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Investigating the impact of
long-term bristlegrass coverage
on rhizosphere microbiota, soil
metabolites, and carbon-—
nitrogen dynamics for pear
agronomic traits in orchards

Chunhui Shi?, Xiaoqging Wang®*, Shuang Jiang®?, Jianfeng Xu?*
and Jun Luo***

'Forest & Fruit Tree Research Institute, Shanghai Academy of Agriculture Sciences, Shanghai, China,
2College of Horticulture, Hebei Agricultural University, Baoding, Hebei, China, *Shanghai Key Laboratory of
Facility Horticulture Technology, Shanghai Academy of Agriculture Sciences, Shanghai, China

Background: Grass coverage (GC) under no-tillage systems in orchards signifcantly
infuences underground carbon (C) and nitrogen (N) sequestration, primarily through
promoting mineral nutrient utilization by rhizospheric microorganisms. However,
the comprehensive impact of GC on microbial communities and plant responses
using soil metabolomics remains inadequately recognized.

Methods: We investigated two rhizosphere types established since 2002:
bristlegrass (Setaria viridis (L.) P. Beauv.) coverage (SC) and clean cultivation
(CC) to assess their efects on soil parameters, enzyme activities, and key pear
agronomic traits, including yield (single fruit weight (SFW)) and qualities (soluble
solids content (SSC), and total soluble sugar (TSS)). We combined microbiological
analysis (16S rRNA sequencing) and non-targeted metabolomics (UPLC-MS/MS
and GC-MS) to explore how microbial communities infuence fruit agronomic
traits and soil nutrient dynamics in pear orchards under SC conditions.

Results: Our fndings indicate that SC signifcantly enhances soil organic carbon
(SOQ), soil organic nitrogen (SON), the C:N ratio, and available nitrogen (AN).
Moreover, SC leads to pronounced increases in soil enzyme activities involved in
the C cycle and storage, including soil sucrase, p-glucosidase, polyphenol oxidase
and cellulase. Microbiome analysis revealed substantial diferences in microbial
community composition and diversity indices between SC and CC rhizosphere
soils within the 0-40cm depth. Metabolomic analysis demonstrated significant
alterations in metabolite profiles across both the 0-20 cm and 20-40 cm layers
under SC conditions. The identifed metabolites primarily involve sugar and amino
acid-related metabolic pathways, refecting perturbations in C and N metabolism
consistent with shifts in bacterial community structure. Several plant growth-
promoting rhizobacteria (PGPRs) taxa (e.g., Haliangium, Bacteroides, mlel-7,
Subgroup_22, Ellin6067, MND1, Flavobacterium, and Cellvibrio) were enriched
under SC, associated with metabolites such as sucrose, N-acetyl-D-glucosamine,
N-acetyl-L-glutamic acid, rhamnose, UDP-GIcNAc and D-maltose. These fndings
suggest their roles in promoting C and N sequestration processes through sucrose
synthesis and glycolytic pathways in the soil, which was signifcantly correlated with
the formation of agronomic traits such as fruit yield, SFW SSC and TSS (p<0.05), and
SC treatments signifcantly increased yields by 35.40-62.72% and sucrose contentin
TSS by 243-3.96 times than CC treatments.
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Conclusion: This study provides valuable insights into the efects of SC on soil
microbial communities and plant physiology, enhancing our understanding of
their implications for sustainable orchard management.

KEYWORDS

grass coverage, carbon sequestration, mineral nutrient, rhizospheric microorganism,
PGPRs, metabolomics, yield

1 Introduction

Grasslands are pivotal ecological systems globally. However, the
persistent conversion of grasslands into arable land has resulted in
significant degradation of terrestrial ecosystems (Baer et al., 2015;
Song et al,, 2022). Additionally, to satisfy the increasing fruit demand
from expanding populations, orchard expansion has adversely
impacted ecosystems worldwide (Bardgett et al, 2021). Clean
cultivated (CC) orchards, characterized by clean tillage practices,
substantially contribute to soil erosion and degradation (Mikha et al.,
2018; Chen et al., 2021). Unfortunately, CC orchards remain prevalent
across numerous regions, including North America, the Middle East,
and other areas. The substantial global standing of China’s pear
industry has drawn researchers’ attention to the issue of soil health
within pear orchards. According to the Food and Agriculture
Organization’s 2021 statistics, Chinese pear orchards encompass an
extensive area of 921,610 hectares, accounting for two-thirds of the
planting area and 70% of the total global yield. Notably, CC pear
orchards represent over 80% of orchard areas in China, significantly
contributing to soil erosion and degradation in these environments
(Xiang et al., 2023).

The conversion of grasslands to arable land often results in a
reduction in soil organic carbon (SOC) stocks (Oberholzer et al., 2014;
Li et al, 2016). Conversely, decreasing tillage intensity and
implementing grass cover can mitigate the decline of soil organic
matter (SOM) and soil biota, thereby maintaining soil structure and
crop yield (Sleiderink et al., 2024). The depletion of SOC in orchards
is more pronounced compared to that in cereal production,
attributable to suboptimal management practices (Seitz et al., 2023).
Long-term clean cultivation has been linked to a rapid loss of SOC
(Xiangetal.,, 2023). Sugiura et al. (2017) demonstrated that even with
the application of chemical fertilizers, CC orchards still experienced
significant carbon loss compared to orchards with mulching grass.
Furthermore, CC practices result in greater runoff losses of available
nitrogen (AN) and available phosphorus (AP) compared to conditions
where grass is allowed to grow and mulch naturally (Wang et al., 2016).

Grasslands play a crucial role in carbon sequestration, and the
reintroduction of grasses has been widely adopted as an effective soil
management practice in pear orchards across Europe, America, Japan,
and other countries (Wang et al., 2017; Peters et al., 2019; Yang et al.,
2022). Numerous studies have confirmed that grasses contribute to the
restoration of soil health by enhancing nutrient cycling within the soil.
This is particularly evident when perennial cover plants are grown
between rows or in orchards without soil tillage (Qian et al.,, 2015).
Converting CC orchards to grass-covered ones alters the abundance and
composition of soil microbial communities in various orchards, including
those for pears, apples, and jujubes (Li et al., 2022; Wang et al., 2020).
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Extensive research has examined changes in microbial biomass and
diversity following the enhancement of soil carbon stocks with different
grass species (Qian et al,, 2015; Li et al., 2022; Xiang et al., 2023). However,
the microbial mechanisms underlying soil organic mineralization and
fruit tree response mechanisms remain unclear. It has been shown that
restoring plant growth-promoting microorganisms (PGPMs) in orchards
through the use of locally dominant natural grasses is vital for sustainable
agriculture (Debasis et al., 2019). Several studies have demonstrated that
grass coverage serves as a protective layer, accelerating soil nutrient
cycling and facilitating SOC sequestration by enhancing microbial
activity, ultimately improving plant and fruit growth (Fang et al., 2021;
Gomez et al., 2022).

In recent years, 16S rRNA gene sequencing has been utilized to
quickly and accurately identify the diversity of bacterial communities,
including previously unknown bacterial species (Zakrzewski et al., 2012).
This technique has been employed to analyze the carbon source
utilization characteristics of microbial communities following
intercropping, resulting in significant increases in microbial diversity
indices and enhanced utilization of carboxylic acids, phenolic acids,
amines, carbohydrates, amino acids, and other carbon substrates (Peng
etal., 2017). Soil enzymes also play pivotal roles in the soil carbon cycle
and serve as indicators of soil health. Soil microorganisms facilitate
organic matter decomposition through the secretion of diverse enzymes,
thereby influencing mineralization processes and impacting plant growth
either positively or negatively (Fan et al., 2019). Soil cellulases (S-CL),
hydrolytic enzymes responsible for breaking down simple substrates, and
soil polyphenol oxidase (S-PPO), which decomposes recalcitrant
substrates, are integral components of this cycle. Differences in soil
enzyme activities between clean and sod cultivation modes were
observed, with the highest invertase activity (including alkaline
phosphatase, invertase, and catalase) in the 0-40 cm soil layer of orchards
(Xiang et al.,, 2023). Researchers found that covering orchards with
different grass seeds affected the proportion of soil fungi and bacteria
(Wuetal,, 2010; Wang et al., 2020). In a walnut orchard with grass cover,
notable outcomes were observed compared to clean cultivation tillage.
Soil samples under grass cover exhibited a significant enrichment of
PGPRs,
Paraburkholderia, Burkholderia, Agrobacterium, and Flavobacterium

including notable genera such as Pseudomonas,
(Wang et al., 2023). Specific PGPR genera were identified in apple
orchard soils under varying long-term grass cover patterns. In addition,
Clostridium, known for promoting soil nitrogen accumulation, was
prevalent in the grass-covered model (Qian et al, 2015; Zhang
etal., 2023).

Natural grass confers several adaptive advantages over artificial
grasslands, enhancing soil physical properties in pear orchard
cultivation layers and increasing microbial biomass C and N (Wang

etal.,, 2016). However, the relationship between increased C and N and

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1461254
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shi et al.

the emergence of new bacterial species in cultivated soil warrants
further investigation. Green bristlegrass (Setaria viridis (L.) P. Beauv.)
coverage (SC) is widely distributed across temperate and subtropical
regions in Asia, Europe, America, and Australia. It is one of the most
advantageous grass varieties. Due to its strong adaptability and
favorable growing season aligned with soil moisture conservation for
orchard grasses, it is the preferred natural grass variety. During the dry
season of pear growth, there was an increase in grass varieties and
yield, with dry grass yielding 6,360kg-ha™". This yield advantage
compared to artificial turf also results in significant advantages in soil
nutrient nitrogen, phosphorus, and potassium for regressing orchard
areas (Liu et al., 2017). In addition, the average growth rate of SOC
and total nitrogen (TN) in natural SC mode was higher than that in
artificial grass growing mode in the orchard. SOC and TN had positive
effect load and weight on yield and quality of fruit agronomic traits,
especially soluble solid content (SSC) in fruit (Aghajani et al., 2008;
Kuetal., 2018). Two genotypes of green bristlegrass (Salvia) accessions
on poor soil were found to alter the abundance of the soil microbial
community, particularly the group of deformable bacteria, compared
to the bare soil, the rhizosphere soil of Setaria italica exhibited
significantly higher values of organic carbon and total nitrogen, and
the nitrogen-containing metabolites tyrosine-derived alkaloids,
serotonin, and synephrine were also significantly increased in the
rhizosphere (Peterson et al., 2021). Yet, studies on dominant PGPMs
in natural grass and their correlations with pear fruit agronomic traits
remain limited. Specifically, deeper exploration into the biological
mechanisms of plant-microbe interactions, soil-microbe interactions,
and their metabolic cycles is crucial. We speculate that intercropping
pear trees with green grass and other crops may disrupt the
rhizosphere microbial population and secretions of pear trees, thereby
altering the enzyme activity released into the soil by microorganisms
and further regulating C and N sources. Further experiments are
needed to verify this hypothesis. We employed MiSeq sequencing of
16S rRNA genes alongside non-targeted metabolomics (ultra-
performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS) and gas chromatography-mass spectrometry (GC-
MS/MS)) to analyze the impact of SC versus CC in two soil layers
(0-20cm and 20-40cm). Our study aimed to (1) evaluate the
influence of natural green bristlegrass on carbon sequestration in
degraded orchard soil; (2) investigate how rhizosphere soil microbial
communities and secreted metabolites influence the C and N cycles
and the biochar restoration mechanism in SC; and (3) explore the
network between PGPMs and pear fruit development and quality
through C and N cycles. Capturing beneficial PGPMs from SC and
reintroducing them into pear orchards prove effective in sequestering
biological C and N, offering a theoretical basis for developing
specialized microbial fertilizers for pears as an alternative to excessive
mineral fertilization.

2 Materials and methods
2.1 Site description

This study was conducted on the Chongming island of Shanghai,
in the eastern region of China (31°51°15”N, 121°54'00"E), south of the

Yangtze River, in an area suitable for the growth of sand pear (Pyrus
pyrifolia (Burm. f.) Nakai) (Figure 1A). The orchard soil was originally
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saline-alkaline (pH="7.70) and primarily sandy loam, which is ideal
for tillage. The primary root system of the pear trees was concentrated
at a depth of approximately 40 cm.

2.2 Experimental design and sampling

‘Cuiguan’ pear (Pyrus pyrifolia (Burm. f.)) trees, 20 years old and
planted at a density of 1,005 plants/ha, were established in
mid-February 2003. Two treatment groups were established: clean
cultivated rhizosphere soil (CC) as a control and green bristlegrass
(Setaria viridis (L.) P. Beauv.) coverage (SC) of rhizosphere soil for
over 20years. A random-arrangement design was adopted, with 20
trees per experimental group. Traditional management approaches
were used for cultivation and pest control.

Rhizosphere soil samples were collected during the most active
growth period of pear tree roots (October 12) using a soil sampler
from two vertical soil layers (0-20 cm and 20-40 cm) within a 10cm
radius around each pear tree. Three replicates were selected for each
sample using the ‘S’ shape sampling method (Zeng et al., 2021). After
removing the rubble and soil impurities, the remaining soil was stored
in sterile plastic containers. The collected soil samples were divided
into two parts: One part was kept at —80°C for microbial community
and non-target metabolomics analysis, while the other part was stored
at —20°C for soil physicochemical parameter and enzyme activity
evaluations (Figure 1B).

2.3 Soil physicochemical parameters and
enzyme activity analysis

Electrical conductivity (EC values), potential of hydrogen (pH),
and extractable medium/microelement contents (Ca, Mg, Cu, Fe, Mn,
Zn, and B) were determined according to the protocol of Shi et al.
(2023). The rhizosphere soil samples were analyzed for total carbon
(TC), total organic carbon (SOC), total nitrogen (TN), total organic
nitrogen (SON), and carbon-to-nitrogen ratio (C:N) using an
automatic elemental analyzer (Primacs™ SNC-100; Skalar, China)
(Dobosy et al., 2016). AN, AP, and available potassium (AK) in the
pear root-zone soil under SC and CC treatments were determined
according to the procedure outlined by Ma et al. (2021, 2022). Soil
microbial biomass carbon (MBC) and soil microbial biomass nitrogen
(MBN) were determined using the chloroform fumigation K,SO,
extraction method (Kumar et al, 2021). Soil sucrase (S-SC),
B-glucosidase (S-p-GC), soil polyphenol oxidase (S-PPO), soil
peroxidase (S-POD), and soil cellulase (S-CL) were determined using
the visible spectrophotometric method, and kits were acquired from
Shanghai Enzyme Linked Biotechnology Co., Ltd.

2.4 Agronomic contribution to pear fruit
yield, quality, and nutritive value

The ‘Cuiguan’ pears reached maturity on 28 July from 2022 to
2023. For each treatment, a single plant was considered as an
experimental unit for statistical evaluation, with three replicates for
each treatment. Twenty fruits from each of the five pear trees were
randomly selected from the upper, middle, and lower parts of the
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FIGURE 1

CC rhizosphere soil at ASV level.

Sampling flow chart, evaluation of the agronomic traits contribution of pear, the soil nutrition, and the vertical distribution patterns of rhizosphere soil
bacteria communities between SC mode and CC mode in different rhizosphere soil layers. (A) The geographic locations of the sampling site. (B) The
schematic for collecting and preparing vertical rhizosphere soil samples in a pear orchards. (C) The schematic for measuring fruit yield and quality of
aboveground pear trees in pear orchard. (D) The schematic for high-throughput sequencing and metabolite analysis of bacteria community in SC and
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canopy. Single fruit weight (SFW) was weighed using an electronic
balance (ME-T; Thermo Fisher, USA). Fruit number per plant (FNP)
was determined using a counter. The lateral diameter (LD) and vertical
diameter (VD) of the fruits were measured using an electronic caliper
(505-732, Mitutoyo, Japan). During the harvest period, the middle
portion of the soluble solids content (SSC) was measured using a
handheld refractometer (Master-20a; ATAGO, Japan). To determine
the total soluble sugar (TSS) content of pear fruits, a protocol previously
described by Shi et al. (2023) was used with minor modifications. Fresh
pear juice was extracted from the top, middle, and bottom of 20
randomly selected fruits from each treatment group using a juicer
(Avance Collection HR1922/20; Philips, Netherlands). Subsequently,
2mL of raw juice was diluted four times. Sucrose, glucose, fructose, and
sorbitol contents were calculated using the external standard method,
and the sum of these four sugars was considered as the TSS content.
For further analysis, 1 mL of the supernatant was used for sugar and
acid composition analyses by high-performance liquid chromatography
(Waters €2695, USA). SS content was determined using a Ca-type sugar
column (CARBOSep CHO-620; Transgenomic, USA) detected by a
Water 2,414 Refractive Index Detector at 90°C, with a flow rate of
0.5mL.min-1. The organic acid (OA) composition and content were

Frontiers in Microbiology

determined using a C18 column (CNW Athena C18-WP; CNW,
Germany) detected by Water 2,998 Photodiode Array Detector, with
0.2% metaphosphate as the mobile phase at a flow rate of 0.5mL.min-1
and a temperature of 37°C. The sugar and acid standards used were of
chromatographic purity provided by Sigma Corporation (USA). TSS
and OA were mixed with different concentration gradients, and
standard curves were drawn to measure their respective levels. The OA
in the pears mainly consisted of tartaric acid, quinic acid, malic acid,
and citric acid. Fruit texture was determined using a texture analyzer
(TA-XT plus C; Stable Micro Systems, UK). Three test points were
evenly spaced at the equatorial part of the fruit. A test probe P/5,
cylindrical with a 5mm diameter, was used with a test speed of 1 mm/s,
test depth of 8 mm, and trigger value of 0.05N (Figure 1C).

2.5 Soil DNA extraction and
high-throughput sequencing of
rhizosphere soil microbial communities

Pear tree rhizosphere soil samples from the SC and CC groups for
two vertical soil layers (0-20cm and 20-40cm) were collected,
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resulting in a total of four treatments. Each treatment consisted of six
replicates per rhizosphere soil sample (Figures 1B,D). After collection,
the samples were snap-frozen and stored at —80°C for further analysis.
Bacterial DNA was isolated from the SC- and CC-treated rhizosphere
soil samples using a MagPure Soil DNA LQ Kit (Magen, Guangdong,
China) following the protocol described by Shi et al. (2023).
Sextuplicate SC- and CC-treated rhizosphere soil samples of the
hypervariable region V3-V4 of the bacterial 16S rRNA genes were
amplified using universal primer pairs (343F:
5-TACGGRAGGCAGCAG-3; 798R: 5-AGGGTATCTAATCCT-3").
Sequencing was performed on an Illumina NovaSeq6000 with two
paired-end read cycles of 250 bases each (Illumina Inc., San Diego,
CA, USA), following the protocol described by Shi et al. (2023).

Microbial diversity in the 24 pear tree rhizosphere soil samples
was estimated using alpha diversity, which included the Chaol and
Shannon indices (Chao and Bunge, 2002; Hill et al., 2003). The
UniFrac distance matrix generated using QIIME2 software (version
2018.2) was used for unweighted UniFrac principal coordinate
analysis (PCoA) and phylogenetic tree construction. Sequencing and
analysis of the 16S RNA gene amplicons were performed by OE
Biotech Co., Ltd. (Shanghai, China). Based on the relative abundance
of the soil samples, Spearman’s correlation coeflicient was calculated
to determine the relationship between bacteria, physicochemical
parameters, and metabolites in the sample group at the phylum and
genus levels. By default, species with | Spearman Coef |>0.8 and
P <0.01 were displayed on the map. If no matching results were found,
a correlation network map was not provided.

2.6 UHPLC-MS and data analysis

Pear rhizosphere soil samples (500 mg) under the SC and CC
treatments were analyzed using the ACQUITY UPLC I-Class system
(Waters Corporation, Milford, USA) combined with a VION IMS
QTOF mass spectrometer (Waters Corporation, Milford, USA). The
metabolic spectra of the SC- and CC-treated soil samples were
analyzed in the ESI positive ion and ESI negative ion modes. An
ACQUITY UPLC HSS T3 column (100mm x 2.1 mm, 1.8 pm) was
employed in both positive and negative modes. Water containing 0.1%
formic acid and acetonitrile containing 0.1% formic acid were used as
mobile agents in Stage A and Stage B. The chromatographic gradient
elution procedures were as follows: 0 min, 1% B; 1 min, 30% B; 2.5 min,
60% B; 6.5min, 90% B; 8.5min, 100% B; 10.7 min, 100% B; 10.8 min,
1% B; and 13 min, 1% B. The flow rate was 0.35mL/min, and the
column temperature was 45°C. Molecular masses of ion peaks were
calculated for all extracts, and data analyses were conducted following
the methods outlined by Hu et al. (2018).

2.7 GC-MS and data analysis

Rhizosphere soil samples (500 mg) under SC and CC treatments
were analyzed using an Agilent 7,890 B gas chromatography system
coupled with an Agilent 5,977 B MSD system (Agilent Technologies
Inc, CA, USA). A DB-5MSfused-silica capillary column
(30mx0.25mm x0.25 pm, Agilent ] & W Scientific, Folsom, CA,
USA) was utilized to separate the derivatives. Details of the GC-MS
raw data, chemical derivatization

including and gas
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chromatography-mass spectrometry (GC-MS) analyses, were carried
out according to previous protocols (Kim et al., 2015).

2.8 Data preprocessing and statistical
analysis

The matrix was imported into R to perform partial least squares
discriminant analysis (PLS-DA) to observe the overall distribution
among the soil samples and the stability of the entire analysis process.
The metabolites were annotated using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database' (Hill et al., 2003). Univariate
analysis (t-test) was used to assess statistical significance (p-value).
Metabolites that differed significantly between any two of the four
treated groups were defined as those with a variable importance in the
projection value >1.0, p-value <0.05, and fold change (FC)>1.5
or £0.667. Correlations between differential metabolites (DMs) were
analyzed using the Pearson method in R.

3 Results

3.1 Impact of SC and CC on
physicochemical rhizosphere soil
parameters and enzyme activity

The physicochemical parameters of rhizosphere soil,
encompassing EC, pH, TC, TN, SOC, SON, AN, and C:N ratio, were
evaluated after a 20-year period in both SC and CC modes within pear
orchards. The results demonstrated that SC treatment led to a
significant increase in TC and TN levels, elevating from 12.70 g/kg to
17.65g/kg and from 0.81 g/kg to 1.21 g/kg, respectively, in the 0-20 cm
rhizosphere layer compared to CC treatment (Figure 2A) (p <0.001).
Moreover, SOC and SON content exhibited substantial increments
under SC treatment, with a rise of 59.9 and 16.52% across both the
0-20cm and 20-40cm rhizosphere layers, while SON content
specifically increased by 49.58% in the 0-20 cm rhizosphere layer. In
addition, the C:N ratio in the SC group displayed an increasing trend
in both the 0-20 cm and 20-40 cm layers, with a growth rate of 13.84%
in the 20-40 cm soil layer (p <0.001). Furthermore, AN content was
significantly higher in SC groups compared to CC groups (p <0.05),
and SC treatment also resulted in increased AK content in the 0-20 cm
rhizosphere layer (Supplementary Table S1).

The application of SC treatments led to a substantial decrease in
soil EC, reducing from 669 ps/cm to 481 ps/cm in the 0-20cm
rhizosphere layer and from 666 ps/cm to 541 ps/cm in the 20-40 cm
rhizosphere layer. Although SC treatment slightly lowered soil pH,
this difference was not statistically significant (Figure 2B). In the
0-20cm rhizosphere soil layer, the bioavailable fraction of AP
experienced a significant long-term decrease under SC treatment.
Medium elements such as calcium (Ca) and magnesium (Mg), as well
as macroelements including iron (Fe), copper (Cu), manganese (Mn),
zinc (Zn), and boron (B), showed significantly higher concentrations
under SC treatment (p <0.05) (Supplementary Table S1).

1 https://www.kegg.jp/
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Physicochemical properties, enzyme activities, and microbial biomass between green bristlegrass coverage (SC) mode and clean cultivated mode (CC)
in different rhizosphere soil layers in pear orchard. (A) The physicochemical properties of carbon and nitrogen. (B) The microbial biomass of carbon
and nitrogen. Values are the means (n = 3) + the standard deviation of the mean, * indicates statistical differences at p <0.05 and ** indicates statistical

TABLE 1 Soil enzyme activities between SC mode and CC mode in different rhizosphere soil layers in pear orchard.

Treatments Vertical profile (cm) SC (U/q) B-GC (U/g) CL (U/q) S-PPO (U/g) POD (U/g)
SC 119.67 £2.02 ** 43.11+£2.53 * 3441.34+152.40 73.44+1.82 %% 26.64+0.68
CC 020 104.89+7.24 37.10+1.08 3308.23+190.23 50.13+3.06 27.64+0.36
SC 129.08 £2.88 ** 43.32+0.82 * 4033.42+131.59 ** 73.01+£2.80 ** 25.41+0.40
CC 20740 97.87+0.90 36.58+1.05 2482.27 £46.76 61.44+3.12 30.40+0.59%*

S-SC, Soil sucrase; S-p-GC, soil-p-glucosidase; S-CL, soil cellulase; S-PPO, soil polyphenoloxidase; S-POD, soil peroxidase.
The table in the same column *indicates significant differences in independent sample t-test results between SC and CC treatments of 0-20 cm soil layer and 20-40 cm soil layer (p <0.05),
while **indicates extremely significant differences in independent sample t-test results between different treatments (p <0.01).

The activities of five soil enzymes (S-SC, S-p-GC, S-PPO, S-POD,
and S-CL) in SC and CC soil samples from pear orchards were
measured. Notably, both S-p-GC and S-CL are critical enzymes for
cellulose degradation. In the SC group, the activity of S-B-GC ranged
from 43.11U/g to 43.31U/g in the 0-20cm and 20-40cm layers,
representing increases of 16.20 and 18.41% compared to the CC
group, respectively (p <0.001). Similarly, S-CL activity showed
increases of 4.02 and 62.49% in the same layers, respectively, compared
to the CC group (p <0.001) (Table 1). In addition, S-SC activity,
responsible for sucrose breakdown into glucose and fructose,
exhibited a similar rising trend as S-B-GC and S-CL activities
(p <0.001). Furthermore, SC treatment significantly enhanced S-PPO
activity (increasing by 46.49 and 18.84%) during decomposition
within the 0-40cm rhizosphere of pear trees. However, S-POD
activity in the SC group was notably decreased by 19.66% in the
20-40 cm rhizosphere layer compared to the CC group (p <0.001).
Pearsons correlation analysis revealed a significant negative
correlation between S-B-GC activity and EC value (r =0.956; p <0.05)
(Supplementary Figure S3).

3.2 Soil microbial biomass and soil
microbial community response

In comparison with CC, SC significantly increased MBC and
MBN by 47.78 and 23.33% in the 0-20 cm rhizosphere layer; however,
no significant differences were observed in the 20-40 cm rhizosphere
layer (Figure 2B). Pearson’s correlation analysis revealed a significant
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positive correlation between MBC and SOC content, as well as
between TC, TN, and SON contents (R>0.95 p<0.05)
(Supplementary Figure S3).

Alpha diversity was assessed to analyze bacterial community
complexity. Rarefaction curves for Chao and Shannon diversity per
compartment reached a saturation plateau, indicating sufficient
sequencing depth and reliable data across all samples
(Supplementary Figures S1A,B). A total of 78,161-81,596 raw reads
were obtained from 16S rRNA gene sequencing. After quality filtering
and chimera elimination, the valid tags obtained ranged from 49,309
to 65,053, with 1,632-2,430 amplicon sequence variants (ASVs) per
sample (Supplementary Table S2). The flower plot of ASV clustering
analysis revealed that the SC (20-40 cm) group exhibited the highest
number of ASVs (2,147), followed by the CC (0-20cm) and SC
(0-20 cm) groups, with the CC (20-40 cm) group showing the lowest
(1,095 ASVs). The number of common and unique ASVs in different
samples is shown in Figure 3A. Forty-three core ASVs were common
among rhizosphere soils in both SC- and CC-treated groups. The
Simpson index trended as SC (20-40cm)>SC (0-20cm)>CC
(0-20cm) >CC (20-40cm), with Chaol, Shannon, and Simpson
indices of SC in the 20-40cm vertical rhizosphere soil layer
significantly higher than those in the other three treatment groups
(Figure 3B).

Differences within and between the CC- (control) and SC-treated
groups across two vertical distributions were assessed using supervised
discriminant analysis via PCoA based on Bray-Curtis distance. PC1
explained 12.76% of the variation, and PC2 explained 7.36%. Bacterial
communities in SC-treated soils were distinctly separated from those in
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FIGURE 3
Vertical distribution of rhizosphere soil microbe diversity index between SC mode and CC in different rhizosphere soil layers in pear orchard. (A) The
Venn diagram of difference AVS with each rhizosphere soil sample between SC mode and CC mode. (B) The boxplot of microbe diversity index at the
AVS level. (C) Principal coordinate analysis (PCoA) diagram of SC and CC based on the Bray—Curtis distance matrix at the AVS level. (D) The box plot of
the top 20 difference AVS with each rhizosphere soil sample at the AVS level.

CC in both the 0-20 cm and 20-40 cm soil layers (RA2=0.52, p=0.001).
The disparity in bacterial communities between treatments exceeded
that between vertical layers (Figure 3C). The top 20 ASVs with differing
abundances, identified via Kruskal-Wallis algorithm analysis
(Figure 3D), indicated significant advantages in the CC-treated group
for ASV_2504 and ASV_3546 (belonging to Burkholderiales and
Candidatus Jorgensen bacteria, respectively) in the 0-20 cm rhizosphere;
ASV_272,ASV_404,and ASV_188 (belonging to Gemmatimonadaceae)
were more abundant in both the 0-20cm and 20-40 cm vertical soil
layers of the SC treatment group. ASV_276, ASV_263, and ASV_392
(belonging to Bacteroidia) also demonstrated a significant advantage in
SC. Moreover, the relative abundances of ASV_159 and ASV_261
(belonging to CCD24) were significantly higher in SC than in CC.

3.3 Bacterial community composition and
relationships with soil chemical properties
at the phylum and genus levels

The relative abundance of bacterial communities exhibited
similarity to that of dominant bacterial species; however, these
dominant bacteria demonstrated distinct preferences in the SC- and
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CC-treated groups. The bacterial sequences were distributed across
35 phyla, 559 families, and 307 genera. At the phylum level, the
dominant bacteria (relative abundance>2%) included Proteobacteria
(37-43%), Bacteroidota (11-13%), Acidobacteriota (9-11%),
Gemmatimonadota (6-7%), Firmicutes (3-5%), Actinobacteriota
(3-5%), Myxococcota (3-4%), Nitrospirota (3-4%), RCP2-54
(2-3%), NB1-j (2-3%), and MBNT15 (2-3%) (Figure 4A). Pear
orchards covered by SC exhibited a significant increase in
Proteobacteria, Bacteroidetes, Gemmatimonadota, Firmicutes,
Actinobacteria, and Fusobacteria and a decrease in Acidobacteriota,
Nitrospirota, NB1-j, MBNT15, and Desulfobacterota compared to
CC-treated orchards (Figure 4A). At the genus level, analysis of the
top 50 genera revealed that SC treatment led to increased relative
abundances of MNDI, Subgroup_22, Pseudomonas, mlel-7,
Sphingomonas, BD2-11_terrestrial_group, Subgroup_5, CCD24,
AKAU4049, Haliangium, Dongia, Ellin6067, and EPR3968-0O8a-Bc78
in both rhizosphere layers (0-20 cm and 20-40 cm). Moreover, the
relative abundances of TRA3-20, NB1-j, bacteriap25, IS-44, Sva0485,
Zixibacteria, Subgroup_13, MB-A2-108, Gaiella, Massilia,
Subgroup_15, and Cellvibrio differed in the CC group (Figure 4C).

Pearson’s correlation analysis was conducted to define the correlation
between chemical properties factors and the dominant phyla and genera

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1461254
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shi et al.

10.3389/fmicb.2024.1461254

properties.

A B
] z Q Q
[CR
Proteobacteria{ ’% vz 2 § é 5 z 9 E i. : § g § E
Bacteroidota | _@E . = . - . alm D -
Acidobacteriota 'EH — | )
@ TN
Gemmatimonadota- HE: Gl | CI] : um
Other f ° . . - . i AN
. o (] soc
Actinobacteriota w — . ! —!D
i toria L] HoEE SON
Firmicutes{ .t‘ . '&'eﬁ
Myxococcotal Actm cerm
roalth ;‘%4 -
Nitrospirota ﬁ usobact
o EC
RCP2-541 .7 S-sC
wes . $-p-GC
o i
MBNT15' 1'5.3.. g‘eo ﬁﬁ}?s S-CL
Desulfobacterota] 43 SAR324. clademﬁg{““ ip, e s.ppo  Mantel's r.sign
Bdellovibrionoli-‘: % Setozoem) %ﬁﬁ]}? S-POD g:sg:five
5C(20-40cm) alditri ! — Positive
Dependentlae-[‘ E3 CC(20-40cm) Me ’ﬂ‘,m,,a%’i'ﬂa Q ‘. MBC Mantel's p
0.0 01 0.2 03 0.4 o a5 MBN — PG5
Relative abundance . P>=0.05
Mantel's r.abs
<0.1
C — 0.1-03
—T—— — >=03
FibiRsom = >
E BD2-11 terré{rﬂ;%‘@ & pearson's r
| N | o
D H
L g — H TC . 05
L — |
_r_E( Lo = ™ 0.0
Aact -
Lachnospi a AN i 0.5
s -
Smr{;‘l - soc
Cchi e e — = SON
\Sﬂﬂ? =
[_E Bact erol .: CIN
lomanas )
L IS pH
=
& = EC
% =
iffa = S-SC
5 =
ol - S--GC
? E ]
= S-CL
ad’ H
0134 :en?es Hial gron H S-PPO
sS\gb rmg%i N S-POD
M“""aﬁj’"‘“ < ) ;; 3 Ermﬂﬂﬁ‘%e% B visc
& & ’ MBN
& S
FIGURE 4

Relative abundance and the correlation between the soil bacterial community structure and physicochemical properties of pear rhizosphere soil
between SC mode and CC mode in different rhizosphere soil layers in pear orchard. (A) The relative abundance of the top 15 dominant bacteria in
phylum level. (B) The Spearman correlation heatmap of soil bacteria in phylum level and physicochemical properties. (C) The heatmap of relative
expression of the top 50 dominant bacteria in genus levels. (D) The Spearman correlation heatmap of soil bacteria in genus level and physicochemical

of the bacterial communities between SC and CC soils (|R|>0.80 and
p<0.05). At the phylum level, Nitrospirota, Verrucomicrobiota,
Chloroflexi, and Methylomirabilota were the key taxa highly related to
soil properties, including TC, SOC, TN, SON, and AN. In addition, the
activity of S-PPO was highly associated with Flavobacterium (r=0.967),
while S-SC was significantly positively associated with MNDI,
Subgroup_22, BD2-11_terrestrial_group, and Ellin6067. Soil salinization
indicators, EC, and pH were significantly correlated with Sva0485
(r=0.982) and Dependentiae (r=0.817) (Figure 4B). Twenty-five genera
were highly associated with soil physicochemical parameters (Figure 4D;
Supplementary Table S3), soil enzyme activity, and microbial biomass.
We utilized linear discriminant analysis effect size (LEfSe) to identify
biomarkers with significant differences between the treated groups
(LDA>2; p<0.05) (Figure 5). This analysis revealed that the minimum
number of discriminant clades was associated with soil organic carbon
(SC) between the 0-20cm (seven biomarkers) and 20-40cm (six
biomarkers) soil layers, while the maximum number was found in the
SC (49) and conventional carbon (CC) groups (20) at the 20-40 cm soil
depth (Figures 5A,B). The orders Veillonellales_Selenomonadales
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(LDA =3.1446, p=0.022) and Paenibacillaceae (LDA =3.020, p=0.037),
belonging to Firmicutes, were significantly enriched in the SC (0-20 cm)
group. In addition, several genera such as Candidatus_Accumulibacter
(LDA=3.525, p=0.022), Chryseolinea (LDA=3.018, p=0.004),
AKAU4049 (LDA =3.128, p=0.037), CCD24 (LDA =3.492, p=0.004),
Subgroup_5 (LDA =3.244, p=0.010), Dongia (LDA =3.308, p=0.004),
Ellin6067 (LDA =3.348, p=0.004), Acidibacter (LDA=3.187, p=0.003),
SWB02 (LDA=3.024, p=0.010), Flavobacterium (LDA=3.013,
p=0.004), and MNDI (LDA=3.112, p=0.025) were significantly
enriched under the SC (20-40cm) treatment. In the SC-treated group
within the 0-20 cm soil layer, a significant increase in the abundance of
32 biomarkers was observed compared to the CC treatment. Notably,
genera such as Ellin6067, Acidibacter, Bacteroides, EPR3968_0O8a_Bc78,
CCD24, and MNDI belonging to the Proteobacteria phylum exhibited
higher abundance in SC-treated soils (Figure 5D). Conversely, in the
CC-treated group within the 20-40 cm soil layer, biomarkers from the
Bacteroidota phylum, including MND1 and IS_44, as well as Sva0485,
bacteriap25, and IS_44, were identified as highly abundant (Figure 5B).
The KEGG pathway heatmap indicated a greater metabolic potential in

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1461254
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shi et al.

10.3389/fmicb.2024.1461254

== §C(0-20cm)
3 = SC(20-40cm)
<

a: g__Subgroup_13
b: g_Subgroup_10

Thermoanaerobaculaceae
_Thermoanaerobaculales
_Paenibacillaceae

Negativicutes
__S0134_terrestrial_group
Rhodocyclaceae
_uncultured
f_Ectothiorhodospiraceae
_uncultured

: {_Moraxellaceae

c == CC(0-20cm) D
= CC(20-40cm)

a:g_Chryseolinea
Oscillospiraceae
Clostridia
Firmicutes
50134_terrestrial_group
f: g_Leptospirillum

: g_uncultured
: o__Azospirillales
9_Dongia
o_Sulfurifustis
f_Rhodocyclaceae
f_Unknown_Family
: g_Crenothrix
_Methylobacter
0: g_Methylomicrobium
Methylomonadaceae
Methylococcales
_Oceanospirillales
g_PLTA13
g_Polycyclovorans
Solimonadaceae
9_uncultured
: f_Rhodanobacteraceae

FIGURE 5

whereas species with no significant difference are uniformly colored black.

Cladogram plotted from LEfSe comparison analysis indicating the taxonomic representation of statistically and biologically consistent differences of
identified biomarkers between SC and CC treatments in different rhizosphere soil layers. (A) SC (0-20 cm) vs. SC (20-40 cm); (B) SC (0-20cm) vs. CC
(0-20cm); (C) CC (0-20cm) vs. CC (20—-40cm); (D) SC (20-40 cm) vs. CC (20-40 cm). The colored shadows represent trends of the significantly
different taxa. The red or blue shading depicts bacterial taxa that were significantly higher or lower in each proportioning of SC and CC treatment

==SC(20-40cm)

o

n == CC(20-40cm) B a: o_Acidobacteriales @ x: f_Hyphomicrobiaceae
== b: g_GOUTBS @ y: f_Xanthobacteraceae
8 c: g_Subgroup_5 @ z: o_Rhizobiales
B d: g_uncultured B 20: c_Alphaproteobacteria
B e: f_Chitinophagaceae B a1: f_Comamonadaceae
= f: o_Chitinophagales = 22 g_Ellin6067
= g: g_Algoriphagus @ a3: g_Candidatus_Accumulibacter
= h: g_Chryseolinea 8 a4: g_Thavera
] uncultured @ 25: f_Rhodocyclaceae

® = j: f_Microscillaceae = a6:g_CCD24

B k: g_Pedobacter = a7: g_BD1_7_clade
= 1 g_SA28 @ a8: f_Spongiibacteraceae
B m: g_Desulfuromonadaceae @) a9: g_ EPR3968_08a_Bc78
) n: f_Desulfuromonadaceae @ b0: g_Acidibacter
B o: o_Desulfuromonadia B bl: g_uncultured
B p: g_AKAU4049 EE b2: o_Gammaproteobacteria_Incertae_Sedis
= g g_BIridl B b3: g_uncultured
E r: o_uncultured @ ba: f_Moraxellaceae
) s: c_Thermodesulfovibrionia  EEE bS: f_Steroidobacteraceae
=t g_SWB02 B b6: f_Woeseiaceae
B u: f_Hyphomonadaceae B b7: o_Steroidobacterales
= v: o_Caulobacterales = b8: g_Sva04ss

= w: g_Dongia

== SC(0-20cm)
= CC(0-20cm)

: g_Bryobacter
: g__Subgroup_13

: 9_Subgroup_5

: g_uncultured

: g_uncultured
Microscillaceae
o_Cytophagales
f_Flavobacteriaceae

B u:f_Sutterellaceae

J ccp24
_EPR3968_08a_Bc78
g_uncultured
f_Ectothiorhodospiraceae
9_Acidibacter
_uncultured
Unknown_Family
Methylococcaceae

sancoe

= i: g_Desulfuromonadaceae
B j: f_Desulfuromonadaceae
o_Desulfuromonadia

: f_Geobacteraceae

B m: c_Desulfuromonadia
= n: p_Desulfobacterota
B o: g_uncultured

B pic_ ibri
B g: f_Xanthobacteraceae
= g_Elin6067

= s: g_Thavera

=t g_uncultured

)_Methylobacter
: g_Methylomicrobium

B 26: f_Methylomonadaceae

) a7: o_Methylococcales

. 28: g_Woeseia

a9 f_)

B b0: o_Steroidobacterales

B bl: g_Sva048s

mm b2: g_Zixibacteria

SC-treated soils compared to CC soils across both 0-20 cm and 20-40 cm
soil layers. This enhanced potential encompassed cellular immunity, cell
growth and death, xenobiotic biodegradation and metabolism, lipid
metabolism, amino acid metabolism, carbohydrate metabolism, cofactor
and vitamin metabolism, and energy metabolism (Figure 6A).

Redundancy analysis (RDA) was conducted to investigate the
impact of soil physicochemical factors on bacterial communities.
Eleven major environmental factors were found to significantly affect
the distribution of rhizosphere bacterial communities in the SC and
CC soil samples across both 0-20cm and 20-40cm soil layers
(p=0.032) (Figure 6B). The eigenvalues of the first two ranking axes
of RDA explained 27.68 and 6.40% of bacterial community changes,
respectively, which were positively correlated with the activity of
S-PPO and the C:N ratio. This suggests that the observed change in
microbial community structure may be attributed to the long-term
application of SC treatment, leading to alterations in soil
physicochemical factors. Furthermore, the C:N ratio and PPO activity
emerged as the main factors affecting rhizosphere bacterial
community structure (F=1.459, p=0.032), with Ellin6067 showing a
positive correlation with S-PPO activity (r=0.60, p=0.001).

3.4 Response of soil metabolites to SC and
CC in pear orchard rhizosphere

To investigate the impact of soil amendments on rhizosphere soil
metabolites in pear orchards, we conducted a comprehensive
metabolomic analysis using UHPLC-MS/MS and GC-MS/MS
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platforms. A total of 5,107 known metabolites were identified across
two soil layers in both SC and CC treatment groups. Partial least squares
discriminant analysis (PLS-DA) highlighted distinct metabolite profiles
between SC and CC treatments across different soil layers. The model
demonstrated robustness in discerning discriminant metabolites (DMs)
from LC-MS and GC-MS data (R2Y =0.97, Q2Y =0.69 for LC-MS;
R2Y =0.90, Q2Y =0.66 for GC-MS), indicating significant differences
among treatment groups and soil depths (Figures 7E,F). Volcano plots
identified 613 DMs (33 from GC; 580 from LC) and 645 DMs (29 from
GCG; 616 from LC) between SC and CC groups across soil metabolites
(Figures 7A,B,D). Specifically, within the 0-20 cm soil layer, 612 DMs
were observed in SC (0-20cm) vs. CC (0-20cm), predominantly
consisting of fatty acyls (10.93%), glycerophosphoglycerols (7.18%),
carboxylic acids and derivatives (6.53%), phenols and prenol lipids
(5.71%), amino acids, peptides, and analogs (5.55%), as well as
carbohydrates and carbohydrate conjugates (3.92%). In the 20-40 cm
soil layer, 645 DMs were identified in SC (20-40cm) vs. CC (20-40cm),
primarily including amino acids, peptides, and analogs (12.71%), fatty
acyls (9.30%), carboxylic acids and derivatives (13.18%), carbohydrates
and carbohydrate conjugates (5.89%), and phenols and prenol lipids
(2.48%) (Supplementary Tables S5, S6).

KEGG pathway enrichment analysis revealed 50 DMs enriched in
pathways related to sphingolipid metabolism, ABC transporters,
glycerophospholipid metabolism, purine metabolism,
phosphotransferase system, biosynthesis of secondary metabolites,
fructose and mannose metabolism, and carbohydrate digestion and
absorption (Figures 7G,H; Supplementary Table S7). Compared to CC
treatment, SC treatment resulted in significant upregulation of several
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metabolites, including sucrose (1.48- and 2.52-fold), rhamnose (3.21-
and 1.77-fold), N-acetyl-D-glucosamine (0.75- and 1.81-fold), D-(+)-
raffinose (2.23- and 0.99-fold), stachyose (2.07- and 0.84-fold),
D-mannitol (2.23- and 3.01-fold), D-maltose (4.28- and 2.29-fold),
and beta-D-fructose 2,6-bisphosphate (3.42- and 0.53-fold), all
belonging to carbohydrates and carbohydrate conjugates. In addition,
OAs and derivatives such as pyrrolidonecarboxylic acid (4.59- and
27.70-fold), 2-keto-3-deoxy-D-gluconic acid (4.70- and 5.45-fold),
and N-acetyl-L-glutamic acid (2.21- and 3.72-fold) were increased in
SC-treated soils across both 0-20cm and 20-40cm soil layers.
Conversely, organic nitrogen compounds including sphinganine,
and diethanolamine were

phytosphingosine, significantly

downregulated in SC treatments (p <0.05) (Supplementary Table S7).

3.5 Assessment of agronomic traits of pear
trees (2022-2023): impacts of long-term
SC and CC management

Based on the comprehensive evaluation of agronomic traits of pear
trees conducted in 2022 and 2023, significant alterations were observed
in both the rhizosphere environment and the agronomic characteristics
of pear fruits following 20 years of natural grass management (Table 2;
Supplementary Table S4). The study revealed that the yield in the SC
group was markedly higher than in the CC group, attributable to
increased SFW and a higher number of FNP, resulting in yield
increments of 62.72 and 35.40%, respectively. Specifically, the average
SFW in the SC treatment surpassed that in the CC treatment by 10.01
and 10.34%. In 2022, the significant difference (p<0.05) in fruit size
between the SC and CC treatments was primarily reflected in the VD,
with the SC treatment showing a significant increase of 5.06%, while the
difference in LD was not statistically significant (p>0.05). In 2023, the
extremely significant difference (p < 0.01) in fruit size between the SC
and CC treatments was reflected in the LD of fruit size, while there was
no significant difference in VD between SC and CC groups (p >0.05).
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SSCis a critical indicator of fruit flavor quality and maturity. During
the period from 2022 to 2023, the SSC in fruits from the SC treatment
exhibited a substantial increase of 8.86 and 5.75% compared to the
control (Table 2). SSC primarily comprises TSS and OAs. This study
further analyzed specific sugars and acids based on SSC variations
induced by SC treatment. The sum of sucrose, glucose, fructose, and
sorbitol constituted the TSS content. The ‘Cuiguan’ pear fruits reached
maturity, and the SC treatment significantly elevated TSS and sucrose
content (p<0.001). The sucrose content in SC-treated pear fruits was
approximately 2.43-3.96 times higher than that in CC-treated fruits, with
no significant differences observed for other sugars. The advantage in
TSS content under SC treatment primarily stemmed from the increased
sucrose content (Figure 8A). In 2022, the OA content of fruits in the SC
group showed a significant increase of 11.12% compared to the CC
group (p<0.001), although this difference was not significant in 2023.
Similar to TSS, malic acid was the primary organic acid contributing to
the OA content difference (Figure 8B). The results of Pearson’s correlation
cluster analysis revealed a positive correlation between indicators such
as fruit number per plant, vertical and lateral diameter, soil organic
nitrogen (SON), soil organic carbon (SOC), available nitrogen in soil
(AN), soil carbon content (C), microbial biomass carbon (MBC), and
microbial biomass nitrogen (MBN) and a negative correlation with
electrical conductivity (EC) and pH. Moreover, regarding fruit quality,
TSS including sucrose and glucose, as well as titratable acidity in OA
represented by quinic acid, exhibited a significant correlations with SON,
SOC, AN, TC, MBC, MBN, and soluble polyphenol oxidase (S-PPO) in
the SC-treated groups (Supplementary Figure S2) (R>0.9; p<0.001).

3.6 Interactions between metabolites and
rhizosphere soil PGPMs contributing to
agronomic traits in pear fruit

To further investigate PGPMs associated with pear fruit
development and nutrient accumulation, we analyzed the
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FIGURE 7
Metabolomic analysis of soil SC and CC treated in different rhizosphere soil layers. (A,B) The expression volcano map of DMs up- and downregulate
between SC and CC in 0-20 cm and 20-40 cm soil layer by GC-MS. (C,D) The expression volcano map of DMs up- and downregulate between SC
and CC in 0-20 cm and 20-40 cm soil layer by LC-MS. Green dots represent downregulated metabolites, red dots represent upregulated metabolites,
and gray dots represent no-differential metabolites. (E,F) Principal coordinate analysis (PCoA) diagram of SC and CC based on the Bray—Curtis distance
matrix based on the DMs by LC-MS and GC-MS. (G,H) Bubble diagram of the KEGG enrichment of DEMs from SC- and CC-treated groups in 0-20cm
and 20-40 cm soil layer.

TABLE 2 Fruit qualities and yields between SC mode and CC mode in different rhizosphere soil layer in pear orchard (2022-2023).

reatment Year SFW (kg) LD (mm) VD (mm) SSC (%) FNP Yield (kg)
SC 423.00+£66.17 * 91.30+£7.28 ** 94.00+8.37 12.37+0.59 * 122.10+11.40 ** 46247.00+£4316.54 **
CC 202 384.49+30.20 79.92+3.12 89.57+2.58 11.70+£0.72 103.90£9.10 34155.98 £2990.74
SC 420.89+£6.70 * 95.13+6.70 100.59 +6.55 * 12.61+0.58 * 114.90+10.65 41348.02 +3832.70 **
CC 202 381.42+40.37 92.97+3.91 95.75+3.20 11.59+0.57 105.60+12.22 25410.84+£2941.02

SFW, Single fruit weight; LD, Lateral diameter; VD, Vertical diameter; SSC, Soluble solid content; FNP, Fruit number per plant.
The table in the same column *indicates significant differences in independent sample t-test results between SC and CC treatments of 0-20 cm soil layer and 20-40 cm soil layer (p<0.05),
while **indicates extremely significant differences in independent sample t-test results between different treatments (p <0.01).
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of the mean, * indicates statistical differences at p <0.05, and ** indicates statistical extremely differences at p <0.01.
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Spearman'’s correlation heatmap of soil bacteria in genus level and soil DMs.

TC
TN
AN
soc
SON Mantel's r.abs
<0.1
C/N — 0.1-03
= >=0.3
pH Mantel's p
— P<0.05
EC -- P>=0.05
S-SC pearson's r
S-8-GC I 0.5
0.0
S-CL i 05
S-PPO
S-POD

MBC

MBN

correlation between carbon and nitrogen sources in SC and CC
rhizosphere soils using Pearson’s correlation. Soil microorganisms
and their metabolites were primary sources of these elements.
According to Pearson’s correlation cluster analysis, fruit yield
indicators, such as fruit number per plant, and vertical and lateral
diameter, showed significant positive correlations with TC, TN,
SON, SOC, AN, C:N, MBC, and MBN and negative correlations
with EC and pH. In addition, in terms of quality, TTS (sucrose,
glucose) and OA (quinic acid), which determine the intrinsic
quality of fruit, were significantly correlated with TC, TN, SON,
SOC, AN, C:N, MBC, MBN, and S-PPO and negatively correlated
with EC and pH in SC-treated groups (Supplementary Figure S2)
(R>0.9; p<0.001).
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To optimize the presence of PGPMs for maximizing both pear
yield and quality, we utilized the Mantel test (p<0.05) to examine
correlations between microorganisms and their metabolites (Figure 9).
The results revealed significant correlations: diethanolamine
(r=0.862), N-acetyl-d-glucosamine (r=0.862), D-maltose (r=0.849),
and galabiosylceramide (d18:1/26:1(17Z)) (r=0.618) with the bacteria
MNDI, which also correlated with soil enzyme activities S-B-GC,
S-CL, and S-POD. D-mannitol (r=0.876) exhibited a significant
correlation with the bacteria NB1-j, which further correlated with
S-B-GC activity (r=0.977). Galabiosylceramide (d18:1/26:1(17Z))
(r=0.811), N-acetyl-d-glucosamine (r=0.801), diethanolamine
(r=0.680), and D-maltose (r=0.520) correlated with the bacteria
IS-44 and significantly correlated with S-SC activity (r=0.742). In
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addition, metabolites such as 2-hydroxyestrone, 4-hydroxystyrene,
imidazoleacetic acid, L-nicotine, presqualene diphosphate,
sphinganine, SM (d18:0/16:1(9Z)), PE (14:0/22:2(13Z,16Z)), PC
(16:0/20:4 (5Z,8Z2,11Z,14Z)), PC (16:0/16:0), phytosphingosine, and
phthalic acid showed significant correlations with Subgroup_5 and
Sva0485, which in turn significantly correlated with MBC content
(r=0.572; r=0.583). The bacteria from Subgroup_15 were found to
positively correlate with deoxyinosine (r=0.977), hypoxanthine
(r=0.989), oxoadipic acid (r=0.972), D-(+)-raffinose (r=0.929),
deoxyguanosine (r=0.977), and guanine (r=0.979), as well as with TC
(r=0.640), TN (r=0.618), SOC (r=0.761), SON (r=0.592), and AN
(r=0.854). Dongia bacteria showed positive correlations with S-CL
(r=0.747) and S-POD (r=0.872) activities, diethanolamine (r=0.836),
N-acetyl-d-glucosamine (r=0.728), D-maltose (r=0.712), and
galactosylceramide (d18:1/26:1(17Z)) (r=0.990).

4 Discussion

4.1 Remediation effect of returning natural
grass on soil carbon and nitrogen stocks
and utilization in pear orchard

CC, where grass is removed through clean tillage, is the main
reason for exacerbated soil degradation (Novikova et al., 2013). This
study highlights that topsoil degradation in cleared orchards primarily
manifests through chemical and biological processes. Over a 20-year
period, CC-treated soil exhibited an EC value of 667 ps/cm,
categorizing it under moderate saline-alkali conditions (400-800).
Conversely, continuous SC treatment effectively mitigated soil
salinization by reducing EC values and lowering alkaline soil pH. This
suggests that SC application can alleviate the adverse effects of
excessive chemical fertilizers in pear orchards. Significant reductions
in rhizosphere and bulk soil pH were observed following ryegrass
coverage (Wang et al., 2023; Zhou et al., 2023), likely attributed to OA
secreted by grass roots (Matocha et al., 2018). In SC-treated groups,
OA levels were notably higher compared to CC-treated soil. Further
analysis of rhizosphere metabolites indicated substantial upregulation
of OAs such as oxoadipic acid, N-acetyl-L-glutamic acid, 2-keto-3-
deoxy-D-gluconic acid, and pyrrolidonecarboxylic acid post-SC
treatment, suggesting their role in pH reduction. Zhalnina et al. (2018)
demonstrated that plant rhizosphere bacteria preferentially utilize
aromatic organic acids secreted by plants.

Numerous studies have illustrated that grass roots significantly
influence SOC stocks. Water-soluble small molecules from SOC can
be absorbed by roots, promoting their growth (Gregory et al.,2022;
Gomez et al., 2022). Continuous grass coverage enhances TC and SOC
content, contributing to orchard economic benefits (Liu et al., 2021).
Despite a decrease in TC to 10.32 g/kg and SOC to 6.46 g/kg after over
20years of pear fruit harvesting and pruning, SC-treated soil exhibited
significant increases in TC, SOC, and C:N ratio by 38.9, 58.9, and
13.84%, respectively. This enhancement correlated significantly with
TSS accumulation, fruit size, and yield, underscoring the positive
impact of grass coverage on plant productivity. Grass mulching over
2years improved soil nutrients and organic carbon, thereby enhancing
total soluble fruit quality (Lienhard et al., 2013; Dong et al., 2021), a
finding corroborated by Homma et al. (2012). While much research
has focused on SOC’s impact on soluble solids in fruits, investigations
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into soluble sugars and OA remain limited. In SC treatment group, the
contents of sucrose and glucose in TSS and quinic acid in OA, which
determine fruit quality, were significantly correlated with SON, SOC,
and C: N ratio in soil. Moreover, fruit yield, linked to soil C, echoed
findings from studies on organic carbon addition (Shi et al., 2023).
Research confirms that orchards emit significantly more carbon
than other arable lands. Grass coverage enhances soil carbon storage
and reduces carbon emissions (Zhao et al., 2022). Decomposing grass,
as green manure, releases soil nutrients and undergoes mineralization
into inorganic nitrogen by the soil microbiome (Daly et al., 2021). SC
treatment increased soil TN and available nitrogen in soil AN,
consistent with findings by Zhou et al. (2023) and Wang et al. (2023).
Interestingly, different grass varieties have varied effects on AP values
in orchards. Unlike CC, hairy vetch (Vicia villosa Roth.) coverage
notably increased available phosphorus content, while ryegrass
(Lolium perenne L.) had no significant effect. Green bristlegrass
coverage, conversely, reduced available phosphorus levels. The
experimental site exhibited high AP, exceeding the normal range
(10-20mg/g),
treatments enhance grass phosphorus absorption and accumulation,

as previously documented. High-phosphorus
potentially mitigating AP accumulation in orchard soils (Kaneko
etal., 2008). Therefore, SC emerges as a promising strategy to alleviate

soil AP risks in the orchard.

4.2 Variations in the diversity and dynamics
of rhizosphere soil communities

In comparing microbial diversity between SC and CC treatments
across different soil layers, we observed that the highest species
richness (ACE, Chaol) and microbial community diversity (Shannon
diversity index, p <0.05) occurred in SC-treated soil at the 20-40 cm
layer. LEfSe analysis showed that the SC (49) and CC (20) groups in
this layer had the highest number of discriminant clades, confirming
greater bacterial community diversity in SC treatments. According to
f-multivariate statistical analysis, the impact of grass growth on
microbial diversity was significantly greater than the effect of vertical
distribution within the same treatment. SC treatment increased
bacterial population size and altered community composition,
consistent with the results of Zhang et al. (2018). At the phylum level,
Proteobacteria, Bacteroidetes, Acidobacteria, Gemmatimonadota,
Firmicutes, Actinobacteria, Myxococcus, Nitrospirota, RCP2-54,
NB1-j, and MBNT15 were dominant bacteria (relative abundance
>2%) in pear orchards. SC-treated orchards showed significant
increases in Proteobacteria, Bacteroidetes, Gemmatimonadota,
Firmicutes, Actinobacteria, and Fusobacteria compared to CC-treated
orchards. Firmicutes were highly correlated with soil nutrient content,
as noted by Zhao et al. (2022) and Zhang et al. (2022).

The priming effect (PE) of grassland orchards returning
ecosystems to exposed topsoil accelerates the process of soil SOC and
SON input and decomposition into micromolecular monomers over
a short period of time, with soil enzymes and microorganisms playing
crucial roles (Guenet et al., 2010). On a large scale, SC treatment
positively impacted MBC and MBN, particularly enhancing soil
microbial diversity in pear orchards. The regulation of MBC and MBN
was observed to be influenced by TC, TN, SOC, SON, and available
nitrogen (AN) content (R>0.95, p<0.05). Gregory et al. (2022) and
Xiang et al. (2023) reported that, compared with CC treatment, SC
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generally increased soil MBC and bacterial abundance irrespective of
orchard age. On a smaller scale, the analysis focused on the correlation
between the dominant bacteria among the top 30 in soil microbial
relative abundance and carbon and nitrogen utilization under SC
treatment. Correlation analyses indicated significant positive
associations between the relative abundances of Nitrospirota,
Verrucomicrobiota, Chloroflexi, Actinobacteria, Cyanobacteria, and
Methylomirabilota with the accumulation of TC, TN, SOC, SON, and
the C:N ratio. Specifically, the phylum Nitrospirota (Nitrospirae)
exhibited notable increases with SOC elevation under ryegrass
coverage (Rodriguez-Loinaz et al., 2008). Bacteroides, mlel-7, and
Fusobacterium showed positive correlations with SOC, SON, and AN,
while MND1, Subgroup_22, BD2-11_terrestrial_group, Ellin6067,
and Flavobacterium were associated with S-SC enzymes involved in
soil carbon cycling. Prior research highlighted the significant
relationship between MNDI and mlel-7 and increased organic
carbon in soils (Shi et al., 2023). MNDI plays a critical role in soil
carbon and nitrogen cycles, linked to enhanced recalcitrant SOC
storage (Hu et al., 2018). Cellvibrio exhibited a significant association
with the C:N ratio. Grass, acting as a carbon source, secretes cellulose
that facilitates its decomposition into organic carbon sources, thereby
enhancing soil carbon levels (Yu et al., 2019). The application of SC
treatment resulted in an increased relative abundance of AKAU4049
within both rhizosphere layers (0-20 cm and 20-40 cm), accompanied
by a decrease in soil pH. Conversely, a decline in the AKAU4049 genus
of the Gemmatimonadota phylum following the introduction of
ryegrass suggested optimal soil entropy and nutrient enrichment
(Zhou et al., 2023). Variations in AKAU4049 levels may be attributed
to differences in soil conditions and grass species utilized.

In the rhizosphere soil treated with SC, the activities of S-SC,
S-CL, and S-B-GC enzymes showed significant increases compared to
CC treatment. Particularly, S-CL activity exhibited positive
correlations with the relative abundance of Firmicutes and
Latescibacterota. In agricultural fields practicing multiple crop
intercropping, S-CL levels were notably elevated, driven by Firmicutes,
Latescibacteria, Gemmatimonadetes, and Acidobacteria, crucial for
cellulose decomposition (Zhang et al., 2018). Moreover, S-SC enzyme
activity demonstrated correlations with cyanobacteria. Research by Xu
etal. (2023) conducted topsoil treatments with artificial cyanobacterial
crusts, directly confirming their role in accelerating S-SC enzyme
activity recovery.

4.3 Integrated analysis of microbial
communities and metabolites reveals
responses of soil microorganisms

The presence of active microbial communities in the rhizosphere
significantly influences soil metabolites, thereby impacting the
circulation and metabolism of exogenous nutrients (Cheng et al.,
2022). This study examines the interplay between soil metabolites and
bacterial communities. Treatment with SC (presumably a soil
conditioner or similar) alters the synthesis of various compounds
including carbohydrates, phenols, lipids, amino acids, peptides, fatty
alcohols, carboxylic acids, and their derivatives. Sucrose, N-acetyl-D-
glucosamine, and beta-D-fructose 2,6-bisphosphate are enzymatically
catalyzed by NAGase to release nitrogen from the soil, enhancing
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carbon and nitrogen utilization (Omari et al, 2012). These
compounds, synthesized via glycolysis, play crucial roles in plant
growth and development (Cheng et al., 2022).

Of particular interest, SC promotes the sequestration of organic
carbon in soil, leading to increased sucrose accumulation in
aboveground pear fruits and rhizospheric secretion. This phenomenon
suggests that Bacteroides mlel-7 and Fusobacterium accelerate
organic carbon decomposition, thereby enhancing plant carbon
absorption, utilization, and synthesis. D-(+)-raffinose, correlated
significantly with SOC stock, is part of carbon allocation strategies and
may signal stress responses (Li et al., 2020). Conversely, sphinganine,
an organic nitrogen compound, is notably downregulated in
SC-treated soils. Yang et al. (2021) identified a higher abundance of
Sphingomonas genus in soil with ryegrass compared to soil without,
with SC-treated rhizosphere soils showing significantly elevated
Sphingomonas levels. The decrease in sphingosine levels could
be attributed to sphingomonas utilizing sphingosine as a carbon and
energy source, necessitating its decomposition. Abscisic acid (ABA),
a key phytohormone regulating stress responses, is significantly
downregulated in SC treatments, potentially promoting pear fruit
growth. Studies by Li et al. (2019) suggest that ABA impacts
rhizosphere microbial communities and plant physiology, influencing
growth characteristics such as height in peanut plants. The relationship
between soil bacterial communities and aboveground pear trees is
progressively elucidated, highlighting their associations with soil
properties and rhizosphere-secreted factors such as metabolites and
plant hormones (Figure 10). This study underscores the importance
of understanding soil microbial dynamics under prolonged grass
cover, although it acknowledges the need for broader geographic
observation data to strengthen findings. Future research endeavors
should focus on expanding these datasets to enhance their
comprehensiveness and robustness.

5 Conclusion

Long-term coverage of green bristlegrass in pear orchards has
significant potential to enhance carbon and nitrogen storage, thereby
improving overall soil nutrient levels, including TC, TN, SOC, SON, and
C:N. This practice also promotes increased enzyme activity, such as that of
S-SC, S-CL, and S-B-GC. The microbial community within these orchards,
encompassing taxa such as Haliangium, Bacteroides, mle1-7, Subgroup_22,
Ellin6067, MND, and Cellvibrio, has exhibited enhanced diversity and
functionality. These microorganisms, along with critical metabolites such
as sucrose, N-acetyl-D-glucosamine, N-acetyl-L-glutamic acid, rhamnose,
UDP-N-acetylglucosamine (UDP-GIcNAc), and D-maltose, play pivotal
roles in carbon and nitrogen sequestration. They do so through various
metabolic processes centered on carbon, including the synthesis,
degradation, and transformation of sucrose and glycolysis during
respiration (Figure 10). Furthermore, the coverage of bristlegrass
contributes to the distribution of abscisic acid signal molecules in the pear
rhizosphere soil. This distribution is primarily driven by the availability of
carbon and nitrogen sources in the soil, which can be utilized by the pear
fruit. The composition of crop species covered by natural grasses and
different soil types also affects the structural distribution of rhizosphere
microbial communities, soil metabolites, and enzyme activities, which in
turn impact soil carbon sequestration capacity. In future, representative
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areas with different soil types should be selected for sampling on a broader
spatial-temporal scale to comprehensively capture the impact of natural
grass cover on the soil microbial environment. This will help to more
accurately assess its impact on biodiversity, water conservation, and the
carbon and nitrogen cycle of the entire soil ecosystem, leading to more
reliable conclusions. Furthermore, based on beneficial bacterial strains
related to carbon fixation identified in this study, specific biological
functions and mechanisms of action in increasing soil organic carbon were
further explored.
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