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Abstract: Glomalin-related soil proteins (GRSP) play a crucial role in strengthening soil structure
and increasing carbon (C) storage. However, the chemical stability of GRSP and related arbuscular
mycorrhizal fungi (AMF) community response to fertilization remains unclear. This study investi-
gated C and nitrogen (N) contents, three-dimensional fluorescence characteristics in GRSP, and AMF
properties based on a field experiment that was subjected to 29 years of various fertilizations. The
experiment included treatments with no fertilizer (CK), chemical fertilizer (NPK), manure (M), and
manure combined with NPK (NPKM) treatments. Results showed that GRSP contained 37–49% C and
6–9% N, respectively. Compared with CK and NPK, the C and N proportions in GRSP significantly
increased under M and NPKM. Using the parallel factor model, four fluorescent components of
GRSP were identified: one fulvic acid-like component (C2), one tyrosine-like component (C4), and
two humic acid-like components (C1, C3). Under M and NPKM, the fluorescent intensity of C2
and C4 decreased, while the humification index (HIX) increased relative to CK and NPK, indicating
that organic fertilization could enhance the stability of GRSP. The C and N proportion in GRSP
positively associated with soil organic C (SOC), total N (TN), available phosphorus (AP), AMF
biomass, and diversity, while C2 and C4 showed negative associations. Structural equation modeling
further revealed that manure-induced changes in pH, SOC, TN, and AP increased AMF biomass and
diversity, thereby altering GRSP composition and stability. This study provides valuable insights into
the compositional traits of GRSP, contributing to sustainable soil management and C sequestration
in agroecosystems.

Keywords: long-term fertilization; soil physicochemical properties; glomalin-related soil proteins;
arbuscular mycorrhizal fungi; three-dimensional fluorescence

1. Introduction

Glomalin-related soil proteins (GRSP) are heat-stable proteins with an aromatic struc-
ture primarily derived from the metabolic activities of micro-organisms, notably arbuscular
mycorrhizal fungi (AMF) [1,2]. GRSP serves as a crucial nutrient source for plants and
microbes, containing 20–43% carbon (C) [3,4] and 3–5% nitrogen (N) [5]. In addition, GRSP
has important ecological functions in improving soil stability, promoting soil C sequestra-
tion, enhancing microbial activity, and passivating heavy metals due to their recalcitrance,
hydrophobicity, cohesiveness, and iron-binding capacity [6]. These functions largely de-
pend on compositional traits of GRSP, such as functional group, fluorescence components,
and/or C and N element ratio [7,8]. Studies have shown that molecular weight and element
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contents in GRSP vary with vegetation types and soil properties [9,10]. For instance, the
C concentration of GRSP from saline soils is reported to be about 2.5 times higher than
that from marine sediments in the old Yellow River Delta [3,11]. In coastal wetland soils,
the C/N ratio of GRSP increases with soil depth [7]. Compared to forest soils, cropland
soils exhibit higher concentrations of low molecular weight and aromatic GRSP [12]. In
cropland, fertilization can affect GRSP contents [13]. However, the impacts of different
fertilization regimes on the elemental characteristics of GRSP remain unclear.

Research on the chemical composition of GRSP remains limited, and significant differ-
ences have been observed across various soil types. Wang et al. used three-dimensional
fluorescence spectroscopy (EEM) combined with parallel factor analysis (PARAFAC) to
identify various organic substances in GRSP samples from forest soil. These substances
included compounds similar to tyrosine protein, tryptophan protein, fulvic acid, humic
acid, soluble microbial byproduct, nitrobenzoxadiazole, and calcofluor white [14]. How-
ever, Guo et al. identified four components from coastal wetland soils, including one
tyrosine-like protein and three humic acid-like components [7]. These findings indicate that
GRSP is not a typical glycosylated protein and that there are differences in the fluorescent
components of GRSP. Although some progress has been made in forest and/or grassland
ecosystems [4,15], the fluorescence characteristics of GRSP in cropland, particularly under
different fertilization types, remain unclear. Since the 1980s, mineral fertilizer has become a
substitute for organic manure due to its low price and convenience [16], but long-term min-
eral fertilization has led to issues such as soil acidification [17] and decreased fertility [18],
which may largely affect the compositional traits of GRSP [15]. Therefore, elucidating the
differences in compositional traits of GRSP under various long-term fertilization regimes
is crucial for comprehensively understanding their ecological functions and providing
scientific guidance for agricultural management.

AMF represents a significant pathway for C transfer from plants to soil [19]. AMF
utilizes specific membrane transporters in root cortex cells to obtain N and P nutrients in
exchange for plant-derived C [20]. However, it remains unclear how fertilization affects
AMF communities and diversity, and subsequently, the fluorescence components and C and
N element changes in GRSP. Some studies have shown that organic fertilization increases
AMF biomass and diversity by regulating pH and nutrients, thereby altering the functional
group structures of GRSP and increasing the proportion of aromatic C [13]. Zhong et al.
found that soil moisture and electrical conductivity (EC) negatively influence the tyrosine-
like component of GRSP [15]. Additionally, soil biofilms, composed of bacteria and fungi,
play a critical role in GRSP production and stability, further influencing soil structure
and quality [21]. Organic fertilizers contribute to the formation and maintenance of these
biofilms, thereby enhancing overall soil health and GRSP accumulation. Bacteria and fungi
in biofilms can synergistically interact with AMF, promoting GRSP production and its
compositional traits [22]. Therefore, exploring the relationship between GRSP chemical
characteristics and edaphic and microbial properties can clarify the key regulatory factors
influencing GRSP accumulation in cropland soils under different fertilization regimes.

In this study, we aimed to unravel the compositional traits of GRSP in the cropland
and how fertilization affects GRSP fluorescence components and C and N element changes
based on an experiment subjected to a 29-year fertilization. Our hypotheses were that
(i) manuring could increase the content and concentrations of C and N in GRSP, as well as
alter the fluorescence components, and (ii) fertilization-induced changes in soil nutrients
and pH would regulate AMF biomass and diversity, thereby altering the fluorescence
components and C and N concentrations in GRSP.

2. Materials and Methods
2.1. Study Site

A long-term field experiment was initiated in 1990 on cropland soil located in Qiyang
County, Hunan Province, China (26◦45′ N, 111◦52′ E). The site experiences a subtropical
climate characterized by a mean annual temperature of 18.1 ◦C and mean annual precipita-
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tion of 1431 mm. The soil originates from quaternary red clay and is classified as Ferralic
Cambisol according to the FAO classification. The initial soil pH was 5.70, with soil organic
carbon (SOC) at 8.58 g kg−1, total nitrogen (TN) at 1.07 g kg−1, and total phosphorus (TP)
at 0.45 g kg−1. The predominant cropping system consists of winter wheat–summer maize
rotations [19]. There are four treatments with two repetitions. The area of each plot was
196 m2, and two soil samples were taken from each plot as two sub-replicates. To ensure
sufficient samples, we selected three replicates for measurement. The treatments comprised
the following elements: no fertilizer (CK); mineral fertilizer (NPK, mineral N, P, K fertilizer);
manure (M, pig manure, C:N ≈ 21); NPKM (NPK plus pig manure). The information on
fertilizer application and period is shown in Table 1. Soil samples were collected using
a 5-point sampling method after maize harvest in September 2019 at a depth of 0–20 cm
(Figure S1). One portion of the soil was air-dried according to previous protocols, while the
other portion of fresh soil was stored at −80 ◦C.

Table 1. Fertilizer application amounts under different treatments.

Treatments

Fertilization (kg ha−1)

Maize Wheat

N P2O5 K2O Fresh
Manure N P2O5 K2O Fresh

Manure

CK - - - - - - - -
NPK 210 84 84 90 36 36 -

M - - - 42,000 - - - 18,000
NPKM 63 84 84 29,400 27 36 36 12,600

Notes: The water content of pig manure is about 70%. CK, no fertilizer; NPK, mineral nitrogen, phosphorus,
potassium fertilizer; M, pig manure; NPKM, NPK plus pig manure.

2.2. Soil Sampling Analysis

Initial SOC was measured using the sulfuric acid–potassium dichromate oxidation
method; SOC content was corrected by a factor of 1.3. Initial TN was determined using
the Kjeldahl method for nitrogen digestion and distillation. Initial TP was determined
using molybdenum–antimony resistance colorimetric method. In 2019, soil organic carbon
(SOC) and total nitrogen (TN) were determined using an elemental analyzer (EA3000,
leeman technology Co., Ltd, Milan, Italy). Available phosphorus (AP) was tested using
the molybdenum–antimony resistance colorimetric method. Soil pH was measured at a
soil-to-water ratio of 1:2.5 (FE30, Mettler Toledo, Shanghai, China). AMF biomass was
quantified using C16:1ω5 phospholipid fatty acids (PLFAs). AMF diversity was assessed
using high-throughput sequencing. The Magigene platform (http://cloud.magigene.com,
accessed on 1 May 2022) was used to calculate AMF diversity (Shannon–Wiener and Chao1
index). Detailed methods and soil properties data (Table S1) can also be found in Yang
et al. [13].

2.3. GRSP Determination

GRSP was measured using the methods described by Wright et al. [23]. Briefly, to
extract the total GRSP, 8 mL of 50 mmol L−1 sodium citrate (pH = 8.0) was used for
every 1 g of air-dried soil. The extracts were centrifuged at 10,000× g for 6 min after an
autoclaving process lasting 1 h at 121 ◦C. After completing this process four times for each
sample, the supernatants were combined and centrifuged one more time to prepare them
for measurement. The optical density (OD) values of GRSP were determined at 595 nm
with an enzyme microplate reader, using bovine serum albumin (BSA) as the standard. The
BSA standard curve is shown in Table S2.

The supernatant was precipitated by adding a higher concentration of hydrochloric
acid, chilling in an ice bath for one hour, and centrifuging at 10,000× g for 6 min. The
sediment was dialyzed in dH2O for 60 h (dialysis bag, molecular weight cut off = 10,000

http://cloud.magigene.com
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Dalton, USA) after being dissolved in 0.1 M sodium hydroxide (NaOH). After dialysis, in
order to remove any insoluble residue, the dialysate was centrifuged at 10,000× g for six
minutes. The supernatant was then freeze-dried using a freeze-dryer to obtain solid GRSP.

2.4. Structural Characterizations of GRSP

Elemental analyzer (EA3000, Milan, Italy) was used to analyze atomic ratios of GRSP,
including C and N elements. In brief, solid GRSP samples of 1–3 mg were weighed using a
millionth of a gram precision balance and wrapped in tin foil before determining their C
and N content. GRSP-C (N) was calculated as follows:

GRSP-C(N) = C(N) × GRSP × 100% (1)

where GRSP-C(N) stands for the C content of GRSP (mg g−1 Soil), C(N) represents the
percentage of C in GRSP, GRSP is glomalin-related soil proteins content (mg g−1 Soil).

Fluorescence spectra were recorded employing Hitachi F-7000 fluorescence spectrom-
eter (Hitachi, Tokyo, Japan) with a 700 V xenon lamp [14]. Specifically, the 1.00 mg solid
GRSP samples were placed in centrifuge tubes, then 1 mL sodium hydroxide (NaOH)
solution (0.1 M) and 4 mL dH2O were added, and the precipitate was completely dissolved
by shaking. Excitation–emission matrices (EEMs) were obtained across an emission wave-
length range from 250 to 550 nm and an excitation wavelength range from 200 to 500 nm.
The excitation–emission slit was maintained at a fixed 2 mm and 5 mm step, respectively,
with a scan speed of 2400 nm min−1.

The EEM data of the samples were analyzed using parallel factor (PARAFAC) model
with the dreem6.4 and N-Way toolbox. The “smootheem” function was used to subtract
the effects of Raman and Rayleigh scattering to obtain the actual fluorescence intensity. The
fluorescence data were compared with the data published in the online spectral library (the
OpenFluor website, http://www.openfluor.org, accessed on 1 June 2024). The excitation
and emission wavelengths of similar fluorescence peaks identified by the OpenFluor
database had a significance level greater than 0.95. PARAFAC is a mathematical modeling
method based on trilinear decomposition theory, implemented using alternating least
squares [24]. It decomposes the EEMs dataset into a set of trilinear terms and a residual
array. The calculation formula of the PARAFAC model is shown in Equation (2):

Xijk = ∑N
n=1 ainbjnckn+εijk (2)

where Xijk is the fluorescence intensity of the i-th sample at the excitation wavelength k
and emission wavelength j; ain is the proportional concentration of the n-th component in
the i-th sample; bjn and ckn are model parameters linearly correlated with the fluorescence
quantum efficiency of the n-th component at the emission wavelength j and excitation
wavelength k, respectively; N is the number of columns in the loading matrix, representing
the number of components needed to correctly fit the model; and εijk is the residual matrix.

Based on the EEM data, we also obtained some fluorescence indices: biological index
(BIX) and humification index (HIX) (Equations (3) and (4)). The humification index (HIX) is
the ratio of the integrated fluorescence intensity values at an excitation wavelength (λEx)
of 254 nm for emission wavelengths (λEm) in the range of 435–480 nm to those in the range
of 300–345 nm (Equation (3)) [25]. The biological index (BIX) is the ratio of the fluorescence
intensity at an excitation wavelength (λEx) of 310 nm for emission wavelengths (λEm) at
380 nm and 430 nm (Equation (4)) [26]. Here, I represent the fluorescence intensity value at
specific excitation/emission wavelengths.

HIX =
∑480 nm

435 nm IλEm

∑345 nm
300 nm IλEm

, λEm = 254 nm (3)

BIX =
IλEm=380 nm

IλEm=430nm
, λEm = 310 nm (4)

http://www.openfluor.org
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2.5. Statistical Analysis

The data were examined for homogeneity and normality using the Kolmogorov–
Smirnov test. Nonparametric test was used to test for differences in C and N content and
structural compositions of GRSP among fertilization practices. The relationship between
characterizations of GRSP and edaphic and microbial factors (pH, SOC, TN, AP, AMF)
was evaluated using Pearson’s correlation coefficient. Spectra graphs were created using
Matlab2020b software; heatmap and structural equation modeling were performed using
the statistical software R v.4.3.0.

3. Results
3.1. Differences between C and N Content and Proportion in GRSP under Fertilization Regimes

There were significant differences in the C and N proportion in GRSP under various
fertilization regimes (p < 0.05, Figure 1). The percentage of C in GRSP was 31% higher under
the M and NPKM treatments than that under the NPK treatment (Figure 1a). Similarly, the
percentage of N in GRSP was 60% higher under M and NPKM treatments relative to CK
and NPK treatments (Figure 1b). However, the C/N ratio in GRSP was lower under the M
and NPKM treatments than in the CK and NPK treatments (Figure 1c).
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Figure 1. The percentages of C (a) and N (b), the ratio of C to N (c), and the content of C (d) and N 
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M, pig manure; NPKM, NPK + pig manure. The data (n = 3) show the means with standard errors. 
Significant differences across fertilization treatments are shown by different letters (p < 0.05). 

The contents of C and N in GRSP also varied significantly under fertilization treat-
ments (p < 0.05, Figure 1d,e). The GRSP-N content was substantially higher under the M 
and NPKM treatments (0.29–0.35 mg g⁻¹) compared to the CK and NPK treatments (0.12–
0.16 mg g⁻¹), with GRSP-N being higher under M than under NPKM. In addition, GRSP-
C significantly increased with fertilization (NPK, M, NPKM) treatments compared to CK 
treatment. GRSP-C content under M and NPKM was also higher than under NPK. 

  

Figure 1. The percentages of C (a) and N (b), the ratio of C to N (c), and the content of C (d) and N
(e) in GRSP under long-term fertilization regimes. CK, no fertilizer; NPK, mineral N, P, K fertilizer;
M, pig manure; NPKM, NPK + pig manure. The data (n = 3) show the means with standard errors.
Significant differences across fertilization treatments are shown by different letters (p < 0.05).

The contents of C and N in GRSP also varied significantly under fertilization treatments
(p < 0.05, Figure 1d,e). The GRSP-N content was substantially higher under the M and NPKM
treatments (0.29–0.35 mg g−1) compared to the CK and NPK treatments (0.12–0.16 mg g−1),
with GRSP-N being higher under M than under NPKM. In addition, GRSP-C significantly
increased with fertilization (NPK, M, NPKM) treatments compared to CK treatment. GRSP-C
content under M and NPKM was also higher than under NPK.

3.2. Fluorescence Characteristics Analysis of GRSP

The fluorescence characteristics of GRSP were preliminarily identified using excitation–
emission matrix fluorescence spectroscopy (EEM). Based on the parallel factor (PARAFAC)
model, four fluorescent components of GRSP were identified, including one fulvic acid-like
component, one tyrosine-like component, and two humic acid-like components (Table 2,
Figure 2). These components showed significant differences across different fertilization
regimes (Figures 3 and 4). Three distinct peaks were observed across the fertilization
regimes (Figure 3). The fluorescence intensity of the fulvic acid-like (C2) and tyrosine-like
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(C4) components significantly reduced by 50% and 55%, respectively, under M and NPKM
treatments compared to CK and NPK, while the intensity of the humic acid-like component
(C1) increased by 17%. There was no significant difference in the humic acid-like component
(C3) among the fertilization regimes (Figure 4a–d).

Table 2. Characteristics of the four components of glomalin-related soil proteins identified by
PARAFAC of excitation–emission matrices.

Component Excitation Max (nm) Emission Max (nm) Likely Structure

C1 320 390 UVA humic acid-like
C2 200 385 Fulvic acid-like
C3 274 460 UVA humic acid-like

C4 222 290 Protein-like substance
(tyrosine)
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Figure 2. Four fluorescent components identified using PARAFAC analysis under fertilization re-
gimes. The spectral shapes of emission and excitation are shown in contour plots (a–d). The split-
half validation findings for the appropriate component are presented in line plots on the right side 
of each contour plot (e–h). C1: humic acid-like substance; C2: fulvic acid-like substance; C3: humic 
acid-like substance; C4: protein-like substance. 

Figure 2. Four fluorescent components identified using PARAFAC analysis under fertilization
regimes. The spectral shapes of emission and excitation are shown in contour plots (a–d). The
split-half validation findings for the appropriate component are presented in line plots on the right
side of each contour plot (e–h). C1: humic acid-like substance; C2: fulvic acid-like substance; C3:
humic acid-like substance; C4: protein-like substance.

The relative percentage of fluorescence components had a strong difference among
the fertilization regimes (p < 0.05, Figure 5a). The relative percentage of the humic acid-
like components (C1, C3) was higher under M and NPKM than under CK and NPK
treatments, while the tyrosine-like component (C4) was significantly reduced. The relative
percentage of the fulvic acid-like component (C2) did not change significantly under
different fertilization conditions. Moreover, the humification index (HIX) ranged from 0.72
to 0.81 (Figure 5c). Compared with CK and NPK, M and NPKM significantly increased
the GRSP humification index (HIX) by 10%, but there was no effect on the biological index
(BIX) between fertilization treatments (Figure 5b).



Agriculture 2024, 14, 1510 7 of 14Agriculture 2024, 14, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. Fluorescent excitation–emission matrix fluorescence spectroscopy (EEMs) spectra under 
CK (a), NPK (b), M (c), and NPKM (d) treatments. CK, no fertilizer; NPK, mineral N, P, K fertilizer; 
M, pig manure; NPKM, NPK + pig manure. 

 
Figure 4. Comparison of fluorescence intensity of four components (C1 (a), C2 (b), C3 (c), and C4 
(d)) in glomalin-related soil proteins (GRSP) under different fertilization regimes. CK, no fertilizer; 
NPK, mineral N, P, K fertilizer; M, pig manure; NPKM, NPK + pig manure. The data (n = 3) show 
the means with standard errors. Significant differences across fertilization treatments are shown by 
different letters (p < 0.05). C1: humic acid-like substance; C2: fulvic acid-like substance; C3: humic 
acid-like substance; C4: protein-like substance. 

The relative percentage of fluorescence components had a strong difference among 
the fertilization regimes (p < 0.05, Figure 5a). The relative percentage of the humic acid-
like components (C1, C3) was higher under M and NPKM than under CK and NPK treat-
ments, while the tyrosine-like component (C4) was significantly reduced. The relative per-
centage of the fulvic acid-like component (C2) did not change significantly under different 
fertilization conditions. Moreover, the humification index (HIX) ranged from 0.72 to 0.81 
(Figure 5c). Compared with CK and NPK, M and NPKM significantly increased the GRSP 
humification index (HIX) by 10%, but there was no effect on the biological index (BIX) 
between fertilization treatments (Figure 5b). 

Figure 3. Fluorescent excitation–emission matrix fluorescence spectroscopy (EEMs) spectra under CK
(a), NPK (b), M (c), and NPKM (d) treatments. CK, no fertilizer; NPK, mineral N, P, K fertilizer; M,
pig manure; NPKM, NPK + pig manure.

Agriculture 2024, 14, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. Fluorescent excitation–emission matrix fluorescence spectroscopy (EEMs) spectra under 
CK (a), NPK (b), M (c), and NPKM (d) treatments. CK, no fertilizer; NPK, mineral N, P, K fertilizer; 
M, pig manure; NPKM, NPK + pig manure. 

 
Figure 4. Comparison of fluorescence intensity of four components (C1 (a), C2 (b), C3 (c), and C4 
(d)) in glomalin-related soil proteins (GRSP) under different fertilization regimes. CK, no fertilizer; 
NPK, mineral N, P, K fertilizer; M, pig manure; NPKM, NPK + pig manure. The data (n = 3) show 
the means with standard errors. Significant differences across fertilization treatments are shown by 
different letters (p < 0.05). C1: humic acid-like substance; C2: fulvic acid-like substance; C3: humic 
acid-like substance; C4: protein-like substance. 

The relative percentage of fluorescence components had a strong difference among 
the fertilization regimes (p < 0.05, Figure 5a). The relative percentage of the humic acid-
like components (C1, C3) was higher under M and NPKM than under CK and NPK treat-
ments, while the tyrosine-like component (C4) was significantly reduced. The relative per-
centage of the fulvic acid-like component (C2) did not change significantly under different 
fertilization conditions. Moreover, the humification index (HIX) ranged from 0.72 to 0.81 
(Figure 5c). Compared with CK and NPK, M and NPKM significantly increased the GRSP 
humification index (HIX) by 10%, but there was no effect on the biological index (BIX) 
between fertilization treatments (Figure 5b). 

Figure 4. Comparison of fluorescence intensity of four components (C1 (a), C2 (b), C3 (c), and C4 (d)) in
glomalin-related soil proteins (GRSP) under different fertilization regimes. CK, no fertilizer; NPK,
mineral N, P, K fertilizer; M, pig manure; NPKM, NPK + pig manure. The data (n = 3) show the means
with standard errors. Significant differences across fertilization treatments are shown by different
letters (p < 0.05). C1: humic acid-like substance; C2: fulvic acid-like substance; C3: humic acid-like
substance; C4: protein-like substance.
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(GRSP) across different fertilization regimes (a). Differences in the biological index (BIX) (b) and
the humification index (HIX) (c) across fertilization regimes. CK, no fertilizer; NPK, mineral N, P, K
fertilizer; M, pig manure; NPKM, NPK + pig manure. The data (n = 3) show the means with standard
errors. Significant differences across fertilization treatments are shown by different letters (p < 0.05).
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3.3. The Relationship between Structural Characterizations of GRSP and the Properties of Edaphic
and AMF

The heatmap results indicated that soil pH, SOC, TN, AP, AMF biomass, and diversity
(Shannon and Chao1 index) were positively correlated with the content of GRSP-N and
GRSP-C, as well as their N proportion. Additionally, the proportion of GRSP-C also showed
a positive correlation with these properties, except for AMF biomass. Furthermore, the
C/N ratio in GRSP was significantly negatively correlated with AMF biomass, pH, SOC,
TN, and AP. The C2 and C4 components of GRSP showed significant negative correlations
with pH, SOC, TN, AP, AMF biomass, and diversity (Shannon and Chao1 indices). The
C3 component showed a significant positive correlation only with pH, TN, and AP. The
humification index (HIX) had significant positive correlations with pH, SOC, TN, AP, AMF
biomass, and diversity (Shannon and Chao1 indices), while there was no correlation in
terms of the biological index (BIX) (Figure 6).
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Figure 6. Relationships between compositional traits of glomalin-related soil proteins (GRSP) and
soil properties. * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001. GRSP-C (N), the
content of C (N) in GRSP; C% and N%, the percentage of C and N in GRSP; HIX, humification index;
BIX, biological index. C1–C4, four fluorescence components in GRSP; SOC, soil organic carbon; TN,
total nitrogen; AP, available phosphorus.

Partial least squares path modeling exhibited that fertilization significantly influenced
edaphic properties (i.e., pH, SOC, TN, AP) in a positive direction (pc (path coefficients) =
0.89, p < 0.001). Subsequently, these edaphic properties had a significant positive effect on
AMF biomass (pc = 0.68, p < 0.05) and diversity (pc = 0.80, p < 0.01). In turn, AMF diversity
showed a positive correlation with GRSP elements (C and N) (pc = 0.66, p < 0.01), whereas
AMF biomass did not directly affect GRSP element contents (Figure 7a). However, both
AMF biomass and diversity were negatively correlated with the intensity of fulvic acid-like
(C2) and tyrosine-like (C4) components of GRSP (Figure 7b).
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4. Discussion

This study clarified the differences in the elemental contents and fluorescent com-
ponents of GRSP under different long-term fertilization regimes (Figure 8). The results
revealed that the application of organic fertilizers shifted the elemental contents and fluo-
rescent components of GRSP by increasing the biomass and diversity of AMF.
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4.1. Effects of Fertilization Regimes on C and N Contents in GRSP

In this study, fertilization strongly altered GRSP-C contents, with significant differ-
ences between fertilization regimes (Figure 1d). Compared with no fertilization, chemical
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and organic fertilization increased GRSP-C by 42% and 123%, respectively (Figure 1d,e).
Notably, the percentage of C and N in GRSP significantly increased with the application of
organic fertilizer, while chemical fertilization had no significant effect (Figure 1a,b), sup-
porting the first hypothesis. These findings indicated that fertilization, especially organic
fertilization, can enhance the stability of soil C pools. The substantial increase in GRSP-C
could be attributed to enhanced soil nutrients under fertilization [13], which allowed AMF
to help plants absorb more nutrients in exchange for plant-derived C [27]. This mutualistic
relationship promoted AMF growth and metabolism, thereby increasing GRSP production.
Additionally, organic fertilization can improve soil organic matter and microbial activity,
creating a more conducive environment for AMF colonization and activity [13]. This, in
turn, allows AMF to acquire more resources to produce GRSP with higher proportions of
C and N. However, chemical fertilization tended to lead to lower soil pH, reducing AMF
colonization and diversity [28], thereby affecting the chemical composition of GRSP [15].
Interestingly, we also found that the C/N ratio (5.6–5.8) decreased under organic fertiliza-
tion relative to no fertilization or chemical fertilization (6.7–7.1), indicating a more balanced
integration of these elements in the GRSP structure. This shift could reflect enhanced N
cycling and availability in soils receiving organic inputs, fostering more efficient assimila-
tion into microbial biomass. Additionally, increased microbial activity, often stimulated by
organic fertilization, may preferentially decompose carbon-rich components [29], leading
to a decrease in the C/N ratio.

The compositional traits of GRSP may be influenced by many environmental factors,
like soil properties, crop types, and microbes [30,31]. We found that GRSP-C, GRSP-N, and
the proportions of C and N in GRSP were significantly positively correlated with soil factors
(SOC, TN, AP, pH) and AMF diversity (Figure 6). Organic fertilization increased TN and AP
through the decomposition of organic matter, facilitating better AMF symbiosis with host
plants [32]. This improved nutrient exchange, leading to increased GRSP production. More-
over, organic fertilization typically maintained or increased soil pH at this experimental site.
Soil pH is a critical factor affecting T-GRSP composition [14]. Thus, improving nutrient (C,
N, P) availability and maintaining a favorable pH range can support AMF growth and their
ability to produce C- and N-rich GRSP. Structural equation modeling in our study further
revealed that improved soil conditions after fertilization directly influenced AMF diversity,
which in turn enhanced the contents and proportions of C and N in GRSP (Figure 7a).

4.2. Effects of Fertilization Regimes on Fluorescence Components in GRSP

This study characterized the fluorescent components of GRSP using three-dimensional
fluorescence spectroscopy. We identified four fluorescent components of GRSP (Figure 2),
differing from previous studies that reported up to seven components [14]. This discrep-
ancy may be due to the lower biomass and diversity of AMF in cropland soils compared
to forest and grassland soils [33,34]. In cropland soils, we found that the application of
organic fertilizers significantly reduced the fluorescence intensity of the fulvic acid-like
component (C2) and the tyrosine-like component (C4) while increasing the fluorescence
intensity of the humic acid-like components (C1, C3) (Figure 4). Additionally, there was a
decrease in the relative percentage of the tyrosine-like component (C4) and an increase in
the proportion of the humic acid-like component (C1) (Figure 5a). These may be attributed
to the strong binding of GRSP with soil organic matter fractions, such as humic acids,
which are co-extracted during acid precipitation and alkaline dissolution, thus interfer-
ing with GRSP fluorescence intensity [4]. This binding is likely regulated by functional
groups such as hydroxyl, carboxyl, amide, and carbonyl in GRSP, which provide binding
sites [35,36]. C4 is a low-molecular-weight phenolic compound; a reduction in its compo-
nent might lead to decreased enzyme activities, reducing organic matter decomposition and
nutrient mineralization [37]. Furthermore, the application of organic fertilization increased
the humification index (HIX) of GRSP (Figure 5c), which was positively correlated with
AMF and soil properties (Figure 6). This indicated that organic fertilization enhanced
GRSP stability by increasing AMF biomass and diversity. This finding complemented
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our previous research on the mechanisms by which organic fertilization promotes GRSP
accumulation [13].

Both biotic and abiotic factors appear to influence the fluorescent components of
GRSP [38]. We found that the fluorescence components of fulvic acid-like (C2) and tyrosine-
like (C4) were significantly negatively correlated with pH, SOC, TN, AP, and AMF biomass
and diversity (Figure 6). These findings are consistent with Wang et al. (2015) [38]. Soil pH
and nutrients are the key factors leading to the difference in GRSP composition, especially
in regard to P, because AMF are highly sensitive to soil P levels [39]. Within a certain
range of P, AMF biomass and diversity increase with the increase in P levels [40], while
excessive P levels can exacerbate internal competition among AMF species due to nutrient
imbalances. This competition may reduce the production of GRSP and its proportion of
C2 and C4 fluorescence components. Further study on the relationship between species
and components is needed. Structural equation modeling also indicated that fertilization-
induced increases in AMF biomass and diversity reduced the fluorescence intensity of the
C2 and C4 components (Figure 7b).

4.3. Implications and Perspective

The observed changes in GRSP composition under different fertilization regimes have
significant implications for soil quality and soil C sequestration in agricultural systems.
The increased C and N content in GRSP under organic fertilization suggests a potential for
greater SOC storage and improved nutrient cycling. The alterations in GRSP fluorescence
components and increased humification indicate a shift towards more recalcitrant organic
forms, which are likely to persist longer in the soil. This transformation could enhance the
stability of SOC, contributing to climate change mitigation efforts. However, the negative
associations of certain fluorescent components (C2 and C4) with SOC and nutrients warrant
further investigation to understand the underlying mechanisms and their implications for
soil quality and the development of sustainable agroecosystems.

Future research should explore the long-term impacts of various fertilization strategies
on GRSP compositional traits across different soil types and climatic zones. Understanding
the interactions between climate, fertilization practices, microbial communities, and GRSP
formation will be crucial for developing site-specific fertilization practices that enhance
soil fertility and C sequestration. C sequestration adoption practices are often related to
trade-offs, including crop yield. The incorporation of crop yield is more conducive to our
understanding of the function of GRSP. Additionally, advancing techniques can be applied
to precisely characterize GRSP composition, providing deeper insights into its role in soil
ecosystems. Moreover, GRSP contains 0.8–9.9% Fe and 0.3–0.7% Ca, respectively [4,21,41].
GRSP-bound Fe and Ca, forming a GRSP-Fe (Ca)-OC ternary complex, may play an
important role in SOC accumulation and stabilization. Therefore, studying the above
contents will help us to comprehensively understand the carbon sequestration mechanisms
of GRSP in agroecosystems.

5. Conclusions

In this study, GRSP contained 37–49% C and 6–9% N; meanwhile, it was composed of
four components (i.e., one fulvic acid-like component (C2), one tyrosine-like component
(C4), and two humic acid-like components (C1, C3)). Long-term manuring significantly
increased the contents and proportions of C and N, as well as the percentage and fluores-
cence intensity of humic acid-like components (C1) in GRSP while reducing tyrosine-like
components (C4). Manuring also increased HIX, enhancing the stability of GRSP. Addi-
tionally, the C and N contents and proportion of GRSP positively correlated with SOC, TN,
AP, and the diversity and/or biomass of AMF, but fulvic acid-like (C2) and tyrosine-like
components (C4) were negatively correlated with these factors. On the whole, manuring
enhanced soil nutrients (SOC, TN, AP) and pH promotes the diversity and/or biomass
of AMF, thereby altering the compositional characteristics and enhancing the stability of
GRSP. This study contributes to the understanding of the C sequestration function of GRSP
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and provides a crucial foundation for soil management practices aimed at sustainable
agricultural development.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/xxx/s1, Figure S1: The sampling method from each plot. Table S1: Soil properties
and arbuscular mycorrhizal fungi (AMF) parameters subjected to 29-year various fertilization (CK, no
fertilizer; NPK, mineral nitrogen, phosphorus, potassium fertilizer; M, pig manure; NPKM, NPK plus
pig manure). Table S2: The BSA standard curve and protein concentration determination.
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