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Highlights
●●	 Green manure application significantly enhances soil organic carbon (SOC) content in both topsoil and subsoil.
●●	 Rapeseed demonstrates a superior capacity to enhance recalcitrant organic carbon (ROC) across the entire soil profile 
compared to other green manure (GM) types.

●●	 Rye increases carbon functional gene abundance in surface soil, whereas rapeseed and vetch promote it in subsoil.

Abstract
The integration of green manure (GM) crops into traditional cropping systems has regained attention for its potential to 
improve soil organic carbon (SOC) content in an environmentally sustainable way.  However, the effects of carbon (C) input 
from different GM species on the SOC accumulation and recalcitrant C fractions across soil profile remain inadequately 
understood.  This three-year field study in the North China Plain assessed SOC changes and C fractions of easily oxidizable 
carbon (EOC) and recalcitrant organic carbon (ROC) in fallow, rye, rapeseed, and vetch systems, with δ13C analysis for 
GM-derived C fraction and microbial C-decomposition functional genes.  Our results showed that SOC was significantly 
increased by GMs.  Rapeseed was the only species that improved SOC at 20–40 cm, the rapeseed-derived C contributed 
2.48% of the SOC.  Rye enhanced EOC and ROC at topsoil, rapeseed increased ROC at 20–60 cm, and vetch increased 
EOC at 40–60 cm.  At the topsoil, the abundances of cellulose- and pectin-decomposition genes were increased in vetch 
and decreased in rye.  At 20–40 cm, the pectin- and lignin-decomposition genes were markedly improved by rapeseed, 
while at 40–60 cm, the chitin-decomposition gene was increased in vetch, indicating the microbial promoting effects by deep 
roots of vetch and rapeseed.  Our results suggest GM species influence SOC deposition depth and the recalcitrance of SOC 
decomposition, thereby affecting the distribution of SOC accumulation through microbial-driven C decomposition activities.
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1. Introduction
Soil is the largest global pool of organic carbon (C) in 
terrestrial ecosystem (Tian et al. 2015; Cotrufo and Lavallee 
2022).   Increasing soil organic carbon (SOC) sequestration 
in farmland is considered a potential way to achieve C 
neutrality by 2050 (Griscom et al. 2017; IPCC 2018).  SOC 
sequestration reflects the net balance between plant-
derived C inputs and outputs via decomposition and erosion 
(Regnier et al. 2013; Tian et al. 2015).   Incorporating green 

manure (GM) crops into traditional cropping systems has 
regained attention for their environmentally friendly role in 
enhancing soil fertility and contributing additional C inputs 
to soil (Blanco-Canqui et al. 2015; Ma et al. 2021; Gao et al. 
2023; Liu et al. 2024).  However, the actual amount of SOC 
sequestered from GM crops remains uncertain.

SOC sequestration ultimately depends on the transformation 
of plant-derived C into SOC stock (de Rouw et al. 2015; 
Huang et al. 2023).  Evaluating the C sequestration potential of
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GM crops requires not only quantifying their biomass C inputs 
but also assessing the efficiency of C transformation into 
SOC (Dou et al. 2017).  This transformation efficiency can 
be assessed by using the natural 13C abundance difference 
between soil and plants, as SOC is usually enriched in 13C 
due to isotopic fractionation during microbial decomposition 
of plant residues (Balesdent et al. 1987; de Rouw et al. 2015; 
Busari et al. 2016; Chen et al. 2018; Zhang et al. 2022).  
However, the transformation efficiency of GM-derived C 
into SOC has not been adequately evaluated among GM 
crops that differ not only in biomass production but also in C 
component composition (Tejada et al. 2008; Qiao et al. 2015; 
He et al. 2020), C/N ratio (Wang et al. 2020), and particularly 
in the way soil microbial communities respond to C inputs (Li 
et al. 2024).

Microbial decomposition is the primary driver of SOC 
transformation (Berendsen et al. 2012).  Factors such as 
microbial metabolic activity and selective utilization of C 
substrates determine the transformation efficiency (Huang 
et al. 2023).  GM biomass contains varying C components 
such as lignin, pectin and cellulose, which impose different 
levels of recalcitrance to decomposition (Tejada et  al. 
2008; Qiao et al. 2015; He et al. 2020; Wang et al. 2020).  
Microorganisms selectively utilize these components, with 
variation in C-decomposition genes indicating functional 
shifts in microbial decomposition capacity (Zechmeister-
Boltenstern et al. 2015; Li et al. 2024).  However, few studies 
have systematically assessed the link between microbial 
C-decomposition functions and the transformation efficiency 
of GM-derived C into SOC.

While the microbial and substrate-mediated processes 
u l t imate ly  in f luence the  SOC t rans format ion ,  the 
consequences of long-term C sequestration are reflected in 
SOC recalcitrance, which can be evaluated by measuring 
easily oxidizable carbon (EOC) and recalcitrant organic 
carbon (ROC) fractions (Haynes 2000; Chen et al. 2023; 
Shi et al. 2023).  EOC, as the active C pools, is sensitive 
to agricultural management and serves as an indicator of 
soil C supply (Haynes 2000; Ramírez 2020; Rocci et al. 
2021), whereas ROC is less responsive to management 
practices and better reflects long-term soil storage (Chen 
et al. 2019; Liu et al. 2022; Shi et al. 2023).  GM crops have 
been reported to influence the contents of both EOC and 
ROC (Blanco-Canqui et al. 2015; Ansari 2022).  However, 
the effects of GM crops on SOC fractions and recalcitrance 
remain insufficiently understood.  Recent studies have 
shown that SOC recalcitrance varies with soil depth (Xiang 
et al. 2022; Shi et al. 2023; Wang et al. 2025), though it is 
still unclear whether such depth-dependent patterns are 
influenced by GM crops.  

Root growth pattern is one of the factors regulating 
the depth of C deposition, as root pathway serve both as 
channels for C transfer and hotspots for mineralization (Leue 
et al. 2020).  Consequently, contrasting architectures, such 
as taproot and fibrous systems, can drive distinct variations 
in SOC dynamics (Kumar et al. 2018; Engedal et al. 2023).  
However, most studies have focused only on the surface 
soils, which fails to capture the full extent of C storage, as 
roots commonly extend deeper than 20 cm (Materechera 

et al. 1992; Qiao et al. 2015; Thorup-Kristensen et al. 2020; 
Engedal et al. 2023).  To fully evaluate the C sequestration 
potential of different GM crops, it is essential to assess SOC 
recalcitrance and its cycling across soil profile.  

In the North China Plain, the main maize-producing region 
in China, continuous maize cultivation has resulted in soil 
fertility reduction (Magdoff and Weil 2004).  To alleviate 
SOC loss, winter GM crops including hairy vetch (Vicia 
villosa Roth), rapeseed (Brassica napus L.), rye (Secale 
cereale L.), ryegrass (Lolium perenne), orychophragmus 
(Orychophragmus violaceus) have been promoted.  These 
crops differ in biomass inputs, C composition, root growth, 
and their capacity to recruit soil microorganisms (Hu et al. 
2024; Wang et al. 2024; Li et al. 2025).  Therefore, to evaluate 
SOC sequestration potential in the North China Plain, we 
aim to determine the effects of the typical GM crops on GM 
plant-derived SOC, recalcitrant SOC fractions, and microbial 
C-decomposition functional genes across soil profiles.  We 
hypothesized that: 1) GM species would differentially alter 
SOC content with depth as well as its recalcitrant fractions; 
2) the efficiency of converting GM biomass C into SOC would 
vary among GM species; 3) microbial C-decomposition genes 
would regulate the transfer efficiency of plant-derived C into 
SOC.

2. Materials and methods
2.1. Experimental design and sampling
The experimental site is located   in Yangerzhuang Town 
(117°29´E, 38°16´N), Huanghua City, Hebei Province, China, 
to the west of Bohai Bay.  The site has a warm temperate 
monsoon climate, with a mean annual temperature of 11°C 
and an average annual precipitation of 545 mm from 2019 to 
2022.  The monthly average temperature and accumulated 
precipitation were presented in Appendix A.  The soil type is 
Fluvisol and has a sand loam texture.

Twelve plots were established in October 2019, arranged 
in a complete randomized design with four treatments in 
triplicates.  The four winter GM treatments included: (1) 
fallow as a control (CK), (2) rye (S. cereale L.), (3) rapeseed  
(B. napus L.), and (4) hairy vetch (V. villosa Roth).  Each plot 
measured 56 m2 (7 m×8 m) and remained unfertilized during 
the winter GM growth period.   In the subsequent summer 
maize growth period, the plots received 100 kg N ha–1, 105 kg 
P2O5 ha

–1, 120 kg K2O ha
–1 at the seedling stage in early 

June, and an additional 150 kg N ha–1 at the flare opening 
stage of maize in late July.  The fertilization rates adhered to 
the typical regional standards for summer maize.  All plots 
were rain-fed and unirrigated.

In May, winter GM plants were harvested, chopped, and 
incorporated into the soil by using a rotary cultivator.  The 
CK treatment was periodically weeded by hand, leaving 
bare soil during winter.   In May of 2020, 2021, and 2022, 
the aboveground biomass of GMs from a 2 m2 quadrat was 
chopped and weighed.  A 1 kg biomass subsample was 
collected from each plot, and the remaining biomass was 
returned to the field.  The subsamples were oven-dried at 
60°C, and weighed to estimate the moisture content and 
dry biomass yield, and then sent to the laboratory for further 
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analysis.  Additionally, ten whole plants were sampled per 
plot to measure the belowground and aboveground biomass 
ratio (Appendix B), which was used to estimate the yield of 
belowground biomass.

Initial soil samples were collected in October 2019 before 
planting the GM crops, using soil probe and ring cutter to 
obtain 0–20 cm topsoil.  Soil profile samples were taken in 
October 2022 before planting the GM crops.  In each plot, two 
undisturbed soil cores to a depth of 0–100 cm were extracted 
using a stainless-steel cylinder equipped with diesel drill.  
The soil cores were transported to the laboratory within the 
cylinder.  They were cut into a 20 cm-section, corresponding 
to the depths of 0–20, 20–40, 40–60  cm, each with a 
diameter of 5 cm.  The soil core sections were prepared for 
further physicochemical analysis.   In addition, a soil profile 
to a depth of 0–60 cm was excavated in each plot, and soil 
ring cutter samples were collected in triplicates at the depths 
of 5, 15, 30 and 50 cm to represent the soils at 0–10, 10–20, 
20–40 and 40–60 cm layers, respectively.

2.2. Soil physicochemical properties
The initial soil samples were analyzed for pH, SOC, TN, 
ammonium (NH4

+), nitrate (NO3
−), bulk density, and texture.  

Soil pH was measured by mixed soil to water at 1:5 (w/v).   
The SOC and TN were detected using an elemental analyzer 
(Elementar Vario EL cube, Elementar, Germany).  Soil NH4

+ 
and NO3

− were extracted with 2 mol L–1 KCl, the NH4
+ and 

NO3
− concentrations were detected using a continuous flow 

analytical system (Seal Auto Analyzer AA3, Norderstedt, 
Germany).  The ring cutter samples were dried in oven at 
105°C for 24 h and weighed to determine bulk density (Nouri 
et al. 2019).  Content of clay, silt and sand were determined 
by using a hydrometer (Hu et al. 2024).  The physical and 
chemical properties of the initial soil samples were presented 
in Appendix C.

SOC storage (Mg ha–1) was calculated following Xia et al. 
(2022):

SOC storage=SOC×BD×h
100

×10

where SOC is the soil organic C content of each soil layer (g 
kg–1), BD is the bulk density of each soil layer (g cm–3), and h 
is thickness of the corresponding soil layer (cm).

2.3. C contents and 13C isotope abundance of GM bio-
mass and soil
Subsamples from the 20 cm sections of soil cores (0–20, 
20–40, 40–60 cm) were collected and air-dried.  The air-dried 
soil samples and the oven-dried plant biomass samples were 
ground to pass through 0.15 mm sieve, and then the samples 
were weighed into a tin capsule to analyze for C content and 
δ13C values using an elemental analyzer interfaced to an 
isotope ratio mass spectrometer (Europa ANCAGSL, PDZ 
Europa, England).  

The GM plant biomass C input (Mg ha–1) was calculated 
as: 

Cinput=(Babove+Bbelow)×Cbiomass

where Babove and Bbelow are the aboveground and belowground 
dry biomass yields (Mg ha–1 yr–1), and Cbiomass is the C content 

of GM biomass (%).
The δ13C values are reported relative to the Pee Dee 

Belemnite (PDB) standards.  The GM-derived C fraction in 
SOC was calculated from the δ13C difference between soil 
and GM plants (Chen et al. 2023), following equations:

f=
δsam–δCK
δplant–δCK

where δsam is the δ
13C value of soil samples from each layer 

under GM treatment, δCK is the δ
13C value of soil samples 

from the corresponding layers under follow CK treatment, and 
δplant is the δ

13C value of the corresponding GM plant biomass 
samples.  

2.4. Easily oxidizable carbon (EOC) and recalcitrant 
organic carbon (ROC)
Subsamples from the 20 cm sections of soil cores (0–20, 
20–40, 40–60 cm) were collected, air-dried and passed 
through 0.15 mm sieves.  The EOC content was measured 
using an oxidation method (Blair et al. 1995).  A soil sample 
(0.5 g) was reacted with 25 mL of 0.333 mol L–1 KMnO4 and 
shaken at 200  r min–1 for 1 h.  The suspension was then 
centrifuged at 2,000 r min–1 for 5 min.  The supernatant was 
diluted, and its absorption at 565 nm was measured using 
a spectrophotometer (UV-3600i, SHIMADZU, Japan).  The 
amount of KMnO4 consumed was calibrated using a standard 
curve prepared with 0.1–0.5 mol L–1 KMnO4 solutions.  The 
ROC was determined by using a high-temperature digestion 
method (Rovira and Vallejo 2007).  A soil sample (1.0 g) 
was hydrolyzed with 20 mL of 6 mol L–1 HCl at 105°C for 
18 h.  After hydrolysis, the supernatant was discarded.  The 
unhydrolyzed residue was washed with deionized water 
through repeated centrifugation and decanting.  The final 
residue was dried at 65°C to a constant weight and analyzed 
for C content using an elemental analyzer (Elementar Vario 
EL cube, Elementar, Germany).  The changes in C content 
(ΔSOC, ΔEOC and ΔROC) were calculated by subtracting 
the SOC, EOC and ROC values of the fallow CK from those 
of the GM treatments.  C stocks were calculated from the 
product of soil bulk weight, SOC content and soil layer 
thickness (Yan et al. 2023).  Soil C pool management index 
(CPMI) was calculated based on the protocol in Blair et al. 
(1995):

C pool activity (CPA)= EOC
SOC–EOC 

C pool activity index (CPAI)=
CPAsam

CPACK  

C pool index (CPI)=
SOCsam

SOCCK  
C pool management index (CPMI)=CPI×CPAI×100

where CPAsam refers to the CPA of GM treatments, and CPACK 
refers to the CPA of fallow CK treatments.

2.5. The abundance of soil microbial C-decomposition 
functional genes
Subsamples from the 20 cm sections of soil cores (0–20, 
20–40 and 40–60 cm) were collected and immediately stored 
at –80°C until DNA extraction.  Total DNA was extracted from 
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~0.25 g (dry weight) soil using a commercial soil genome 
DNA extraction kit (DcP336, Tiangen Biochemical Technology 
(Beijing) Ltd., China), and quality was checked by using 1% 
agarose gel electrophoresis and NanoDrop (2000) ultra-
microspectrophotometer (Thermo Scientific, USA).  

Soil bacterial 16S rRNA, fungal ITS, and microbial 
C-decomposition functional genes (sga, abfA, cex, chiA, pgu, 
and mpn) were amplified with primers listed in Appendix D.  
The PCR reaction was performed in 10 μL reaction (1 μL DNA 
template, 5 μL SYBR® Green Pro Taq HS, 0.5 μL forward/
reverse primers, 3 μL of dd H2O) on a QuantStudio™ 6 Flex 
(Applied Biosystems®, Carlsbad, USA) under the program: 
initial denaturation at 95°C for 30 s, followed by 40 cycles of 
95°C for 5 s and 60°C for 30 s.  Template DNA concentration 
was adjusted in preliminary experiments to yield Ct values of 
15–30.  Standard plasmids for each gene were constructed 
with a pGEM-T vector (Promega, USA), serially diluted 
(101–108 copy numbers μL–1), and used to generate standard 
curves.  Gene abundances were expressed as copies mg–1 
soil.

To compare GM crops with winter fallow CK, gene 
abundance ratios were expressed as log2(fold change), 
where a value of 1 indicates a doubling of gene abundance 
and −1 indicates halving.

log2(fold change)=log2( Gene abundanceGMGene abundanceCK )
2.6. Statistical analysis
The analysis of variance (ANOVA) and Pearson correlation 
were conducted using SPSS 26.0 (SPSS, Chicago, IL, USA).  
The ANOVA was employed to evaluate the effects of different 
GM treatments on soil C input, soil C decomposition functional 
genes abundance, and changes in C fractions.  Differences 
were considered statistically significant at P<0.05.  All figures 
were generated using Origin software 2023b.  Redundancy 
analysis (RDA) to explore the relationships between soil 
C fractions and the C decomposition functional genes 
abundance, utilizing the “vegan” package in R version 4.1.0.

3. Results
3.1. Green manure biomass yield and C input
The three GM crops produced significantly different amounts 
of dry biomass, both above- and belowground, and their 
C content varied among species (Table 1).  Rye had the 
highest aboveground biomass at 7.05 Mg ha–1 yr–1, followed 
by vetch at 4.20 Mg ha–1 yr–1, and rapeseed at 3.96 Mg ha–1 
yr–1.  Belowground biomass followed a similar trend, with rye 
showing significantly higher biomass than both rapeseed 
and vetch (P<0.05).  With differences in the above- and 

belowground C content of the returned biomass, rapeseed 
contributed the lowest C input, followed by vetch and rye, with 
significant differences among GM crops (P<0.05) (Fig. 1-A).

The δ13C of the returned biomass varied among the GM 
crops (Table 1).  After three years of biomass return, the soil 
δ13C of GM treatments were significantly lower than that of CK 
at each depth.  The soil δ13C was particularly low at 20–40 cm 
in the rapeseed treatment (Fig. 1-B).  The SOC fractions 
derived from GMs did not differ among rye, rapeseed and 
vetch at 0–20 and 40–60  cm, while at 20–40  cm, SOC 
fractions derived from rapeseed were significantly higher than 
those from rye and vetch (Fig. 1-C).

3.2. SOC fractions and CPMI along soil profiles 
The SOC content within soil profiles varied depending on 
vegetation types and soil depth (Fig. 2-A).  Overall, SOC 
content was higher in the surface layer than in the subsoil.  
At the 0–20  cm, the SOC content in the rye and vetch 
treatments was significantly higher than in the rapeseed and 
CK treatments.  At the 20–40 cm, the rapeseed treatment 
showed significantly higher SOC content than the rye and 
vetch treatments (P<0.05).  At the 40–60 cm, no significant 
differences in SOC content were observed among the 
treatments.  A similar trend was observed when comparing 
SOC storage within the soil profiles, considering variations 
in soil bulk density (Appendix E).  Across the 0–60 cm soil 
profile, all GM treatments showed higher SOC than CK, with 
the largest increase observed in rye; however, the ΔSOC 
in rye did not differ significantly from those in rapeseed and 
vetch.  Both rye and vetch showed substantial increases in 
SOC at the 0–20 cm depth, but exhibited negative ΔSOC 
at the 20–40 cm.   In contrast, rapeseed had the smallest 
positive ΔSOC at the 0–20 cm, but achieved a significantly 
larger ΔSOC than the other two GMs at the 20–40 and 40–
60 cm (P<0.05) (Fig. 2-D).

The soil EOC and ROC contents varied differently from 
SOC within soil profiles.  At the 0–20 and 20–40 cm, soil 
EOC content was significantly higher in GM treatments than 
in the CK, especially in the rye treatment.  However, at the 
40–60 cm, soil EOC did not differ significantly between GM 
treatments and CK, except in vetch (P<0.05) (Fig. 2-B).  Rye 
had significantly higher ΔEOC than rapeseed and vetch at the 
0–20 and 20–40 cm (P<0.05), but at the 40–60 cm, the ΔEOC 
in rye showed a negative increase (Fig. 2-E).  The soil ROC 
contents in rapeseed treatment showed a unique pattern 
within the soil profiles (Fig. 2-C).  At the 20–40 and 40–60 cm, 
the soil ROC content in rapeseed was significantly higher 
than in the other treatments (P<0.05).  This pattern was also 
observed in ΔEOC, where the rapeseed treatment showed 
the greatest ΔROC in the subsurface soil.  Rapeseed’s 

Table 1  Dry biomass, C and N content, and δ13C of green manure crops

Green manure Aboveground (Mg 
biomass ha–1 yr–1)

Belowground (Mg 
biomass ha–1 yr–1) C (%) N (%) C:N δ13C (‰)1)

Rye 7.05±0.82 a 3.10±0.36 a 41.31±1.24 b 1.07±0.03 c 38.51±1.68 a –63.76±0.14 a
Rapeseed 3.96±1.60 b 1.15±0.46 b 40.72±0.63 b 2.39±0.18 b 17.09±1.21 b –68.46±0.47 b
Vetch 4.20±0.46 b 1.51±0.17 b 43.05±0.32 a 3.61±0.40 a 12.08±1.48 c –69.06±0.50 b
1) δ13C values are reported relative to the Pee Dee Belemnite standard.
Data are mean±SD (n=3).  Different letters indicate significant differences among green manure treatments (P<0.05).  
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Fig. 1  Green manure C input in three years (A), soil δ13C (‰ relative to Pee Dee Belemnite) (B), and green-manure derived C fraction 
in soil organic carbon (C).  Error bar is SD (n=3).  Different letters indicate significant differences among green manure treatments (P<0.05).

Fig. 2  Soil organic carbon (SOC; A), easily oxidizable carbon (EOC; B), recalcitrant organic carbon (ROC; C), and the change of 
SOC (ΔSOC; D), ECO (ΔEOC; E) and ROC (ΔROC; F) compared to CK across 0–60 cm soil profile.  Error bar is SD (n=3).  Different 
lowercase letters indicate significant differences among green manure treatments; different uppercase letters indicate significant differences 
among depths (P<0.05). 
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increase in ROC was also expressed across the 0–60 cm soil 
profile (P<0.05) (Fig. 2-F).  

Furthermore, the CPMI for each GM treatment was 
calculated based on the proportion of EOC to SOC content 
(Appendix F).   The CPMI patterns for rye and vetch 
treatments were similar, increasing from the 0–20 to 20–
40 cm, and then decreasing from the 20–40 to 40–60 cm.  
Meanwhile, the CPMI for rapeseed treatment continuously 
decreased from the 0–60  cm (Fig.  3).  The CPMI was 
significantly lower in the rapeseed treatment compared to rye 
and vetch treatments in the subsurface 20–60 cm soil.

3.3. Soil microbial C-decomposition functional genes
The absolute abundance of soil C-decomposition functional 
genes varied significantly among GM treatments (P<0.05), 
with notable declines for all genes from surface soil to 
subsurface soil (Appendix G).  The log2(fold change) of 
genes, which compared gene abundance in GM treatments 
to the CK, showed that at the 0–20  cm, rye treatment 
significantly increased the abundance of sga, abfA, chiA, 
and mpn by 21.5 to 24 folds (Fig. 4).  These increases were 
significantly greater in rye than in rapeseed and vetch.  Vetch 
primarily enhanced the abundance of sga, cex, pgu, and mpn 
at the 0–20 cm, with the highest log2(fold change) observed 
for pgu.   In contrast, the log2 fold change for sga, abfA, and 
chiA in rapeseed were negative.

At the 20–40 cm, the log2(fold change) for sga, abfA, chiA, 
and mpn in rye remained higher, consistent with the pattern 
observed at the 0–20 cm.  However, the log2(fold change) 
for sga, abfA, and chiA in rapeseed exhibited an opposite 
trend at this depth compared to the 0–20 cm.  Meanwhile, the 
abundance of sga and pgu in vetch significantly decreased 

relative to the CK.
At the 40–60 cm depth, there were no significant changes 

in the abundance of sga, abfA, and cex across the GM 
treatments compared to the CK, and all GM treatments 
showed a modest increase in pgu and mpn.  However, the 
abundance of chiA was significantly elevated only in the vetch 
treatment.

3.4. Relationships among soil profile C fractions and 
C-decomposition functional genes
Redundancy analysis (RDA) was performed to investigate 
the relationship between C-decomposition genes and SOC 
fractions across different soil depths (Fig. 5).  The RDA 
showed that the first component explained 90.34, 88.68, 
and 94.03% of the total variance at the 0–20, 20–40, and 
40–60 cm, respectively.  At the 0–20 cm, GM treatments were 
clearly separated from CK (Fig. 5-A).  This separation was 
associated with the GM’s C input, which was also positively 
correlated with all C-decomposition genes.  Specifically, 
the gene abundances of ITS, 16S, mpn, and pgu were 
responsible for the separation of vetch treatment, while 
abfA, chiA and sga were responsible for the separation of 
rye treatment.  At the 20–40 cm, the rapeseed treatment 
was separated from CK, rye and vetch.  The separation 
of rapeseed was driven by the increase of pgu, mpn and 
cex abundances (Fig. 5-B).  At the 40–60 cm, rapeseed 
remained distinct from the CK and rye treatment, though 
other treatments overlapped more compared to 20–40 cm 
(Fig.  5-C).  The separation at the 40–60  cm was less 
influenced by the GM’s C input, while the separation of 
rapeseed was strongly associated with the abundances of 
16S, sga, mpn, pgu and cex abundances.

4. Discussion
4.1. Impact of green manure species on SOC depth 
distribution and recalcitrance
GM species differentially altered SOC across the soil profile, 
showing contrasting effects on SOC among soil depths 
(Fig. 2-D).  When considering the 0–60 cm profile, SOC 
storage increased by 0.42–1.30 Mg ha–1 yr–1 under all the 
three GM species (Appendix H), aligning with previous 
research reporting an annual SOC storage increase of 0.32–
1.75 Mg ha–1 yr–1 by GM (Poeplau and Don 2015; Zhang et al. 
2019a).  When considered by depth, the contrasting effects of 
GM species on SOC were evident in the vertical distribution 
of SOC, with rye and vetch primarily enhancing SOC at the 
0–20 cm depth, whereas rapeseed significantly increased 
SOC at the 20–40 and 40–60 cm depths (Fig. 2-D).  The 
greater SOC accumulation in the topsoil under rye and vetch 
could be attributed to enhanced C allocation to the surface 
layer.  Specifically, this likely results from higher aboveground 
biomass C (Table 1) and shallow, fibrous and branched root 
systems of rye and vetch that concentrate C inputs near the 
surface (Materechera et al. 1992; Ren et al. 2022; Engedal 
et al. 2023).   In contrast, subsurface SOC increase under 
rapeseed, particularly at 20–40 and 40–60 cm, was observed 
in this study and agreed with previous study (Wu et al. 2018).  
This SOC distribution under rapeseed can be explained by 

Fig. 3  Carbon pool management index (CPMI) across 0–60 cm 
soil profile under green manure treatments.  Error bar is SD 
(n=3).  Different lowercase letters indicate significant differences 
among green manure treatments (P<0.05).  
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Fig. 5  Redundancy analyses (RDA) of relationships among soil C fractions and microbial C-decomposition functional genes at 
the 0–20 cm (A), 20–40 cm (B), 40–60 cm (C) depths.

Fig. 4  log2(fold change) of soil microbial C-decomposition functional genes between green manure treatments and the CK.  Error 
bar is SD (n=3).  Different lowercase letters indicate significant differences among green manure treatments (P<0.05).
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its deep taproot system (Unkovich et al. 2023).  Although 
root traits were not measured in this study, root morphology 
is known to influence the incorporation of rhizodeposition-
derived C into SOC pools, where taproots promote SOC 
accumulation in deeper soil layers (Thorup-Kristensen et al. 
2020; Engedal et al. 2023).  Overall, the depth-specific SOC 
responses observed in this study highlight the role of growth-
related differences among GM species in SOC sequestration.

GM species influenced not only the vertical distribution of 
SOC but also its recalcitrance (Fig. 2-E and F).  Specifically, 
Rye enhanced both EOC and ROC in the topsoil, with a 
significant increase in ROC, likely due to rye’s substantial 
C input with a high C:N ratio (Table 1).  Such residues are 
relatively recalcitrant, slowing decomposition and enhanced 
ROC retention (Ruffo and Bollero 2003; Hoffland et al. 2020); 
consequently, ROC became the major component of SOC 
under rye in the topsoil (Appendix F).

In contrast to rye, vetch had the lowest biomass C:N 
ratio among the three GM species (Table 1) and significantly 
enhanced EOC in the subsoil, with the largest increase observed 
at 40–60 cm (Fig. 2-E).  Its low C:N ratio biomass provided labile 
C input and decomposed rapidly, generating dissolved organic C 
that could be transported downward and accumulated as EOC 
in deeper soil layers (Tejada et al. 2008; Qiao et al. 2015).  In 
addition, the taproot system of vetch, which branches extensively 
into both topsoil and subsoil (Materechera et al. 1992), likely 
contributed to C deposition in the subsurface and further 
replenished EOC in the subsoil.  This observation is consistent 
with previous studies showing that branched roots with low C:N 
ratios can increase labile C in deeper soils (Nguyen 2003; Guo 
et al. 2004; Nguyen 2009; Xia et al. 2010).

Among the three GM species, rapeseed demonstrated 
a unique advantage in promoting SOC.  Rapeseed was the 
only species that increased SOC content across all three soil 
layers, with the most significant increase in ROC at the 20–40 
and 40–60 cm depths (Fig. 2-F).  This could be attributed 
to rapeseed’s superior root penetration ability, allowing it to 
penetrate compacted layers at 20–40 cm, where its lateral 
roots concentrated (Blanco-Canqui et al. 2015; Zhang W 
X et al. 2024).  The accumulation of ROC under rapeseed 
suggests that its deep, rigid roots, capability of penetrating 
the plow pan, played a key role in depositing ROC in subsoil, 
driving SOC increase (Shi et al. 2023).  Despite having lower 
C input compared to rye and vetch, rapeseed has better 
performance on enhancing 20–40 and 40–60 cm SOC storage.

To summarize the effects of GM species on SOC, we used 
the CPMI as an integrated indicator of changes in both SOC 
content and lability (Fig. 3).  The markedly lower CPMI at 
20–40 cm confirmed that rapeseed enhanced SOC storage 
mainly through the accumulation of recalcitrant organic C, 
whereas the substantial increase in CPMI at 40–60 cm under 
vetch indicated a greater capacity to improve C lability.  Rye 
also exhibited a higher CPMI at 0–20 cm, which was primarily 
attributable to its large aboveground C input.  The GM 
species influenced SOC content and recalcitrance, consistent 
with previous studies (Ma et al. 2018; Ni et al. 2021; Button 
et al. 2022), and our results further confirm that they shape 
the vertical distribution of SOC.

4.2. Efficiency of C conversion from GM biomass C 
into SOC
Three years of GM cultivation significantly increased the 
fraction of GM-derived C in SOC, as evidenced by the 
decline in soil δ13C under GM crops (Fig. 1-B and C), and 
the efficiency of GM biomass C into SOC varied among GM 
species, confirmed our hypothesis that the conversion of GM 
biomass C into SOC is species-dependent.

It is noteworthy that rapeseed contributed the largest 
fraction of GM-derived C at 20–40 and 40–60 cm depths 
(Fig.  1-C), whi le i t  suppl ied the lowest above- and 
belowground biomass input (Table 1).  The results from 
rapeseed contradict previous studies, which generally 
reported that the increase in GM-derived C was primarily 
induced by the high biomass C input of GMs (Qiao et al. 
2015; Li et al. 2019, 2020; Ansari 2022).  More GM-derived 
fraction in SOC under rapeseed than rye and vetch, indicating 
that less C underwent in microbial transformation (Chen 
et al. 2018; Zhang et al. 2022).  This may be attributed to the 
higher content of recalcitrant materials in rapeseed input, 
such as lignin and other structural components that are more 
resistant to microbial decomposition (Guo et al. 2004; Bracey 
et al. 2022), as further evidenced by the higher ROC in the 
subsoil under rapeseed (Fig. 2-C).

Our results are consistent with previous studies showing 
that Brassica species such as rapeseed can deliver 
recalcitrant organic compounds into deeper soil layers 
through their taproot systems, thereby facilitating the 
accumulation of inert, oxidation-resistant organic C in the 
subsoil (Heinemann et al. 2023; Zhang S T et al. 2024).  The 
20–40 cm was the layer with the highest fraction of rapeseed-
derived C incorporation (Fig. 1-C), and in the North China 
Plain it is typically the plough layer characterized by relatively 
high bulk density (Appendix E) and strong root penetration 
resistance (Shi et al. 2016).  One possible explanation is that 
when the taproot of rapeseed penetrates the dense plough 
layer, it thickens and secretes abundant root exudates, which 
enhance C deposition at this depth (Guaman et al. 2016; 
Heinemann et al. 2023).  

In summary, rapeseed with its taproot system exhibits 
higher C sequestration efficiency than fibrous-rooted 
species, particularly in 20–40 cm subsoils with greater bulk 
density and root penetration resistance.  To verify the deep-
soil C sequestration potential and underlying mechanisms 
of rapeseed, future studies would examine the biomass, 
thickness, and C composition of its roots, as well as conduct 
comparative analyses with other taproot GM species.  Such 
efforts would provide stronger evidence for promoting 
rapeseed as a GM in the North China Plain.

4.3. C-decomposition genes influencing C transfer  
efficiency
Microbial C-decomposition genes also play a regulatory role 
in soil C decomposition, and their responses varied with GM 
species and soil depth.  This was evidenced by the differential 
abundances of these genes (Fig. 4), and further supported 
by the RDA results showing the associations between SOC 
fractions and gene abundances (Fig.  5), confirming our 
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hypothesis that microbial C-decomposition genes regulate 
the transfer efficiency of plant-derived C into SOC.

Under  rye ,  s ign i f i can t l y  h igher  abundances  o f 
C-degradation genes for sga, abfA, chiA, and mpn were 
observed at 0–20 cm (Fig. 4), occurring at the same depth 
as the high biomass C input.  The surface C input and 
these genes aligned in RDA results and pointed the same 
direction in relation to SOC (Fig. 5-A), indicating that SOC 
incorporation under rye was jointly driven by biomass C input 
and microbial decomposition.  These changes under rye are 
consistent with previous findings that C-decomposition genes 
facilitate the breakdown of plant biomass C and thereby 
improve SOC content (Gunina and Kuzyakov 2014; Ren et al. 
2022).

Rapeseed enriched recalcitrant C-decomposition genes 
and SOC contents at the 20–40 cm depth (Fig. 4), combined 
with the RDA results showing that SOC fractions at this 
depth were primarily associated with cex, pgu, and mpn 
degradation genes (Fig. 5), suggesting that genes involved 
in recalcitrant-C such as pectin and lignin degradation are 
crucial drivers of SOC sequestration, which is also reported 
in recent studies (Hu et al. 2024; Li et al. 2024).  Under 
rapeseed, the lowest C inputs nevertheless resulted in the 
highest SOC sequestration, indicating the greatest transfer 
efficiency and further confirming that recalcitrant-C pathways 
could be the primary mechanism contributing to SOC 
accumulation from rapeseed-derived C.

Vetch increased SOC content mainly at 0–20 and 40–
60 cm depths.  At 0–20 cm, the dominant C-decomposition 
genes were related to sga, cex, pgu, and mpn (Fig.  4).  
Combined with the RDA results, this indicates that the factors 
affecting SOC at 0–20 cm under vetch were similar to those 
under rye, suggesting that SOC incorporation in the topsoil 
was jointly regulated by C inputs and C-decomposition genes 
(Fig. 5-A).  The genes recruited in topsoil could be generally 
due to the large input of labile substrates such as starch and 
cellulose, as well as by the low C/N ratio of legume biomass 
that facilitates decomposition (Dong et al. 2024).  Such labile 
inputs have been reported to stimulate microbial activity and 
accelerate the breakdown of structural compounds like lignin 
(Moorhead and Sinsabaugh 2006; Franke et al. 2008; Talbot 
and Treseder 2012; He et al. 2019; Zhang et al. 2019b), 
which may also explain the increase of mpn associated 
gene.  On the other hand, at 40–60 cm, the major enriched 
genes were related to chiA, pgu, and mpn (Fig. 4).  The 
C-decomposition pathways in the deep soil showed greater 
similarity to those under rapeseed, suggesting that SOC 
incorporation at this depth was predominantly controlled by 
recalcitrant C-decomposition genes.

In this study, microbial decomposition specialization also 
aligns with SOC recalcitrance.  Such microbial specialization 
facilitated the selective preservation and accumulation of 
recalcitrant C (Li et al. 2023).   In summary, these findings 
highlight that the microbial C-decomposition functional genes 
under GM crops mediate both the efficiency and stability of 
SOC incorporation, and their effects are depth-dependent.  
Future research should employ metagenomic approaches to 
further dissect how specific microbial community structures 
and metabolic pathways regulate SOC stabilization across 

different soil depths.

5. Conclusion
This three-year study on the North China Plain demonstrated 
that incorporating GM during winter fallow significantly 
enhanced SOC across the 0–60 cm profile, with species-
specific effects on depth distribution and SOC stability.  Rye 
and vetch increased EOC and ROC mainly in the topsoil, 
while rapeseed uniquely promoted ROC accumulation in the 
20–40 and 40–60 cm subsoil despite lower biomass inputs.  
These contrasting outcomes indicate that SOC sequestration 
under different GM species is regulated not only by the 
quantity of biomass, but also by the combined influence 
of biomass quality, depth of C deposition, and microbial 
decomposition specialization, which together determine the 
efficiency and stability of SOC storage.  Accordingly, selecting 
GM species based on their sequestration characteristics and 
targeted soil layers provides a practical strategy to achieve 
desired outcomes: either enhancing short-term C availability or 
promoting long-term SOC stability.
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