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Abstract: Managing carbon input from crop straw in cropland ecosystems could increase soil organic
carbon (SOC) sequestration to achieve C neutrality and mitigate climate change. The complexity of
the chemical structures of crop residue largely affects SOC sequestration. Fungi communities play an
important role in the degradation of crop residues. However, the relationship between the fungal
community composition and the chemical structures of crop residues remains unclear and requires
further investigation. Therefore, a 120-day incubation experiment was conducted in Mollisols in
Northeast China to investigate the decomposition processes and dynamics of maize straw stem (ST),
leaf (LE) and sheath (SH) residues using 13C-NMR spectroscopy. Additionally, the microbiomes
associated with these residues were analyzed through high-throughput sequencing to explore their
relationship. Our results showed that the alkyl C contents in all treatments exhibited increases ranging
from 15.1% to 49.1%, while the O-alkyl C contents decreased, ranging from 0.02% to 11.2%, with the
incubation time. The A/OA ratios of ST, LE and SH treatments were increased by 23.7%, 43.4% and
49.3% with incubation time, respectively. During the early stages of straw decomposition, Ascomycota
dominated, and in the later stage, Basidiomycota were predominant. The class of Sordariomycetes
played a key role in the chemistry transformation of straw tissues during decomposition. The
keystone taxa abundances, Fusarium_kyushuense, and Striatibotrys_eucylindrospora, showed strong
negative correlations with di-O-alkyl C and carbonyl-C content and positive correlations with the
β-glucosidase and peroxidase enzyme activity, respectively. In conclusion, our study demonstrated
that the keystone taxa play a significant role in regulating the chemical structures of straw tissues,
providing a better understanding of the influence of residue quality on SOC sequestration.

Keywords: 13 C-NMR spectroscopy; chemical structure; straw tissues; fungi keystone taxa; extracellular
enzyme activity

1. Introduction

More than 10% of global soil organic carbon (SOC) is stored in cropland ecosystems [1].
The substantial SOC storage in croplands can be attributed to the large-scale implementa-
tion of crop straw return policies since 2000 [2]. Crop straw decomposition plays a crucial
role in C and nutrient cycling and mitigates climate change [3]. Bacteria and fungi are the
major domains responsible for approximately 90% of all organic matter decomposition
processes [4]. However, most studies have focused on litter decomposition in forests [5–7];
less attention has been paid to this ecological process in agricultural lands.

Crop residue decomposition is a microbial-driven process induced and characterized
by mass loss [8]. It is influenced by biotic and abiotic factors [9,10]. Abiotic factors, such as
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soil moisture, temperature [11], climate [10], soil fertility and soil types [12] and placement
depths and locations [9], indirectly influence the rate of straw decomposition. Additionally,
straw quality emerges as a crucial predictor of residue decomposition [13]. For example,
Astragalus mongholicus exhibited the highest residue decomposition rate in field experiments,
while Festuca ovina showed the slowest rate [14]. And Pascault et al. (2010) found that
the alfalfa decomposed faster than wheat straw in an 11-month field experiment [15].
In addition, several studies investigated how the different tissues of straw affected its
decomposition process [14,16]. For example, one study revealed that crop leaf residues
decomposed more rapidly compared to stems and roots [17]. Another study suggested
that shoot residues had a higher decomposition rate than root residues, particularly in the
first 12 days [13]. Moreover, the chemical structure of crop straw was also a significant
factor affecting the decomposition of the residues [18]. Studies have shown a positive
relationship between the proportions of decomposed C among different residues and the
mass losses of O-alkyl C, di-O-alkyl C and carbonyl C [1]. However, no consensus has
been reached regarding the alterations in carbon functional groups within the chemical
structure of straw residues during decomposition. For example, Li et al. (2020a) observed
decreases in di-O-alkyl and O-alkyl C contents, while noting increases in alkyl and N-
alkyl/methoxyl C contents, during the initial 4 months of wheat straw degradation [2].
Similarly, Wang et al. (2012a) reported a decrease in carbohydrate abundance and increases
in aromatics and aliphatics during plant residue decomposition. Furthermore, another
study found that O/N-alkyl carbons decreased, while aromatic carbons, aromatic C−O
groups, and COO/N−C=O groups increased during maize and wheat straw decomposition
processes [10]. Therefore, it is necessary to explore the changes in carbon’s chemical
structure during the degradation of different straw tissues.

Microbial communities were an important driver during residue decomposition,
known as the ‘Decomposer Control Hypothesis’ [19]. This indicated that the types of
decomposer communities exerted predominant control over the chemical changes in the
decomposing residues [20]. Moreover, the fungi exhibited greater efficiency in attacking
the recalcitrant lignocellulose matrix compared to other organisms due to their ability
to produce a diverse array of extracellular enzymes [21,22]. The contribution of fungi to
the degradation of residues at different stages of degradation remains controversial. For
example, studies have shown that fungi only dominate the later stages of degradation [23],
while other studies have reported that fungi played an important role throughout all stages
of residue decomposition [24]. Within fungi communities, Ascomycota prevail during
the early stages of decomposition and are replaced by Basidiomycota later on [25]. Nu-
merous studies have proved that the major two phyla, Ascomycota and Basidiomycota,
exhibit a preference for decomposing plant materials [26–28]. Meanwhile, the decomposed
residues themselves could also affect the composition and functioning of the microbial
community based on the chemical structure [29]. For example, Baumann et al. (2009) found
that the microbial community composition depended on the aryl C contents of wheat and
vetch straws and the O-alkyl C content of eucalypt straw at the end of decomposition [30].
More specifically, Li et al. (2020) observed decreases in di-O-alkyl and O-alkyl C, along
with increases in alkyl, aryl and carboxyl/amide C contents, during wheat and maize
straw decomposition, which were associated with a decline [2]. Additionally, the aromatic
C-H exhibited negative correlation with the Pseudogymnoascus roseus sp. (belonging to
Ascomycota phylum), while CH/CH2 abundances showed positive correlation [20]. This
finding aligns with the studies of Liu et al. (2016) and Bonanomi et al. (2019), who described
close relationships between the temporal dynamics of litter chemistry and decomposer
composition over 7-month and 180-day periods, respectively [5,31]. However, few studies
have investigated how changes in carbon functional groups during different straw tissue
degradation processes are associated with fungal community succession.

The activities of extracellular enzymes produced by fungi have received consider-
able attention due to their contribution to the processes controlling decomposition [22,32].
Among the soil hydrolytic enzymes frequently measured, β-glucosidase (βGC) is used to
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acquire C by hydrolyzing cellulose [33], and β-xylosidase (βX) dominates the decompo-
sition of polysaccharides [34]. Two oxidative enzymes, phenol oxidase and peroxidase,
could depolymerize lignin by consuming oxygen and oxidized phenol and using H2O2 as
an acceptor, respectively [35]. Moreover, residues with different chemical qualities may
require varying amounts of enzymes during decomposition, as the labile substances are
easily degraded by microorganisms via the secretion of hydrolases during the early stages
of decomposition [36], while macromolecular compounds, such as lignin and phenol, can
be utilized by microdecomposers that secrete oxidase during the later stages of decom-
position [37]. Notably, the responses of extracellular enzymes activities vary depending
on the residues’ chemical structures during decomposition. For example, increases in
oxidative enzymes were positively associated with the litter with higher alkyl/O-alkyl
C ratios while negatively associated with O-alkyl C [38]. However, the relationship among
fungal community succession, exogenous enzyme activity and carbon functional group
changes within straw tissue during different degradation processes is still unclear.

The process of residue decomposition involves a substantial number of microbes,
and their interactions play a crucial role in determining the outcome of decomposition.
Recent studies have found that the abundance and diversity of microbes could not fully
explain the functions of the entire microbial community [39,40]. Further, network analysis
could uncover complex relationship within microbial communities and provide insights
beyond abundance and diversity. The keystone taxa identified through network analysis
are highly connected and exert significant influence on both the structures and functions
of microbial communities [41,42]. For instance, straw decomposition had strong positive
associations with the relative abundance of bacterial, as well as fungal keystone taxa [41]. In
general, fungi could degrade recalcitrant carbon sources by secreting extracellular enzymes
such as Penicillium and Aspergillus, which show high efficiency in degrading crop-based
materials [43]. A pertinent question arises regarding whether these keystone taxa play a
role in secreting extracellular enzymes to degrade crop residues. Therefore, it is imperative
to investigate the relationships between the keystone taxa of fungi, extracellular enzyme
activities and chemical structures of straw tissue.

Therefore, we conducted an incubation experiment for 120 days to investigate the
temporal succession of the chemical structures of straw tissues and the regulatory roles of
keystone taxa in this process through their influence on extracellular enzyme production
and fungal community composition. The objectives of this study were (i) to investigate
how changes in carbon functional groups during different straw tissue degradation pro-
cesses were associated with fungal community succession, (ii) to identify keystone taxa by
constructing co-occurrence networks based on high-throughput sequencing, and (iii) to
further explore the inter-relationship between residue decomposition, fungi keystone taxa
and extracellular enzyme function via structural equation modeling (SEM).

2. Materials and Methods
2.1. Experimental Site and Soil Characteristics

The Mollisols utilized in the present study originated from permanent maize (Zea mays L.)
cultivation in the field at the Northeast Institute of Geography and Agroecology, the Chinese
Academy of Sciences, Jilin Province (43◦59′51′′ N, 125◦24′5′′ E). The location in question
has a monsoon climate that is characteristic of the middle latitudes, with an average
temperature for the year of 4.4 ◦C and an average precipitation rate of 520 mm. Mollisol
soil of this kind was discovered in the field [44].

Prior to the experiment, maize was put in cultivation in May 2022, and samples of
the soil were taken from the plowing layer (0–20 cm) of the field. Subsequently, after
being frozen, soil samples were taken to the laboratory in various containers. The samples
were then homogenized and subsequently passed through a 2 mm sieve after all visible
stone blocks and residues had been removed with tweezers. Before participating in an
incubation experiment, the samples were kept in storage for no longer than two weeks
at 4 ◦C. Subsamples of the soil were air-dried in order to examine its physicochemical
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properties. Table S1 illustrates the fundamental properties of the soil (0–20 cm) that were
utilized in this experiment.

2.2. Incubation Experimental Design

There were four independent treatments, six intervals, three separate rounds of de-
structive sampling, and 72 groups in this experiment. Soil and straw samples were taken
for examination, and each treatment was run through three replications. In each of the four
treatments, one of the following forms of 13C-labeled straw was added to the soil: (1) the
stem (ST), (2) the leaf (LE), (3) the sheath (SH) or (4) soil without any straw addition (CK).
The detailed characteristics of this incubation experiment are described in the article in [45].

Prior the experiment beginning, 100 g of soil taken from maize farming fields was
loaded into 500 mL wide-mouthed bottles. The bottles holding the soil samples were
incubated beforehand in a dark room at a temperature of 25 degrees for an entire week after
having been adjusted to 45% WHC with sterile deionized water. After that, segments of the
13C-labeled corn stems, leaves or sheaths were added into those containers and thoroughly
mixed with the soil. The water content of the soil was modified to 65% WHC to ensure
optimum microbial growth. The incubation conditions in the CK group were identical
to those in the other three treatment groups containing soil with additional maize straw
tissues. The entire study was carried out for a period of 120 days in darkness at 25 ◦C. A
5 g subsample of soil coming from every replicate was collected on the sampling days for
microbial community composition analysis. Some of the samples were stored at −80 ◦C.
The remaining soil samples were dried to measure the physicochemical properties of the
soil. The four treatments that had three replicates were destructive sampling at 5, 10, 20, 40,
80 and 120 days. A total of 12 groups were selected each time.

2.3. Amplification and Sequencing of Fungal ITS RNA

The ITS region of the fungal rRNA gene was amplified via PCR (95 ◦C for 5 min, fol-
lowed by 30 cycles at 95 ◦C for 45 s, 50 ◦C for 50 s and 75 ◦C for 40 s and a final extension at
72 ◦C for 10 min) using the primers SSU0817F (5’-barcode-CTTGGTCATTTAGAGGAAGTAA-
3’) and SSU1196R (5’-GCTGCGTTCTTCATCGATGC-3’), where the barcode is a unique
eight-base sequence for each sample. The PCR products were detected via electrophoresis
in 2% agarose gel, and the samples were mixed in equal quantities according to the con-
centration of PCR products. After being fully mixed, the samples were detected again via
electrophoresis in 2% agarose gel. The target bands were recovered using a gel recovery kit
provided by Qiagen. A NEBNext® Ultra™ IIDNA Library Prep Kit (Illumina San Diego,
CA, USA) was used to construct the library, and the constructed library was subjected to
Qubit and Q-PCR quantification. After the libraries were qualified, NovaSeq6000 (Illumina,
San Diego, CA, USA) was used for sequencing. Purified amplicons were pooled in equimo-
lar and paired-end sequenced (2 × 250) via an Illumina MiSeq platform according to the
standard protocols.

2.4. 13C Nuclear Magnetic Resonance (NMR) Spectroscopy

The chemical composition of soil C was characterized using solid-state magic-angle
spinning (MAS) nuclear magnetic resonance (NMR). A Bruker Avance III 400 spectrometer
(Bruker BioSpin, Rheinstetten, Germany) with a resonance frequency of 100.62 MHz for
13C was used to spin the soil samples five times after they had been treated with 50 mL of
10% HF, 50 mL of 10% HCl and distilled water. The samples were then dried, pressed and
placed onto 7-millimeter zirconia rotors. Applying cross polarization with total suppression
of spinning sidebands (TOSS) pulse program, which consisted of a ramp-contact, 0.5 s
relaxation delay, ramp-contact and small-phase incremental alternation with 64 steps
(SPINAL64) decoupling pulse program, improved the signal-to-noise ratio. The methane
C atoms of adamantine served as an external standard for calibrating the spectra, which
were recorded as the total of 15,000 scans (δ = 29.47 ppm). The chemical shift limits’ spectra
were used to estimate the general C types. The ratios between the relative intensities of the
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0–45 and 45–110 ppm regions (alky C/O-alkyl C), as well as the 110–160 and 45–110 ppm
regions (aryl C/O-alkyl C), were used as indicators of decomposition [46].

2.5. Extracellular Enzyme Activity (EEA) Assays

Two hydrolytic enzymes (β-1,4-glucosidase (βGC), β-1,4-xylosidase (βX) and two
oxidative enzymes (phenol oxidase (PPO) and peroxidase (POD)) were analyzed after
straw tissues were decomposed for 10 d, 20 d, 40 d, 80 d and 120 d. The analysis of the
four hydrolytic enzymes was performed using 96-well microplates according the method
previously described [47].

2.6. Statistical Analyses

The significance levels (p < 0.05) of the relative contents (%) of soil C chemical form
structure, abundances of fungal phyla abundance, extracellular enzyme activity and fungi
community diversity indexes using SPSS, ver. 22.0 (SPSS Inc., Chicago, IL, USA) were
determined via one-way analysis of variance (ANOVA). To evaluate the organization of
fungal communities, weighted UniFrac distances were the basis for principal coordinate
analysis (PCoA). Network analysis was utilized to assess the complexity of the microbiome
and pinpoint the possible keystone taxa in the soil treatment groups. We only examined
fungal OTUs with relative abundances greater than 0.005%. We computed correlation
networks using the R igraph tool. Using pair relations with a coefficient > 0.7 (p < 0.05,
two-sided), the co-occurrence network was constructed. SparCC analysis was used to find
OTU correlations. Using the Fruchterman–Reingold arrangement, the network topology
was investigated and visualized using the interactive Gephi (v.0.10.1) platform. Value
importance in projection (VIP) via partial least squares (PLS) regression was used as a
predictor to estimate the importance of the OTUs encountered in the network relative to
EEA in order to determine the keystone taxa of the co-occurrence network. The EEA content
predictors were found by fitting the PLS regression. High-throughput omics data partial
least squares were computed using the R package mixOmics. Value importance in projec-
tion (VIP) was used to rank the predictors. Greater VIP values in PLS regression signify an
increased contribution. Relevant predictors were identified as those with a VIP > 1. The
keystone species were then identified as the OTUs with high degrees in the network (the
top 5 inside each dominating module) and high VIP values (VIP > 1). Redundancy analysis
(RDA) was applied to investigate the relationships among the chemical structures of straw
tissues, extracellular enzymes and fungi keystone taxa abundance for different treatments.
Multivariate regression tree (MRT) analysis was also used explore the interactions between
C chemical forms and fungi communities. The statistical analyses were undertaken in R
(v4.0.2; http://www.r-project.org/; accessed on 11 April 2024).

3. Results
3.1. The Decomposition of Straw Tissues

Figure 1 shows that the proportions of ST, LE and SH decomposition, which is in-
dicated by the change in carbon content. One-way ANOVA analysis revealed that the
proportion of straw decomposition was affected by both the stage and tissue types (Table S1).
The proportions of ST, LE and SH decomposition during the incubation stage ranged from
7.6% to 58.4%, 13.7% to 62.4% and 10.8% to 35.6%, respectively. At the end of incubation,
the decomposition proportions for treatments were in the order of LE > ST > SH (p < 0.05).
The dynamics of the decomposition proportions among three treatments exhibited similar
patterns characterized by a rapid decomposition stage and a slow decomposition stage.

http://www.r-project.org/
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Figure 1. The proportions of straw tissue stem (ST), leaf (LE) and sheath (SH) decomposition
represented by the carbon (C) content remaining. The changes in the C content remaining with
the decomposition time in (A). The total proportions of straw tissue decomposition at days 120 of
incubation in (B). Lowercase letters represent significant differences between ST, LE and SH (p < 0.05).

3.2. 13C Nuclear Magnetic Resonance (NMR) Spectroscopy

The 13C-NMR spectra of ST, LE and SH treatments at incubation days 80 and 120 are
shown in Figure 2. The comprehensive spectra exhibit signals from all C functional groups
categorized to four chemical shift regions: alkyl C (0–45 ppm), O-alkyl C (45–110 ppm),
aromatic C (110–160 ppm) and carbonyl C (160–220 ppm).

Figure 2. Exemplary spectra of straw tissue stems (ST), leaves (LE) and sheaths (SH) sampled on
incubation days 80 and 120.

Tables 1 and 2 reveals the changes in C functional groups during ST, LE and SH
decomposition. Across all treatments, O-alkyl C dominated the 13C-NMR spectra with
a relative abundance of 58.9–69.9%. The proportion of Alkyl C increased by 15.1–49.1%,
while the proportion of O-alkyl C decreased by 0.02–11.2% over time. At 80 d, the O-alkyl
C proportions of LE were 6.2% and 7.7% greater than those of ST and SH, respectively. The
alkyl C proportions of ST and LE were greater than that of SH at both 80 d and 120 d. The
A/OA ratio for each treatment followed the order of ST > LE > SH at 80 d, while it changed
to LE > ST > SH at 120 d. With incubation time, the A/OA ratio increased by 23.7%, 43.4%
and 49.3% for the ST, LE and SH treatments, respectively. These results indicated that the
stem, leaf and sheath tissues undergo degradation with the incubation time, with leaves
being the most degraded.

Table 1. Percentage contribution of C functional groups based on the integration of the 13C-NMR
spectra of straw stems, leaves and sheaths.

Alkyl C
(0–45 ppm)

O-Alkyl C (45–110 ppm) Aromatic C (110–160 ppm)
Carbonyl C

(160–220 ppm)
A/

OA AL/ARO/N-alkyl C di-O-alkyl C Total Aryl
C/O-aryl C Phenolic C Total

80d
ST 11.59 55.26 10.30 65.56 7.75 6.18 13.93 8.92 0.18 3.38
LE 10.17 57.49 12.40 69.89 2.68 4.96 7.64 12.30 0.15 4.02
SH 5.42 50.05 14.43 64.48 10.31 7.55 17.86 12.24 0.08 2.32

120d
ST 13.66 47.58 11.36 58.94 11.69 3.98 15.68 11.72 0.23 2.65
LE 16.25 52.01 11.17 63.18 6.66 3.16 9.83 10.74 0.26 3.86
SH 10.68 50.05 14.42 64.47 6.70 7.38 17.48 7.38 0.16 3.02

Note: ST implies the stems tissues of maize straw LE implies the leaf tissues of maize straw; SH implies the sheath
tissues of maize straw.
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Table 2. C-types found in important biomolecules (based on [48]) and percentage of C assigned to
those biomolecules in stem, leaves and sheath residues.

Biomolecule C-Type 80d 120d
ST LE SH ST LE SH

Carbohydrate O-alkyl, di-O-alkyl 65.56 69.89 64.48 58.94 63.18 64.47
Protein alkyl, N-alkyl, carbonyl 20.51 22.47 17.66 25.38 26.99 18.06

Lignin alkyl, N-alkyl, O-alkyl,
aryl, O-aryl 80.78 75.30 73.33 76.92 78.09 78.20

Lipid alkyl 11.59 10.17 5.42 13.66 16.25 10.68

3.3. Soil Community Composition and the Co-Occurrence Network of Fungi

The characteristics of the fungi communities of the ST, LE, SH and CK groups are illus-
trated in Figure 3. PCoA analysis based on weighted UniFrac revealed distinct differences
in the fungi community’s structure across all the treatments (Figure 3A). PC1 and PC2
accounted for 52.98% and 19.08% of variations in fungi communities, respectively. Straw
tissue application significantly altered fungi diversity (p < 0.05, Figure 3C,D). The OTU
abundance decreased by 33.3%, 12.0%, 10.0% and 14.2% for ST, LE, SH and CK treatments
following incubation, respectively (p < 0.05), while the Simpson index increased by 11.3%,
5.6% and 3.3%, respectively (p < 0.05). The OTU abundance of CK was 7.2–17.6% greater
compared to those of the ST, LE and SH treatments, while the Simpson index was 7.0–10.1%
lower (p < 0.05). This finding suggested that a subgroup of the soil-based fungi community
may have collaborated in decomposing the added straw tissues.

The relative abundances of the fungi phyla of the ST, LE, SH and CK treatments are
presented in Figure 3B. For Ascomycota (22.0–75.1%), Basidiomycota (18.4–66.4%) and
Mortierellomycota (6.4–25.0%), the fungal communities were found to be dominant across
all incubation periods. The relative abundance of the Ascomycota phylum in ST, LE and SH
treatments decreased by 56.5%, 62.1% and 17.9%, while that of the Basidiomycota phylum
increased by 76.3%, 129.6% and 34.2%, respectively, following the incubation time (p < 0.05).
Compared with CK, the relative abundance of Ascomycota exhibited a significant increase
of 37.0–50.5%, while that of Basidiomycota showed a notable decrease, ranging from 32.5%
to 68.2% (p < 0.05). Throughout the incubation period, a similar trend in fungi community
succession was observed among the ST, LE and SH treatments.

The fungi co-occurrence network patterns in the four treatments during the incubation
periods are illustrated in Figure 4. The nodes within the fungal network mainly belong to
Ascomycota and Basidiomycota.

The topological properties of the co-occurrence networks of ST, LE, SH and CK at
different stages are listed in Table 3. The values of the average clustering coefficient (avgCC)
and average degree (avgK) in the ST, LE and SH treatments increased by 14.9–49.9% and
24.8–33.8%, while they decreased by 70.0% and 91.4% in the CK treatment following
the incubation stages. In the early stages, both avgK and avgCC, in the ST, LE and SH
treatments, were lower compared to CK, while in the later stages, they were higher. GD
was greater in the ST, LE and SH treatments than in CK but became lower in the later stages.
The complexity of the fungi networks of the ST, LE and SH treatments increased, while that
of CK decreased, over the incubation period. In addition, the application of straw tissues
increased both the complexity and efficiency of the fungi network.



Agriculture 2024, 14, 792 8 of 21

Figure 3. Effects of different straw tissues on the soil fungi community structure (A), relative abun-
dance of the main abundant fungi phyla (B) and the OTU abundance (C) and Simpson indices (D) at
different incubation stages. Fungi communities using principal coordinate analysis (PCoA) based on
weighted UniFrac distances among all samples. Corresponding bars with different letters indicate
significant differences (p < 0.05). The abundances of fungi communities are based on the correspond-
ing proportional frequencies of 1TS rRNA sequences. ST, maize straw stem; LE, maize straw leaves;
SH, maize straw sheath; CK, the control without straw application.

Figure 4. Fungi community co-occurrence in response to straw stem (ST), leaf (LE) and sheath (SH)
amendment and control (CK) in the early, middle and later stages of incubation. The different colors
of node indicate different phyla. The orange lines indicate negative interactions, while the green lines
indicate positive interactions.

Distinct keystone taxa were identified from the fungi co-occurrence networks of
different treatments, as shown in Table 4.
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Table 3. The topological properties of the empirical networks of fungi communities under the straw tissues for stem (ST), leaf (LE) and sheath (SH) application and
the control (CK).

Treatment Node Edge Positive Negative
Average
Degree
(avgK)

Diameter Density Modularity Average Clustering
Coefficient (avgCC)

Average Path
Distance

(GD)

Betweenness_
Centralization

Degree_
Centralization

ST
Early 157 119 56.3 43.7 2.644 15 0.0097 0.706 0.3626 5.4129 0.0621 0.0544

Middle 203 175 60.6 39.4 3.103 10 0.0085 0.631 0.2849 4.0872 0.0749 0.0855
Later 193 247 66.8 33.2 5.277 10 0.0133 0.451 0.4929 3.6832 0.0427 0.1325

LE
Early 157 85 55.3 44.7 2.366 11 0.0069 0.621 0.2897 4.3958 0.0449 0.0764

Middle 211 183 61.8 38.3 3.208 14 0.0083 0.62 0.4331 4.8536 0.0480 0.0584
Later 129 187 52.9 47.1 4.456 7 0.0227 0.439 0.3850 3.0074 0.0774 0.1727

SH
Early 169 179 55.9 44.1 3.612 7 0.0126 0.616 0.3757 3.0385 0.0266 0.0886

Middle 198 182 52.2 47.8 3.241 11 0.0093 0.608 0.2917 3.9736 0.0919 0.1125
Later 126 164 60.4 39.6 4.245 9 0.0208 0.431 0.5655 3.7670 0.0625 0.1312

CK
Early 238 424 53.5 46.5 5.507 8 0.0150 0.56 0.4635 3.1973 0.1237 0.1369

Middle 145 218 57.3 42.7 3.559 7 0.0209 0.441 0.0994 2.6351 0.4478 0.5000
Later 151 162 56.2 43.8 3.239 8 0.0143 0.621 0.2421 3.9261 0.0999 0.1324
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Table 4. The keystone taxa associated with straw tissue decomposition at different incubation stages.

Treatments Keystone
Taxa Degree Kingdom Phylum Class Order Family Genus Species VIP Score

of EEA

ST

early ASV46 8 Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Nectria Nectria_ramulariae 1.58713

middle
ASV1 19 Fungi Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Tausonia Tausonia_pullulans 2.01394
ASV5 9 Fungi Ascomycota Sordariomycetes Sordariales Lasiosphaeriaceae Schizothecium Schizothecium_miniglutinans 1.93246

later
ASV1 24 Fungi Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Tausonia Tausonia_pullulans 1.93993

ASV10 22 Fungi Mortierellomycota Mortierellomycetes Mortierellales Mortierellaceae Mortierella Mortierella_alpina 1.99996
ASV11 28 Fungi Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Talaromyces Talaromyces_purpureogenus 1.62333

LE

early
ASV1 13 Fungi Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Tausonia Tausonia_pullulans 1.33279

ASV10 9 Fungi Mortierellomycota Mortierellomycetes Mortierellales Mortierellaceae Mortierella Mortierella_alpina 1.53937
ASV12 6 Fungi Ascomycota Dothideomycetes Pleosporales Leptosphaeriaceae Leptosphaeria Leptosphaeria_sclerotioides 1.51172

middle
ASV18 14 Fungi Ascomycota Sordariomycetes Sordariales Chaetomiaceae Botryotrichum Botryotrichum_atrogriseum 1.92881
ASV24 12 Fungi Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Mrakia Mrakia_frigida 1.83323

later
ASV1 25 Fungi Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Tausonia Tausonia_pullulans 1.93993

ASV10 15 Fungi Mortierellomycota Mortierellomycetes Mortierellales Mortierellaceae Mortierella Mortierella_alpina 1.99996
ASV102 14 Fungi Ascomycota Sordariomycetes Hypocreales Stachybotryaceae Striatibotrys Striatibotrys_eucylindrospora 1.82102

SH

early
ASV1 17 Fungi Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Tausonia Tausonia_pullulans 1.33279

ASV10 12 Fungi Mortierellomycota Mortierellomycetes Mortierellales Mortierellaceae Mortierella Mortierella_alpina 1.53937
ASV12 13 Fungi Ascomycota Dothideomycetes Pleosporales Leptosphaeriaceae Leptosphaeria Leptosphaeria_sclerotioides 1.51172

middle
ASV10 24 Fungi Mortierellomycota Mortierellomycetes Mortierellales Mortierellaceae Mortierella Mortierella_alpina 2.20626
ASV16 9 Fungi Ascomycota Sordariomycetes Sordariales Chaetomiaceae Humicola Humicola_nigrescens 2.05356
ASV24 9 Fungi Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Mrakia Mrakia_frigida 1.83323

later
ASV6 15 Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Fusarium Fusarium_kyushuense 1.49026

ASV24 19 Fungi Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Mrakia Mrakia_frigida 1.19719

Note: ST represents the stems tissues of maize straw; LE represents the leaf tissues of maize straw; SH represent the sheath tissues of maize straw.
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3.4. Changes in EEA Activity with Decomposition

The activities of the POD, PPO, βGC and βX enzymes are shown in Figure 5. The
activity of the POD enzyme decreased, while that of the βX enzyme increased, during the
incubation time (p < 0.05). And the activities of the βGC and βX enzymes in the ST, LE and
SH treatments were greater compared to the CK treatment (p < 0.05).

Figure 5. Extracellular enzyme activity in maize straw tissue stem (ST), leaf (LE), sheath (SH)
application and the control (CK) after decomposition. Lowercase letters indicate significant differences
between sampling stages.

The relative importance levels of the keystone taxa in the four extracellular enzymes
were evaluated using random forest, as shown in Figure 6. The relative abundance of
keystone taxa belonging to the Class Dothideomycetes and Sordariomycetes emerged as a
primary determinant of the main determinants of oxidase activities. Furthermore, the
relative abundances of keystone taxa from the classes Tremellomycetes and Mortierellomycetes
emerged as a key determinant of the main determinants of hydrolase activities.

Figure 6. The importance of keystone taxa in the extracellular enzyme activity of POD (A), PPO (B),
βGC (C) and βX (D) enzymes. ** represented p < 0.01; * represented p < 0.05.
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3.5. The Correlation Analysis

The soil fungi community composition was separated into two main groups via MRT
analysis based on the di-O-alkyl C content (20.0% of the variation in the fungi community
composition was explained by this split). The SH treatment showed a higher relative
content of di-O-alkyl C (Figure 7A). Further separation between the ST and LE treatments
was determined by their relative contents of carbonyl C, with the LE treatment exhibiting
a higher relative carbonyl-C content (≥10.75%) compared to ST treatments. The EEA
activities explained 95.0% of total variance in the C chemical structure. The PPO (74.7%,
p = 0.001) was identified as the most crucial variable in forward selection, followed by βX
(37.0%, p < 0.05). Additionally, we also used RDA for EEA activities as response variables
and fungi keystone taxa as explanatory factors. Meanwhile, RDA1 and RDA2 accounted
for 88.4% and 7.1%, respectively, of the total variance in the EEA activities when we used
RDA for EEA activities as the response variable and fungi keystone taxa as the explanatory
factors. The ASV12 (66.9%, p = 0.001) was identified as the most crucial variable in forward
selection, followed by ASV10 (62.1%, p = 0.001) and ASV46 (54.7%, p = 0.001). In addition,
RDA1 and RDA2 accounted for 57.3% and 31.2%, respectively, of the total variance in the
C structure (Figure 7D). The ASV11 (60.2%, p = 0.003) was identified as the most crucial
variable in the fungi keystone taxa.

Figure 7. The multivariate regression tree (MRT) for the fungi community at the genus level (A). The
variation explained at each split of the MRT is shown as a percentage in parentheses in the body of
each branch. The redundancy analysis (RDA) correlation plot shows variance in the C structures of
straw tissue stems (ST), leaves (LE) and sheaths (SH) as affected by extracellular enzyme activity (B)
and the fungi keystone taxa (D), as well as extracellular enzyme activity as affected by fungi keystone
taxa (C).

Structural equation modeling (SEM) was employed to assess the factors affecting
the degradation of straw stems, leaves and sheaths, as shown in Figure 8. In the ST
treatments, the A/OA ratio was positive linked with Fusarium_kyushuense abundance,
while it was negatively associated with βGC activity. Furthermore, in the SH treatments,
the POD activity exhibited a positive relationship with Fusarium_kyushuense abundance.
The A/OA ratio displayed a negative correlation with POD activity but showed a positive
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link with Striatibotrys_eucylindrospora abundance. This suggests that the keystone taxa and
extracellular enzyme activity played important roles in straw tissue decomposition.

Figure 8. The effects of abiotic and biotic factors on the residue decomposition proportions of (A) ST,
(B) LE and (C) SH, as estimated using the structural equation model (SEM). Path coefficients are shown
by the numbers next to arrows. The strength of the standardized path coefficient is shown by the
width of the arrows. Positive path coefficients are represented by red lines, negative path coefficients
are represented by blue lines and non-coefficients are represented by grey lines. Significance levels
are denoted with * p < 0.05, ** p < 0.01 and *** p < 0.001. Fungi community composition diversity is
represented by the first axis of PCA; Fusarium_kyushuense and Striatibotrys_eucylindrospora were the
keystone taxa. POD and βGC were extracellular enzymes.

According to FunGuild functional predictions, the fungi community functions pre-
dicted in the ST, LE, SH and CK treatments were analyzed (Figure 9). The potential
functions related to Plant_Pathogen-Soil_Saprotroph-Wood_Saprotroph were significantly
higher (p < 0.05) in the ST, LE and SH treatments compared with CK. Potential bacte-
rial functions, such as Dung_Saprotroph, were significantly higher in the SH treatment
compared to the ST treatment (p < 0.05).
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Figure 9. The potential fungi functions based on FunGuild between different treatment groups,
including the CK, ST, LE and SH treatments. (A). the potential fungi functions based on FunGuild
between ST and CK; (B). the potential fungi functions based on FunGuild between LE and CK; (C). the
potential fungi functions based on FunGuild between SH and CK; (D). the potential fungi functions
based on FunGuild between LE and SH; (E). the potential fungi functions based on FunGuild between
ST and SH. * p < 0.05, ** p < 0.01.

4. Discussion
4.1. Difference of Chemical Structure in Straw Tissue

The decomposition process of straw tissues can be divided into two stages, an initial
rapid loss followed by the slower loss (Figure 1). This phenomenon can be attributed to
the presence of easily decomposable compounds of straw tissues with during the initial
stage, while recalcitrant compounds degrade more slowly in the later stages [2,49]. Similar
findings have been reported in other studies, such as the rapid decomposition of maize
residue within the first two months, followed by a decrease in the decomposition rate r [22].
Additionally, the straw stem and leaf tissues showed higher decomposition proportions
compared to straw sheath tissue (Figure 1). Mwafulirwa et al. (2019) also found that
ryegrass root residues mineralize at a slower rate than shoot residues [13]. This result could
be explained by the differences in the C/N ratio among residue types, where lower a C/N
ratio is associated with faster decomposition rates compared to higher C/N ratios [1,50]. For
example, Liangyu99 maize stover with a lower C/N ratio had a higher decomposition rate
compared with Xianyu335 maize [50]. This is also consistent with the study of Xu et al. (2017)
showing that soybean residues with lower C/N ratios experienced greater mass loss
compared with wheat residues that had a greater C/N ratio [1].

The NMR data in our study revealed that the chemical structure of straw changed
from 80 d to 120 d across the three treatments (Table 2). Irrespective of the straw tissues
or incubation stages, O-alkyl C was found to be the dominant component in the chemical
composition of straw This finding aligns with those of previous studies indicating that
O-alkyl C is usually a major constituent of the most abundant compound cellulose of
residues [1,51]. Our results demonstrated an increase in the relative proportion of alkyl C
and a decrease in O-alkyl C within the three treatments from 80 d to 120 d. The decline
observed in O-alkyl C may be due to its inclusion of the labile C compound, which is pref-
erentially consumed by microorganisms to degrade a recalcitrant structure [2]. Meanwhile,
the increase observed in alkyl C content can be explained by its inclusion of recalcitrant
components that are hard to degrade and the transformation of labile C into structural
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microbial C [52]. These findings indicate that straw stems, leaves and sheaths undergo
decomposition over time, and this is further supported by the higher alkyl C/O-alkyl C
ratio (A/OA) observed at 120 d compared to 80 d across all three treatments. A greater
A/OA ratio indicates increased decomposition of crop residues [53].

O-alkyl C and di-O-alkyl C, primarily associated with cellulose and hemicellulose [1],
exhibited greater decomposition in straw stem and leaves than in sheath residues. On
the other hand, the A/OA ratios of straw stem and leaf treatments were higher than that
of sheath treatment, regardless of the incubation time, indicating that a higher degree of
decomposition occurs in stems and leaves relative to sheaths. Aromatic C constitutes a
major component of tannin and lignin [54], and it is found in a higher proportion in straw
sheaths compared to stems and leaves. This may be due to the slowest decomposition
degree of straw sheaths. Overall, we found that the decomposition of crop residues from
stems, leaves and sheaths were accompanied by relative decreases in reactive O-alkyl C
and di-O-alkyl C contents, as well as relative increases in recalcitrant C, such as aromatic C,
and alkyl C.

4.2. Difference of Fungi Community Composition

The application of straw stems, leaves and sheaths into soil resulted in a decrease in
the OTUs of the fungi community (Figure 3), which is consistent with other studies [55,56].
This can be explained by the following reasons: (1) the stimulation of a subset of the
microbial community specializing in the degradation of straw tissues; (2) the soil used
in our study had a lower C/N ratio, limiting carbon availability for microbial growth;
(3) functional redundancy is prevalent within the microbial system during residue decom-
position, where multiple microbial components with similar functions occupy the same
ecological niche [22,57].

The PCoA and relative abundance analysis suggested that the fungi community com-
positions were similar among the treatments with straw stem, leaf and sheath applications
(Figure 3), which was inconsistent with other studies [30,58,59]. For example, Li et al. (2020)
found that the microbial community composition changed greatly after wheat residues’
incorporation into soil [2]. Similarly, other studies also showed that the addition of or-
ganic amendments in agricultural soils can affect fungal community compositions [29].
The discrepancy may be attributed to the narrow range of residues used in our study,
which were different tissues in the same maize straw. The initial soil fungi communities
of the four treatments were predominantly composed of Ascomycota, Basidiomycota,
Mortierellomycota and Chytridiomycota (Figure 3). Notably, the application of straw
tissues increased the relative abundance of Ascomycota compared with the control. This
could be explained by the fact that Ascomycota is a copiotrophic population (r-strategy)
stimulated by decomposable residue compounds during the early stages of residue de-
composition [22,60]. Fusarium_solani and Fusarium_kyushuense species showed similar
changes to phylum Ascomycota. A recent study also found that the genus of Fusarium was
stimulated by litter, and cultured representative isolates of this taxon were shown to have
decomposing ability [61,62].

Furthermore, the fungi community composition exhibited time-dependent trends as
straw decomposition progressed. The fungal phylum Ascomycota dominated the fungi
community composition relative to other taxa during the early stages (Figure 3), which
was consistent with previous studies [22,29,31]. Ascomycota is a copiotrophic population
(r-strategy) stimulated by decomposable residue compounds during the initial stages of
residue decomposition [63]; Voriskova and Baldrian (2013) found that fungal phylum
Ascomycota was prevalent in live and senescent leaves on the trees, accounting for more
than 88% of the abundance during litter decomposition [60]. The classes of Sordariomycetes,
Dothideomycetes and Eurotiomycetes showed similar succession trajectories to the Ascomycota
phylum, which was in agreement with other studies [1,8]. Another study also found that
Ascomycota decreased during the process of degradation as the Basidiomycota phylum
gradually increased [64], which indicated that the Basidiomycota phylum plays a role in
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degrading the recalcitrant carbon. Other research also proved that members of the phylum
Basidiomycota are capable of decomposing recalcitrant substrates such as lignin and humic
substances, becoming dominant during the later decomposition stages [63]. Moreover,
the fungal Basidiomycetes could utilize hydrolytic enzymes typically composed of βGC
to degrade residue carbohydrates and cellulose for meeting fungal C demand for their
growth, as reflected by high activity of βGC enzymes during the initial stages of straw
tissue decomposition [22,65]. However, due to the limited observation period of four
months used in our study, we are unable to fully capture the complete fungal succession
related to litter chemistry dynamics over a long-term period. This highlights the necessity
for prolonged, longitudinal, multispecies experiments that can elucidate the connection
between specific molecular traits of litter and the occurrence, as well as persistence, of
climax microbials.

4.3. Linkages between Chemical Structure, EEA Activities and Fungi Composition

During the decomposition stage, we observed a significant relationship between
the chemical structures of residues, EEA activity and fungi composition (Figure 8). The
fungi community composition was primarily determined by di-O-alkyl C and carbonyl-C
contents during the straw stem, leaf and sheath decomposition processes (Figure 8). Li
et al. (2020) found that the compositions of the main microbial groups during the straw
decomposition were mainly influenced by the alkyl C and N-alkyl/methoxyl C contents of
wheat straw and the O-alkyl C and di-O-alkyl C contents of maize straw [2]. Our results
indicated that the carbohydrate content strongly influenced the compositions of the main
fungi groups involved in decomposing various tissues of maize stover.

In the decomposition processes of straw stems, leaves and sheaths, the keystone
taxa abundances, such as Fusarium_kyushuense and Striatibotrys_eucylindrospora, showed
strong negative associations with di-O-alkyl C and carbonyl-C contents, while they were
positively associated with aromatic C and aromatic C-C/H (Figure 8), which suggests
that these keystone taxa are involved in the degradation of carbohydrates and accumula-
tion of aromatic substances. Previous studies also indicated the importance of keystone
taxa like Fusarium_kyushuense of the genera Fusarium in microbial litter decomposition
due to their the strong decomposition ability and enzyme activities [39,59]. The keystone
taxa of Fusarium_kyushuense and Striatibotrys_eucylindrospora belong to the class of Sordari-
omycetes (Table 3). It has been reported that Sordariomycetes are predominantly involved in
cellulose utilization and substantially affect the assimilation of C from plant residues [29,66–
68], which is consistent with previous studies showing Sordariomycetes to be one of the
largest classes in phylum Ascomycota, ubiquitous in agricultural soils due to its high
capacity for utilizing labile carbon resources [69]. And Koechli et al. (2019) performed
high-throughput sequencing that enabled stable isotope probing (HTS-SIP) to prove that
the class Sordariomycetes participates in exogenous-C assimilation [70].

Soil enzymes are the primary drivers of plant residue degradation by fungi in
most ecosystems [43]. In our study, the keystone taxa, Fusarium_kyushuense and
Striatibotrys_eucylindrospora, were positively associated with βGC and POD enzyme activ-
ity, respectively (Figure 8), indicating their involvement in the secretion of extracellular
enzymes. It is also reported that Fusarium produce ligninolytic peroxidases, which are es-
sential enzymes for lignin degradation [71,72]. Furthermore, Zheng et al. (2021) confirmed
that fungal keystone taxa, such as Fusarium sp., exhibit higher rates of decomposition and
enzyme activity [39]. Thus, it is worth analyzing hydrolases and oxidases produced by
these keystone taxa in future work. Oates et al. (2021) also discovered the widespread
distribution of carbohydrate-active enzymes among lignocellulose-degrading fungi from
Sordariomycetes [73].

Previous studies have suggested that the changes in the soil microbial community
and enzyme activities were primarily attributed to the greatest extent of the SOC chemical
structure [74,75]. Our study also revealed significant correlations between the chemical
structures of crop residues, extracellular enzyme activities and the relative abundances of
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the keystone taxa in our study (Figure 8). The positive association between βGC and POD
activity, as well as between the carbonyl C and O-alkyl C contents, indicated that these
enzymes are involved in the degradation of active C. βGC plays a crucial role in catalyzing
the hydrolysis and biodegradation of cellulose, leading to glucose production, which
serves as an important energy source for soil microorganisms’ growth and activity [76].
In addition, a study suggested that fungi have evolved extracellular oxidative enzymes
to oxidize lignin and convert its aromatic constituents [77], which is consistent with our
results highlighting a negative association between oxidase activity (POD) and aromatic C.

The SEM analysis conducted in our study also suggested that the presence of keystone
taxa and EEA activity played an important role in straw tissue decomposition (Figure 9).
In general, the degradation process primarily involves the breakdown of di-O-alkyl C and
carbonyl-C through extracellular enzymes secreted by these keystone taxa.

5. Conclusions

Our study suggests that the decomposition processes of different straw tissues undergo
chemical structure transformation accompanied by a similar succession of fungi community.
In the early stages, the fungal community composition is dominated by the Ascomycota
phylum, while in the later stages, it is dominated by Basidiomycetous. The degree of
decomposition in straw leaves was greater than that in the stems and sheaths at the
end of the incubation time. Furthermore, we have identified the keystone taxa of fungi
that play a crucial role in driving chemical structure transformation during straw tissue
degradation. The class of Sordariomycetes was found to be the main contributor to the straw
tissue chemistry transformation of decomposition through its influence on the secretions
and activities of β-glucosidase and peroxidase. In summary, our study demonstrated
the great importance of fungi keystone taxa for straw decomposition and provided new
perspectives for understanding the inter-relationship between residue decomposition, fungi
keystone taxa and extracellular enzyme function, and it helped us to further understand
SOC sequestration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture14060792/s1, Table S1: The basic characteristic of
soil use in this experiment; Table S2: A one-way ANOVA was used to determine the statistical
significance of the effect of factors (1) straw tissues and (2) incubation stage on the proportion of
straw decomposition.
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