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Abstract

Promoting the agricultural recycling of biogas slurry (BS) is crucial for sustainable develop-
ment, yet its long-term ecological impacts remain unclear. Through a multi-year field trial
in a sugarcane system, this study examined the effects of BS application (0, 3, and 6 years)
on the soil properties, bacterial communities, and functional genes for C, N, P, and S cycling.
The results revealed distinct two-phase patterns of changes in soil properties, microbial
communities, and functional genes. Short-term (3-year) application induced a “distur-
bance” phase, characterized by significant acidification (pH decreased by 17.91%), a surge
in nitrate-N (increased by 757.27%), and a transient decline in bacterial richness. Long-term
(6-year) application drove a “functional restructuring” phase, reversing acidification and
significantly increasing soil organic matter (29.05%) and total nitrogen (TN) (20.81%). Bacte-
rial richness recovered, and community composition distinctively restructured. Functional
gene analysis revealed shifts in gene abundance that transitioned from high abundance in
the short term to a new balance favoring processes like N fixation. Co-occurrence network
analysis indicated that this functional shift was associated with core microbial modules (e.g.,
Firmicutes) and changes in soil pH and SOM. This study suggests that, although short-term
application causes significant adjustments, sustained and appropriate BS application can
ultimately enhance soil fertility and promote a functionally reorganized state by reshaping
microbial interaction networks. It presents a microbial ecological basis for the safe and
sustainable use of BS in circular agriculture.

Keywords: biogas slurry; long-term application; soil microorganisms; functional genes;
ecosystem succession

1. Introduction
Modern intensive agriculture meets global food demand but disrupts natural cycles,

leading to the separation of crop and livestock systems [1]. This separation causes environ-
mental problems [2]. Crop production now heavily relies on chemical fertilizers, which
consume energy and cause pollution [3]. Meanwhile, large livestock farms produce vast
amounts of manure, which pollutes the environment and releases greenhouse gases [4,5].

To address these issues, there is a global push for a greener agricultural model [6,7].
This model aims to reconnect crop and livestock farming into a circular system, where
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waste becomes a resource [8]. Biogas slurry (BS), a liquid by-product from the anaerobic
digestion of livestock manure and crop residues, is important for this system [9,10]. Rich
in nitrogen (N), phosphorus (P), and organic matter, BS can improve soil fertility, boost
crop yields, and partially replace chemical fertilizers [11], offering a new way to recycle
agricultural waste.

The benefits of using BS on farmland are well-known. Many studies show that it
elevates soil organic matter (SOM) and available nutrients, enhances soil structure, and
triggers crop growth [12,13]. However, BS has special properties: it contains large amounts
of water and inorganic N but has a low C/N ratio. If not managed properly, applying
BS can increase the emissions of strong greenhouse gases like nitrous oxide (N2O) by
accelerating soil nitrification and denitrification [14,15]. Its increased water content and
decreased C/N ratio also lead to unique interactions with soil, which may affect carbon (C)
and N cycles differently than other fertilizers [16]. In particular, we do not fully understand
how BS changes the soil microbiome—the community of microorganisms that drives all
nutrient cycling—in the long term.

Most current research focuses on the short-term effects of BS, such as on crop yield
or basic soil chemistry [17]. There is a lack of systematic evidence on how long-term
use alters the structure and function of the soil ecosystem. In this study, we aimed to:
(1) characterize the temporal dynamics of soil properties and microbial communities under
long-term BS application; (2) quantify the changes in the abundance of key functional genes
involved in nutrient cycling; and (3) explore the potential mechanisms linking shifts in mi-
crobial communities to functional restructuring. Specifically, we sought to understand how
long-term BS application reshapes soil’s bacterial communities and how these microbial
changes mediate the transformation of key nutrients like C, N, and P. Understanding these
mechanisms is essential for developing sustainable circular agriculture [18].

2. Materials and Methods
2.1. Study Area

The experimental location of this study was at a farm in Nanning City, Guangxi
Zhuang Autonomous Region, China (22◦50′ N, 107◦58′ E). The annual mean temperature
and precipitation in this region were 22◦ and 1194 mm, respectively. The average soil
nutrients in the sugarcane area of the experiment site were as follows: the average pH was
5.19, SOM was 21.34 g/kg, total nitrogen (TN) was 1.12 g/kg, available phosphorus (AP)
was 18.75 mg/kg, and available potassium (AK) was 142.46 mg/kg.

The farming system employed at the study site combined planting with breeding
practices. A large area of sugarcane was cultivated around a pig farm to utilize the waste
generated from breeding activities. After collection, the manure underwent filtration
and sedimentation before its supernatant was transferred to an anaerobic tank for rapid
anaerobic fermentation. Solids and sediments were removed from the process as compost
material. The BS was delivered to the sugarcane fields via an irrigation pipeline system.
The application rate of the BS was 4.5 to 6 tons per hectare, applied approximately every
20 days, with the amount and timing of application adjusted based on local weather. The
slurry properties in the experiment included a pH of 7.83, TN of 0.44 g/L, total phosphorus
(TP) of 13.84 mg/L, and total potassium (TK) of 0.85 g/L.

2.2. Soil Sampling

The collection of soil samples was conducted on 25 February 2023, after the sugarcane
harvest. The experiment was conducted with three independent field plots (replicates) per
treatment. Within each plot (over 0.33 hectares), top-layer soil samples (0–20 cm) were
collected from 5 random points and pooled to form a single composite sample. The soil
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samples were immediately transported to the lab, placed in sealed sterile plastic bags, and
then filtered through a 2 mm mesh to eliminate roots and plant-derived material. One part
of the samples was kept at −80 ◦C for extracting DNA, while the other part was air-dried
for soil property measurement.

Soil pH was assessed via a pH meter at a soil-to-water ratio of 2.5:1, while electrical
conductivity (EC) was detected with a conductivity meter at a soil-to-water ratio of 1:5.
TN was quantified via the Kjeldahl technique post-extraction with 2 M KCl. NH4

+-N and
NO3

−-N were isolated with 2 M KCl and determined by colorimetric analysis. TP was
measured via the molybdenum blue colorimetric technique after digestion with 5 M H2SO4,
and AP was determined using the same method following extraction with 0.5 M NaHCO3.
TK and AK were quantified by flame photometry. SOM content was determined via the
potassium dichromate volumetric technique.

2.3. DNA Isolation and 16S rRNA Sequencing

Total genomic DNA was isolated from 0.5 g of soil using a FastDNA Spin Kit for Soil
(MP Biomedicals, Santa Ana, CA, USA) as per the manufacturer’s guidelines. DNA quality,
concentration, and purity were assessed by agarose gel electrophoresis and ultraviolet
absorbance with a Nanodrop One spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The DNA level was further quantified with a QuantiFluor dsDNA kit (Promega,
Madison, WI, USA). The extracted DNA was diluted to 50 ng µL−1 with sterile water and
kept at −20 ◦C until further analysis.

Primer pairs—barcode-338F/806 R (5′-ACTCCTACGGGAGGCAGCA-3′/5′-
GGACTACHVGGGTWTCTAAT-3′)—were utilized for the amplification of the V3–V4
region of the bacterial 16 S rRNA gene. To distinguish bacterial communities, the V3–V4
region of the 16S rRNA gene underwent amplifying, purifying, quantifying, pooling, and
sequencing on an Illumina Nova6000 platform (Illumina, San Diego, CA, USA) at Magigene
Technology Co., Ltd. (Guangzhou, China).

Each 50 µL PCR reaction comprised 25 µL of 2× Premix Ex Taq (Takara Biotechnology,
Shiga, Japan), 1 µL of each primer (10 µM), 1 µL of template DNA (50 ng), and 21 µL of
nuclease-free water. Thermal cycling was conducted with a primary denaturation at 94 ◦C
for 3 min, followed by 30 cycles of 30 s denaturation at 94 ◦C, 30 s annealing at 58 ◦C, and
30 s extension at 72 ◦C, with a final 10 min extension at 72 ◦C.

The raw paired-end reads were merged subsequent to adaptor trimming and
removal of low-quality reads, ambiguous bases, and barcodes to produce clean sequences.
Processing the high-quality sequences was conducted via Quantitative Insights Into
Microbial Ecology (QIIME). Open-reference OTUs were defined at 97% sequence sim-
ilarity using UPARSE, and bacterial annotation was performed against the silva_rdp/
v132_v11.5 database.

2.4. HT-qPCR

Quantitative microbial element cycling (QMEC) comprised 72 primer pairs (Table S1)
targeting genes involved in major C, N, P, and S biogeochemical cycling (71 primer sets) and
the 16S rRNA gene [19]. HT-qPCR was conducted using a Wafergen SmartChip Real-time
PCR system (WaferGen, Fremont, CA, USA) as per the manufacturer’s guidelines. The
amplification program comprised an initial denaturation at 95 ◦C for 10 min, and then
40 cycles of 95 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 30 s. Melting curves were
automatically produced by SmartChip software (WaferGen, Fremont, CA, USA).

All reactions were conducted in technical triplicates. We excluded amplifications
with several melting peaks or efficiencies < 80% or >120%. Only results with threshold
cycle (CT) values < 31 were used for subsequent analyses. Relative abundance (RA)
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was measured as the ratio of functional gene abundance to 16S rRNA gene abundance
(Equation (1)), while absolute gene abundance was determined depending on absolute
16S rRNA gene copy numbers quantified by conventional qPCR (Equation (2)), where Fun
and 16S represent functional and 16S rRNA genes, respectively. The absolute quantitative
information of 16S rRNA gene was obtained by quantitative PCR (Roche, LightCycler480II,
Basel, Switzerland)

Gene relative copy number GR = (31 − CT)/(10/3), (1)

Gene absolute copy number GAFun =
GA16s·GRFun

GR16s
. (2)

2.5. Data Analysis

Usearch-alpha_div (v10, http://www.drive5.com/usearch/, accessed on 10 May
2024) and R were utilized to assess the bacterial richness, diversity, and evenness indices
(Chao1, richness, abundance-based coverage estimator (ACE), Shannon, and Simpson).
One-way analyses of variance (ANOVA) was utilized to assess significant variations among
treatments via SPSS 25.0 (IBM Corp, Armonk, NY, USA). R software’s vegan package
(v 2.6) was applied to perform principal coordinates analysis (PCoA). The bar chart was
created using Origin 2018, and the heatmap was established via R pheatmap (v1.0.12). The
correlation network was plotted with Gephi (version 0.10.1). Other data organization and
analyses were conducted using Microsoft Excel 2019.

3. Results
3.1. Effects of Adding BS on Soil Properties

The addition of BS to soil significantly altered the physicochemical properties of the
soil matrix. Comparative analysis revealed that the treatments with added BS, namely
BS3 and BS6, exhibit pronounced differences in pH, AP, AK, NO3

−-N, and NH4
+-N when

compared to BS0. Notably, the BS6 treatment showed a significant increase in SOM content
(Table 1).

Table 1. Characteristics of physicochemical properties of BS and soil.

Treatments pH TN
(g kg−1)

TP
(g kg−1)

TK
(g kg−1)

EC
(ms cm−1)

AP
(mg kg−1)

AK
(mg kg−1)

NO3−-N
(mg kg−1)

NH4
+-N

(mg kg−1)
SOM

(g kg−1)

BS0 5.92 ± 0.30
a

1.56 ± 0.04
b

1.37 ± 0.12
a

0.38 ± 0.16
a 0.14 ± 0.02 a 321.98 ±

17.33 a
573.52 ±
41.03 a

6.74 ± 0.22
b

2.36 ± 0.19
c

26.77 ±
1.30 b

BS3 4.86 ± 0.27
b 1.5 ± 0.06 b 0.69 ± 0.26

b
0.34 ± 0.04

a 0.2 ± 0.04 a 59.28 ±
8.42 c

547.45 ±
25.51 a

57.78 ±
8.90 a

3.46 ± 0.09
a

24.43 ±
1.52 b

BS6 6.36 ± 0.22
a

1.97 ± 0.07
a

0.75 ± 0.16
b

0.26 ± 0.02
a 0.13 ± 0.02 a 207.07 ±

13.21 b
267.61 ±
17.53 b

4.54 ± 1.30
b

3.03 ± 0.06
b

37.73 ±
1.58 a

Values in the table are the mean ± SE; different letters in the same column indicate a significant difference
(p < 0.05).

Compared to BS0, the BS3 treatment caused significant reductions in soil pH, TP,
and AP by 17.91%, 49.64%, and 81.59%, respectively. In contrast, NO3

−-N and NH4
+-N

concentrations increased dramatically by 757.27% and 46.61%. In addition, TN, NH4
+-N,

and SOM contents in BS6 were significantly higher than those in BS0 by 20.81, 22.11, and
29.05%. The contents of TP, AP and AK were significantly lower in BS6 than those in BS0.

Compared to BS3, pH, TN, and SOM contents in BS6 were significantly increased by
30.86, 31.33, and 54.44%, while NO3

−-N and NH4
+-N contents were significantly decreased

by 92.14 and 12.43%, respectively.

https://doi.org/10.3390/app16073319

http://www.drive5.com/usearch/
https://doi.org/10.3390/app16073319


Appl. Sci. 2026, 16, 3319 5 of 15

3.2. Bacterial Diversity
3.2.1. α Diversity

Bacterial α diversity was remarkably influenced by different application durations of
BS. Chao1, richness and ACE were utilized as richness indices, and the Shannon_2 and
Simpson indices were utilized as diversity indices. Significant variations were detected in
the richness index of the bacterial community in sugarcane soil from BS0 to BS6 (Table 2),
with a trend characterized by a primary reduction, followed by an elevation (p < 0.05). The
microbial diversity, as illustrated by both the Shannon and Simpson indices, also exhibited
significant differences among the three treatments (Figure 1).

Table 2. Changes in the richness indices of the soil bacterial communities in the different treatments.

Treatments Chao1 Richness

BS0 4164.27 ± 301.29 b 4163.67 ± 301.37 b
BS3 3257.77 ± 148.97 c 3257.00 ± 149.07 c
BS6 4945.53 ± 85.21 a 4945.33 ± 85.26 a

Values in the table are the mean ± SE; different letters in the same column indicate a significant difference
(p < 0.05).

Figure 1. Differences in the diversity indices of soil bacterial communities across different treatments.
* indicates significant differences among treatments (p < 0.05, t-test).

3.2.2. β Diversity

The PCoA plot clearly delineates significant variations in the composition of the
bacterial microbial communities among the three groups of soil samples (Figure 2B), with
the first principal coordinate (PCoA1) accounting for 46.6% of the dataset’s variability.
The pronounced divergence of the samples along the PCoA1 indicates that the duration
of BS application had a substantial impact on soil microbial diversity. On the second
principal coordinate (PCoA2), there is a significant distinction between the BS3, BS6, and
BS0 groups, with BS3 and BS6 showing greater similarity to each other. This suggested that
the microbial community composition of soils treated with BS differed markedly from that
of untreated soils.

https://doi.org/10.3390/app16073319
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Figure 2. Analysis of Soil Bacterial Community Diversity. (A): OTU Venn diagram; (B): PCoA analysis;
(C,D): Microbial community structure at the phylum and genus levels under different treatments.
(relative abundance > 1%); (E,F): Clustering analysis of species at the phylum and genus levels.
(relative abundance > 0.5%).
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3.3. Microbial Community Structure Composition

The results of community structure analysis at the OTU level indicated that there were
2461 OTUs common to all three groups. The numbers of OTUs unique to BS0, BS3, and
BS6 were 2847, 2085, and 4835, respectively (Figure 2A). Compared to BS0, the number of
unique OTUs in BS6 was higher by 69.93%.

Figure 2C illustrate the RA of the key soil bacterial taxa. Acidobacteria, Proteobac-
teria, Chloroflexi, and Bacteroidetes were the dominant phyla in the sugarcane soil in all
treatments, consisting of 85.12–86.65% of the total RA. Other phyla with high RA included
Actinobacteria (2.32–3.70%), Verrucomicrobia (1.26–2.99%), and Nitrospirae (1.85–2.00%).
Among these, compared to the other treatments, Proteobacteria and Verrucomicrobia in BS3
were significantly lower (p < 0.05) by 21.79–34.07% and 57.56–57.89%. Compared to BS0,
among the phyla with an RA greater than 0.5%, the RA of Bacteroidetes and Nitrospirae
increased in the soil with digested BS. As the duration of digested BS application increases,
the RA of Proteobacteria, Planctomycetesthe, Verrucomicrobia, Gemmatimonadetes were
lower in BS3 but subsequently higher in BS6. Conversely, the RA of Acidobacteria, Acti-
nobacteria, Firmicutes, Chloroflexi, candidate_division_WPS-2 exhibited an opposite trend.

At the genus level, the RA of uncultured genera in BS3 and BS6 was higher than that in
BS0 (Figure 2D). The predominant soil bacterial taxa included Bryobacter (8.14–19.23%), Sph-
ingomonas (5.72–12.09%), Candidatus_Solibacter (5.02–12.62%), Bradyrhizobium (3.48–5.14%),
Nitrospira (3.34–4.03%), Reyranella (2.95–3.20%). The RA of Bryobacter, uncultured, Chujaibac-
ter, Bradyrhizobium, Reyranella, Nitrospira, and WPS-2_genera_incertae_sedis was higher in
BS3 but lower in BS6 as the period of digested BS application increased. On the other hand,
there was an opposite trend in the RA of Sphingomonas, Candidatus_Solibacter, Occallatibacter,
Acidibacter, and RB41.

3.4. Quantitative Analysis of C, N, P, and S Biogeochemical Cycling

Quantitative analysis of 71 C-, N-, P-, and S-metabolism-related genes (Table S1) was
conducted on all samples. A total of 61 genes were detected, accounting for 85.92% of the
total. Among them, 52 genes were detected in all treatments, with two unique genes each
for BS3 and BS6. All functional genes present in BS0 were also present in BS3 (Figure 3A).

The absolute abundance of genes was statistically analyzed for each class (Figure 3B).
Among all treatments, BS3 exhibited the highest total functional gene abundance for each
class, while BS6 had the lowest. Genes of N cycling, C fixation, and C degradation were
the main classes in the soil. Specifically, for genes correlated with C cycling, including
C fixation and methane metabolism, BS3 showed a significantly higher total abundance
compared to BS0 and BS6. Additionally, the absolute abundance of P cycling genes was
significantly higher in BS3 compared to BS6.

Among the top 30 most abundant functional genes (Figure 3C), nifS2, nirS1, and nifH
were found to have the highest content in BS6, with all three genes participating in N
cycling. Nineteen functional genes were more abundant in BS3, and their abundance
exhibited a trend of elevating initially and then declining over time as the BS application
proceeded. This group of genes included five N cycling genes (nirK3, nosZ1, nxrA, nosZ2,
and amoA1), six C fixation genes (frdA, accA, mct, acsA, smtA, pccA), three C degradation
genes (xylA, manB, sga), three P cycling genes (ppx, gcd, phnK), one methane metabolism
gene (pmoA), and one sulfur cycling gene (apsA).
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Figure 3. Quantitative Analysis of Soil Functional Genes. (A): Venn diagram of the number of
soil functional genes detected under different treatments; (B): Concentration of CNPS functional
genes under different treatments. Different letters indicate significant differences among treatments
(p < 0.05, one-way ANOVA); (C): Clustering analysis heatmap of the top 30 functional genes ranked
by absolute abundance; (D): Results of significant differences in functional gene abundance among
different treatments (p < 0.05).

https://doi.org/10.3390/app16073319

https://doi.org/10.3390/app16073319


Appl. Sci. 2026, 16, 3319 9 of 15

3.5. Differential Analysis of Functional Genes

In the quantitative comparisons of the functional genes across the three treatments,
the results illustrated that there were 20 genes showing significant variations among the
groups (Figure 3D). A total of 45.00% of the differentially expressed functional genes were
related to N cycling, which accounted for the highest proportion. A total of 17 of the
20 functional genes absolute abundance tended to rise initially and then decrease with the
extension of the BS application period. ghdA showed a declining trend, and narG and dsrA
exhibited an increasing trend, despite their relatively lower absolute abundance.

Compared BS3 to BS0, there were significant differences in eight genes. Among them,
six genes (ghdA, nirK3, nxrA, nosZ2, nirK1, nosZ) are related to N cycling, and two genes
(accA, mmoX) are related to C cycling. Except gdhA, the abundances of other differential
genes were significantly higher in BS3 than in BS0. In the comparison between BS0 and
BS6, there were four functional genes with significant differences in abundance. Except
for dsrA, which had a significantly elevated absolute abundance in BS6 compared to BS0,
the other three genes were significantly more abundant in BS0. Twelve genes showed
significantly higher absolute abundances in BS3 compared to BS6, encompassing four C
cycle genes (manB, accA, acsA, mmoX), six N cycle genes (nosZ1, nosZ2, nxrA, nirK1, ghdA,
nirK3), and two P cycle genes (pqqC, phnK). dsrA was the only exception, with its abundance
significantly higher in BS6 than in BS3.

4. Discussion
4.1. Long-Term Application of BS Changed Soil Physicochemical Properties

BS is rich in nutrients, and its application has shown significant agronomic bene-
fits [20]. In the present study, compared to BS0, soil of BS3 exhibited a significant decrease
in pH, a significant reduction in AP and TP, while nitrate nitrogen (NO3

−-N) content
increased markedly by 7.6-fold (Table 1). We hypothesize that BS application supplies both
water and nutrients, thereby promoting crop production and leading to the depletion of
specific soil nutrients such as P [21]. Meanwhile, the nutrient input from BS itself had a
relatively low P content (TP of 13.84 mg/L), which may have been insufficient to offset
P removal from the system. In the absence of crop yield or nutrient balance data, this
proposed mechanism requires further validation. Concurrently, the input of BS alters the
soil functional gene abundance, suggesting an enhanced genetic potential for nitrification
as indicated by a substantial 64-fold increase in the abundance of the nxrA gene (Figure 3D).
This elevated nitrification potential may contribute to the generation of NO3

−-N and H+

ions, which is consistent with the observed soil acidification in the early stage of BS ap-
plication [12]. The BS6 exhibited an elevation in pH and TN content compared to the BS0
and BS3. With the progression of time since the application of BS, there is a discernible
cumulative effect on soil pH, resulting in an elevation of the soil’s pH level [22]. The SOM
content in sugarcane fields has exhibited a significant increase after six years of adding
BS, corroborating previous studies [22,23]. Organic matter, which is recalcitrant to direct
utilization as a soil nutrient [24], has been observed to accumulate progressively with
sustained application. In addition to indicators such as pH and organic matter that are
susceptible to cumulative effects, nutrient indices N, P, and K have shown fluctuations after
three years of BS application and gradually approached the levels of the control group after
six years. We hypothesize that an autoregulatory effect between soil and crops balances
nutrient content in the soil through the growth of sugarcane [25].
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4.2. Effects of BS Treatment on Bacterial Diversity and Communities

The integrity of soil microbial communities is essential for the optimal functioning
of agricultural ecosystems. Soil bacterial populations exhibit pronounced sensitivity to
modifications in soil characteristics that are precipitated by the application of fertilizers.
Long-term application of BS alters soil microbial richness. As an anaerobic digestion
product, BS typically contains abundant microbial populations including Firmicutes, Bac-
teroidetes, and Proteobacteria, among other microorganisms (Figure 2C,E). Its prolonged
application is likely to alter the original soil microbial community structure [26]. Among the
dominant soil microbial populations, the BS6 treatment increased soil pH, leading to a de-
cline in acidophilic Acidobacteria. Meanwhile, the continuous input of Proteobacteria-rich
BS resulted in increased RA of these two microbial groups in soil.

At the genus level, the RA of Bryobacter—a beneficial genus involved in organic matter
decomposition—increased, particularly under short-term slurry application (3 years). Com-
pared to the control, the soil subjected to 3 years of BS application showed a significantly
lower in the Shannon index (Figure 1). In contrast, this index demonstrated a significant
increase in BS6 compared to BS3, while it did not differ significantly between BS6 and
the control. We speculate that this phenomenon could be attributed to the elevated SOM
content introduced by BS, which altered the original soil environment, with more pro-
nounced effects during the initial stage [27]. Concurrently, microorganisms associated with
BS were directly introduced into the soil. The combined effects of these factors led to a
rapid increase in Bryobacter in the BS3 treatment (Figure 2D,F), which outcompeted other
less-adaptable microbial taxa, resulting in a decline in the microbial diversity indices [28].
As the application period extended, the self-regulatory capacity of the soil environment
became evident, leading to an elevation in microbial diversity and a recovery of the Shan-
non index to pre-application levels. This suggested that the sugarcane field exhibited good
tolerance to BS application and that sustained moderate application had minimal impacts
on soil bacterial diversity [29].

The correlation analysis revealed that the α-diversity indices were significantly posi-
tively correlated with pH and SOM, while showing significant negative correlations with
AK and NO3

−-N (Table 3). pH might be the key soil parameter that influences microbial
components, diversity, and biomass in soil [30]. Soil microorganisms serve as the primary
drivers of soil C and N decomposition [31], and higher SOM can stimulate the growth and
diversity of soil microorganisms [32]. For acidic sugarcane field soil, the application of BS
may influence soil microbial richness by altering key parameters such as soil pH and SOM.

Table 3. Correlations between soil properties and microbial richness and diversity indices.

Item Richness ACE

pH 0.87 ** 0.82 **
TN 0.67 * 0.65
TP 0.03 −0.02
TK −0.52 −0.54
EC −0.62 −0.57
AP 0.53 0.50
AK −0.73 * −0.77 *

NO3
−-N −0.883 ** −0.850 **

NH4
+-N −0.48 −0.52

SOM 0.77 * 0.73 *
** Significant at the 0.01 level (p < 0.01); * significant at the 0.05 level (p < 0.05).
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4.3. Effects of BS Treatment on CNPS Functional Genes Abundances

This study investigated the abundance of C, N, P, and S (CNPS) cycling genes in
sugarcane field soils under long-term BS application. The results revealed a broad diversity
of functional genes participating in main biogeochemical processes (e.g., C degradation,
methane metabolism, nitrification, P solubilization, and sulfur oxidation), underscoring
their essential roles in soil nutrient cycling and crop growth. Notably, the composition of
CNPS cycling genes varied significantly with the duration of slurry application, a pattern
likely associated with alterations in microbial community structure and the direct input of
nutrients from the slurry.

To elucidate the potential associations between CNPS cycling genes and bacterial taxa,
we constructed a co-occurrence network based on Spearman’s rank correlation analysis
(r > 0.6, p < 0.05) at the phylum and genus levels (Figure 4, Table S2). At the phylum level,
the network included 53 nodes and 139 edges, representing 16 bacterial phyla and 37 CNPS
cycling genes (Figure 4A). Firmicutes emerged as a key taxon, significantly correlated
with 21 functional genes. It showed strong positive correlations with 10 C cycle genes
(e.g., cex, acsA, pmoA), which is consistent with its reported role in decomposing complex
organic matter and facilitating C transformation [33]. In the N cycle, Firmicutes positively
correlated with denitrification genes (nosZ, nirK) and ammonia oxidation genes (amoA)
but negatively correlated with narG, which is involved in nitrate reduction. Moreover, the
relative abundance of Firmicutes (Figure 2C) showed a trend consistent with the abundance
changes in the nosZ and nirK genes, further supporting the potential role of this phylum
in denitrification processes. These statistical associations suggest a role for Firmicutes in
denitrification, which aligns with previous reports [34].

Figure 4. Correlation network between bacterial communities (relative abundance > 0.1%) and
functional gene abundances: (A) phylum level; (B) genus level. Red and green edges indicate
negative and positive correlations, respectively.

Similarly, the candidate division WPS-2 significantly correlated with 19 functional
genes, including six involved in C degradation (e.g., cex, pgu), suggesting its metabolic
versatility. Notably, the relative abundance of candidate division WPS-2 (Figure 2E) ex-
hibited a trend consistent with the abundance changes in the pgu gene (Figure 3D), which
was enriched in BS3 and declined in BS6. Originally identified in Antarctic soils, WPS-2
has been proposed to perform “atmospheric chemosynthesis” [35], and its members are
known to degrade complex polysaccharides. Conversely, the parasitic phyla Chlamydiae
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and Dependentiae significantly negatively correlated with multiple functional genes. This
may be associated with their obligate parasitic lifestyle: a decline in their RA likely reduces
the metabolic burden on host bacteria [36,37], thereby potentially contributing to a more
active and diverse bacterial community, which may in turn be associated with an increase
in functional gene abundance.

At the genus level, the network was more complicated, comprising 97 nodes and
347 edges, including 40 bacterial genera and 57 CNPS cycling genes (Figure 4B, Table S3).
Several genera—Nitrosospira, Thermosporothrix, Singulisphaera, and Ktedonobacter—were
identified as key functional hubs. They showed significant positive correlations with a suite
of 21 genes spanning C (13), N (4), and P (4) cycling, which suggests their multifunctional
roles in nutrient transformation. Nitrosospira, a known ammonia oxidizer, carries key N
cycle genes such as norB and nirK [38], consistent with its positive correlations with N
cycling genes in our network. Likewise, Thermosporothrix, Singulisphaera, and Ktedonobacter
are all documented for their capability to break down organic matter, including complex
compounds [39–41], supporting the strong correlations with C degradation genes observed
here. It should be emphasized that these network-derived patterns represent statistical
associations and are intended to generate hypotheses for future mechanistic studies rather
than to serve as direct evidence of functional restructuring at the ecosystem level.

In summary, long-term BS application was associated with changes in the abundance of
nutrient cycling genes in sugarcane soil, and these changes correlated with the restructuring
of the microbial community. Specifically, the increased RA of organic-degrading bacteria
(especially those targeting complex polymers) and anaerobic ammonia-oxidizing bacteria
correlated positively with C and N cycling gene abundance. Conversely, obligate parasitic
bacteria were negatively associated with functional gene abundance, a pattern that may
reflect their adverse effects on host growth and metabolic activity.

5. Conclusions
This study demonstrates a temporal transition from short-term disturbance to long-

term functional restructuring under the experimental conditions. Initial short-term (3-year)
application was associated with a “disturbance” phase, characterized by nitrification-
associated acidification and transient diversity loss. In contrast, prolonged (6-year) appli-
cation was associated with a “functional restructuring” phase, where cumulative organic
input was associated with enhanced buffering capacity and with a functionally reorga-
nized state through microbial network reorganization. Crucially, the transformation was
associated with topological evolution of the interaction network: metabolically versatile
hubs showed stable correlations with C/N cycling, while the decline in parasitic groups
was inversely associated with functional gene abundance. This study indicates that in
sugarcane field systems, sustained and appropriate application of BS, despite inducing
significant adjustments in the short term, may enhance soil fertility—particularly organic
matter content—and maintain the stability of microbial diversity and key ecological func-
tions in the long run. It represents a sustainable management strategy that synergistically
promotes the resource use of agricultural waste and the improvement of soil health. The
findings provide a basis for local integrated crop–livestock recycling agricultural models,
pending further validation in broader contexts.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app16073319/s1, Table S1: QMEC genes and primer pairs.
Table S2: Phylum level. Table S3: Genus level.
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