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Impact of corn straw and
straw-derived biochar returning
to the field on soil carbon
fractions, carbon-converting
enzyme activities, and cbbL
bacterial community structure

Jiawang Li', Qina Ren', Hang Yu, Xiangyu Wu, Yuan Yin,
Zhonghui Yue* and Xin Bai*

Heilongjiang Province Key Laboratory of Plant Biology of General Colleges and Universities, College
of Life Science and Technology, Harbin Normal University, Harbin, China

Introduction: Straw return is recognized as an effective practice for improving
soil organic matter. However, in the black soil regions of China, limited
information is available on how the individual or combined application of crop
straw and straw-derived biochar influences soil carbon-converting enzymes
and the soil cbbL bacterial.

Methods: This study conducted three consecutive growing-season field
experiments in a typical black-soil zone using a soybean—corn rotation system.
Four straw return treatments were established based on equal carbon input
(2,500 kg-hm2), including the blank control with no carbon source (T0), corn
straw applied alone (T1), straw-derived biochar applied alone (T2), and their co-
application at ratios of 1:3 (T3) and 3:1 (T4).

Results: The results indicated that compared to TO, the four treatments had
no significant effect on soil labile organic carbon (LOC) but significantly effect
soil organic carbon (OC), dissolved organic carbon (DOC), and microbial
biomass carbon (MBC) (p < 0.05). Notably, soil carbon mineralization was
significantly enhanced under T1 and T3, increasing by 13.38% and 13.28%,
respectively. All the treatments significantly reduced the relative abundance of
Alphaproteobacteria (dominant class) and Nitrobacter (dominant genus) in the
cbblL bacterial community, and significantly promoted soil enzyme activities:
SCL (cellulase), SAl (amylase) and SSC (sucrase) increased by 2.95-15.35%, 6.10—
19.26% and 10.84-53.17%, respectively. Comprehensive analysis demonstrated
that straw-derived biochar incorporation directly and significantly affected the
cbblL bacterial community structure, while both straw and biochar significantly
affected the enzyme activities. Enzyme activities directly influenced the levels
of soil carbon fractions, which ultimately determined the soil organic carbon
mineralization capacity.

Discussion: Overall, the response of carbon mineralization to straw and biochar
application was primarily driven by the content of soil carbon fractions, which
were regulated by enzyme activity. This study provides a scientific basis for
enhancing the carbon sequestration potential of black soils in China.

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1611691&domain=pdf&date_stamp=2025-11-03
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/full
mailto:yuezhonghui@163.com
mailto:baixin@hrbnu.edu.cn
https://doi.org/10.3389/fmicb.2025.1611691
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1611691

Lietal.

KEYWORDS

10.3389/fmicb.2025.1611691

corn straw, straw-derived biochar, carbon fractions, carbon-converting enzymes, soil
cbbL bacterial community

1 Introduction

Since the early 20th century, the greenhouse effect has emerged as a
major global environmental concern, with soils being recognized as an
important source of atmospheric greenhouse gasses (Roberto etal., 2015;
Ahirwal et al,, 2017). Among the various pathways, soil organic carbon
(SOC) mineralization plays a significant role in carbon emissions from
agricultural systems. This process involves the microbial decomposition
of organic matter and the release of greenhouse gasses such as CO, and
CH, into the atmosphere (Cox et al., 2000; Lal, 2004; Kan et al., 2021).
Implementing appropriate agricultural management practices can help
reduce the rate of SOC mineralization, thereby increasing soil carbon
stocks and promoting farmland as a potential carbon sink (Lal, 20105
Chen et al., 2022). Hence, developing conservation tillage strategies to
reduce SOC mineralization and enhance soil carbon sequestration has
become a critical challenge for sustainable agricultural development.

Crop straw is rich in carbon, nitrogen, phosphorus, and other
essential nutrients, making it a valuable resource for enhancing soil
fertility (Song et al., 2018). Returning straw to the field improves the
bonding strength between soil aggregates and enhances aggregate
stability (Lu et al., 2013; Tian et al., 2013). This stable structure provides
physical protection for internal organic carbon, reducing its accessibility
to microbial decomposition and thus promoting effective SOC
sequestration (Sollins et al., 1996; Pulleman and Marinissen, 2003).
Therefore, straw incorporation is widely considered an effective strategy
to reduce SOC mineralization and increase SOC content (Zhang et al.,
2011; Zhang et al., 2014a). However, inconsistent findings have also been
reported. Some studies have suggested that straw returning can stimulate
SOC mineralization, thereby hindering SOC accumulation (Li et al.,
2009; Zhang et al., 2015). For instance, small organic acids released
during straw decomposition may solubilize mineral-bound organic
matter and expose aggregate-protected carbon to microbial degradation,
thereby increasing its bioavailability (Kan et al, 2020). These
contradictory results may stem from variations in straw input rates (Xu
etal,, 2016), the duration of application (Liu et al., 2022), straw treatment
methods (Li et al., 2021; Zhao et al., 2021), and soil characteristics such
as texture and aggregate composition (Wu et al., 2018; Xiao et al., 2018).
Moreover, excessive straw input may lead to microbial competition with
crops for nutrients, organic acid accumulation, and an increase in pest
and disease incidence (Li et al., 2022).

In contrast, straw-derived biochar produced via pyrolysis under
oxygen-limited high-temperature conditions can mitigate these issues. It
eliminates pathogens and pest residues while converting biomass into
chemically stable aromatic carbon (Lehmann, 2007; Lee et al,, 2019).
Biochar is increasingly being recognized as a slow-release carbon source
that improves soil structure, enhances fertility, and promotes crop
growth (Dai et al., 2019; Han et al., 2023). Owing to its high surface area,
porosity, and adsorption capacity, biochar can immobilize organic
carbon, reduce microbial decomposition, and thus lower SOC
mineralization, thereby effectively enhancing soil carbon storage (Kasozi
et al, 2010; Hou et al.,, 2015; Weng et al., 2017). Some studies have
reported that biochar can remain stable in the soil for thousands of years,
providing a long-term carbon sequestration effect (Criscuoli et al., 2017;
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Vineet et al., 2024). Recent studies further indicate that the judicious
application of biochar can simultaneously mitigate CH4; and N,O
emissions and enhance soil fertility, while maintaining environmental
sustainability (Ali et al.,, 2025). Nonetheless, the differential effects of
straw and straw-derived biochar on SOC mineralization across various
agroecosystems remain poorly understood and warrant
further investigation.

Soil microorganisms play a vital role in regulating mineralization
and carbon fixation processes within agroecosystems (Trivedi et al.,
2013). Among them, autotrophic microorganisms are primarily involved
in fixing atmospheric CO,, with ribulose-1,5-bisphosphate carboxylase/
oxygenase (RubisCO) serving as the key enzyme in this process (Tabita,
1999). The cbbL gene encoding the large subunit of RubisCO is widely
used as a molecular marker to assess the diversity of autotrophic, carbon-
fixing microbial communities involved in the Calvin cycle and has been
extensively applied in studies of biological carbon sequestration (Selesi
etal, 2007; Yuan et al., 2013). In parallel, soil microbial communities
mediate most biogeochemical cycles through the secretion of
extracellular enzymes that drive the decomposition and mineralization
of soil organic matter (Liang et al., 2017; Ibrahim et al., 2020). Among
these, sucrase catalyzes the hydrolysis of sucrose into glucose and
fructose, thereby improving the transformation efficiency of soil organic
matter (Wang et al,, 2020). Amylase facilitates the decomposition of
water-insoluble starch into soluble monosaccharides, increasing the
labile carbon fraction in the soil (Su et al., 2019), of which the activity
reflects the metabolic status of soil biomes and the conversion efficiency
of soil carbon (Wang et al., 2020). Cellulase hydrolyzes cellulose into
cellobiose and eventually glucose, serving as an indicator of straw
degradation rate (Wickings et al, 2012). Several studies have
demonstrated that variations in soil enzyme activity are closely correlated
with changes in organic carbon fractions and can serve as early indicators
for predicting trends in soil organic carbon speciation (Ma et al., 2014).
Therefore, investigating the response mechanisms of soil carbon-
converting enzymes, including sucrase, amylase, and cellulase, as well as
carbon sequestering bacteria, to the process of carbon fraction changes
in soil carbon fractions is essential for understanding the microbial and
biochemical pathways involved in carbon cycling following the
incorporation of corn straw and straw-derived biochar in black
soil systems.

As the globally largest traditional agricultural country, China
generates substantial crop straw resources. In 2022 alone, the major crops
produced approximately 864,290,100 tons of straw, with corn straw
accounting for approximately 288 million tons (33.36%) (Liu et al., 2024).
The proportion of corn straw resources in China is extremely high and
is mainly driven by corn production in Northeast China (Zhao et al.,
2024). Currently, straw return is the most common method of straw
resource utilization (Li et al., 2018). Incorporating straw not only
enriches SOC inputs but also alters soil physicochemical properties and
influences microbial community structure and enzymatic activities,
thereby affecting SOC mineralization (Borase et al., 2020). In summary,
the relationship between straw incorporation and soil SOC
mineralization has received considerable attention. However, most
existing studies have primarily focused on the associations between soil
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carbon fractions and SOC mineralization, while lacking a comprehensive
understanding of the soil carbon transformation process after straw
incorporation, particularly from an integration involving soil properties,
carbon-converting enzymes, and microbial communities.

Additionally, while the relationship between straw incorporation
and soil SOC mineralization has garnered significant attention, current
research on the mechanisms of SOC mineralization under straw return
conditions has predominantly focused on general soil bacteria and fungi,
with limited investigation of functional microorganisms specifically
involved in soil carbon metabolism. Particularly noteworthy is the cbbL
gene, which encodes ribulose-1,5-bisphosphate carboxylase/oxygenase
(RubisCO). As a key functional gene involved in microbe-mediated
carbon fixation, it plays a central role in regulating the conversion of soil
inorganic carbon into organic carbon and enhancing soil carbon
sequestration function (Bu et al., 2023). The autotrophic microbial
community represented by the cbbL gene fixes CO, through the Calvin
cycle pathway, significantly influencing the accumulation and stability of
soil organic carbon, thereby serving as a critical link between soil carbon
cycling and microbial functionality (Wang et al., 2024). Therefore, this
study targeted degraded black soils in the agricultural regions of
Northeast China by employing field experiments to assess the effects of
different proportions of corn straw and straw-derived biochar on SOC
mineralization. The analysis encompassed soil physicochemical
properties, carbon fractions, carbon-converting enzyme activities, and
structure of the cbbL bacterial community. The objective of this study
was to elucidate the response of SOC mineralization to various straw
management strategies, thereby contributing to a deeper understanding
of carbon turnover and accumulation mechanisms in Northeast China’s
agroecosystems. These insights are essential for optimizing straw
resource utilization and developing effective carbon sequestration
technologies. This study was conducted to (1) evaluate the changes in soil
carbon fractions, enzyme activities, and cbbL bacterial community
structure following straw and biochar incorporation; (2) determine the
effects of straw and biochar return on SOC mineralization; and (3) assess
the relative importance of abiotic factors in regulating SOC
mineralization under different straw management practices.

2 Materials and methods

2.1 Soils, corn stover, and straw-derived
biochar

The field experiment was conducted at the Experimental Station
of Harbin Normal University, Heilongjiang Province, China (126°33'E,
45°51'N). The region has a typical semi-humid, temperate continental
monsoon climate, with a mean annual temperature of —1 °C, an
average frost-free period of 110 d, and an average annual precipitation
of approximately 450 mm. The experimental site has been under
continuous soybean-corn rotation for the past 17 years, and the soil
type was classified as black soil. The topsoil (0-20 cm) had the
following properties before the experiment: pH 5.42, total N
0.62 g-kg™', available N 27.01 mg-kg™’, total P 0.75 g-kg™', available
P 105.66 mg-kg™', total K 29.90 g-kg™', and available K 121.20 mg-kg™".
The corn straw used in the experiment was collected from maize
harvested in autumn of 2021 at the same site. After natural air-drying,
the straw was cut into 1-5 cm segments with a carbon content of
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40.3% on a dry weight basis. Straw-derived biochar was obtained from
Liyang Activated Carbon Company and produced via the pyrolysis of
corn straw under oxygen-limited conditions at 600 °C for 3 h, with a
dry weight carbon content of 40.5%. Experimental design.

Based on the above-ground corn straw yield (6 t ha™' dry weight)
and its air-dried carbon concentration (40.3%), the total carbon
input from full straw return was estimated at ~ 2,500 kg C ha™'
(6,000 kg x 0.403). Using this value as the target carbon-equivalent
input (2,500 kg C ha™), five treatments were established according
to a randomized complete block design. The treatments included the
blank control with no carbon source (T0), corn straw applied alone
(T1, 5.580 kg), straw-derived biochar applied alone (T2, 5.562 kg),
combined application of corn straw and biochar at a 1:3 ratio (T3,
1.404 kg straw + 4.167 kg biochar), and combined application at a
3:1 ratio (T4, 4.194 kg straw + 1.386 kg biochar). Each treatment plot
measured 9 m? (3 m x 3 m), and a 1 m buffer zone was maintained
around each plot to prevent cross-contamination.

Straw and straw-derived biochar were evenly applied to the soil
surface in October 2021 and 2022, respectively, and were manually
incorporated into the soil to a depth of approximately 20 cm. Prior to
sowing, a one-time basal application of 338 g (equivalent to
375kghm™) of Red Square compound fertilizer (N: P,Os:
K,0O =15:15:15) and 140 g (150 kg-hm™) of urea was applied. No
additional fertilizer was applied during the corn growing season. Corn
(hybrid variety Xingdan 1, with a growth period of 122 d) was sown at
the end of April 2023 and harvested in September. Standard field
management practices were followed throughout the reproductive stage.

2.2 Soil sampling

Soil samples were collected in September 2023, after the corn
harvest. In each plot, 15 sampling points are randomly selected, surface
plant residues were removed, and intact soil cores were extracted from
the 0-20 cm layer using an auger. Five random cores were composited
into a single representative sample, and three soil samples were formed
for each treatment. Seal all soil samples separately in sterile self-sealing
bags and transported to the laboratory in dry ice containers. Upon
arrival, visible crop root residue was removed. A portion of each sample
was immediately sieved through a 1 mm mesh, placed into 50 mL sterile
centrifuge tubes, and stored at —80 °C for subsequent DNA extraction
and high-throughput sequencing. The remaining soil was air-dried and
passed through 2 and 1 mm sieves, respectively, for the determination
of soil physicochemical properties, carbon fractions, cumulative carbon
mineralization, and carbon-converting enzyme activities. All analyses
were performed in triplicate. Basic soil properties and corn yield data
for each treatment are presented in Table 1 and Supplementary Table S1.

2.3 Soil organic carbon fractions

The soil carbon fractions were determined using conventional
chemical methods (Mao et al., 2025). Briefly, the soil OC content was
measured via potassium dichromate oxidation with concentrated
sulfuric acid. Dissolved organic carbon (DOC) was extracted with
distilled water and quantified by external heating with potassium
dichromate. Labile organic carbon (LOC) was assessed by oxidation
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TABLE 1 The soil physicochemical properties of under different treatments.

10.3389/fmicb.2025.1611691

Treatment TN (g-kg™) AN (mg-kg™) TP (g-kg™) AP (mg-kg™?)
TO 5.45 + 0.02A 0.78 + 0.01B 27.30 +0.01B 0.71 + 0.04B 93.36 + 1.31D
T1 540 +0.01B 025+ 0.02E 26.60 +0.01B 0.75 + 0.02AB 110.24 + 0.10B
T2 5.40 + 0.01B 1.05 + 0.06A 25.20 +0.70C 0.76 + 0.04AB 115.52 + 3.13A
T3 539 +0.02B 0.61 +0.09C 28.23 + 0.40A 0.78 + 0.03A 97.07 +2.51C
T4 5.41+0.01B 0.48 +0.09D 27.30 +0.70B 074+ 0.01AB 112.09 + 0.50AB

TN, total nitrogen; AN, alkaline dissolved nitrogen; TP, total phosphorus and AP, quick-acting phosphorus. The values are means + SD (n = 3). Different letters indicate statistical differences at
P <0.05 between five treated soils. T0, the blank control with no carbon source; T1, corn straw applied alone; T2, corn straw-derived biochar applied alone; T3, combined application of corn

straw and biochar at a 1:3 ratio; T4, combined application of corn straw and biochar at a 3:1 ratio.

with 333 mmol-L™! KMnQO,. The microbial biomass carbon (MBC)

was  determined using the chloroform  fumigation-

extraction method.

2.4 Soil C mineralization

Cumulative SOC mineralization was determined following the
procedure described by Shu et al. (2023). Briefly, 10 g of fresh soil was
placed in a 25 mL glass beaker, and another 25 mL beaker containing
15 mL of 1 mol-L™" NaOH solution was positioned adjacent to it inside
a sealed 250 mL plastic incubation jar. The jars were incubated at
25 °C in a constant-temperature chamber for 15 d. During incubation,
CO, released from microbial decomposition was absorbed by the
NaOH solution. After incubation, the residual NaOH was quantified
by titration with 0.1 mol-L™" HCl, and the amount of CO, evolved was
used to quantify the cumulative SOC mineralization.

Equation 1 was used to compute the carbon mineralization efficiency:

CME(mg CO, ~C-g ™! SOC) = Cumulative SOC

mineralization (mg CO,-C-kg™* ) /SOC (g kg ™! ) (1)

where CME indicates the carbon mineralization efficiency, and
SOC indicates the soil organic carbon content.

2.5 Soil carbon-converting enzymes
activity

The activities of soil cellulase (SCL), amylase (SAI), and sucrase (SSC)
were determined using the 3,5-dinitrosalicylic acid (DNS) colorimetric
method, following the procedure described by Guan, 1980. Briefly, 2 g of
air-dried soil was weighed and mixed with 1 mL of toluene, 10 mL of
acetate buffer (pH 5.0), and 10 mL of the corresponding reaction
substrate: 1.0% sodium carboxymethyl cellulose solution for cellulase,
1.0% soluble starch solution for amylase, and 0.35 mol-L™" sucrose
solution for sucrase. The mixtures were incubated in a shaking water bath
at 37 °C for the respective reaction periods followed by filtration. A 2 mL
aliquot of the filtrate was then mixed with 3 mL of DNS reagent, and the
mixture was heated in a boiling water bath for 30 min to allow full color
development. Absorbance was measured at 508 nm using a
spectrophotometer. Enzyme activities were expressed as the amount of
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glucose released per gram of soil after incubation for 72 h for cellulase,
48 h for amylase, and 24 h for sucrase.

2.6 Soil DNA extraction and Illumina-MiSeq
high-throughput sequencing

Genomic DNA was extracted from fresh soil (0.5 g) using the
PowerSoil® DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA,
United States), following the manufacturer’s protocol. DNA purity and
integrity were assessed by 0.8% agarose gel electrophoresis. The carbon
fixation gene c¢bbL was amplified using primers cbbLF
(5-GACTTCACCAAAGACGACGA-3') and cbbLR
(5-TCGAACTTGATTTCTTTCCA-3"). PCR amplification was
performed under the following conditions: initial denaturation at 95 °C
for 5 min, followed by 28 cycles of denaturation at 95 °C for 45s,
annealing at 55 °C for 50 s, and extension at 72 °C for 45 s, and a final
extension at 72 °C for 10 min. Each sample was amplified in triplicate.
The PCR products were purified using the AxyPrep DNA Gel Recovery
Kit (Axygen, United States), and their concentrations were evaluated
using 2% agarose gel electrophoresis. Qualified amplicons were
sequenced on an Illumina MiSeq PE300 platform (Illumina Inc., San
Diego, CA, United States) at Beijing Allwegene Technology Co., Ltd.
Image analysis, base calling, and error estimation were conducted using
the Illumina MiSeq Analysis Pipeline.

Raw sequencing data were subjected to quality control for
sequence recognition, including chimera detection and removal, to
obtain high-quality valid sequences. These sequences were clustered
into operational taxonomic units (OTUs) at a 97% similarity
threshold using the Usearch platform (v2.7.1), and an OTU
abundance matrix was constructed for each sample. OTUs shared
among the samples were identified based on the OTU matrix.
Microbial community richness and evenness were assessed using
Chaol, Observed species, and Shannon diversity indices. Taxonomic
classification of OTUs was performed using QIIME (v1.8.0) against
the SILVA reference database (Release 128/132), and species-level
annotation was conducted at the phylum, class, and genus levels.

2.7 Statistical analysis
The data were compiled and organized using Microsoft Excel

2017, and all graphical values represent the mean values. Analysis of
variance (ANOVA) and post-hoc Duncan’s multiple range tests
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(p <0.05) were conducted to evaluate the differences in soil
properties, carbon fractions (OC, DOC, LOC, and MBC), SOC
mineralization, and carbon-converting enzyme activities (SCL, SAIL,
and SSC). Statistical analyses and visualizations, including bar charts
and stacked histograms, were performed using Origin 2022 to
illustrate differences in SOC mineralization, enzyme activity,
microbial taxonomic composition, and community abundance.
Principal coordinate analysis (PCoA) was used to assess similarities
in the ¢bbL bacterial community structures across treatments.
Redundancy analysis (RDA) was used to identify the soil
environmental factors influencing ¢cbbL community composition.
Mantel tests were used to evaluate the correlations between cbbL
bacterial communities and soil environmental parameters. The
structural equation modeling (SEM) was employed to determine the
direct and indirect effects of soil variables on SOC mineralization.
The multivariate analyses (PCoA, RDA, Mantel, and SEM) were
conducted using R (v4.3.3).

TABLE 2 Changes in soil carbon fractions under different treatments.

10.3389/fmicb.2025.1611691

3 Results and analysis
3.1 Soil carbon fractions

Table 2 showed the changes in soil carbon fractions under different
treatments. Compared to TO, the application of corn straw and straw-
derived biochar at different ratios significantly affected the soil OC,
DOC, and MBC contents (p < 0.05), while no significant differences
were observed in the LOC content across treatments (Table 2).
Specifically, the soil OC content of the T3 and T4 treatments increased
significantly by 29.43 and 20.62%, respectively. The soil DOC content
of the T4 treatment increased significantly by only 64.12%, whereas the
other treatments resulted in a significant decrease. The soil MBC
content of the T1 treatment decreased significantly by 14.73%, but
increased significantly in all other treatments (Table 2).

Compared to T0, the cumulative carbon mineralization in the
soils of the T1 and T3 treatments increased significantly by 13.38

MBC Cumulative C mineralization

(mg CO,-C-kg™)

Treatment LOC (g-kg™) CME (mg CO,-

C-g1SOC)

(mg-kg™)

TO

FIGURE 1

Tl

T2

T3

T4

TO 11.69 + 0.69C 312.19 £ 30.54B 2.65+0.22A 150.88 = 1.19D 899.27 + 74.21B 77.18 £ 9.35AB
T1 12.61 + 1.05 BC 240.93 +£13.57C 2.89 £ 0.13A 128.66 + 0.36E 1019.62 + 72.02A 80.98 £ 4.32A
T2 11.46 + 0.40C 139.13 £ 6.79D 2.78 £ 0.18A 171.58 £ 0.50C 990.00 + 18.35AB 86.55 + 8.45A
T3 15.13 + 1.38A 237.53 £16.97C 2.65+0.25A 221.21 £ 0.48A 1018.68 + 61.03A 67.73 + 6.94B
T4 14.10 + 0.34AB 512.39 £ 13.57A 2.71 £ 0.05A 193.83 £ 1.37B 940.64 + 22.03AB 66.71 £ 0.92B
Different capital letters indicate significant differences at p < 0.05 among treatments, based on the Duncan’ significance difference test.
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Changes of soil carbon-converting enzyme activities under different treatments. SCL (a), SAl (b), and SSC (c). Error bars indicate standard deviation.
Different capital letters indicate significant differences at p < 0.05 among treatments, based on the Duncan'’s significance difference test.
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and 13.28%, respectively (p <0.05; Table 2), whereas no  resulted in the highest increment rate in SCL activity (17.84%),

significant differences were observed for T2 and T4 (Table 2).  whereas T1 exhibited the greatest increment rate in SAI and SSC

Furthermore, the application of corn straw and straw-derived  activities (19.26 and 53.18%). Overall, the order of enzyme

biochar at different ratios did not significantly affect the soil  activity improvement across the four straw return treatments

CME (Table 2). followed the pattern: corn straw > combined straw + straw-
derived biochar > straw-derived biochar (Figure 1).

3.2 Soil carbon-converting activities
3.3 Soil cbbL bacterial community
Variations of soil carbon-converting enzyme activities under ~ Structure

different treatments were presented in Figure 1. Compared to T0,

all treatments involving the application of corn straw and straw- Principal component analysis of soil cbbL bacterial community
derived biochar significantly enhanced the activities of soil SCL,  diversity under different treatments can be observed in Figure 2.
SAI, and SSC (p < 0.05, Figure 1). Among the treatments, T3  Compared to T0, only the T1 treatment significantly increased the
Shannon and Simpson diversity indices (p < 0.05), whereas no
significant changes were observed under other treatments
(Supplementary Figure S1). PCoA 1 and PCoA 2 explained 49.04

and 22.26% of the total variation, respectively (Figure 2). The
o R=0.45 bacterial community structures in all straw and biochar treatments
' ° p=0.041 were significantly separated from those of the control (p < 0.05).
ol . Among them, T1 exhibited significant separation from the other
2 ) treatments (p < 0.05), whereas T2 and T3 showed only partial
g 0.0 * separation (Figure 2).
& ° Figure 3 listed the composition and relative abundance of soil
< . . .
S-0.1 8 P cbbL bacterial community under different treatments. A total of
. @ 5 phyla, 10 classes, and 64 genera were identified from the
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taxa (relative abundance >5%) across all treatments were
Nitrobacter (18-54%), Thioalkalivibrio (8-47%), and Sulfurifustis
(9-20%) (Figure 3B). Compared to TO, Alkalispirillum emerged
as the dominant genus in T1 and T3, with relative abundances of
9 and 6%, respectively, whereas Thiobacillus was predominant in
T1 (7%). The relative abundance of Nitrobacter declined
significantly following the application of various proportions of
corn stover and stover-derived biochar (p < 0.05). In contrast, the
relative abundance of Thioalkalivibrio significantly increased in
T2, T3, and T4 (p<0.05), and that of Sulfurifustis
significantly increased in T1 but declined in T2 and T4 (p < 0.05,
Figure 3B).

Nitrobacter
Thioalkalivibrio 08
Sulfurifustis 0.6
Alkalispirillum 04
Thiobacillus
Marichromatium 02
Brevirhabdus 0
Bradyrhizobium 02
Thiohalobacter L
Acidithiobacillus A
Cupriavidus -0.6
Sulfuritortus . 08
Thiocapsa

CME

Cumulative C
minerazation

FIGURE 4

The correlation heat map of soil physicochemical properties, carbon
fractions and carbon-converting enzyme activities with soil cbbL
bacterial community. *p < 0.05.

10.3389/fmicb.2025.1611691

3.4 Comprehensive analysis of soil
physicochemical properties, carbon
fractions, carbon-converting enzymes, and
cbbL bacterial community structure

3.4.1 Correlation analysis

The correlation heatmap of soil properties, carbon components,
and carbon invertase activity with the cbbL bacterial community
structure shown in Figure 4. It demonstrated that Nitrobacter was
significantly positively correlated with pH (p <0.01) and
significantly negatively correlated with the TP content and
cumulative soil carbon mineralization (p <0.05; Figure 4).
Marichromatium and Thiohalobacter exhibited significant positive
correlations with the LOC content (p <0.05; Figure 4).
Additionally, Acidithiobacillus was positively correlated with SAI
and SSC activities (p < 0.05; Figure 4).

The correlation heatmap of soil properties, carbon components, and
cbbL bacterial community diversity was presented in Figure 5. It
indicated that the Observed species index was significantly positively
correlated with MBC content (p < 0.05), while the Shannon index was
significantly negatively correlated with DOC content (p <0.05).
Additionally, the Simpson index demonstrated a significant negative
correlation with MBC content (p < 0.05; Supplementary Figure S2). The
Mantel test further indicated that soil OC and MBC were significantly
negatively correlated with cumulative soil carbon mineralization
(p <0.05). Soil pH was significantly negatively correlated with the TP
content (p < 0.05). Moreover, significant positive correlations were
observed between SCL and SAI activities and between SCL and SAI
with SSC activity (p < 0.05; Figure 5).

3.4.2 Structural equation model analysis
Figure 6 presented the result of Structural Equation Modeling
(SEM) analysis. SEM revealed that the application of corn straw

cbbL bacterial

community structure

FIGURE 5
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biochar. Red solid arrows indicate significant paths. Black arrows represent tested, but not significant paths. The arrow width is proportional to the
strength of the relationship. Goodness-of fit statistics for the model are shown below the model. *p < 0.05, **p < 0.01.

exerted a significant positive influence on soil carbon-converting
enzyme activities (p < 0.01) and on the SOC mineralization (p < 0.05;
Figure 6). In contrast, straw-derived biochar significantly enhanced
the structure of the cbbL bacterial community (p < 0.01) but negatively
affected the activity of carbon-converting enzymes (p < 0.01; Figure 6).
Additionally, soil physicochemical properties had a significant positive
effect on enzyme activities (p < 0.01), which positively influenced soil
carbon components (p < 0.01). Notably, the accumulation of soil
carbon components exhibited a significant negative effect on SOC
mineralization (p <0.01), indicating a suppressive feedback
mechanism within the soil carbon cycle (Figure 6).

4 Discussion

4.1 Effects of different proportions of corn
straw and straw-derived biochar on soil
carbon fractions

In the context of soil fertility assessment, although active
organic carbon fractions, such as LOC, DOC, and MBC, comprise
only a small proportion of total soil OC, they are more sensitive
indicators of OC dynamics (Yu et al., 2007). LOC demonstrates a
high sensitivity to environmental fluctuations and is closely
associated with soil functional properties (Zhang et al., 2014b).

Frontiers in Microbiology

DOC serves as a mobile carbon source and an essential energy
source for microbial activity, playing a pivotal role in
biogeochemical cycling of soil carbon (Cressey et al., 2018). MBC
represents the most dynamic component of soil organic matter,
reflecting both microbial abundance and metabolic potential
(Moura et al., 2018). Collectively, variations in these fractions
indicate changes in the stability and turnover of soil OC (Shu et al.,
2023). Straw return practices generally improve soil structure and
promote carbon sequestration, thereby altering the composition of
soil organic carbon fractions (Six et al., 2000). In this study,
although the application of corn straw or straw-derived biochar
alone did not significantly influence the soil OC content, their
co-application resulted in a substantial increase (Table 2), which
partially diverges from previous findings, likely because of the
differences in straw type, incorporation timing, and soil
characteristics (Six et al., 2000; Cressey et al., 2018; Moura et al.,
2018; Shu et al., 2023; ElDesouki et al., 2024; Li et al., 2025; Yuan
et al,, 2025). In terms of active soil organic carbon fractions, our
results indicated that the application of varying proportions of
corn straw and straw-derived biochar did not significantly affect
the soil LOC content in the degraded black soil area. However,
their co-application significantly increased DOC and MBC levels,
except in the treatment with a 1:3 corn straw to biochar ratio
(Table 2). These findings suggested that the co-application provided
a more bioavailable and readily utilizable carbon source, thereby
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enhancing microbial biomass. This increase in microbial activity
may contribute to the observed increase in total soil organic
carbon following the combined application of corn straw and
straw-derived biochar.

In this study, the cumulative mineralization of SOC significantly
increased following the application of corn straw, whereas no significant
changes were observed with the straw-derived biochar treatment
(Table 2). Agronomic performance indicators, including plant height,
stem thickness, thousand-grain weight, fresh yield, and dry yield, were
significantly enhanced under corn straw application compared to other
straw return treatments (Supplementary Table S1). This may
be attributed to the fact that under equal carbon input conditions, corn
straw can promote rapid SOC mineralization, thereby accelerating soil
carbon cycling and making nutrients more readily available for plant
growth and development (Wang C. Y. et al., 2023). In contrast, straw-
derived biochar appears to be more effective at promoting long-term
carbon sequestration in soils (Vineet et al., 2024). Furthermore, SEM
confirmed that corn straw exerted a direct and positive effect on SOC
mineralization (Figure 6), which is consistent with the observed increase
in mineralization following straw addition and the lack of significant
changes under biochar treatment.

4.2 Effects of application of different
proportions of corn straw and
straw-derived biochar on soil
carbon-converting enzymes and cbblL
bacterial community structure

Numerous studies have demonstrated that enzymes function as
sensitive indicators of microbial activity and serve as critical
intermediaries that link microbial metabolism to soil carbon cycling
(Ashraf et al.,, 2021; Hu et al,, 2023). In this study, the application of
corn straw and straw-derived biochar, whether applied individually or
in combination, significantly enhanced the activity of three key
carbon-converting enzymes: soil SCL, SAI, and SSC (Figure 1). This
finding is consistent with previous research showing that straw
incorporation can promote enzyme activity, likely because of the
external carbon sources provided by straw and biochar, which
stimulate enzymatic reactions by increasing available substrates and
offering additional binding sites for enzyme activity (Jiao et al., 2015;
Bo et al., 2017). Moreover, the enhancement of enzyme activity
followed a consistent trend: the highest under corn straw application,
followed by the co-application of straw and biochar, and the lowest
under the biochar-only treatment (Figure 1). This represents a novel
finding in this study. A possible explanation could be that compared
with straw-derived biochar rich in recalcitrant aromatic carbon, corn
straw contained more labile carbon forms, such as polysaccharides,
which were more readily decomposed by microorganisms. This rapid
degradation supplies a greater abundance of substrates for soil carbon-
converting enzymes, thereby facilitating enhanced carbon
transformation processes (Li et al, 2023; Sun and Han, 2024).
Therefore, we speculated that under equal carbon input, a higher
proportion of corn straw in the applied carbon source could lead to
enhanced activity of soil carbon-transforming enzymes. This
hypothesis is supported by the SEM established in this study, which
revealed that corn straw application exerted a direct positive effect on
enzyme activity, whereas straw-derived biochar application had a
direct negative effect (Figure 6).
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The soil cbbL bacterial community is a key driver of soil carbon
cycling and plays a vital role in carbon uptake and utilization by
crops, whereas its diversity is essential for maintaining soil health
and quality (Yuan et al., 2012a; Qin et al., 2021). In this study, all
straw return treatments significantly altered the composition of the
cbbL bacterial community, with a notable decrease in the relative
abundance of the dominant class Alphaproteobacteria and genus
Nitrobacter (Figure 3). These findings are consistent with those of
previous studies indicating that both corn straw and straw-derived
biochar can reshape soil microbial communities (Yuan et al,
2012b; Wang X. J. et al., 2023). At the same time, we found that soil
pH was significantly positively correlated with the relative
abundance of Nitrobacter (Figure 4). This may be due to the fact
that soil Nitrobacter is greatly affected by pH changes, and the
application of straw and straw-derived biochar can lead to soil
acidification, which may reduce their ability to compete with other
bacterial taxa, which in turn shows a decrease in the relative
abundance of soil Nitrobacter. Furthermore, the bacterial
community structures following the application of biochar alone
or in combination with straw were more similar, and both differed
significantly from the community structure observed under straw-
only treatment (Figure 2). Notably, the relative abundance of
Thiobacillus significantly increased under biochar treatments,
emerging as a new dominant genus (Figure 3). These results
indicate that different carbon sources have different effects on soil
microorganisms, and straw-derived biochar may have a more
profound effect on the composition and abundance of soil cbbL
bacterial communities than corn straw. This may be because
biochar has high porosity, large specific surface area, and rich
functional groups, and its application to soil can provide a stable
microenvironment for autotrophs and enhance their attachment
and metabolic activity, resulting in different compositions and
concentrations of soil cbbL bacterial degradable substrates (Weng
et al., 2017). This speculation was further supported by the SEM
results, which indicated that biochar application had a direct
positive effect on the diversity of the cbbL bacterial community,
while corn straw did not significantly affect the microbial diversity
(Figure 6). In addition, we confirmed that the application of
biochar had a significant positive effect on the change of soil
carbon-converting enzymes activity (Figure 6). In the correlation
heat map, it was found that the dominant genus Acidithiobacillus
was significantly correlated with soil SAI and SSC activities
(Figure 4). Therefore, we speculate that the application of biochar
to soil may provide a more suitable environment for soil
microorganisms through the physical characteristics of biochar
itself, and these changes potentially change the functional genes of
soil carbon sequestration, which in turn affects the enzymes related
to the soil carbon cycle, and significantly affects the carbon fixation
pathway of soil microorganisms and the bacterial community
structure of soil carbon sequestration.

4.3 Impact of soil carbon content, cbbL
bacterial community structure, and carbon
transformation enzyme activity on soil
organic carbon mineralization

The process of soil carbon mineralization can be regulated by
multiple environmental factors (He et al., 2024). Our SEM results
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demonstrated that both corn straw and straw-derived biochar
application significantly influenced the activity of soil carbon-
converting enzymes (Figure 6). These enzyme activities directly and
positively affected the soil carbon component levels, which
significantly drove SOC mineralization. This finding contrasts with
those of previous studies, where organic carbon mineralization
following exogenous carbon input was primarily mediated by
microbial communities (He et al., 2024; Ren et al., 2024). In the
degraded black soil region examined in this study, the short-term
incorporation of straw and biochar likely increased the availability of
substrates for carbon-converting enzymes, thereby triggering
enzymatic responses that subsequently altered the carbon fractions
and promoted carbon mineralization. VPA identified soil carbon-
converting enzymes as the dominant contributors to soil carbon
mineralization (Supplementary Figure S3). Additionally, a significant
negative correlation between soil OC and MBC contents and
cumulative carbon mineralization (Figure 5) further validated the
SEM findings. Notably, neither the SEM nor the Mantel test revealed
a significant association between the structure of the soil cbbL
bacterial community and organic carbon mineralization (Figures 5,
6). This diverged from prior research (Wang et al., 2025), suggesting
that in this specific degraded black soil system in Northeast China,
shifts in soil carbon mineralization may not be driven by microbial
carbon fixation pathways such as CO, or CH, assimilation.
Furthermore, we observed that the composition and diversity of the
cbbL bacterial community were significantly positively correlated with
LOC, MBC, TN, and TP (Figure 4; Supplementary Figure S2). Soils
with a higher microbial diversity can support more robust microbial
functions, thereby enhancing nutrient cycling (Louca et al., 2018;
Maron et al., 2018), which may further explain the patterns observed
in this study. Although this study preliminarily revealed the effects of
different ratios of corn straw and straw biochar on soil carbon
conversion, the priming effect (PE) triggered by exogenous carbon
input has not been fully evaluated. However, the direction and
amplitude of PE and its microbial driving mechanism are key
prerequisites for accurately predicting the long-term carbon
sequestration potential of soil. Unfortunately, under the field test scale,
the PE induced by straw returning shows high spatiotemporal
variability, unpredictability and strong environmental dependence,
which is regulated by the coupling of multiple factors such as straw
chemical composition, soil background attributes, climate fluctuation
and timing of returning, which makes it difficult to systematically
deduce the existing results to the complex and diverse straw returning
scenarios in the black soil region of China, which limits the in-depth
scale simulation of its carbon

analysis and regional

sequestration mechanism.

5 Conclusion

Although the effects of varying proportions of corn straw and
straw-derived biochar on SOC, DOC, and MBC differed, all
treatments involving their combined application resulted in significant
SOC
mineralization increased significantly only when corn straw was

increases in these carbon components. Cumulative
applied alone or in combination with straw-derived biochar at a 1:3
ratio. The differentiation and structural changes in the soil cbbL

bacterial community were primarily driven by the application of
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straw-derived biochar, whereas the enhancement of soil carbon-
converting enzyme activity was driven by both corn straw and its
derived biochar. Moreover, the co-application of these two carbon
sources directly altered soil carbon composition and SOC
mineralization by stimulating carbon-converting enzyme activity.
Collectively, these findings suggest that corn straw and straw-derived
biochar amendments adopt distinct strategies to improve soil carbon
composition, yet both enhance soil quality and the carbon pool.
Nevertheless, after comprehensively accounting for the energy inputs
and economic costs of biochar production, full-rate direct straw
return retains a comparative advantage in simultaneously increasing
crop yield and soil quality.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: Genome Sequence Archive
(GSA) under accession number CRA031120.

Author contributions

JL: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Software, Visualization, Writing -
original draft, Writing - review & editing. QR: Data curation,
Formal analysis, Investigation, Methodology, Software, Writing -
review & editing. HY: Data curation, Investigation, Software,
Writing - review & editing. XW: Data curation, Validation,
Writing - review & editing. YY: Data curation, Investigation,
Writing - review & editing. ZY: Funding acquisition, Project
administration, Resources, Supervision, Writing - review &
editing. XB: Funding acquisition, Project administration,
Resources, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work is supported by
the Harbin Normal University Science and Technology Innovation
Climbing Program (XKB202404).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1611691
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim

References

Ahirwal, J., Maiti, S. K., and Singh, A. K. (2017). Changes in ecosystem carbon pool
and soil CO, flux following post-mine reclamation in dry tropical environment, India.
Sci. Total Environ. 583, 153-162. doi: 10.1016/j.scitotenv.2017.01.043

Ali, I, Shah, M. A, Ullah, S., Igbal, A., Ahmad, R., Yang, M., et al. (2025). Responses
of methane and nitrous oxide emissions and soil methanogenic community composition
to biochar and nitrogen fertilizer in rice field. J. Environ. Inform. 46, 73-86. doi:
10.3808/j€i.202500543

Ashraf, M. N, Jusheng, G., Lei, W., Mustafa, A., Waqas, A., Aziz, T., et al. (2021).
Soil microbial biomass and extracellular enzyme-mediated mineralization potentials
of carbon and nitrogen under long-term fertilization (> 30 years) in a rice-rice
cropping system. J. Soils Sediments 21, 3789-3800. doi: 10.1007/S11368-021-03048-0

Bo, G. D, Shen, G. M., Chen, X,, Zhang, Z. F, Xu, J. L., Gao, L., et al. (2017). Effect of
straw returning on soil enzyme activities and diversity of bacterial communities in
tobacco planting fields. Chin. Tob. Sci. 38, 53-58. doi:
10.13496/j.issn.1007-5119.2017.01.009

Borase, D. N, Nath, C. P,, Hazra, K. K., Senthilkumar, M., Singh, S. S., Praharaj, C. S.,
etal. (2020). Long-term impact of diversified crop rotations and nutrient management
practices on soil microbial functions and soil enzymes activity. Ecol. Indic. 114:106322.
doi: 10.1016/j.ecolind.2020.106322

Bu, L., Peng, Z., Tian, J., Zhang, X., Chen, W., An, D., et al. (2023). Core autotrophic
microbes drive functional stability of soil cbbL-containing autotrophic microbes
during desertification. Appl. Soil Ecol. 190:105027. doi: 10.1016/J. APSOIL.2023.105027

Chen, M. M,, Zhang, S. R,, Liu, L., Liu, J. G., and Ding, X. D. (2022). Organic
fertilization increased soil organic carbon stability and sequestration by improving
aggregate stability and iron oxide transformation in saline-alkaline soil. Plant Soil 474,
233-249. doi: 10.1007/s11104-022-05326-3

Cox, P. M., ABetts, R., Jones, C. D., Spall, S. A., and Totterdell, I. J. (2000). Acceleration
of global warming due to carbon-cycle feedbacks in a coupled climate model. Nature
408, 184-196. doi: 10.1038/35041539

Cressey, E. L., Dungait, J. A. ], Jones, D. L., Nicholas, A. P, and Quine, T. A. (2018).
Soil microbial populations in deep floodplain soils are adapted to infrequent but regular
carbon  substrate addition.  Soil  Biol.  Biochem. 122, 60-70. doi:
10.1016/j.s0ilbio.2018.04.001

Criscuoli, I., Alberti, G., Baronti, S., Favilli, F., Martinez, C., Calzolari, C., et al. (2017).
Carbon sequestration and fertility after centennial time scale incorporation of charcoal
into soil. PLoS One 9:¢91114. doi: 10.1371/journal.pone.0091114

Dai, Y. ], Zhang, N. X,, Xing, C. M., Cui, Q. X,, and Sun, Q. Y. (2019). The adsorption,
regeneration and engineering applications of biochar for removal organic pollutants: a
review. Chemosphere 223, 12-27. doi: 10.1016/j.chemosphere.2019.01.161

ElDesouki, Z., Li, Y. X., Abd-Elkader, A. M., Riaz, M., Wang, J. Y., Babar, S., et al.
(2024). Alterations of bacterial community related C cycle by affecting soil carbon
fractions under aged biochar application. Soil Use Manag. 40:e13075. doi:
10.1111/SUM.13075

Guan, S. Y. (1980). Soil enzymes and soil fertility. Soil Commun., 1, 41-44. doi:
10.19336/j.cnki.trtb.1980.06.014

Han, M. X,, Zhang, J. S., Zhang, L., and Wang, Z. G. (2023). Effect of biochar addition
on crop yield, water and nitrogen use efficiency: a meta-analysis. J. Clean. Prod.:420. doi:
10.1016/].JCLEPRO.2023.138425

He, C., Harindintwali, J. D., Cui, H., Zheng, W. W,, Zhu, Q. Y., Chang, S. X,, et al.
(2024). Decoupled fungal and bacterial functional responses to biochar amendment
drive rhizosphere priming effect on soil organic carbon mineralization. Biochar 6:84.
doi: 10.1007/542773-024-00376-5

Hou, X. N,, Li, H,, Zhu, L. B,, Han, Y. L,, Tang, Z., Li, Z. E, et al. (2015). Effects of
biochar and straw additions on lime concretion black soil aggregate composition and
organic  carbon  distribution.  Sci.  Agric.  Sin. 48, 705-712.  doi:
10.3864/j.issn.0578-1752.2015.04.08

Hu, M. J., Wang, J. L., Lu, L. L., Shao, P. S., Zhou, Z. X., Wang, D., et al. (2023). Post-fire
soil extracellular enzyme activities in subtropical-warm temperate climate transitional
forests. Land Degrad. Dev. 34, 1973-1983. doi: 10.1002/1dr.4582

Frontiers in Microbiology

11

10.3389/fmicb.2025.1611691

that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/
full#supplementary-material

Ibrahim, M. M., Tong, C. X., Hu, K., Zhou, B. Q,, and Mao, Y. L. (2020). Biochar-
fertilizer interaction modifies N-sorption, enzyme activities and microbial functional
abundance regulating nitrogen retention in rhizosphere soil. Sci. Total Environ.
739:140065. doi: 10.1016/j.scitotenv.2020.140065

Jiao, L. N., Li, Z. H., Yin, C. C,, Cui, Y. M., and Zhang, T. (2015). Effects of different
stalk returned depth on soil humus and soil enzyme in black soil. Soil Fertil. Sci. China
2,17-21. doi: 10.11838/sfsc.20150204

Kan, Z. R, Liu, W. X,, Liu, W. S., He, C., Bohoussou, N. Y., Dang, Y. P, et al. (2021).
Sieving soil before incubation experiments overestimates carbon mineralization but
underestimates temperature sensitivity. Sci. Total Environ. 806:150962. doi:
10.1016/j.scitotenv.2021.150962

Kan, Z. R, Virk, A. L, Wu, G., Qi, ]. Y, Ma, S. T., Wang, X,, et al. (2020). Priming effect
intensity of soil organic carbon mineralization under no-till and residue retention. Appl.
Soil Ecol. 147:103445. doi: 10.1016/j.apsoil.2019.103445

Kasozi, G. N., Zimmerman, A. R., Nkedi-Kizza, P., and Gao, B. (2010). Catechol and
humic acid sorption onto a range of laboratory-produced black carbons (biochars).
Environ. Sci. Technol. 44, 6189-6195. doi: 10.1021/es1014423

Lal, R. (2004). Soil carbon sequestration impacts on global climate change and food
security. Science 304, 1623-1627. doi: 10.1126/science.1097396

Lal, R. (2010). Sequestering carbon in soils of agro-ecosystems. Food Policy 36, S33-
$39. doi: 10.1016/j.foodpol.2010.12.001

Lee, ., Sarmah, A. K., and Kwon, E. E. (2019). Production and formation of biochar.
Biochar from Biomass and Waste. Fundamentals and Applications. Amsterdam,
Netherlands: Elsevier, 3-18.

Lehmann, J. (2007). A handful of carbon. Nature 447, 143-144. doi: 10.1038/447143a

Li, M. J,, Chen, T., Hong, X. M., Yu, T. W,, and Hu, Y. L. (2021). Effects of adding
exogenous carbon with different chemical structure on the dynamics of organic carbon
mineralization in red and sandy soils. Chin. J. Ecol. 40, 1609-1617. doi:
10.13292/j.1000-4890.202106.002

Li, H., Dai, M. W,, Dai, S. L., and Dong, X. . (2018). Current status and environment
impact of direct straw return in China’s cropland - a review. Ecotoxicol. Environ. Saf.
159, 293-300. doi: 10.1016/j.ecoenv.2018.05.014

Li, Z. P, Liu, M., Wu, X. C,, Han, E X,, and Zhang, T. L. (2009). Effects of long-term
chemical fertilization and organic amendments on dynamics of soil organic C and total
N in paddy soil derived from barren land in subtropical China. Soil Tillage Res. 106,
268-274. doi: 10.1016/j.5til1.2009.12.008

Li, X,, Luo, L. H,, Zhou, Y., Yang, D. Q., Wang, P, and Li, S. (2022). Effects of straw
returning on soil active organic carbon components and enzyme activities in rice-rape
rotation. Acta Agric. Boreali-Sin. 37, 124-131. doi: 10.7668/hbnxb.20193054

Li, J. K, Qiu, C. S,, Zhao, J. Q,, Wang, C. C,, Liu, N. N,, Wang, D,, et al. (2023).
Properties of biochars prepared from different crop straws and leaching behavior of
heavy metals. Environ. Sci. 44, 540-548. doi: 10.13227/j.hjkx.202201231

Li, L., Yang, J. K., Yu, Y. L., Shakoor, A., Virk, A. L., Li, E. M, et al. (2025). Crop straw
converted to biochar increases soil organic carbon but reduces available carbon. Eur. J.
Agron. 164:127499. doi: 10.1016/].EJA.2024.127499

Liang, C., Schimel, J. P, and Jastrow, J. D. (2017). The importance of anabolism in
microbial control over soil carbon storage. Nat. Microbiol. 2:17105. doi:
10.1038/nmicrobiol.2017.105

Liu, B, Xia, H,, Jiang, C. C,, Riaz, M., Yang, L., Chen, Y. E, et al. (2022). 14 year
applications of chemical fertilizers and crop straw effects on soil labile organic carbon
fractions, enzyme activities and microbial community in rice-wheat rotation of middle
China. Sci. Total Environ. 841:156608. doi: 10.1016/].SCITOTENV.2022.156608

Liu, J. J,, Yan, X. B., Zhang, M. Y, Liu, T. S., and Sun, Z. M. (2024). Analysis of yield
distribution and utilization of crop straw resources in China. J. Agric. Resour. Environ.
42,751-760. doi: 10.13254/j.jare.2024.0184

Louca, S., Polz, M. E, Mazel, E, Albright, M. B. N., Huber, J. A., O'Connor, M. I, et al.
(2018). Function and functional redundancy in microbial systems. Nat. Ecol. Evol. 2,
936-943. doi: 10.1038/s41559-018-0519-1

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1611691
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1611691/full#supplementary-material
https://doi.org/10.1016/j.scitotenv.2017.01.043
https://doi.org/10.3808/jei.202500543
https://doi.org/10.1007/S11368-021-03048-0
https://doi.org/10.13496/j.issn.1007-5119.2017.01.009
https://doi.org/10.1016/j.ecolind.2020.106322
https://doi.org/10.1016/J.APSOIL.2023.105027
https://doi.org/10.1007/s11104-022-05326-3
https://doi.org/10.1038/35041539
https://doi.org/10.1016/j.soilbio.2018.04.001
https://doi.org/10.1371/journal.pone.0091114
https://doi.org/10.1016/j.chemosphere.2019.01.161
https://doi.org/10.1111/SUM.13075
https://doi.org/10.19336/j.cnki.trtb.1980.06.014
https://doi.org/10.1016/J.JCLEPRO.2023.138425
https://doi.org/10.1007/S42773-024-00376-5
https://doi.org/10.3864/j.issn.0578-1752.2015.04.08
https://doi.org/10.1002/ldr.4582
https://doi.org/10.1016/j.scitotenv.2020.140065
https://doi.org/10.11838/sfsc.20150204
https://doi.org/10.1016/j.scitotenv.2021.150962
https://doi.org/10.1016/j.apsoil.2019.103445
https://doi.org/10.1021/es1014423
https://doi.org/10.1126/science.1097396
https://doi.org/10.1016/j.foodpol.2010.12.001
https://doi.org/10.1038/447143a
https://doi.org/10.13292/j.1000-4890.202106.002
https://doi.org/10.1016/j.ecoenv.2018.05.014
https://doi.org/10.1016/j.still.2009.12.008
https://doi.org/10.7668/hbnxb.20193054
https://doi.org/10.13227/j.hjkx.202201231
https://doi.org/10.1016/J.EJA.2024.127499
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1016/J.SCITOTENV.2022.156608
https://doi.org/10.13254/j.jare.2024.0184
https://doi.org/10.1038/s41559-018-0519-1

Lietal.

Ly, Y. C,, Xue, L. J,, Yin, Y. E, Gao, R., Ma, H. L,, and Yang, Y. S. (2013). Distribution
of fresh carbon in aggregate fractions of different soil types. Acta Pedol. Sin. 50, 534-539.
doi: 10.11766/trxb201206180239

Ma, R,, An, S., Dang, T,, and Dai, X. (2014). Soil organic carbon and enzymatic activity
in aggregates of soils under different plant communities in hilly-gully regions of loess
plateau. Acta Pedol. Sin. 51, 104-113. doi: 10.11766/trxb201302050071

Mao, X. Y., Shen, Y. Y,, Chu, J. Z,, Xu, G. P,, Wang, Z. H., Cao, Y., et al. (2025). Effects
of simulated nitrogen deposition on soil organic carbon fractions and carbon pool
management indicators in mid-subtropical eucalyptus plantations. Environ. Sci. 46,
1032-1045. doi: 10.13227/]. HJKX.202401166

Maron, P. A, Sarr, A., Kaisermann, A., Lévéque, J., Mathieu, O., Guigue, J., et al.
(2018). High microbial diversity promotes soil ecosystem functioning. Appl. Environ.
Microbiol. 84, €02738-e02717. doi: 10.1128/ AEM.02738-17

Moura, R. T. A,, Carrido, M. S., Sousa, C. S., Menezes, R. S. C., and Sampaio, E. V. S.
B. (2018). Comparison of methods to quantify soil microbial biomass carbon. Acta Sci.
Agron. 40, —e39451. doi: 10.4025/actasciagron.v40i1.39451

Pulleman, M. M., and Marinissen, J. C. Y. (2003). Physical protection of mineralizable
C in aggregates from long-term pasture and arable soil. Geoderma 120, 273-282. doi:
10.1016/j.geoderma.2003.09.009

Qin, S. Q, Kou, D., Mao, C., Chen, Y. L., Chen, L. Y, and Yang, Y. H. (2021).
Temperature sensitivity of permafrost carbon release mediated by mineral and microbial
properties. Sci. Adv. 7:eabe3596. doi: 10.1126/sciadv.abe3596

Ren, C. Q, Li, G, Wu, D. M,, Zou, Y. K, Li, Q. E, Tian, Y. ], et al. (2024). Stand
development reduces soil carbon mineralization in rubber plantations through
regulating microbial metabolic strategy and substrate availability. Ind. Crop. Prod.
218:118955. doi: 10.1016/].INDCROP.2024.118955

Roberto, M., Sara, M., Paola, B., Emanuele, R., and Enio, C. (2015). Organic mulching,
irrigation and fertilization affect soil CO, emission and C storage in tomato crop in the
Mediterranean environment. Soil Tillage Res. 152, 39-51. doi: 10.1016/j.still.2015.04.001

Selesi, D., Pattis, I., Schmid, M., Kandeler, E., and Hartmann, A. (2007). Quantification
of bacterial RubisCO genes in soils by cbbL targeted real-time PCR. J. Microbiol. Methods
69, 497-503. doi: 10.1016/j.mimet.2007.03.002

Shu, X. Y, Hu, Y. E, Liu, W. ], Xia, L. L., Zhang, Y. Y., Zhou, W. Y,, et al. (2023).
Linking between soil properties, bacterial communities, enzyme activities, and soil
organic carbon mineralization under ecological restoration in an alpine degraded
grassland. Front. Microbiol. 14:1131836. doi: 10.3389/fmicb.2023.1131836

Six, J., Elliott, E. T., and Paustian, K. (2000). Soil macroaggregate turnover and
microaggregate formation: a mechanism for C sequestration under no-tillage
agriculture. Soil Biol. Biochem. 32, 2099-2103. doi: 10.1016/S0038-0717(00)00179-6

Sollins, P., Homann, P, and Caldwell, B. A. (1996). Stabilization and destabilization of
soil organic matter: mechanisms and controls. Geoderma 74, 65-105. doi:
10.1016/S0016-7061(96)00036-5

Song, D., Hou, S. P,, Wang, X. B, Liang, G. Q., and Zhou, W. (2018). Nutrient resource
quantity of crop straw and its potential of substituting. J. Plant Nutr. Fertil. 24:21. doi:
10.11674/zwyf.17348

Su, W. Y,, Ma, W. W,, Li, G., Wu, J. Q,, and Xu, Y. Z. (2019). Dynamic characteristics
of soil sucrase and amylase activities during vegetation degradation in Gahai wetland.
Acta Agrestia Sin. 27, 88-96. doi: 10.11733/j.issn.1007-0435.2019.01.012

Sun, R. F, and Han, G. X. (2024). A comprehensive review of multi-scale mechanisms
of soil carbon mineralization: from micro processes to macro ecosystems. Geogr. Res.
Bull. 3, 471-498. doi: 10.50908/GRB.3.0_471

Tabita, E. R. (1999). Microbial ribulose 1,5-bisphosphate carboxylase/oxygenase: a
different perspective. Photosynth. Res. 60, 1-28. doi: 10.1023/A:1006211417981

Tian, S. Z., Wang, Y., Li, N., Ning, T. Y., Wang, B. W, Zhao, H. X,, et al. (2013). Effects
of different tillage and straw systems on soil water-stable aggregate distribution and
stability in the North China plain. Acta Ecol. Sin. 33, 7116-7124. doi:
10.5846/stxb201207261062

Trivedi, P, Anderson, I. C., and Singh, B. K. (2013). Microbial modulators of soil
carbon storage: integrating genomic and metabolic knowledge for global prediction.
Trends Microbiol. 21, 641-651. doi: 10.1016/j.tim.2013.09.005

Vineet, U., Kumar, C. K., and Bhushan, A. S. (2024). Use of biochar as a sustainable
agronomic tool, its limitations and impact on environment: a review. Discov. Agric. 2:20.
doi: 10.1007/544279-024-00033-2

Wang, Y., Huang, Y, Li, N., Huang, Q., Wang, B., and An, S. (2024). Longitudinal
distributions of CO,-fixing bacteria in forest soils and their potential associations with
soil multifunctionality. Eur. J. Soil Biol. 123:103689. doi: 10.1016/j.ejsobi.2024.103689

Frontiers in Microbiology

12

10.3389/fmicb.2025.1611691

Wang, C. Y, Liang, Y, Liu, J. Z., Yuan, J. C,, Ren, J., Geng, Y. D, et al. (2023). The
relationship of soil organic carbon and nutrient contents to maize yield as affected by
maize straw return modes. Appl. Sci. 13:12448. doi: 10.3390/app132212448

Wang, E. C., Wang, X. L., Duan, J. ., Yang, S. W., Wei, J., Yang, S. M., et al. (2025). The
impact of straw and its post-pyrolysis incorporation on functional microbes and
mineralization of organic carbon in yellow paddy soil. PLoS One 20:€0314984. doi:
10.1371/JOURNAL.PONE.0314984

Wang, H. Y., Wy, J. Q, Li, G., and Yan, L. J. (2020). Changes in soil carbon fractions
and enzyme activities under different vegetation types of the northern loess plateau.
Ecol. Evol. 10, 12211-12223. doi: 10.1002/ece3.6852

Wang, X. J., Xie, L., and Xu, L. L. (2023). Soil bacterial community structure and
function under the substitution of chemical fertilizer with maize straw. Agronomy
13:1401. doi: 10.3390/AGRONOMY 13051404

Weng, Z. H., Van Zwieten, L., Singh, B. P, Tavakkoli, E., Joseph, S., Macdonald, L. M.,
et al. (2017). Biochar built soil carbon over a decade by stabilizing rhizodeposits. Nat.
Clim. Chang. 7, 371-376. doi: 10.1038/nclimate3276

Wickings, K., Grandy, A. S., Reed, S. C., and Cleveland, C. C. (2012). The origin of
litter chemical complexity during decomposition. Ecol. Lett. 15, 1180-1188. doi:
10.1111/j.1461-0248.2012.01837.x

‘Wu, D., Senbayram, M., Zang, H. D,, Ugurlar, E, Aydemir, S., Briiggemann, N, et al.
(2018). Effect of biochar origin and soil pH on greenhouse gas emissions from sandy
and clay soils. Appl. Soil Ecol. 129, 121-127. doi: 10.1016/j.apsoil.2018.05.009

Xiao, D., Huang, Y., Feng, S. Z., Ge, Y. H.,, Zhang, W,, He, X. Y,, et al. (2018). Soil
organic carbon mineralization with fresh organic substrate and inorganic carbon
additions in a red soil is controlled by fungal diversity along a pH gradient. Geoderma
321, 79-89. doi: 10.1016/j.geoderma.2018.02.003

Xu, J. L., Hu, N. ], Zhang, Z. W, and Zhu, L. Q. (2016). Effects of continuous straw
returning on soil nutrients and carbon pool in rice-wheat rotation system. Soil 48,
71-75. doi: 10.13758/j.cnki.tr.2016.01.011

Yu, W. T, Ma, Q,, Zhao, X., Zhou, H., and Li, J. D. (2007). Changes of soil active
organic carbon pool under different land use types. Chin. J. Ecol., 26, 2013-2016.
Available online at: https://kns.cnki.net/kcms2/article/abstract?v=45FX-MmhZ-FytPR
WZCnpJ1YyvgbrZA8OxHmR_9iDd4d2E18Nw5UM9pyylIwvToDKu8AFQ3gfPXfi5Z
nDEpMThnifculcOkMm8k1vXmeQ8RKmqAXx06JM-FZfMDI3b783h8{Sw-wRyyWqc7
eqT9j2R6Kbea]MYNilO&uniplatform=NZKPT

Yuan, H. Z,, Ge, T. D., Chen, C. Y., O'Donnell, A. G., and Wu, J. S. (2012a). Significant
role for microbial autotrophy in the sequestration of soil carbon. Appl. Environ.
Microbiol. 78, 2328-2336. doi: 10.1128/AEM.06881-11

Yuan, H. Z., Ge, T. D., Wu, X. H,, Liu, S. L,, Tong, C. L., Qin, H. L., et al. (2012b).
Long-term field fertilization alters the diversity of autotrophic bacteria based on
the ribulose-1,5-biphosphate carboxylase/oxygenase (RubisCO) large-subunit
genes in paddy soil. Appl. Microbiol. Biotechnol. 95, 1061-1071. doi:
10.1007/500253-011-3760-y

Yuan, H. Z., Ge, T. D., Zou, S. Y., Wu, X. H,, Liu, S. L., Zhou, P, et al. (2013). Effect of
land use on the abundance and diversity of autotrophic bacteria as measured by
ribulose-1,5-biphosphate carboxylase/oxygenase (RubisCO) large subunit gene
abundance in soils. Biol. Fertil. Soils 49, 609-616. doi: 10.1007/s00374-012-0750-x

Yuan, Y,, Liu, H,, Liang, Y., Yuan, J., Zhang, C., Zhang, ], et al. (2025). Effects of maize straw

return modes on soil organic carbon content and aggregate stability in a mollisol in Northeast
China. Mosc. Univ. Soil Sci. Bull. 79, 693-702. doi: 10.3103/S0147687424700728

Zhang, P, Li, H,, Jia, Z. I, Wang, W,, Lu, W. T,, Zhang, H., et al. (2011). Effects of straw
returning on soil organic carbon and carbon mineralization in semi-arid areas of
southern Ningxia, China. J. Agro-Environ. Sci. 30, 2518-2525.

Zhang, P,, Wei, T., Li, Y., Wang, K,, Jia, Z. K, Han, Q. F, et al. (2015). Effects of straw
incorporation on the stratification of the soil organic C, total N and C:N ratio in a
semiarid region of China. Soil Tillage Res. 153, 28-35. doi: 10.1016/j.still.2015.04.008

Zhang, L. M., Xu, M. L, Lou, Y. L., Wang, X. L., and Li, Z. E. (2014b). Soil organic
carbon fractionation methods. Soil Fertil. Sci. China, 51, 1-6. doi: 10.11838/sfsc.20140401

Zhang, L. M., Xu, M. G,, Lou, Y. L., Wang, X. L., Qin, S., Jiang, T. M., et al. (2014a).
Changes in yellow paddy soil organic carbon fractions under long-term fertilization. Sci.
Agric. Sin. 47, 3817-3825. doi: 10.3864/j.iss1.0578-1752.2014.19.010

Zhao, H. L., Dong, J. ], Shi, J. L., Xu, M., and Tian, X. H. (2021). Effect of straw
returning mode on soil organic carbon sequestration. Acta Pedol. Sin. 58, 213-224. doi:
10.11766/trxb201909020267

Zhao, X., Li, R. C., Liu, W. X, Liu, W. S., Xue, Y. H., Sun, R. H., et al. (2024). Estimation
of crop residue production and its contribution to carbon neutrality in China. Resour.
Conserv. Recycl. 203:107450. doi: 10.1016/].RESCONREC.2024.107450

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1611691
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.11766/trxb201206180239
https://doi.org/10.11766/trxb201302050071
https://doi.org/10.13227/J.HJKX.202401166
https://doi.org/10.1128/AEM.02738-17
https://doi.org/10.4025/actasciagron.v40i1.39451
https://doi.org/10.1016/j.geoderma.2003.09.009
https://doi.org/10.1126/sciadv.abe3596
https://doi.org/10.1016/J.INDCROP.2024.118955
https://doi.org/10.1016/j.still.2015.04.001
https://doi.org/10.1016/j.mimet.2007.03.002
https://doi.org/10.3389/fmicb.2023.1131836
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1016/S0016-7061(96)00036-5
https://doi.org/10.11674/zwyf.17348
https://doi.org/10.11733/j.issn.1007-0435.2019.01.012
https://doi.org/10.50908/GRB.3.0_471
https://doi.org/10.1023/A:1006211417981
https://doi.org/10.5846/stxb201207261062
https://doi.org/10.1016/j.tim.2013.09.005
https://doi.org/10.1007/S44279-024-00033-2
https://doi.org/10.1016/j.ejsobi.2024.103689
https://doi.org/10.3390/app132212448
https://doi.org/10.1371/JOURNAL.PONE.0314984
https://doi.org/10.1002/ece3.6852
https://doi.org/10.3390/AGRONOMY13051404
https://doi.org/10.1038/nclimate3276
https://doi.org/10.1111/j.1461-0248.2012.01837.x
https://doi.org/10.1016/j.apsoil.2018.05.009
https://doi.org/10.1016/j.geoderma.2018.02.003
https://doi.org/10.13758/j.cnki.tr.2016.01.011
https://kns.cnki.net/kcms2/article/abstract?v=45FX-MmhZ-FytPRWZCnpJ1YyvgbrZA8OxHmR_9iDd4d2E18Nw5UM9pyyIIwvToDKu8AFQ3gfPXfi5ZnDEpMTnifcu1c9kMm8k1vXmeQ8RKmqAXxo6JM-FZfMDI3b783h8fSw-wRyyWqc7eqT9j2R6KbeaJMYNi1O&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=45FX-MmhZ-FytPRWZCnpJ1YyvgbrZA8OxHmR_9iDd4d2E18Nw5UM9pyyIIwvToDKu8AFQ3gfPXfi5ZnDEpMTnifcu1c9kMm8k1vXmeQ8RKmqAXxo6JM-FZfMDI3b783h8fSw-wRyyWqc7eqT9j2R6KbeaJMYNi1O&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=45FX-MmhZ-FytPRWZCnpJ1YyvgbrZA8OxHmR_9iDd4d2E18Nw5UM9pyyIIwvToDKu8AFQ3gfPXfi5ZnDEpMTnifcu1c9kMm8k1vXmeQ8RKmqAXxo6JM-FZfMDI3b783h8fSw-wRyyWqc7eqT9j2R6KbeaJMYNi1O&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=45FX-MmhZ-FytPRWZCnpJ1YyvgbrZA8OxHmR_9iDd4d2E18Nw5UM9pyyIIwvToDKu8AFQ3gfPXfi5ZnDEpMTnifcu1c9kMm8k1vXmeQ8RKmqAXxo6JM-FZfMDI3b783h8fSw-wRyyWqc7eqT9j2R6KbeaJMYNi1O&uniplatform=NZKPT
https://doi.org/10.1128/AEM.06881-11
https://doi.org/10.1007/s00253-011-3760-y
https://doi.org/10.1007/s00374-012-0750-x
https://doi.org/10.3103/S0147687424700728
https://doi.org/10.1016/j.still.2015.04.008
https://doi.org/10.11838/sfsc.20140401
https://doi.org/10.3864/j.issn.0578-1752.2014.19.010
https://doi.org/10.11766/trxb201909020267
https://doi.org/10.1016/J.RESCONREC.2024.107450

	Impact of corn straw and straw-derived biochar returning to the field on soil carbon fractions, carbon-converting enzyme activities, and cbbL bacterial community structure
	1 Introduction
	2 Materials and methods
	2.1 Soils, corn stover, and straw-derived biochar
	2.2 Soil sampling
	2.3 Soil organic carbon fractions
	2.4 Soil C mineralization
	2.5 Soil carbon-converting enzymes activity
	2.6 Soil DNA extraction and Illumina-MiSeq high-throughput sequencing
	2.7 Statistical analysis

	3 Results and analysis
	3.1 Soil carbon fractions
	3.2 Soil carbon-converting activities
	3.3 Soil cbbL bacterial community structure
	3.4 Comprehensive analysis of soil physicochemical properties, carbon fractions, carbon-converting enzymes, and cbbL bacterial community structure
	3.4.1 Correlation analysis
	3.4.2 Structural equation model analysis

	4 Discussion
	4.1 Effects of different proportions of corn straw and straw-derived biochar on soil carbon fractions
	4.2 Effects of application of different proportions of corn straw and straw-derived biochar on soil carbon-converting enzymes and cbbL bacterial community structure
	4.3 Impact of soil carbon content, cbbL bacterial community structure, and carbon transformation enzyme activity on soil organic carbon mineralization

	5 Conclusion

	References

