006; Gutierrez et al., 2013; Abbasian
et al., 2016; Blasi et al., 2016; Galitskaya et al., 2016).

Li et al. (2020) reported for earlier samplings of these same straw
residues that the readily decomposable O-alkyl and anomeric C com-
ponents of the wheat straw were effectively broke down by sugar fungi,
while in the maize straw the refractory lignin components were pre-
ferentially degraded by the abundant ligninolytic fungi. In the present
study, the relationships between the enriched microbial species and
aromatic CeH degradation in the wheat residues in the sandy loam and
silty clay soils (Fig. 6) suggested that once the readily decomposable
components in wheat straw were adequately broken down in the earlier
stage, then the lignin may become the major component to be degraded
at the advanced decomposition stage. Likewise, in the maize residues in
the sandy loam and silty clay soils, the relationship between the
dominant microbial species and glycoside and CH/CH2 degradation
(Fig. 6) suggested a transition of degradation from intense lignin de-
gradation to glycoside and CH/CH2 degradation due to widespread
consumption of lignin compounds already in the earlier stages of de-
composition. However, the measurements conducted in this study do
not enable a clear reason for the hypothesized faster degradation of
lignin in the wheat residues than in maize residues.

The drive effect of decomposer community on the chemical struc-
ture of wheat and maize straws in the sandy loam and silty clay soils
was regulated by straw type, in accordance with Wickings et al. (2012),
who suggested that the divergent chemistry of corn and grass litters
throughout a 730-day decay period was driven by differences in de-
composer communities, which was impacted by initial litter chemistry.
Liu et al. (2016) also reported coupled divergence of chemical and
microbial composition by litter type in a finer-textured (silty loam) soil.
Whereas in the sand soil, we found that both the chemical structures
and the inhabiting microbial communities converged to common points
across straw types after four years of decomposition, suggesting their
primary constraint was soil conditions. Similar results were obtained by
García-Palacios et al. (2016) showing the convergences of chemical
structures and microbial communities after 11-month decomposition of
leaf litter mixtures that were placed on five different forest floors. A
possible explanation for this might be the fully aerobic conditions
during leaf litter degradation, possibly resembling those of our sand
soil. Our results implied that the previously observed convergences or
divergences of chemical and microbial composition during decay might
not be inconsistent, but they were determined by varying biotic and
abiotic environments in which the decomposition occurred.

5. Conclusions

Our results emphasized a dominate role of residue-inhabiting mi-
crobial communities in shaping the chemical structure of straw re-
sidues. Yet both soil texture and straw type could regulate the bacterial
and fungal communities harboured in the residue layer and thereby
modulate the chemical structures. The relative importance of soil tex-
ture and straw type depended on the soil conditions during degrada-
tion. The chemically distinct compounds remaining after prolonged
decomposition were considered as part of SOM, which underscores the
potential usefulness of our results for assessing the quality and stability
of litter-derived organic matter in field ecosystems.
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