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Establishing perennial cultivated grasslands on the Qinghai-Tibet Plateau helps address the 
seasonal imbalance of forage resources and supports the restoration of degraded grasslands. The 
most common planting patterns—monocropping and mixed cropping—are well-studied in terms 
of vegetation structure, productivity, and soil nutrients. Despite their significance, the influence of 
prolonged planting practices on underground soil microbial communities and metabolites has often 
been neglected. In this study, two characteristic plants, Festuca sinensis ‘Qinghai’ and Poa pratensis 
‘Qinghai’, from the area around Qinghai Lake were selected as the experimental subjects by employing 
16 S and ITS sequencing methods in conjunction with non-targeted metabolomics analysis. The 
effects of planting patterns (monocropping and mixed cropping) on rhizosphere soil characteristics, 
metabolites and microbial community structure were examined. The results showed that compared 
with monocropping, mixed cropping significantly increased the contents of soil nutrients and 
key metabolites. In addition, it had a greater impact on fungal diversity than bacterial diversity, 
particularly in terms of β-diversity. While microbial α-diversity and dominant phyla remained stable, 
soil fungi were more responsive to changes in soil properties and metabolites. These results show that 
the new niche differentiation between different species in mixed grassland stimulates the secretion 
of trehalose and valine, which further affects the fungal community structure and enhances the soil 
nutrients and ecological functions of degraded grasslands. These findings will guide the restoration 
of degraded grasslands around Qinghai Lake and the selection of planting strategies to improve local 
sustainable grassland productivity.
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A complex biological relationship exists between root-zone microorganisms and root cells, which are crucial 
microhabitats in soil1. Soil, as an indispensable resource influencing plant community growth and development, 
directly affects plant growth2. The effect of planting patterns on soil nutrients can be attributed to the interaction 
(competition intensity) between plant species3. With low competition intensity, plant interactions promote the 
improvement of soil nutrient content mainly through plant litter and debris nutrient return and root exudate 
deposition. Nevertheless, with increasing competition intensity, the competitive absorption of soil nutrients by 
plant roots and the negative influence of interspecific root interaction on soil physical and chemical properties 
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gradually offset the increase of soil nutrient content4. Microorganisms play a vital role in matter and energy flow, 
significantly influencing soil functions and ecosystem services5. In grassland ecosystems, soil microorganisms, 
mainly bacteria and fungi, are highly sensitive to changes in soil nutrients and are essential for maintaining 
underground ecosystem functionality6. Studies suggest that planting patterns are key to controlling soil microbial 
communities and impact their structure, composition, diversity, activity, and symbiotic relationships, and 
shapes microbial community structure by influencing core microorganisms7,8. Planting patterns had significant 
influence on microbe structure and composition of the rhizosphere soil9. Compared to monocropping, mixed 
cropping conditions result in significant changes in rhizosphere bacterial populations10. Zhao et al.11found 
that the soil bacterial Chao1 and ACE diversity in mixed sowing was significantly lower than in monoculture 
grassland. Soil bacterial species network analysis revealed a higher complexity and stable of the mixed plot than 
the monoculture11,12. Zhang et al.12revealed mixed planting significantly increased the rhizosphere microbial 
diversity and the bacteria abundance related to nitrogen metabolism, and promoted the growth of functional 
denitrifying flora. The changes of soil physical and chemical properties caused by different planting patterns 
will significantly affect the soil microbial community13. Wang et al.14indicated that variations in soil bacterial 
and fungal community compositions across different patterns were attributed to differences in soluble organic 
carbon and soil bulk density. The production of root metabolites is an important feature of plant adaptation 
and a key factor in regulating the aggregation of root microbiota, especially through secondary metabolites 
with biological activity. Numerous root metabolites are released into the rhizosphere, altering the physical and 
chemical characteristics of the soil, stimulate microbial activity, and bolster the vitality and functionality of 
microbial communities15. Changes in planting patterns in cultivated grasslands can alter plant coexistence, 
resulting in differences in soil metabolites, and further affect soil microbial communities11. Duan et al.16 
found that the biosynthesis of amino acids, flavonoid, and the flavone and flavonol was significantly affected 
by intercropping. The expression of metabolites related to amino acid metabolism were up-regulated. Ma et 
al.17 indicated that cultivation patterns could affect plant flavonoid biosynthesis, while inappropriate cultivation 
patterns induced stress in plants, prompting the activation of antioxidant mechanisms for flavonoid synthesis 
as a defence strategy via indirect pathways. Che et al.18 found that under a mixed sowing treatment, the relative 
abundance of acidobacterium increased significantly due to the increase of organic acid secretion. Lu et al.19 
showed that higher carbohydrate content (such as trehalose, mannopyranose, and sucrose) induced the decrease 
of Chloroflexi and Actinobacteria abundance.

Although metabolomics has been widely applied to crops like wheat, corn, and rice, and research on plant 
rhizosphere metabolites and their effects on soil nutrient cycling is increasing20, rhizosphere metabolites serve 
various ecological functions depending on plant-soil interactions in different ecosystems21. Because of the 
differences of plant species, mixed cropping and monocropping grassland may cause variations in rhizosphere 
metabolites22, which may play a key role in shaping the construction of rhizosphere microbial community. 
However, research on how soil metabolites in cultivated grasslands respond to planting patterns and regulate 
rhizosphere microbial communities remains limited. Thus, it is crucial to examine the effects of planting patterns 
on soil properties, metabolites, and microbial characteristics in these grasslands.

The area around Qinghai Lake is located in the ecotone between agriculture and animal husbandry in the 
alpine region of Qinghai-Tibet Plateau in China and belongs to a fragile ecosystem23. Alpine grassland, as 
the most important ecological function area in this locality, is also a representative geographical unit in this 
region. Recently, alpine grasslands in Qinghai have experienced severe degradation due to natural and human 
factors, leading to the “black beach” phenomenon, which has led to relatively low grassland productivity in 
this area and restricted the development of grassland animal husbandry24. Perennial grassland cultivation 
has emerged as the primary method for rapidly and effectively restoring these degraded areas and solving the 
contradiction between grass and livestock25. The most common planting patterns employed are monocropping 
and mixed cropping26. At present, the research on planting patterns of perennial cultivated grassland mainly 
focuses on grasses and legumes with distinct niche differentiation10. However, due to the climate in this area, 
the adaptability of most perennial Leguminosae plants is compromised, leading to slow renewal and easy 
degradation of perennial grass-legume mixed cropping grasslands27. Therefore, through field experiments, we 
explored the feasibility of establishing mixed grasslands in this area using two types of grasses with insignificant 
niche differentiation28. Research on mixed cropping of different grasses has primarily focused on vegetation 
community structure, productivity, and soil nutrients29. Mixed cropping, compared to monocropping, 
significantly enhances vegetation yield and biodiversity through resource complementarity and positive species 
interactions10. However, restoring degraded grasslands requires attention not only to vegetation but also to 
the soil’s ecological functions11. However, the impact of different grass planting patterns on soil bacterial and 
fungal communities remains underexplored, and existing findings are inconsistent28,30. Identifying key drivers 
of microbial community changes requires considering various factors. Therefore, it is necessary to determine 
the rhizosphere soil properties and metabolites of alpine grassland under different planting patterns, assess their 
effects on soil microbial communities, and clarify which planting pattern is most helpful in solving the seasonal 
imbalance of forage resources and restoring degraded grassland.

In this study, perennial grasslands with different planting patterns were selected from the area around Qinghai 
Lake. 16 S rRNA and ITS gene sequencing and LC-MS analysis were performed. The effects of monocropping 
and mixed cropping on rhizosphere soil properties, microbial communities, metabolites and their interactions 
were systematically studied. We hypothesized that planting patterns significantly influence soil properties, 
metabolites, and microbial communities, and that changes in soil nutrient content and metabolite composition 
drive shifts in microbial community structure. The study aims to: (1) assess the effects of planting patterns on 
soil properties and rhizosphere metabolites; (2) compare the impacts of these patterns on bacterial and fungal 
diversity and community composition; and (3) elucidate the relationships between soil microbial community 
structure, soil properties, and metabolites under different planting patterns.
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Materials and methods
Experiment design
The study was conducted at Bakatai Farm and Pasture (101°5’E, 36°15’N) in Qinghai Province, China, at an 
average altitude of 3300 m. The region experiences a plateau continental climate with distinct cold and warm 
seasons and no absolute frost-free period. The growing season is short and warm, while the dormant season is 
long and cold. Annual sunshine ranges from 2670.4 to 3036 h, with average temperatures between − 5 °C and 
5 °C. Precipitation averages about 338 mm per year, with over 75% falling during the warm season. Dominant 
native vegetation includes Stipa purpurea, Kobresia capillifolia, and Potentilla nivea. The soil type at the site is 
kastanozems. The experimental plot was established in 2019 using 12 species of perennial grass, and it consisted 
of 12 monocropping treatments and 6 mixed cropping treatments. Three replicates were performed per plot, and 
a completely random design was adopted, resulting in 54 experimental plots covering an area of approximately 
18  ha. The research objectives of this experiment is only a part of the existing experiments, which are two 
monocropping treatments and one mixed cropping treatment: Festuca sinensis ‘Qinghai’ monocropping (F), with 
an area of approximately 1.09 ha and a sowing density of 30.00 kg·ha−1; Poa pratensis ‘Qinghai’ monocropping 
(P), with an area of approximately 1.00 ha and a sowing density of 11.25 kg·ha−1; and Festuca sinensis ‘Qinghai’ 
+ Poa pratensis ‘Qinghai’ mixed cropping (FP), at a mixed cropping ratio of 1:1, with an area of approximately 
0.91 ha and a sowing density of 21.00 kg·ha−1. Mechanical strip sowing was carried out with a row spacing of 
15 cm and a sowing depth of 3–5 cm (Fig. S1). Urea and diammonium phosphate were mixed and applied at 
75 kg·ha−1 each. Urea topdressing was carried out in May every year, with a fertilization amount of 300 kg·ha−1. 
The cultivated grassland was not grazed throughout the year. The forage seeds were obtained from the Qinghai 
Academy of Animal and Veterinary Sciences.

Soil sampling
In August 2022, soil samples were gathered from the pasture during its growing season using a random sampling 
technique. A thorough excavation of the root system was performed to collect rhizosphere soil, which was defined 
as soil attached to roots after shaking (rhizosphere soil < 2  mm). The roots of perennial cultivated grassland 
vegetation are mainly concentrated in the soil surface layer, so the sampling depth was 0–20 cm. After removing 
loose gravel and plant debris, the samples were processed in three ways: one portion was sieved through a 
2 mm mesh and frozen at −80 °C for microbial community and metabolite analysis; another was air-dried for 
physicochemical testing; and the third was kept at 4  °C for assessing soil ammonium nitrogen (AN), nitrate 
nitrogen (NN) levels, and microbial biomass.

Determination of soil physicochemical properties
Soil pH was determined by mixing soil with distilled water at a 1:5 ratio, shaking for 35 min, and measuring 
with a pH meter (METTER TOLEDO)31. Total carbon (TC) and total nitrogen (TN) were assessed using an 
elemental analyzer (FLASHSMART, Germany)32. Soil organic carbon (SOC) was measured via the K2Cr2O7 
oxidation method with FeSO4titration. Ammonium nitrogen (AN) and nitrate nitrogen (NN) were extracted 
using potassium chloride33. Total phosphorus (TP) was evaluated with the molybdenum-antimony colorimetric 
method, while available phosphorus (AP) was quantified through sodium bicarbonate extraction followed by 
molybdenum-antimony colorimetry34. Soil microbial biomass, including carbon (MBC), nitrogen (MBN), and 
phosphorus (MBP), was measured using the chloroform fumigation-extraction technique35.

High-throughput sequencing
Total DNA from the microbial community was obtained through the Fecal Genome DNA Extraction Kit 
(DP712-02, TIANGEN, China) according to the manufacturer’s instruction manual36. DNA quality was 
evaluated through agarose gel electrophoresis, and its concentration was measured with an ultraviolet 
spectrophotometer. For amplification, the bacterial 16 S rRNA gene’s V3-V4 region was targeted using primers 
341  F (5’-CCTACGGGNGGCWGCAG-3’) and 805R (5’-GACTACHVGGGTATCTAATCC-3’), while the 
fungal ITS2 region was amplified using primers ITS1FI2 (5’-GTGARTCATCGAATCTTTG-3’) and ITS2 (5’-​T​
C​C​T​C​C​G​C​T​T​A​T​T​G​A​T​A​T​G​C-3’)37. The PCR products were purified by AMPure XT beads (Beckman Coulter 
Genomics, Danvers, MA, USA) and quantified by Qubit (Invitrogen, USA). The amplicon pools were prepared 
for sequencing and the size and quantity of the amplicon library were assessed on Agilent 2100 Bioanalyzer 
(Agilent, USA) and with the Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, USA), 
respectively. The libraries were sequenced on NovaSeq PE250 platform. Paired-end reads was assigned to 
samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. Paired-
end reads were merged using FLASH. Quality filtering on the raw reads were performed under specific filtering 
conditions to obtain the high-quality clean tags according to the fqtrim (v0.94). The ASV feature sequence and 
the ASV abundance table were obtained by removing all singleton ASVs. Alpha and Beta diversity analyses 
were performed using the obtained feature sequences and feature abundance tables of the ASVs. Blast was used 
for sequence alignment, and the feature sequences were annotated with SILVA database for each representative 
sequence.

Rhizosphere metabolites analysis
To prepare the samples, 100  mg of soil was weighed and ground in liquid nitrogen. Metabolites were then 
extracted with a 50% methanol solution. After adding 1 ml of chilled 50% methanol, the mixture was shaken 
at room temperature for 10 min and stored at − 20 °C overnight. Following centrifugation at 4000 g for 20 min, 
the supernatant was transferred to a new 96-well plate for analysis. Samples not tested immediately were kept 
at − 80 °C until LC-MS analysis. Additionally, 10 µl from each sample was combined to form a QC sample. All 
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samples underwent LC-MS non-targeted metabolomics analysis (Appendix S2). Sequencing for both microbial 
and metabolome analyses was performed by LC-Bio Technology Co., Ltd., located in Hangzhou, Zhejiang 
Province, China.

Statistical analyses
A one-way ANOVA was used to evaluate differences in soil physicochemical properties, taxonomic abundances, 
α-diversity indices, and rhizosphere metabolites among different planting patterns (P < 0.05). To explore the 
relationships between varying metabolites and soil properties, Pearson correlation analysis was employed. 
Metabolite profiles were examined using Partial Least Squares Discriminant Analysis (PLS-DA). Non-metric 
Multidimensional Scaling (NMDS) based on Bray-Curtis distance was utilized to assess microbial β-diversity 
differences across treatments. PERMANOVA statistical model was used to test the microbial community 
structure under different planting methods. Redundancy Analysis (RDA) with the “envfit” function from the 
‘vegan’ package identified key environmental factors affecting microbial community changes. The contributions 
of soil nutrients, metabolites, and their interactions with shifts in microbial community structure were analyzed 
using a linear mixed-effects model based on REML from the “glmm.hp” package. All statistical computations 
were carried out with R software (version 4.0.2).

Results
Impact of planting patterns on soil properties and metabolites
Planting patterns had a significant impact on soil chemical properties (Fig.  1). Specifically, mixed cropping 
notably reduced TC content (P < 0.05), with decreases of 4.41% and 3.09% compared to monocultures of F and 
P, respectively (Fig. 1B). Conversely, mixed cropping significantly increased levels of TP, AN, NN, SOC, AP, 
MBC, MBN, and MBP (P < 0.01). TP ranged from 0.74 to 0.84, with increases of 12.73% and 12.05% compared 
to monocultures of F and P, respectively (P < 0.01) (Fig. 1D). AN ranged from 23.27 to 26.52, with increases of 
13.95% and 11.73% compared to monocultures of F and P, respectively (P < 0.01) (Fig. 1E). NN ranged from 
13.33 to 13.97, with increases of 4.75% and 4.10% compared to monocultures of F and P, respectively (P < 0.01) 
(Fig. 1F). SOC ranged from 12.46 to 14.19, with increases of 13.88% and 11.67% compared to monocultures 
of F and P, respectively (P < 0.01) (Fig. 1G). AP ranged from 2.46 to 3.14, with increases of 28.07% and 23.20% 
compared to monocultures of F and P, respectively (P < 0.01) (Fig.  1H). MBC ranged from 86.94 to 99.07, 
with increases of 13.95% and 11.72% compared to monocultures of F and P, respectively (P < 0.01) (Fig. 1I). 
MBN ranged from 3.98 to 4.54, with increases of 13.95% and 11.72% compared to monocultures of F and P, 
respectively (P < 0.01) (Fig. 1J). MBP ranged from 1.39 to 1.58, with increases of 13.64% and 11.47% compared 
to monocultures of F and P, respectively (P < 0.01) (Fig. 1K). Mixed cropping had minimal effects on soil pH and 
TN (P > 0.05) (Fig. 1A and C).

Planting patterns had a significant impact on metabolites. In the rhizosphere of perennially cultivated 
grasslands, 11,157 metabolites were identified, with 286 classified as secondary metabolites. These secondary 
metabolites were categorized into 44 groups. The categories with a total proportion greater than 1% included: 
fatty acyls (20.4%); carboxylic acids and derivatives (15.3%); organooxygen compounds (12.8%); benzene and its 
derivatives (9.8%); glycerophospholipids (6%); prenol lipids (6%); imidazopyrimidines (3.4%); organonitrogen 
compounds (3%); organic phosphoric acids and derivatives (2.1%); phenols (1.7%); and undefined (19.6%) 
(Fig. 2A). NMDS analysis of the perennial grasslands showed significant differences in rhizosphere metabolites 
across different planting patterns (Adonis: R² = 0.19, P < 0.01; ANOSIM: R² = 0.32, P < 0.01; Fig. 2B).

PLS-DA analysis indicated a clear separation of metabolites between treatments (R²X = 0.555, R²Y = 0.984, 
Q² = 0.422) (Fig. S2). A one-way ANOVA of the top 20 rhizosphere metabolites showed that planting patterns 
significantly affected lower-content metabolites but had minimal impact on the top 20, only altering the levels of 
Trehalose, Valine, and Phenylglyoxylic acid (Fig. S3). Specifically, mixed cropping significantly increased Trehalose 
and Valine levels (P < 0.05). Trehalose content increased by 67.71% and 40.68% compared to monocultures of 
F and P, respectively (Fig. 3A). Valine content increased by 46.38% and 20.22% compared to monocultures of F 
and P, respectively (Fig. 3B). In contrast, mixed cropping significantly decreased Phenylglyoxylic acid content by 
2.14% and 4.29% compared to monocultures of F and P, respectively (Fig. 3C).

Impact of planting patterns on the correlation between soil properties and differential 
metabolites
A correlation analysis between soil physicochemical properties and differential metabolites (Fig.  4) revealed 
that Valine, Trehalose, and soil nutrients (TP, AN, NN, SOC, AP, MBC, MBN, and MBP) exhibited significant 
positive correlations (P < 0.01), while Valine and TC showed a negative correlation (P < 0.05). Phenylglyoxylic 
acid, however, did not exhibit a significant correlation with soil physicochemical properties.

Impact of planting patterns on microbial communities
Microbial diversity under different planting patterns was assessed using ASV levels. The results showed that 
α diversity (observed_species, Shannon, and Chao1 indices) of soil bacteria and fungi was not significantly 
influenced by planting patterns (Fig. 5). NMDS analysis results showed that the planting patterns had inconsistent 
effects on microbial β-diversity. The bacterial community structure did not show significant differences under 
different planting patterns, while the fungal community structure had significant differences (Fig. 6).

The planting patterns had no impact on the microbial community composition of the perennial cultivated 
grassland. At the phylum level, the bacterial community was classified into 42 phyla (Fig. S4), with Actinobacteria, 
Proteobacteria, Acidobacteria, Chloroflexi, and Gemmatimonadetes being the dominant groups, comprising 
over 80% of the total sequences. The relative abundances of these five bacterial phyla remained consistent across 
different planting patterns. The fungal community was classified into 13 phyla, with Ascomycota, Basidiomycota, 
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Zygomycota, Fungi_unclassified, Glomeromycota, and Chytridiomycota being the dominant phyla, accounting 
for over 98% of the total relative abundance. Similarly, the relative abundances of these dominant fungal phyla 
were stable across planting patterns.

Impact of planting patterns on correlation of soil properties, metabolites and microbial 
communities structure
RDA revealed that bacterial and fungal community structures responded differently to changes in soil properties 
and rhizosphere metabolites (Table S1, Fig. 7). The first two axes of the RDA accounted for 47.20% of the total 

Fig. 1.  Impact of planting patterns on soil properties. Different lowercase letters indicated significant 
differences between different treatments. One-way analysis of variance was used for significance labeling 
results between different treatments. (A) pH: pH contents; (B) TC: total carbon; (C) TN: total nitrogen; (D) TP: 
total phosphorus; (E) AN: ammonia nitrogen; (F) NN: nitrate nitrogen; (G) SOC: soil organic carbon; (H) AP: 
available phosphorus; (I) MBC: microbial biomass carbon; (J) MBN: microbial biomass nitrogen; (K) MBP: 
microbial biomass phosphorus.
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variation in bacterial communities (PC1 = 30.40%, PC2 = 16.80%). The bacterial community structure was 
influenced by soil properties such as TP, SOC, AN, and AP, as well as metabolites like Trehalose and Valine. 
For fungal communities, the first axis of the RDA explained 20.29% of the total variation, while the second axis 
explained 17.40%. Soil properties including TC, TP, SOC, AN, and AP, along with metabolites such as Trehalose, 
Valine, and Phenylglyoxylic acid, were significant environmental factors affecting fungal communities (P < 0.05, 
Fig. 7).

The mixed-effects model further showed that soil properties and metabolites have a similar impact on 
bacterial community structure. The influence of soil properties on bacterial community accounted for 30.51%, 
and the influence of metabolites on bacterial community accounted for 34.40%. The interaction between soil 
properties and metabolites explained 35.1% of the differences in bacterial community structure. In contrast, 
for fungal community structure, changes are primarily influenced by metabolites rather than soil properties. 
The effect of soil properties on fungal community accounted for 73.24%, and the effect of metabolites on fungal 
community accounted for 8.90%. The interaction between soil properties and metabolites explained 17.86% of 
the differences in fungal community structure (Fig. 8).

Discussion
Impact of planting patterns on soil properties and metabolites
Soil physical and chemical properties are key indicators of soil quality and essential for maintaining plant 
productivity. A decline in these properties is characteristic of degraded grasslands. However, cultivating 
grasslands in such areas can effectively restore soil conditions and support sustainable production38. Research 
indicates that different vegetation restoration methods have a significant impact on soil quality, with cultivated 
grasslands consistently showing better soil quality compared to naturally restored areas39. Different planting 
patterns have different ecological impacts on soil40. Mixed cropping, compared to monocropping, results in 
more complex canopy structures that better resist erosive rainfall41. Jiang and Niu28found that forage mixed 

Fig. 3.  Impact of planting patterns on metabolites. F: Festuca sinensis ‘Qinghai’ monocropping; P: Poa pratensis 
‘Qinghai’ monocropping; FP: Festuca sinensis ‘Qinghai’ + Poa pratensis ‘Qinghai’ mixed cropping cultivated 
grassland.

 

Fig. 2.  Soil metabolomics analysis under different planting patterns. (A) The classification profile of 286 
metabolites; (B) NMDS analysis of metabolites in perennial cultivated grassland.
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cropping reduced soil pH and TN but increased TP. Our study found that while different planting patterns 
did not significantly alter soil pH and TN, they notably affected SOC, TP, AN, NN, AP, MBC, MBN, and MBP. 
Mixed cropping demonstrated greater benefits for soil quality compared to monocropping. In mixed cropping 
grasslands, plant root systems may occupy different soil depths and zones, reducing competition and improving 
nutrient uptake. Higher root biomass in mixed cropping systems contributes more nutrients to the soil, and 
increased plant diversity enhances nutrient accumulation through litter and detritus decomposition11,42. These 
findings contrast with previous studies, which may be influenced by factors such as grass varieties, planting 
duration, and regional conditions43.

Rhizosphere metabolites are of great significance in regulating the interaction between plants and 
microorganisms44. Plants produce unique metabolites45, and their rhizospheres often adjust metabolite 

Fig. 4.  Impact of planting patterns on the correlation between soil properties and differential metabolites. 
* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level; *** Correlation is 
significant at the 0.001 level. pH: pH contents; TC: total carbon; TN: total nitrogen; TP: total phosphorus; AN: 
ammonia nitrogen; NN: nitrate nitrogen; SOC: soil organic carbon; AP: available phosphorus; MBC: microbial 
biomass carbon; MBN: microbial biomass nitrogen; MBP: microbial biomass phosphorus.
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Fig. 6.  Impact of planting patterns on β diversity of microorganisms (bacterial and fungal).

 

Fig. 5.  Impact of planting patterns on α diversity of microorganisms (bacterial and fungal). F: Festuca sinensis 
‘Qinghai’ monocropping; P: Poa pratensis ‘Qinghai’ monocropping; FP: Festuca sinensis ‘Qinghai’ + Poa 
pratensis ‘Qinghai’ mixed cropping cultivated grassland.
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production in response to environmental changes, leading to species-specific interactions46. These metabolites, 
key indicators of biochemical activity, include Trehalose, a stress-related disaccharide that provides energy and 
protection to plant cells under adverse conditions such as extreme cold and high UV radiation47. Valine, another 
important metabolite, acts as a signaling molecule that supports plant growth and regulates nitrogen balance48. 
Recent studies highlight significant differences in root metabolite profiles across various planting patterns. Li 
et al.49 discovered that continuous planting alters the accumulation of soil metabolites, significantly impacting 
lipids, organooxygen compounds, and carboxylic acids. Similarly, Feng et al.50 observed that planting patterns 
influence the buildup of highly interconnected amino acids and lipid metabolites within symbiotic networks.

Our study found that planting patterns significantly influence rhizosphere metabolites, with mixed cropping 
markedly increasing Trehalose and Valine compared to monocropping. This increase is likely due to changes 
in carbohydrate, amino acid, and organic acid content caused by interactions among plant roots. Higher SOC 
in mixed cropping may explain the elevated levels of Trehalose and Valine, as carbon compounds enhance 
microbial activity, leading to greater production of microbial metabolites and polysaccharides51. Metabolites 
not only supply nutrients to microorganisms but also alter rhizosphere properties, impacting nutrient status52. 
Additionally, plant-secreted metabolites influence soil microbial communities and nutrient status53. Lin54found 
significant correlations between metabolites and soil SOC, TC, TP, AN, NN, and AP, but not soil pH, while Ma55 
noted a strong association between root-secreted substances and TN, TC, MBC, and MBP. Peng et al.56reported 

Fig. 8.  The contribution of soil properties, metabolites, and their interaction to the changes in microbial 
community structure.

 

Fig. 7.  Redundancy analysis was performed using the aggregated data of bacterial and fungal communities 
and abiotic and biotic variables (arrows). pH: pH contents; TC: total carbon; TN: total nitrogen; TP: total 
phosphorus; AN: Available nitrogen; SOC: soil organic carbon; AP: available phosphorus.
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that SOM, pH, NN, and AP significantly affected Ginkgo biloba’s secondary metabolites. Our study, however, 
found Trehalose and Valine content to be significantly correlated with TP, SOC, AN, NN, and AP, which may be 
due to differences in study locations and plant species57.

Impact of planting patterns on microbial communities
Soil microorganisms are vital indicators of soil health and play a key role in biogeochemical cycles, organic matter 
decomposition, and plant development8. Studies have shown that soil management practices and plant species 
have a significant impact on microbial community structures. Planting patterns influence microbial communities 
differently, with varying sensitivities to these patterns18. For instance, mixed cropping with grasses and legumes 
has been found to enhance soil bacterial diversity and abundance compared to monoculture systems10. Chen et 
al.58reported increased microbial diversity in mixed cropping systems, though short-term studies suggest minimal 
changes in bacterial diversity across planting patterns30. In alpine grasslands on the Qinghai-Tibet Plateau, 
mixed cropping may reduce microbial diversity, particularly affecting bacterial richness without substantially 
altering fungal diversity. Jiang and Niu28 observed that seeding methods influence the abundance of key soil 
bacteria, with mixed cropping decreasing Acidobacteria and Bacteroidetes while increasing Actinomycetes and 
Proteobacteria, although fungal group abundance remained relatively stable. In contrast, Zhang et al.59found 
no significant differences in bacterial communities or the abundance of dominant bacterial and fungal phyla 
between monoculture and mixed cropping of perennial grasses. Plant traits and soil conditions create specific 
niches that shape microbial communities60. The similar traits and small niche differences among dominant grass 
species in this study might suggest that mixed cropping effects are more about species richness than distinct 
species variations61. Although soil pH—a key factor affecting microbial communities62—was not significantly 
influenced by planting methods in our study, indicating a complex interplay of pH and nutrient effects63, our 
results still highlighted significant impacts of planting patterns on microbial community structures. Consistent 
with previous research, different planting patterns notably affect soil bacterial and fungal communities40. Chen 
et al.58found that mixed cropping systems led to higher total, bacterial, and fungal biomass, along with increased 
below-ground biomass and root activity, which enhances soil rhizobium deposition and carbon flux. This can 
improve soil nutrient availability and exchange capacity. The increased plant diversity in mixed cropping systems 
potentially boosts plant productivity and influences soil microbial communities64. Furthermore, plant-produced 
metabolites can affect interspecific competition and microbial community composition65,66. Despite variations in 
microbial community composition across planting patterns, dominant soil bacterial and fungal species showed 
minimal differences between mixed and monocropping. It appears that plant diversity impacts rare microbial 
species more than dominant ones, suggesting that mixed cropping may alter microbial community structure by 
affecting the abundance of certain rare bacterial and fungal taxa28.

Impact of planting patterns on correlation of soil properties, metabolites and microbial 
community structure
There is a complex interplay between plant rhizosphere microecology and the evolving dynamics of soil 
microorganisms and their metabolites. Rhizosphere microbial communities are shaped by various ecological 
factors, including soil pH, moisture, salt concentrations, soil type, and metabolites. These metabolites, 
originating from both microorganisms and plants, are crucial in influencing the soil microbiome by affecting 
microbial food webs, soil chemistry, gene expression, and interactions among microbes67. Soil type significantly 
determines microbial communities, with soil AN and plant aboveground biomass being key drivers for bacterial 
communities, while plant TP, AP, and the MBC to MBN ratio primarily affect fungal communities68. Although 
Che et al.18 found a notable correlation between SOM and TN with bacterial community composition, no 
significant correlation was observed with fungal communities.

Different planting patterns modify soil physicochemical properties, which in turn impact microbial 
community structure. Our findings revealed significant responses of soil bacterial and fungal β-diversity to soil 
nutrients (TP, SOC, AN, NN, AP) and variations in microbial β-diversity across planting patterns, aligning 
with earlier studies18,33,68. The diversity and abundance of rhizosphere microbes are directly affected by root 
metabolites, which vary with plant species, genotypes, and environmental conditions69. For instance, metabolites 
from Mikania micrantha and Centaurea diffusa roots impact microbial diversity by altering soil microbial 
communities70. Drought and heat stress (DHS) stimulate corn roots to secrete L-valine, which promotes the 
recruitment of Gemmatimonadota and enhances root uptake of nitrate and ammonium under DHS71, This 
is different from our research results, because these plants are vine and knapweed, and our research object is 
perennial grass. Lopes and Schachtman72noted that sugars and gibberellins are critical in shaping rhizosphere 
bacterial communities, especially during early plant growth. Due to niche differentiation among different 
species in mixed cropping grasslands, the niche of the same species may vary between mixed cropping and 
monocropping, leading to differences in rhizosphere metabolites and further influencing the structure of the 
soil microbial community. Notably, the relationship between fungal communities and differential metabolites in 
perennial cultivated grasslands is stronger than that of bacterial communities. We speculate that the metabolites 
in cultivated grasslands have a greater impact on fungal communities than on bacterial ones. Fungal and 
bacterial communities engage in continuous chemical dialogue, which prompts bacteria to produce more 
diverse and heterogeneous metabolites, thereby altering the overall metabolic profile of the rhizosphere soil. 
Alternatively, it may be that these metabolites recruit specific bacteria, whose chemical signals in turn have 
a more significant effect on the structure and diversity of fungal communities. These hypotheses point to the 
interaction mechanisms between bacteria, fungi, and plants, which require further validation through more 
precise experiments73.

Amino acids and sugars, which are rich in carbon and nitrogen, greatly influence soil microbial community 
structure. For example, Blastococcus and Nocardioides, as well as metabolites like Valine, positively correlate 
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with soil health and ecosystem functionality, while Trehalose and Valine are vital for plant growth15. Overall, 
planting patterns have a lesser effect on soil bacterial β-diversity compared to fungal β-diversity, with varying 
responses driven by metabolites. The influence of planting patterns on soil microorganisms may involve direct 
interactions or less understood pathways, potentially through soil enzyme activities and bacterial-feeding 
nematodes. Future studies should investigate these indirect mechanisms and explore the interactions among 
plants, microbes, and soil nematodes under different environmental conditions.

Conclusions
This study provides a comprehensive analysis of how different planting patterns affect soil properties, microbial 
communities, and metabolites in cultivated grasslands of alpine regions, offering new theoretical insights. The 
results demonstrate that mixed cropping significantly enhances rhizosphere soil nutrients and metabolites 
compared to monocropping, with a strong correlation between soil properties and metabolites. Changes in TP, 
SOC, AN, AP, Trehalose, and Valine are key predictors of bacterial community structure, while TC, TP, SOC, 
AN, AP, Trehalose, Valine, and Phenylglyoxylic acid are crucial for predicting fungal community structure. The 
mixed-effects model further reveals that fungal community responses to planting patterns are more dependent 
on metabolites. Overall, this research quantifies the efficacy of different planting patterns on soil ecosystems and 
emphasizes that mixed cropping is more effective than monocropping. Therefore, we suggest prioritizing mixed 
cropping patterns in ecological restoration projects for degraded grasslands.

Data availability
The datasets of soil properties and metabolites generated during and/or analyzed during the current study are 
available from the corresponding author on reasonable request. The raw sequence data of microorganisms re-
ported in this paper have been deposited in the Genome Sequence Archive (GSA) database under accession 
numbers CRA016422 and CRA016429.
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