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Poplar trees and saline—alkali soil commonly occur in northern China, especially
around the Datong district in northern Shanxi. To better utilize this type of soil, it
is important to know how to neutralize saline—alkali conditions and how poplar
leaves decompose in this soil media. Graphene oxide (GO) is widely known for
improving soil nutrient content in agricultural and forestry soils. Here, we
examined the effect of a graphene oxide composite combined with the
addition of external bacterial agents on the decomposition of poplar leaves in
saline—alkali soil. A litterbag method was used, and content analyses were
conducted on both the litter residue and the decomposed soil at different
sampling times. Overall, the humus content of the leaf-litter—decomposed soil
gradually increased over time. Meanwhile, the total nitrogen, phosphorus,
ammonium nitrogen, available potassium, and most phosphorus contents
showed a trend of initially decreasing slightly and then gradually increasing.
Nutrient concentrations, as well as humus content in the soil, reached their
maximum after 120 days with the addition of both 25.0 mg/L GO and microbial
agents. We conclude that the combination of GO and microbial agents promotes
soil enzyme activity and accelerates litter decomposition, with the highest
enzyme activity observed when both 25.0 mg/L GO and bacterial agents were
present in the saline—alkali soil.
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1 Introduction

The annual, repetitive decomposition cycle of plant litter is the
main way through which nature improves and reinforces the
organic matter of surface soil (1). Microorganisms in the soil are
the main driving force for litter decomposition and can promote the
formation of soil humic acid (2, 3). Microorganisms are involved in
the conversion of substances and energy in the soil. Due to their
large numbers and diverse functions, their impact on the litter
decomposition process has become an attractive research topic (4-
6). Studies have shown that microorganisms can promote the
decomposition of litter in cultivated soil and saline-alkali soil,
accelerate the release of carbon, nitrogen, and phosphorus from
litter, accelerate the decomposition of cellulose and lignin, increase
the content of nutrients such as total nitrogen and total phosphorus
in soil, and increase the activity of enzymes such as soil cellulase and
urease. At the same time, microorganisms increase the diversity of
soil microbial communities, thereby accelerating litter
decomposition—a complementary and mutually promoting
relationship (7, 8).

In recent years, environmental changes, rising temperatures,
drought, and excessive agricultural use have been shown to decrease
soil organic matter and potentially microbial biomass, resulting in
reduced microbial abundance (5, 9, 10). This change slows the
decomposition and decay of litter in soil. The low productivity and
poor structure of saline-alkali soil lead to fewer microorganisms
than in normal soil, which in turn affects water and air movement,
root penetration, and litter decomposition (5, 11-14).

At the beginning of this century, with the rise of
nanotechnology—especially the large-scale synthesis and
preparation of new materials such as graphene (G) and graphene
oxide (GO)—many researchers began exploring the potential
applications of these materials in different fields (15-17). Our
laboratory is recognized as one of the pioneer teams in China
studying the application of graphene oxide in agriculture and
forestry. Our preliminary experimental results have shown that
graphene oxide has a significant growth-promoting effect on
beneficial bacteria and an inhibitory effect on harmful bacteria
(18-21). In addition, there is a dose-response relationship in
different application fields. In a previous article, we systematically
explored the effect of adding a specific dose of GO (25.0 mg/L) on
soil microbial number and diversity, finding increased microbial
abundance and species richness (22). In another study, treatment
with an optimized dose of 25.0 mg/L GO altered the relative
abundances of nitrogen- and phosphorus-cycling microorganisms
in peat soil, promoted changes in soil physicochemical properties,
and ultimately improved the growth of Vicia faba plants (23).
Moreover, in maize, root treatment with 25.0 mg/L GO elevated
ammonium (NH4") and potassium (K*) levels in the rhizosphere
soil and stimulated the expression of genes involved in nitrogen and
potassium metabolism (20). Together, these results indicate that
GO can promote bacterial growth in soil and demonstrate that 25.0
mg/L is the optimal concentration, showing maximal positive effects
on plant growth and soil health.

Frontiers in Soil Science

10.3389/fs0il.2025.1694914

Graphene oxide is a chemically modified material with many
oxygen-containing hydrophilic functional groups, such as carboxyl,
carbonyl, epoxy, and hydroxyl groups (24). Because of its excellent
physicochemical properties—including outstanding electrical
conductivity, high chemical stability, and superior surface activity
and hydrophilicity—GO has been widely applied in agricultural
production. Other studies have shown that GO can promote the
growth and development of leguminous plants (25), increasing root
and shoot length, leaf number, root nodules per plant, pod number,
and seed number per pod. This suggests that the presence of GO in
soil may be closely related to improvements in soil conditions and
plant productivity.

Saline-alkali soil is common in northern China, especially
around the Datong district in northern Shanxi. The soil in this
area is chestnut soil with a loamy clay texture. It has a high degree of
salinization (pH > 9, total soil salt content > 0.3%). The land use
types are grassland and woodland, and the soil has not been used for
agricultural production. The main vegetation types include natural
herbs and shrubs such as tall fescue, Suaeda salsa, Medicago sativa,
Caragana korshinskii, Nitraria tangutorum, and poplar trees. The
saline—alkali soil source area has a temperate continental monsoon
climate, with an annual average temperature of 6.4°C, an annual
accumulated temperature of 2,846.5°C, and an average annual
precipitation of 389 mm (26, 27). The region is windy and
experiences large temperature differences between day and night.
How can the biological interaction between saline-alkali soil and
fallen poplar leaf litter be utilized—through the application of our
developed GO as a catalyst—to improve soil properties and enable
its use for agricultural production? This question stimulated us to
initiate this research project (22, 23, 26). Ultimately, our goal is to
build an interaction model for improving this soil type and
upgrading it for agricultural use.

Therefore, we selected poplar leaf litter and saline-alkali soil
from the same location as the research materials. Our aim was to
explore whether GO can enhance the effect of bacterial agents
(Bacillus subtilis, Pseudomonas fluorescens, and yeast) in improving
the decomposition rate of litter in saline-alkali soil, and to examine
the influence of GO and external bacterial agents on litter
decomposition from the soil microbial perspective. The goal is to
provide a theoretical basis for the effective use of GO-based
composite bacterial agents to decompose litter in soil and to
clarify the various influencing factors.

2 Materials and methods
2.1 Materials and methods

2.1.1 Materials

The bacteria and yeast strains (Bacillus subtilis (TY-1),
Pseudomonas fluorescens (T38), and yeast (H4)) were obtained from
the Institute of Plant Nutrition and Environmental Resources,
Liaoning Academy of Agricultural Sciences. The solid microbial
agent was formulated by mixing Bacillus subtilis (TY-1),
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Pseudomonas fluorescens (T38), and yeast (H4) at a 1:1:1 ratio based
on colony-forming units (CFU). The final concentration of the agent
was adjusted to 1 x 10° CFU per gram. Graphene oxide (GO) was
prepared using the two-step electrochemical method described in the
literature (28). Graphite was employed as both the anode and cathode,
with distilled water as the electrolyte. The graphite electrode
underwent electrolysis and oxidation through the application of
high-frequency pulse current, resulting in the production of
functionalized graphene oxide. External electrolyte ions were
introduced into the layered materials through an electrochemical
electric field, following a mechanism analogous to liquid-phase
stripping. The intercalation of electrolyte molecules into the graphite
cathode was facilitated by direct electrochemical application of the
electric field, causing an increase in interlayer spacing and a reduction
in van der Waals forces between graphite layers. Ultimately,
functionalized graphene oxide was synthesized successfully (28).

2.1.2 Experimental design

A litterbag method was employed to investigate the effects of
GO on the decomposition of poplar leaves (Scheme 1). Poplar leaf
litter was cut into uniformly sized fragments, and 2.5 g of leaves
were accurately weighed and placed into nylon mesh bags
measuring 15 cm x 10 cm with a mesh aperture of 0.15 mm. The
saline-alkali soil used in the experiment was collected from
Duzhuang Township, Yunzhou District, Datong City. Surface soil
(0-30 cm depth, pH =8.7) was used for all laboratory tests. Roots,
stones, and other debris were removed, and the soil was thoroughly
mixed and sieved. Distilled water was added to adjust the soil
moisture to 50-60% of field capacity, and the soil was incubated at
room temperature for 7 days to ensure uniformity. Plastic culture
pots with a diameter of 12.5 cm and a height of 11.5 cm were used in
the decomposition experiment. The saline-alkali soil was placed
into the pots, and the litterbags were inserted diagonally to ensure
uniform contact. After placement, each pot was sprayed with 30 mL

10.3389/fs0il.2025.1694914

of the GO solution or distilled water using a sprayer. The pots were
incubated at room temperature, and GO solution or distilled water
was reapplied every 10 days to maintain consistent soil moisture.
The experiment was terminated after 120 days, with three replicates
per treatment. The saline-alkali soil treatments were as follows:

i. CK: saline-alkali soil irrigated with tap water.
ii. CJ: 0.2 g bacterial agents added to the straw and saline-
alkali soil irrigated with tap water.
iii. CJ25: 0.2 g bacterial agents added to the straw and 25.0
mg/L GO irrigated onto the saline-alkali soil (29).

During the experiment, decomposition bags were recovered five
times at 0, 30, 60, 90, and 120 days after the start of decomposition.
At each time point, three bags were taken from each treatment as
replicates. Soil samples (100 g) were also collected at each time
point. The decomposed litter residues were removed and washed
thoroughly with deionized water until all decomposed material was
eliminated. The samples were dried to constant weight at 65°C, and
the mass and nutrient content of the decomposed residues were
measured. Litter mass loss was calculated using the mass method.
Humic acid concentrations in the litter and soil were determined
using the method of fertilizers and soil conditioners-determination
of humic acid concentrations in GB/T 45891-2025 (11-13).

2.1.3 Sample collection and analysis

The total nitrogen and total phosphorus contents were
measured using the H,SO,-H,0, digestion method. After
digestion, the Kjeldahl nitrogen determination method and the
vanadium-molybdenum yellow colorimetric method were used to
determine total nitrogen and total phosphorus, respectively (11-
13). The 2 mol/L KCI leaching-indophenol blue colorimetric
method was used to determine soil ammonium nitrogen (30).
The NaHCO; solution leaching-molybdenum antimony

SCHEME 1

Decomposition set

Experimental design to assess the effects of GO leaves on the decomposition of poplar leaf litter.

Combination analysis the contents of
leaf residues and used decomposition
soil to assess the GO effects on leaf
litters decomposition at different

sampling time and in three conditions.

1: CK
2:CJ
3: CJ25

Graphene oxide
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colorimetric method was used to determine soil phosphorus
content (30). Soil available potassium content was measured
using the NH,OAc extraction-flame photometric method. Soil
cellulase, dehydrogenase, urease, phosphatase, lignin, and
cellulose contents were measured using the soil cellulase (S-CL)
activity assay kit (BCO0155), soil dehydrogenase (sDHA) kit
(BC0390), soil urease (S-UE) activity assay kit (BC0125), lignin
content assay kit (BC4205), and cellulose content assay kit
(BC4285) (Beijing Solarbio Science & Technology Co., Ltd.).

2.1.4 Enzyme activity analysis

The activities of soil cellulase, dehydrogenase, urease, and
phosphatase were determined using the soil cellulase (S-CL)
activity assay kit (BC0155), soil dehydrogenase (sDHA) kit
(BC0390), soil urease (S-UE) activity assay kit (BC0125), and soil
acid phosphatase (S-ACP) activity assay kit (BC0140) (Beijing
Solarbio Science & Technology Co., Ltd.). Enzyme activity was
measured using a microplate reader (ELISA instrument; RT-6100,
RAYTO, USA). Fresh soil samples were accurately weighed and
passed through a 30-50 mesh sieve for analysis. The activities of
different enzymes were conducted using relative methods. The
content of reducing sugars produced through cellulase-catalyzed
degradation was determined using the 3,5-dinitrosalicylic acid
method. One unit of enzyme activity was defined as the amount
of enzyme that produces 1 mg of glucose per gram of soil per day.
Dehydrogenase activity was determined using the triphenyl
tetrazolium chloride reduction method, with one unit defined as
the amount of enzyme that causes an increase of 0.01 in optical
density (OD) per mL of reaction mixture per hour per gram of
sample at 37°C. The amount of NH;-N produced by urease
hydrolysis of urea was determined using the indophenol blue
colorimetric method, with one unit of activity defined as the
production of 1 ug NH3-N per gram of soil per day. Phosphatase
activity was measured using the p-nitrophenyl phosphate method,
with one unit of activity defined as the amount of enzyme that
releases 1 nmol of phenol per gram of soil per day at 37°C (22).

2.1.5 Scanning electron microscopy
characterization and analysis

Poplar leaf tissues treated with the synergistic combination of
graphene oxide and bacterial agents were cut into approximately 1
mmx 1 mm squares using a microtome. The samples were fixed
with 2.5% glutaraldehyde (340885, Sigma), rinsed, and subjected to
gradient dehydration in ethanol aqueous solutions at
concentrations of 30%, 50%, 70%, 90%, and 100%. After natural
drying, the samples were sputter-coated with gold and observed for
surface morphology using scanning electron microscopy (SEM;
TESCAN MAIA 3 LMH).

2.2 Data processing and analysis

The formula used to calculate the litter mass loss rate (L,) is as
follows:
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-M,
—— x 100 %
M,
where My is the initial dry weight of litter and M, is the dry
weight of litter in the litterbag bag at time t.
The Olson exponential decay model was used to fit the litter
mass residual rate (18, 31, 32):

y=A e—kt
where y is the mass residual rate (%), A is the fitting coefficient,
e is the natural base, k is the decomposition coefficient, and t is the
decomposition time (33).
The formula to calculate the relative nutrient return index (RRI)
is (34):

MoCo - MG,

0~0

RRI = % 100 %

where C is the initial concentration of an element in the litter,
and C; is its concentration at time t. CRRI (carbon relative return
index), NRRI (nitrogen relative return index), and PRRI
(phosphorus relative return index) represent the relative return
indices of carbon, nitrogen, and phosphorus, respectively. A
positive RRI value indicates a net release of elements during litter
decomposition, while a negative value indicates net accumulation.

Statistical analysis was performed using Microsoft Excel for data
organization, and Origin 9.0 was employed for graphical
representation. Prior to the two-way ANOVA, the assumptions of
normality (assessed using the Shapiro-Wilk test) and homoscedasticity
(evaluated using Levene’s test) were verified. To assess differences in
litter mass loss rate, soil nutrient content, and soil enzyme activities, a
two-way analysis of variance (two-way ANOVA) was conducted using
SPSS 26.0, followed by the Tukey HSD post hoc test at a significance
level of p<0.05. The main factors in the ANOVA were time and
treatment, with all indicators measured repeatedly over time.

3 Results and discussion

3.1 Changes in surface morphology and
microscopic appearance during litter
decomposition

Changes in the surface morphology of poplar leaves during
decomposition are shown in Figure 1. At day 0, the litter was mostly
yellow, and the stalks displayed clear fiber structures. As
decomposition progressed, the color of the litter gradually
darkened. Across treatments, the visible surface morphology did
not differ greatly during most of the decomposition period;
however, at 120 days, the surface of the poplar leaves under the
CJ25 treatment appeared the darkest (dark brown). This suggests
that GO can enhance the effect of bacterial agents and promote
litter decomposition.

The effects on the surface structure of the litter are shown in
Figure 2. Figure 2a shows the initial surface structure of poplar
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-me Pegespae

Changes in surface morphology during litter decomposition under three different treatments (CK, CJ, and CJ25).

leaves, characterized by a relatively flat surface and intact stomata.  treated leaves exhibited substantial damage, with CJ25 showing the
Figures 2—d show the surface structures of poplar leaves under CK,  greatest degree of degradation.

CJ, and CJ25 treatments at 120 days. The surface structure of CK- Furthermore, GO was successfully isolated from the surface of
treated leaves showed slight disruption, whereas CJ- and CJ25-  the decomposed litter and characterized using SEM and Raman

FIGURE 2

Scanning electron microscopy (SEM) of poplar leaves before and after decomposition under different treatments. (a) Initial poplar leaves;
(b—d) leaves under CK, CJ, and CJ25 treatments at 120 days of decomposition.
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FIGURE 3

Effects of different treatments on litter mass loss rate over time
(days). Error bars represent the standard deviations of three
biological replicates (litterbag). Data were statistically analyzed using
two-way ANOVA. Significance is indicated with asterisks (* indicates
p<0.05, ** indicates p<0.01).

spectroscopy. SEM imaging revealed that GO exhibits a transparent,
gauze-like layered structure with distinct wrinkles, curled edges, and
folds (Supplementary Figure Sla). Raman spectroscopy confirmed
the presence of functionalized graphene, indicated by prominent D
and G peaks (Supplementary Figure S1b).

3.2 Changes in litter mass loss rates

Changes in litter mass loss rate are shown in Figure 3. The litter
mass loss rates of all three treatments increased rapidly at first and
then gradually leveled off. The mass loss rate in the CJ25 treatment
was consistently higher than those under CK and CJ. At 30, 60, and
90 days, the decomposition rates under CK were 25.5%, 39.7%, and
48.2%, respectively. Under CJ, the rates were 30.1%, 44.1%, and
51.7%, while those under CJ25 were 40.6%, 58.9%, and 64.2%,
which were 10.5%, 14.8%, and 12.5% higher than CJ, respectively,
showing significant differences (p<0.05). At 120 days, the mass loss
rates of CK, CJ, and CJ25 were 50.5%, 57.7%, and 65.6%,
respectively, with CJ25 being 7.9% higher than CJ (p < 0.05).

Changes in litter decomposition rate: The mass loss rate is
shown in Figure 3. Based on these change curves over time, the
Olson negative exponential decay model was used to fit the mass
change of litter decomposition, and the fitting coefficients R* were

TABLE 1 Olson time decay model fitting of litter decomposition process.

Decomposition

10.3389/fs0il.2025.1694914

all high (>0.91), which indicates that the fitting effect is acceptable
(Table 1). The fitting equation was used to calculate the half-life
(To5) and turnover period (Tyes) of litter mass decomposition. It
was predicted that the time required for 50.0% decomposition of
litter under CK, CJ, and CJ25 treatments is approximately 119, 106,
and 73 days, respectively, and the time required for 95.0%
decomposition is 515, 460, and 318 days, respectively.

Among the treatments, the time required for 50.0% and 95.0%
decomposition under CJ25 was 63.0% (p<0.05) and 62.0% (p<0.05)
shorter, respectively, than that under CJ. This indicates that the
addition of 25.0 mg/L GO along with bacterial agents significantly
accelerates litter decomposition.

In summary, the addition of 25.0 mg/L GO and bacterial agents
has a certain promoting effect on litter decomposition and increases
the decomposition rate. At present, studies have shown that GO can
strengthen bacterial colonies and promote pollutant degradation.
For example, Sun et al. (36) showed that appropriate concentrations
of graphene oxide strengthened Pseudomonas aeruginosa and
promoted the degradation of polycyclic aromatic hydrocarbons in
soil; Mu et al. (37) found that graphene oxide quantum dots
(GOQDs) can induce the proliferation of Bacillus cereus and the
secretion of extracellular polymers, promoting the degradation of
polycyclic aromatic hydrocarbons, indicating that GO can be used
as a reinforcing and stimulating substance in bioremediation for
pollutant degradation and soil remediation.

3.3 Changes in total carbon, total nitrogen,
and total phosphorus content in litter

Changes in total carbon content in litter: The release of carbon
is mainly related to the decomposition of organic matter and is
consistent with the decomposition rate of litter. In most cases, the
faster the litter decomposition rate, the faster the carbon release
rate, and vice versa (11, 12). Figure 4a shows the change of carbon
content during litter decomposition. The initial carbon content of
litter was 709.7 g/kg, with the carbon content in litter gradually
decreasing over time. At 30 and 60 days of decomposition, the
carbon content of CJ25 and CJ was significantly lower than that of
CK (p <0.05). However, at 90 and 120 days of decomposition, the
carbon content of each treatment was CK>CJ>CJ25, with CJ and
CJ25 almost equal (p>0.05) but significantly lower than CK
(p < 0.05).

The change in relative carbon return index during litter
decomposition is shown in Figure 4b. During decomposition, the

Saline-alkali soil model TO0.5 (d) T0.95 (d)
CK y=91.467621¢ 007810t 0.9242 119 515
qJ ¥=90.372025¢ 00050 0.9224 106 460
CJ25 y=85.717494¢ 0009420t 0.9131 73 318

The decomposition time was calculated using the formula: Ty s = —In(0.5)/k and Ty es = —In(0.05)/k (35).
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FIGURE 4
Effects of different treatments during the litter decomposition process over time: (a) litter total carbon content and (b) carbon relative return index.
In the line charts, error bars represent the standard deviations from three biological replicates (litterbags). Data were statistically analyzed using two-
way analysis of variance (two-way ANOVA). Significance is indicated with asterisks (*p<0.05, **p<0.01).

CRRI was always greater than zero, indicating that carbon was in a
net release mode. At 30 and 60 days of decomposition, the CRRI of
CJ25 and CJ was significantly higher than that of CK—16.7% and
8.4% higher, respectively (p<0.05). At 90 and 120 days of
decomposition, the CRRI of CJ25 and CJ was significantly higher
than CK, but there was no major difference between CJ25 and CJ
(p>0.05). This indicates that the addition of 25.0 mg/L GO and
bacterial agents can increase the release rate of carbon in the
early stage.

Changes in total nitrogen content in litter: Litter decomposition
is an important source of soil nitrogen and an important link in the
soil nitrogen cycle (38). Figure 5a shows the changes in nitrogen
content during litter decomposition. The initial nitrogen content of
litter was 14.3 g/kg. Unlike the trend of litter carbon content,
nitrogen content first increased and then decreased. At 30 days of
decomposition, the nitrogen content of litter in each treatment was

21.1 g/kg (CK), 24.3 g/kg (CJ), and 27.0 g/kg (CJ25), with significant
differences (p<0.05). At 60, 90, and 120 days of decomposition, the
nitrogen content of litter was CK>CJ>CJ25, with CJ and CJ25 much
lower than CK (p < 0.05), but with no obvious difference between CJ
and CJ25 (p>0.05).

Figure 5b shows the change in the relative return index of
nitrogen during litter decomposition. NRRI first decreased and then
increased over time. At 30 days of decomposition, NRRI was less
than zero, indicating that nitrogen in the litter increased at this time,
showing net accumulation. At 60, 90, and 120 days of
decomposition, NRRI was greater than zero, indicating that
nitrogen was in a net release stage, with CJ25 being the largest, CJ
next, and CK the lowest. The NRRI of CJ and CJ25 was higher than
CK (p<0.05), while there was no major difference between CJ and
CJ25 (p>0.05), indicating that the addition of 25.0 mg/L GO and
bacterial agents can slightly increase the release rate of nitrogen at

N
N

[
=

[
N

Litter Nitrogen content (g/kg)
=

N
L

60d 90d

Time (d)

=]
=3

304d

FIGURE 5

Effects of different treatments on nitrogen content during the litter decomposition process as a function of time: (a) litter total nitrogen content and
(b) nitrogen relative return index. In the line charts, the error bars represent the standard deviations from three biological replicates (litterbags). Data
were statistically analyzed using two-way analysis of variance (two-way ANOVA). Significance is indicated with asterisks (*p<0.05, **p<0.01).
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Effects of different treatments during the litter decomposition process: (a) litter total phosphorus content and (b) phosphorus relative return index,
both as a function of time. The error bars represent the standard deviations from three biological replicates (litterbags). Data were statistically
analyzed using two-way analysis of variance (two-way ANOVA). Significance is indicated with asterisks (*p<0.05, **p<0.01).

60-120 days of decomposition. This experimental data suggests that
the different effect may come from the addition of bacterial agents
and that the GO effect is not so significant.

Changes in total phosphorus content in litter: The changes in
phosphorus content during litter decomposition are shown in
Figure 6a. The initial phosphorus content of the litter was around
0.7 g/kg, and the phosphorus content during decomposition
showed a trend of first increasing and then decreasing. At 30 days
of decomposition, the phosphorus content of the litter in each
treatment was in the order CJ25>CJ>CK. At 60 and 90 days of
decomposition, the order reversed to CK>CJ>CJ25, with significant
differences (p < 0.05). At 120 days of decomposition, the
phosphorus content of litter in each treatment was CK>CJ=C]J25,
with CJ and CJ25 significantly lower than CK (p<0.05) but not
significantly different from each other (p > 0.05).

Figure 6b shows the relative return index of phosphorus during
litter decomposition. The PRRI first decreased and then increased

over time. At 30 days of decomposition, the PRRI of CK was less
than zero, indicating that phosphorus in the litter increased under
this treatment, showing a net accumulation stage, while the PRRI of
CJ and CJ25 was greater than zero, indicating that phosphorus in
these treatments was in a net release stage. At 60, 90, and 120 days
of decomposition, PRRI was greater than zero for all treatments,
indicating net release of phosphorus during this period, with
CJ25>CJ>CK and significant differences (p < 0.05). This indicates
that the addition of 25.0 mg/L GO and bacterial agents can increase
the release rate of phosphorus at 60-120 days of decomposition.
Changes in cellulose and lignin content in litter: Cellulose and
lignin have complex structures and are intertwined with
hemicellulose to form a heterogeneous network, with a slow
decomposition rate (39). The change in cellulose content during
litter decomposition is shown in Figure 7a. The cellulose content of
the CK treatment first increased and then decreased, while the
cellulose content of the CJ and CJ25 treatments showed a gradual
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Cellulose (a) and lignin (b) content as a function of time during the litter decomposition process. The error bars represent the standard deviations
from three biological replicates (litterbags). Data were statistically analyzed using two-way analysis of variance (two-way ANOVA). Significance is
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decrease. During decomposition, the cellulose content of CK was
much higher than those of CJ and CJ25 (p<0.05). At 30 and 60 days
of decomposition, the cellulose content of CJ25 was clearly lower
than that of CJ, by 10.0% and 9.5%, respectively (p<0.05), but there
were no major differences between CJ and CJ25 at 90 and 120 days
(p > 0.05). On the 120th day of decomposition, the cellulose
contents of CK, CJ, and CJ25 were 10.0%, 5.7%, and
5.6%, respectively.

The change in lignin content during litter decomposition is
shown in Figure 7b. Its trend is similar to that of cellulose. The

10.3389/fs0il.2025.1694914

lignin content of the CK treatment first increased and then
decreased, while the lignin content of the CJ and CJ25 treatments
gradually decreased.

During the decomposition process, the lignin content of CK was
much higher than those for CJ and CJ25 (p<0.05). At 30 and 60 days
of decomposition, the lignin content of CJ25 was significantly lower
than that of CJ by 6.7% and 9.4%, respectively (p<0.05), but there
was no significant difference between CJ and CJ25 at 90 and 120
days (p > 0.05). At 120 days of decomposition, the lignin contents of
CK, CJ, and CJ25 were 23.4%, 13.2%, and 13.1%, respectively. This

TABLE 2 Effects of different treatments on the contents of soil humic acid, total nitrogen, total phosphorus, ammonium nitrogen, available

phosphorus and available potassium.

Soil nutrients Time cJ CJ25
0 11.4+1.1a 11.4+1.1a 11.4+1.1a
30 16.7+0.8¢ 19.2:0.4b 23.9+0.7a
Humic acid
60 18.1+0.9¢ 21.6£0.9b 25.2+0.8a
(g/kg)
90 21.240.7¢ 25.8+1.0b 56.6:0.8a
120 32.240.5¢ 47.5+0.4b 72.2+0.7a
0 543.7+9.6a 543.7+9.6a 543.7+9.6a
30 468.6+16.3a 436.1422.8a 338.8+22.8b
Total nitrogen
60 540.5+7.2¢ 625.3+16.4b 763.4+10.3a
(mg/kg)
90 631.2+14.1c 818.6+16.3b 963.9+19.8a
120 788.627.4c 1014.8+45.7b 1274.8465.4a
0 480.3+12.52 480.3+12.52 480.3+12.52
30 511.2+14.3a 409.2+8.7b 356.3+17.0¢
Total phosphorus
60 548.9+22.7a 460.2+18.2b 537.6+17.0a
(mg/kg)
90 684.9+11.3¢ 1206.1+17.0b 1381.2+137a
120 1224.9+8.7¢ 1494.9+8.7b 1963.3+14.2a
0 7.19+0.6a 7.19+0.6a 7.19+0.6a
30 6.0£0.2¢ 8.0+0.3b 8.7+0.2a
Ammonium nitrogen
60 8.240.3¢ 13.940.7b 18.3+0.3a
(mg/kg)
90 11.6+0.1c 17.4%1.2b 19.6+0.5a
120 12.6+1.2¢ 19.6+1.4b 21.5+1.0a
0 13.7+0.4a 13.740.4a 13.7+0.4a
30 11.540.2a 5.4+0.9b 5240.2b
Available phosph
vaflabe phosphorus 60 12.6+0.1c 14.940.1b 16.240.7a
(mg/kg)
90 13.8+0.7¢ 16.4%1.0b 18.6+0.8a
120 16.7+1.0c 18.0+0.9b 20.4+0.9a
0 80.2+8.9a 80.24+8.9a 80.2+8.9a
30 96.6+1.7¢ 145.740.7b 163.8+1.7a
Availabl i
vailable potassium 60 162.049.0a 194.7+1.6b 2283+6.7a
(mglkg)
90 182.0+11.0a 277.1£9.6b 287.5+10.9a
120 244.5+7.3¢ 333.9+1.2b 365.7+7.3a
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indicates that the addition of 25.0 mg/L GO and bacterial agents can
increase the degradation rate of cellulose and lignin
during decomposition.

Summarizing, the addition of 25.0 mg/L GO and bacterial
agents can promote the release of carbon, nitrogen, and
phosphorus in litter. Nitrogen and phosphorus elements are
temporarily enriched during the decomposition process and then
released as decomposition continues. The enrichment of nitrogen
and phosphorus may occur because nutrients in the soil migrate to
the vicinity of the decomposition bag and are adsorbed by the litter.
The initial nitrogen content in the litter is low, and the released
nitrogen is insufficient for microorganisms. Thus, microorganisms
obtain nitrogen from the soil to meet their needs, ultimately
reducing the nitrogen content in the soil and increasing the
nitrogen content in the litter. Nitrogen therefore shows an
enrichment behavior (40). At the same time, the cellulose and
lignin contents of the CJ25 treatment are the lowest, indicating that
25.0 mg/L GO and bacterial agents can promote the degradation of
cellulose and lignin in the litter (41). Comparing CJ and CJ25, there
are no significant differences in the long-term effects on N and P
release or in the degradation rates of cellulose and lignin between
90-120 days or after 120 days, indicating that GO addition is not
more significant than adding bacterial agents alone. This
demonstrates that these decomposition processes are dominated
by microbial activity at later stages. However, GO is a contributing

10.3389/fs0il.2025.1694914

factor in the short period between 30-90 days. This is a significant
finding for litter decomposition in this type of soil.

3.4 Changes in soil nutrient content

Nutrients are released during the decomposition of litter, part of
which is absorbed and utilized by microorganisms and animals, with
the other part returned to the soil to be utilized by plants (42). This
promotes the recovery of soil fertility, is an important link in the
nutrient cycle of the ecosystem, and is also an important
manifestation of ecosystem function (43). Table 2 shows the
changes in soil nutrient content during litter decomposition. As
seen in the table, soil humic acid content gradually increased over
time. On the 30th, 60th, 90th, and 120th days of decomposition, the
soil humic acid content of the CJ25 treatment was significantly higher
than those of CJ and CK (p < 0.05). By the 120th day, the humic acid
content was 72.2 g/kg, higher than that of CJ and CK by 52.0% and
124.2%, respectively (p<0.05). The soil total nitrogen content (STNC)
showed a trend offirst decreasing and then increasing. At 30 days, the
STNC of CJ25 was the lowest. At 60, 90, and 120 days, the STNC of
CJ25 was the highest (p<0.05). At 120 days, STNC under CJ25 was
higher than CJ and CK by 25.6% and 61.7%, respectively (p < 0.05).

The soil total phosphorus content (STPC) showed different
trends under different treatments. For CK, the STPC gradually
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increased over time, while those for CJ and CJ25 first decreased and
then increased. STPC under CJ25 was the lowest at 30 days, whereas
at 60, 90, and 120 days, the STPC for CJ25 increased notably
compared to the initial 30 days. At 120 days, STPC under CJ25 was
higher than CJ and CK by 31.3% and 60.3%, respectively (p<0.05).

The soil ammonium nitrogen content showed different
changing trends for different treatments. For CK, ammonium
nitrogen first decreased and then increased, while for CJ and CJ25
it gradually increased throughout the decomposition period. On the
30th, 60th, 90th, and 120th days, the ammonium nitrogen content
of CJ25-treated soil was significantly higher than that of CJ and CK
(p < 0.05). At 120 days, ammonium nitrogen content under CJ25
was higher than CJ and CK by 9.7% and 70.6%,
respectively (p<0.05).

The soil available phosphorus content first decreased and then
increased. At 30 days, CJ25 was the lowest, but afterwards it became
the highest among treatments (p < 0.05). At 120 days, available
phosphorus under CJ25 was higher than CJ and CK by 13.3% and
22.2%, respectively (p<0.05).

The soil available potassium content gradually increased over
time, with CJ25 consistently the highest (p<0.05). At 120 days, the
available potassium content under CJ25 was higher than that under
CJ and CK by 9.5% and 49.6%, respectively (p<0.05).

The data in Table 2 were measured from soil collected
surrounding the decomposition bags at different time points. It is
evident that humic acid and total phosphorus increased more
significantly than other components, indicating that poplar leaves
generate mainly humic acid and organic phosphorus in the soil
surrounding the litter.

3.5 Changes in soil enzyme activity

Figure 8 shows the changes in soil dehydrogenase, cellulase,
urease, and phosphatase activities under different treatments. The
dehydrogenase activity first increased and then decreased. At 30, 60,
and 90 days, the dehydrogenase activity of CJ25-treated soil was
higher than those of the CJ- and CK-treated soils; at 30 days, it was
higher by 31.6% and 38.9%, respectively (p<0.05), while the activity
of CJ-treated soil was only slightly higher than that of CK (p>0.05).
At 30 days, the dehydrogenase activity reached its maximum values
for all three treatments: 1.8, 1.9, and 2.5 U/g for CK, CJ, and CJ25,
respectively. However, at 120 days, there were no significant
differences in dehydrogenase activity among the three
treatments (p>0.05).

Figure 8b shows the changes in soil cellulase activity under
different treatments. The cellulase activity first increased and then
decreased. At 30 and 60 days, the cellulase activity of soil treated
with CJ25 was considerably higher than those for the CJ- and CK-
treated samples (p<0.05), but there was no major difference between
CJ and CK (p > 0.05). At 90 and 120 days, the cellulase activity of
the CJ25 treatment was greater than those for CJ and CK (p<0.05),
with the activity for the CJ treatment greater than that for CK
(p<0.05). The cellulase activity was maximal at 60 days—15.2, 15.9,
and 19.0 mg/g for CK, CJ, and CJ25, respectively. The cellulase
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activity of CJ25-treated soil was greater than those of CJ and CK by
19.4% and 25.0% (p<0.05).

Figure 8c shows the changes in soil urease activity under
different treatments. Consistent with the changes in soil
dehydrogenase activity, urease activity first increased and then
decreased. At 30, 60, and 90 days, the order of urease activity was
CJ25>CJ>CK, with clear differences (p<0.05). At 30 days, the urease
activity reached its maximum values—743.3, 798.5, and 821.5 U/g
for CK, CJ, and CJ25, respectively—with the activity of the CJ25
treatment slightly greater than those for the CJ and CK treatments
by 2.9% and 10.5%, respectively (p<0.05). At 120 days, there was no
significant difference in urease activity between the CJ and CJ25
treatments, but both were greater than that for CK.

Figure 8d shows the changes in soil phosphatase activity (SPA)
under different treatments. Different trends were observed
compared to those of the previous three enzymes. The SPA of the
CK treatment first increased over time and then decreased after 90
days, while the SPA of the CJ and CJ25 treatments gradually
increased. At 30, 60, and 90 days, the trend of SPA from high to
low was CJ25>CJ>CK, with considerable differences (p<0.05). At
120 days, the CJ25 and CJ treatments reached their highest SPAs,
and the values for CJ25 and CJ were essentially equal and much
higher than that for CK.

The enzyme activity results demonstrate that the addition of
both bacterial agents and GO overall increased the activities of these
four enzymes in this type of soil. The effects of GO in the CJ25
treatment were significant mainly in shorter periods compared to
CJ and CK—such as 0-30 days for dehydrogenase and urease, 0-60
days for cellulase, and 0-120 days for phosphatase (Figure 8). These
enzymes are well known to be involved in the catalytic conversion
of carbon-containing organic compounds into oxidized forms, the
degradation of cellulose into glucose, the hydrolysis of urea into
CO, and amines, and the removal of phosphate groups from
organic molecules to yield phosphate ions. Overall, these enzymes
are closely related to litter decomposition in soil media. The
discovery of positive effects of GO on these four enzymes is very
important for applications aimed at improving litter decomposition
in saline-alkali soil.

To further elucidate the correlation between environmental
factors and litter decomposition, the collected data showed that
after 120 days of treatment with graphene-synergized bacterial
agents, the litter decomposition rate was the fastest compared to
the control (Figure 3). Consequently, principal component analysis
(PCA) was performed using the data collected after 120 days of
treatment, including litter mass residual rate, litter composition
content, soil physicochemical properties, and enzyme activities.
These results revealed that the contributions of principal
component 1 (PCl1) and principal component 2 (PC2) were 87%
and 9.9%, respectively.

When the angle between two arrows is acute, it indicates a
positive correlation; when the angle is obtuse, it indicates a negative
correlation. Along the PC1 axis, the mass residual rate was negatively
correlated with ammonium nitrogen, soil phosphatase, soil total
nitrogen, humic acid, total phosphorus, soil dehydrogenase,
cellulase, and urease. Meanwhile, along the PC2 axis, the mass
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residual rate was positively correlated with the contents of C, N, and P
in the litter, as well as lignin and cellulose contents. Furthermore,
based on the projections of variables on PC1, ammonium nitrogen,
soil total nitrogen, humic acid, total phosphorus, soil phosphatase,
cellulase, and urease were identified as key factors influencing plant
litter decomposition (Figure 9).

In summary, adding 25.0 mg/L GO and bacterial agents can
increase the nutrient contents of humic acid, total nitrogen, total
phosphorus, ammonium nitrogen, available phosphorus, and
available potassium in the soil. Studies have shown that more
than 90% of nitrogen and phosphorus, and more than 60% of
mineral elements, come from litter returns (44). Research by Yahya
(45) and others found that GO can increase microbial diversity,
strengthen certain microorganisms, and improve their ability to
degrade pollutants. The degradation rate with GO addition reached
74.1%, which is 10.7% greater than the control group without GO.

Zhao et al. (46) prepared a microorganism-GO composite
material using existing environmental microbial resources and
GO to strengthen Bacillus lysinidia. The results showed that the
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Bacillus lysinidia-GO composite material exhibited good resistance
to uranium in aqueous solutions, with a removal capacity of 143.3
mg/g. Baldrian (47) and others believe that fungi are the main
decomposers of complex litter. Among them, saprophytic
basidiomycetes mainly decompose high-molecular compounds
such as cellulose and lignin and convert them into nutrients for
soil utilization, while bacteria are closely related to soil nitrogen
cycling, which is consistent with the results of this study.
Extracellular enzyme activity can be used to directly assess soil
microbial activity and its relative contribution to nutrient cycling
(48). Extracellular enzymes are active substances produced by
microorganisms and are closely related to litter decomposition. In
this study, soil enzyme activities varied across different periods, but
all results showed that adding 25.0 mg/L GO and bacterial agents
resulted in the highest soil enzyme activity, demonstrating that this
treatment can enrich microorganisms in the soil, increase soil
enzyme activity, and promote considerable litter decomposition.
The positive GO effects on poplar leaf litter decomposition are
obvious in saline-alkali soil, but the mechanism of this action is still
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unclear to us. Recent research by Zhang et al. (34) revealed that the
addition of nitrogen (N) and phosphorus (P) plays an important
role in both litter and soil carbon decomposition. The enhanced
carbon release under N addition might be attributed to increased
microbial biomass, the ratio of fungi to bacteria, and carbon-
degrading enzyme activities. We noted that at the beginning of
litter decomposition, both nitrogen and phosphorus contents
increased, which is consistent with the literature (34). This also
occurs with the addition of GO, indicating that this treatment may
help generate more microbial mass in the litter decomposition soil
medium. Most related GO applications reported in the literature
focus on the removal of pollutants, including heavy metals, from
aquatic environments (45, 46, 49-51). In principle, heavy metal
pollutants are very toxic to microorganisms, such as bacteria and
fungi, in the natural ecological environment. The observed plant
growth promotion associated with GO might be potentially linked
to changes in soil heavy metal bioavailability and microbial
community structure. This mechanism has been reported in
aquatic environments (52), but this specific pathway was not
directly measured in our soil-based system and could be a topic
for future investigation.

Recent research found that few-layer graphene involuntarily
released into terrestrial environments is likely oxidized by soil
microflora into graphene oxide, indicating that natural soil media
have the capability to produce GO (53). Meanwhile, graphene oxide
can also be synthesized widely from biomass waste on a large
industrial scale (54). These findings suggest that GO is becoming
economical and may be used more extensively in the treatment of
different soil media. Our discovery of the positive effects of GO in
promoting the decomposition of poplar leaf litter is very important
for upgrading soil nutrients—especially in saline-alkali soils in
northern China—and will be beneficial for global agricultural
food production.

4 Conclusion

In saline-alkali soil, the mass loss of litter was the greatest when
25.0 mg/L GO and bacterial agents were added. The carbon content
gradually decreased, while the nitrogen and phosphorus contents
were enriched in the early stages but were released later. At the same
time, the cellulose and lignin contents in the litter showed different
trends under the various treatments and were lowest when 25.0 mg/
L GO and bacterial agents were added.

The combination of GO and bacterial agents can promote the
decomposition of litter and increase soil nutrients. In saline—alkali
soil, the changes in the contents of humus, total nitrogen, total
phosphorus, ammonium nitrogen, available phosphorus, and
available potassium can be summarized as follows: the contents of
humus and available potassium gradually increased over time, while
the contents of total nitrogen, total phosphorus, ammonium
nitrogen, available phosphorus, and most phosphorus forms first
decreased and then increased. After 120 days, all of these reached
their maximum values when both 25.0 mg/L GO and microbial
agents were added.
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The combined presence of GO and microbial agents promoted
soil enzyme activity, which further facilitated litter decomposition.
The activities of soil dehydrogenase, cellulase, and urease all initially
increased and then decreased. Phosphatase activity showed a
gradual increase throughout the decomposition process and
reached its highest level when 25.0 mg/L GO and bacterial agents
were added. Overall, GO plus microbial agents accelerated poplar
leaf litter decomposition in saline-alkali soil. This discovery is
important for understanding the novel application of GO in soil
improvement and nutrient enhancement.
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