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Preparation of Agricultural Jiaosu from vegetable waste: multi-dimensional effects of microbial inoculants on the properties of Agricultural Jiaosu and fertilizer efficiency
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Purpose of the study: To explore the effects of adding different bacterial agents before fermentation on the Agricultural Jiaosu derived from waste from Chinese cabbage.

Material and methods: This study used the waste from Chinese cabbage as the raw material and added Lactobacillus, Acetobacter, Yeast, and Bacillus subtilis respectively for fermentation treatment. Systematic research was conducted on the effects of different bacterial agents on the nutritional elements, microbial diversity, organic acid content of Agricultural Jiaosu, as well as their impacts on the growth and yield of Chinese cabbage.

Results: The results showed that there were significant differences in the above aspects among the treatments with different bacterial agents. In terms of nutritional elements, the treatment group with Lactobacillus addition had the highest total carbon, total nitrogen, and total phosphorus contents; the treatment group with Acetobacter addition had the highest total potassium and carbon-nitrogen ratio. Microbial diversity analysis revealed that the relative abundance of Bacteroides was higher in the Lactobacillus treatment group; Arcobacter and Vishniacozyma were relatively more abundant in the Acetobacter and Bacillus subtilis treatment groups; and the relative abundance of Lysinibacillus was higher in the Yeast treatment group. Organic acid content analysis indicated that the benzoic acid content was higher in the Lactobacillus treatment group; the benzenepropanoic acid, azelaic acid, and pyroglutamic acid contents were higher in the Acetobacter treatment group; the succinic acid content was the highest in the Yeast treatment group; and the glutaric acid content was the highest in the Bacillus subtilis treatment group. Moreover, the effects of the Yeast and Acetobacter treatment groups on promoting the growth of Chinese cabbage were more significant.

Conclusion and future prospective: In conclusion, Agricultural Jiaosu is rich in abundant nutritional elements, diverse microbial communities, and various organic acids, and has a significant fertilizer effect on Chinese cabbage production. Adding different bacterial agents before fermentation leads to differences in the composition and function of the finished Agricultural Jiaosu products. Therefore, appropriate bacterial agents can be selected for fermentation according to specific application goals to optimize the performance and application effect of Agricultural Jiaosu.
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1 Introduction

Over the past 4 decades, China’s vegetable production has increased significantly with the increase in productivity(Tang et al., 2023). According to the data of the National Bureau of Statistics of China, the annual output of vegetables in China has reached 828.6811 million tons in 2023 (National Bureau of Statistics of China, 2023). If the loss in the process of vegetable harvesting and transportation is calculated according to the loss rate of 30%, about 24,860.433 million tons of vegetable waste will be produced in a year. If such a large amount of vegetable waste is not properly disposed, it will lead to environmental problems such as pollution of water and soil, production of odor, and breeding of pathogenic bacteria (Lu et al., 2022; Wan et al., 2020; Wang et al., 2019). Therefore, how to effectively dispose vegetable waste is a crucial issue in the sustainable development of agriculture.

It is also found in the data of the National Bureau of Statistics of China that the net amount of agricultural chemical fertilizer applied in 2023 reaches 50.217,400 tons (National Bureau of Statistics of China, 2023). Long-term excessive application of chemical fertilizers can lead to water eutrophication, increase greenhouse gas emissions, decrease biodiversity, damage soil structure, reduce the number of beneficial microorganisms in soil, lead to soil acidification and salinization, and ultimately reduce soil fertility and crop yield. These environmental problems not only affect agricultural productivity, but also have long-term impacts on human health and ecosystems (Grizzetti et al., 2022; Zhang et al., 2021). Conversion of vegetable waste into biofertilizers offers a sustainable strategy to divert organic waste from landfills while reducing reliance on synthetic fertilizers, achieving dual environmental and agronomic benefits.

The fertilizer utilization of vegetable waste is mainly divided into aerobic composting and anaerobic fermentation (Zaini et al., 2023). However, organic carbon in aerobic composting is mainly emitted in the form of carbon dioxide, methane and nitrous oxide. If all vegetable wastes are treated by aerobic composting, it will cause a large amount of carbon emissions, which is the main cause of global warming, ecological imbalance, technical, economic and social problems (Ye et al., 2023; Abeydeera et al., 2019). If anaerobic fermentation is adopted, it can effectively reduce greenhouse gas emissions and promote carbon neutrality compared with aerobic composting because it should be sealed during fermentation (Duan et al., 2025).

In recent couple of years several researcher have been working on anaerobic fermentation of agricultural waste. Previous studies have shown that biofertilizers made from agricultural wastes can effectively promote plant growth, improve nutrient utilization rate, and enhance plant stress resistance. Moreover, anaerobic fermentation of fruit and vegetable wastes with specific raw materials can also effectively improve the yield of volatile fatty acids (Puglia et al., 2021; Xing et al., 2020). Research on Agricultural Jiaosu by China Agricultural University has shown that Agricultural Jiaosu produced by anaerobic fermentation of agricultural waste cannot only be used as fertilizer, but also be used as bacteriostatic agent to prevent pests and diseases in agricultural production (Gao et al., 2022; Zhang et al., 2020). Gao et al.’s (2023) study showed that the fermentation of Agricultural Jiaosu is a process that converts organic matter into organic acids and other metabolites, mainly including hydrolysis, acid production and ripening stages, In this process, microorganisms play a major role in fermentation, and the dominant bacteria, organic acids and other metabolites in Agricultural Jiaosu fermented on different substrates are different. Based on this, we began to think about the diversity of Agricultural Jiaosu fermentation. The microbial diversity, organic acids and nutrients of Agricultural Jiaosu fermented on different substrates are different. If the same substrate is used for fermentation, a small amount of different bacterial agents are added artificially. Is it possible to produce different Agricultural Jiaosu? What kind of influence will it have on microbial diversity, organic acids, nutrients and fertilizer efficiency in the field of Agricultural Jiaosu? After understanding this point, it is of great significance for the preparation and precise application of Agricultural Jiaosu with the same substrate.

Therefore, in this study, four different bacterial agents were selected and added to Agricultural Jiaosu fermented with Chinese cabbage as the substrate before fermentation. The four bacterial agents selected were lactic acid bacteria, acetic acid bacteria, Yeasts and Bacillus subtilis. Lactic acid bacteria (Lactobacillus spp.) and acetic acid bacteria (Acetobacter spp.) were selected as inoculants based on their reported dominance in leafy vegetable waste fermentation by Gao et al. (2023), where these taxa exhibited robust carbohydrate metabolism and organic acid production., which are critical for enhancing the antimicrobial activity and nutrient retention of Agricultural Jiaosu. Yeast was selected because Yeast is often used in food fermentation, such as wine making or baking. In this study, we tried to use it in the fermentation of Agricultural Jiaosu to observe its effect. Bacillus subtilis is widely used in agriculture, industry, biomaterials, and medicine. Adding appropriate amount of Bacillus subtilis to compost can significantly increase the humus and carbon content of compost, thereby improving soil quality and promoting crop growth (Su et al., 2020). Therefore, this study wanted to try to use it in the fermentation of Agricultural Jiaosu to see what kind of reaction would occur. In this study, different bacterial agents were added before Agricultural Jiaosu fermentation to study how a small amount of exogenous addition of different bacterial agents would affect the finished product of Agricultural Jiaosu, and to determine the best bacterial agent. By linking microbial consortia composition to Agricultural Jiaosu functionality, this work delivers a biofertilizer optimization protocol that bridges organic waste recycling and agroecological intensification.



2 Materials and methods


2.1 Agricultural Jiaosu sample preparation

With Chinese cabbage waste as raw material, the raw material was weighed according to the ratio of brown sugar, Chinese cabbage waste and water of 1:3:10. The specific operation is to take 6 kg of Chinese cabbage waste and mince it, put it into a plastic bucket, add 2 kg of brown sugar, then inject 20 L of water, and finally add 10 g of different bacterial agents (lactic acid bacteria, acetic acid bacteria, Yeast, and Bacillus subtilis) into different plastic buckets, and stir it well. Reserve 30% of the fermentation space in the plastic bucket, tighten the lid, and place it in a cool and ventilated place in the room until fermentation. The fermentation time is about 90 days, then Agricultural Jiaosu can be obtained (Zhang et al., 2020). Except for different bacterial agents, the other steps and fermentation conditions were the same, and each treatment was repeated three times.

The samples with different microbial agents were numbered as follows: A- lactic acid bacteria; B- acetic acid bacteria; C- Yeast; D- Bacillus subtilis.



2.2 Determination of total carbon, total nitrogen, total phosphorus, and total potassium contents in Agricultural Jiaosu

Total nitrogen was detected by TOC analyzer (ASTM International, 2016), the sample was subjected to catalytic thermal decomposition at high temperature, nitrogen was oxidized to nitric oxide, and the generated nitric oxide was detected by chemiluminescence detector and converted into optical signal, and then the total nitrogen content was measured. The total carbon was detected by TOC analyzer (Shetty and Goyal, 2022), and the sample reacted with oxygen at high temperature to release CO2. The total carbon content in the unknown sample was obtained by measuring the content of CO2. Total phosphorus was detected by potassium persulfate oxidation molybdenum blue spectrophotometry (Cook and Daughton, 1981). Potassium sulfate was added to the water sample, and organic phosphorus in the water was converted to orthophosphorus under high temperature and high pressure in a closed container. Orthophosphorus showed blue color with ammonium molybdate phosphomolysomolybdate heteropolysate under certain acidity and reducing agent conditions. Its absorbance value is proportional to its concentration. Phosphorus content could be determined by colorimetry. Total potassium was detected by flame atomic absorption spectrophotometry (Chekri et al., 2010), and the basic principle is to measure the absorption of resonant radiation by ground-state atoms. In a high temperature flame, potassium and sodium are easily ionized, thus reducing the number of ground state atoms involved in atomic absorption. In particular, potassium is more obvious when the concentration is low. Generally, sodium is higher than potassium in water, and a large amount of sodium has a sensitizing effect on potassium. To overcome this phenomenon, cesium, which is more easily ionized than potassium, is added as an ionization buffer to provide enough electrons to shift the ionization balance toward the formation of ground-state atoms, at which point potassium and sodium can be measured continuously in the same sample.



2.3 Bacterial diversity analysis

16S rRNA is located on the small ribosomal subunit of prokaryotic cells, including 10 Conserved Regions and 9 Hypervariable Regions. The conserved regions are not significantly different among bacteria, and the hypervariable regions are genus or species specific. There are some differences depending on the kinship. Therefore, 16S rDNA can be used as a characteristic nucleic acid sequence to reveal biological species and is considered to be the most suitable indicator for bacterial phylogenetic and taxonomic identification (Pace, 1997). 16S rRNA Amplicon Sequencing usually selects one or several variant regions, uses the conserved region to design universal primers for PCR amplification, and then conducts sequencing analysis and strain identification of the hypervariable region. 16S rRNA amplicon sequencing technology has become an important tool to study the composition and structure of microbial communities in environmental samples. According to the characteristics of the amplified 16S region, a small fragment library was constructed and Paired end sequencing was performed on the Illumina NovaSeq sequencing platform. Representative sequences were generated by Reads splicing and filtering, clustering or noise reduction methods, which could be used for species annotation and abundance analysis. Through Alpha Diversity and Beta Diversity analysis, the differences in species composition and community structure among samples can be revealed, and personalized analysis and deep data mining can be conducted (Caporaso et al., 2011; Youssef et al., 2009; Hess et al., 2011). Specific sequencing methods were as follows: CTAB or SDS methods were used to extract genomic DNA from the samples, and then agarose gel electrophoresis was used to detect the purity and concentration of DNA (Doyle and Doyle, 1987). An appropriate amount of sample DNA was taken in a centrifuge tube, and the sample was diluted to 1 ng/μL with sterile water. Using diluted genomic DNA as a template, specific primers with Barcode were used depending on the region selected for sequencing, Phusion® High-Fidelity PCR Master Mix with GC Buffer from New England Biolabs, and high-performance high-fidelity enzyme were used for PCR to ensure amplification efficiency and accuracy. Primers corresponding to the region: 16S V4 primers (515F and 806R): identify bacterial diversity; Then the pooled and purified PCR products were analyzed by electrophoresis on 2% agarose gel. The qualified PCR products were purified by magnetic beads and quantified by enzyme labeling. The samples were mixed according to the concentration of PCR products, and the PCR products were detected by 2% agarose gel electrophoresis after fully mixing. The TruSeq® DNA PCR-Free Sample Preparation Kit was used for library construction. The constructed library was quantified by Qubit and Q-PCR, and the library was qualified. On-machine sequencing was performed using NovaSeq6000.



2.4 Analysis of fungal diversity

Fungi are usually invisible to the naked eye, but they play an important role in most life processes above and below the surface, in plants and animals. The traditional classification and identification of fungi are mainly based on their morphological, growth, physiological and biochemical characteristics. There are many kinds of fungi. According to the estimates of scientists, the total number of fungal species on the Earth is between 2.2 million and 3.8 million, but the individual polymorphism of fungi is not obvious, and the physiological and biochemical characteristics are unstable with the change of the environment. Therefore, there are great limitations in using traditional methods to classify fungi. With the development of molecular biology technology, nucleic acid sequence analysis has been widely used in fungal classification and identification. The commonly used technique is ITS (Internal Transcribed Spacer) sequencing (Oros-Sichler and Smalla, 2013; Bengtsson-Palme et al., 2013; Findley et al., 2013). Two fungi, ITS1 and ITS2, are commonly used for taxonomic studies. ITS1 is located between 18S and 5.8S of the eukaryotic ribosomal rDNA sequence, and ITS2 is located between 5.8S and 28S. Since it does not need to add mature ribosomes, it can withstand more variation during evolution. The evolution rate of this rDNA is 10 times that of 18S rDNA, and it belongs to the moderately conserved region. Paired end sequencing of ITS1 or ITS2 regions using the Illumina NovaSeq platform has the characteristics of high sequencing depth and conducive to the identification of species in low-abundance communities. It is the best choice for the study of fungal community diversity (Degnan and Ochman, 2012; Caporaso et al., 2012). CTAB or SDS methods were used to extract genomic DNA from the samples, and then agarose gel electrophoresis was used to detect the purity and concentration of DNA. An appropriate amount of sample DNA was taken in a centrifuge tube, and the sample was diluted to 1 ng/μL with sterile water. Using diluted genomic DNA as a template, specific primers with Barcode were used depending on the region selected for sequencing, Phusion® High-Fidelity PCR Master Mix with GC Buffer from NewEngland Biolabs, and high-efficiency high-fidelity enzyme were used for PCR to ensure amplification efficiency and accuracy. The primers of ITS1 (ITS5-1737F and ITS2-2043R) were used to identify fungal diversity. The PCR products were then pooled and purified, and the PCR products were detected by electrophoresis on 2% agarose gels. The qualified PCR products were purified by magnetic beads and quantified by enzyme labeling. The samples were mixed according to the concentration of PCR products, and the PCR products were detected by 2% agarose gel electrophoresis after fully mixing. The TruSeq® DNA PCR-Free Sample Preparation Kit was used for library construction. The constructed library was quantified by Qubit and Q-PCR, and the library was qualified. On-machine sequencing was performed using NovaSeq6000.



2.5 Organic acid analysis

Organic acids refer to a class of organic compounds with acidity. The most common organic acids are carboxylic acids. In addition, sulfinic acid, sulfonic acid, thiocarboxylic acid, etc. also belong to organic acids. In animals and plants, except for a few organic acids that exist in a free state, they generally exist in the form of salts or esters by plasma combination with potassium, sodium, and calcium. Many organic acids can directly participate in biochemical reactions in the process of life activities and play a very important role. This study uses the LC-MS/MS platform based organic acid testing and quantitative analysis method, the specific operation steps are as follows.


2.5.1 Chemicals and reagents

Methanol (MeOH) was purchased from Merck (Darmstadt, Germany). MilliQ water (Millipore, Bradford, United Kingdom) was used in all experiments. All of the standards were purchased from Sigma-Aldrich (St. Louis, MO, United States). Formic acid was bought from Sigma-Aldrich (St. Louis, MO, United States). The stock solutions of standards were prepared at the concentration of 1 mg/mL in MeOH. All stock solutions were stored at −20°C. The stock solutions were diluted with MeOH to working solutions before analysis.



2.5.2 Sample preparation and extraction

Take 2 mL of the sample, freeze-dry it, add 1,000 μL of 70% methanol aqueous to re-dissolve, and vortex it for 5 min. Centrifuge at 12,000 r/min for 10 min at 4°C, 250 μL of the supernatant was collected. The supernatant was again centrifuged at 12,000 r/min for 5 min at 4°C, 180 μL of the supernatant was transferred for further LC-MS analysis.



2.5.3 UPLC conditions

The sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD, MS,1 QTRAP® 6500 + System).2 The analytical conditions were as follows, HPLC: column, ACQUITY HSS T3 (i.d.2.1 × 100 mm, 1.8 μm); solvent system, water 0.05% formic acid (A), acetonitrile with 0.05% formic acid (B); The gradient was started at 5% B (0 min), increased to 95% B (8–9.5 min), finaly ramped back to 5% B (9.6–12 min); flow rate, 0.35 mL/min; temperature, 40°C; injection volume: 2μL.



2.5.4 ESI-MS/MS

AB 6500 + QTRAP® LC-MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in both positive and negative ion modes and controlled by Analyst 1.6 software (AB Sciex). The ESI source operation parameters were as follows: ion source, turbo spray; source temperature 550°C; ionspray voltage (IS) 5,500 V (Positive), −4,500 V (Negative); curtain gas (CUR) were set at 35.0 psi; DP and CE for individual MRM transitions was done with further DP and CE optimization. A specific set of MRM transitions were monitored for each period according to the organic acid eluted within this period.




2.6 Effects of Agricultural Jiaosu supplemented with different microbial agents on growth and yield of Chinese cabbage


2.6.1 The vegetable variety

“Hanqing Chi Chinese Cabbage” is a first-generation hybrid of chibok cabbage cultivated by the male sterile line. The plant type is orderly and uniform, upright and compact, strong winter, wrinkled leaf surface, strong growth, green side leaves tender green, and a single ball weighs about 2 kg. Soft leaf rate 59%, clean vegetable rate 87%, spherical yellow, sweet flavor.



2.6.2 Agricultural Jiaosu and fertilizer

Test fertilizer: compound fertilizer (N-P-K content 15%-15%-15%).

Agricultural Jiaosu: Agricultural Jiaosu is produced by fermentation of Chinese cabbage waste, and there are four different types of Agricultural Jiaosu; the detailed preparation methods and types are shown in 2.1.



2.6.3 Experimental treatment

There were six experimental treatments, including A-lactic acid bacteria; B-acetic acid bacteria; C- Yeast; D- Bacillus subtilis; E-Compound Fertilizer; CK- No fertilization.



2.6.4 Experimental site

Experimental Field of Guizhou Institute of Horticulture, Huaxi District, Guiyang City, Guizhou Province.



2.6.5 Planting and fertilization conditions

In the way of seedling cultivation, the seeds were directly seeded into the 72-hole hole dish. The cultivation substrate used in the experiment was a uniform mixture of 20% perlite, 50% coconut shell and 30% peat. Sowing on September 27, 2024, seedling management was consistent, large cabbage seedlings were transplanted when they were 4–5 leaves, and colonized on November 5, 2024. Dried cattle manure (50 kg⋅m-3) was used as base fertilizer, and Fertilization or Agricultural Jiaosu was applied once on days 0, 20, and 40 after colonization.



2.6.6 Measurement of indicators

Plant height, leaf length, leaf width, stem diameter and leaf number were measured directly, and each treatment was repeated three times. Plant height was measured from the stem base of Chinese cabbage to the top of the leaf column, leaf length was measured from the leaf tip of Chinese cabbage to the base of the leaf stalk, leaf width was measured from the width of the widest part of Chinese cabbage leaves, and stem diameter was measured from the stem of the plant. The number of leaves was counted by counting the total number of leaves with leaves larger than 3 cm. Fresh weight of the whole plant was measured directly at harvest. Plant height, leaf length, leaf width, stem diameter, leaf number and fresh weight were measured during the harvest period of Chinese cabbage.





3 Results


3.1 Analysis of the appearance, total nutrients, and C/N ratio of Agricultural Jiaosu


3.1.1 Appearance analysis of Agricultural Jiaosu

As shown in Figure 1, during the fermentation process of Agricultural Jiaosu with Chinese cabbage as raw material, the color of Agricultural Jiaosu with different bacterial agents was different. The color of Agricultural Jiaosu with lactic acid bacteria and Bacillus subtilis was darker. More like deep olive green; However, the color of Agricultural Jiaosu with acetic acid bacteria and with Yeast was lighter and more yellowish green. However, there was no significant difference in the color of the filtered Agricultural Jiaosu liquid after the fermentation was completed, which was deep olive green.


[image: image]

FIGURE 1
Agricultural Jiaosu fermented with four different bacterial agents was added before fermentation. lactic acid bacteria (a); acetic acid bacteria (b); Yeast (c); Bacillus subtilis (d); The top picture is a well-fermented Agricultural Jiaosu, and the bottom picture is a fermented Agricultural Jiaosu.




3.1.2 Analysis of total nutrients and C/N ratios in Agricultural Jiaosu

As shown in Table 1, the total nutrient content of Agricultural Jiaosu fermented by adding different bacterial agents before fermentation was significantly different. With respect to the total carbon content of Agricultural Jiaosu, there were significant differences in each treatment, with the order of total carbon content from high to low being lactic acid bacteria treatment, acetic acid bacteria treatment, Yeast treatment, and Bacillus treatment. As for the total nitrogen content of Agricultural Jiaosu, the lactic acid bacteria treatment was significantly higher than that of acetic acid bacteria and Yeast treatments, which were significantly higher than that of Bacillus treatment. As for the total phosphorus content of Agricultural Jiaosu, the lactic acid bacteria treatment was significantly higher than that of acetic acid bacteria and Yeast treatments, which were significantly higher than that of Bacillus treatment. As for the total potassium content of Agricultural Jiaosu, the acetic acid bacteria treatment was significantly higher than the Yeast and lactic acid bacteria treatments, and the Yeast and lactic acid bacteria treatments were significantly higher than the Bacillus treatment. Agricultural Jiaosu with appropriate C/N ratio could promote microbial growth and reproduction, affect soil fertility, and promote plant growth. However, the C/N of this batch of Agricultural Jiaosu fermented with Chinese cabbage as raw material was between 4 and 5, and the C/N of lactic acid bacteria and acetic acid bacteria treatments was significantly higher than that of Yeast and Bacillus treatments.


TABLE 1 Total nutrient content and C/N ratio of Agricultural Jiaosu in different treatments.
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3.2 Analysis of bacterial diversity in Agricultural Jiaosu


3.2.1 Sequencing valid data and alpha diversity index

Table 2 indicates that for the Agricultural Jiaosu samples, the Effective Tags range from 60,654 to 111,682 and the Effective Bases range from 24,658,653 to 43,251,307. The Q20 and Q30 values are consistently above 90%, with GC content between 49.38 and 50.59%. These metrics suggest high sequencing accuracy and quality.


TABLE 2 Data preprocessing statistics and quality control analysis.

[image: Table 2]

Table 3 reveals that the observed ASVs in these samples range from 230 to 350, with Shannon indices between 2.058 and 4.068 and Simpson indices ranging from 0.664 to 0.963. These results indicate a rich bacterial community with high species diversity and evenness. Additionally, the Good’s coverage index exceeds 0.999, confirming sufficient sequencing depth to adequately represent the entire bacterial community.


TABLE 3 Alpha diversity statistics table based on ASV.

[image: Table 3]



3.2.2 Composition and differences in bacterial communities

As shown in Figure 2a, the top five bacterial phyla with the largest number of Agricultural Jiaosu sample types are Pseudomonadota, Firmicutes, Campylobacterota, Bacteroidota, and Actinobacteria. Among them, the abundance of Pseudomonadota in Group A and Group B is the highest, Firmicutes in Group C has the highest abundance, and Campylobacterota in Group D has the highest abundance. This indicates that they are the dominant phyla in Agricultural Jiaosu, and the dominant phyla will change depending on the different bacterial agents added before fermentation.
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FIGURE 2
Beta diversity indices of bacterial communities of Agricultural Jiaosu samples after adding different bacterial agents at the phylum level (a), at the genus level (b), and based on ASV (c) heatmaps of Beta diversity indices, and (d) non-metric multi-dimensional scaling analysis.


As shown in Figure 2b, the top 10 bacterial genera with the highest abundance are Arcobacter, Alcaligenes, Bacteroides, Microvirgula, Lysinibacillus, Caproiciproducens, Caproiciproducens, Bacillus, Wohlfahrtiimonas, and Delftia. The abundance of Arcobacter, Alcaligenes, Bacteroides, Microvirgula, and Lysinibacillus is the highest, indicating that they may be the dominant genera in Agricultural Jiaosu. The dominant genera in Group A are Bacteroides, in Group B are Arcobacter, in Group C are Lysinibacillus, and in Group D are Arcobacter. This indicates that the overall bacterial species in the Agricultural Jiaosu fermented from Chinese cabbage are similar, but the dominant genera will change after adding different bacterial agents before fermentation. All these dominant genera are helpful for agricultural production, but the specific mechanisms are different. Bacteroides mainly enhances soil fertility by decomposing complex organic matter and participating in nitrogen cycling in soil, while in plants, it regulates the rhizosphere environment and microbial community structure to promote plant growth and enhance stress resistance. Arcobacter has a relatively indirect role in soil and plants, mainly by decomposing organic matter and regulating nitrogen balance to provide a healthy soil environment for plants. Lysinibacillus has strong biocontrol ability and promotes plant growth in soil, and can directly promote plant growth and enhance plant stress resistance through multiple mechanisms. Therefore, the effects of different groups of Agricultural Jiaosu may also vary.

The Beta diversity index heatmap based on ASV is shown in Figure 2c. The circles in the upper triangular grid of the figure represent the beta diversity among samples. The smaller the circle, the redder the color, indicating that the beta diversity value is smaller and the diversity difference among samples is smaller; the colors and sizes of the circles in the lower triangular grid are consistent with those in the upper triangular grid in terms of meaning. There are significant differences in bacterial composition among the groups, but compared with other groups, the differences between Group B and Group D are relatively small, indicating that the bacterial composition of Group B and Group D is the most similar among the groups. In addition, the C2 sample may have experienced an unknown accidental event during the fermentation process, and the differences with other samples are very significant. These results are also similar to the Non-Metric Multi-Dimensional Scaling (NMDS) analysis shown in Figure 2d. NMDS is an ecological research method that can better reflect the non-linear structure of ecological data, and the distance between points can reflect the differences between samples. Each point in the figure represents a sample, and the distance between points represents the degree of difference, and samples in the same group are represented by the same color. When the Stress is less than 0.2, it indicates that NMDS can accurately reflect the degree of differences among samples, and the results are reliable.




3.3 Analysis of fungal diversity in Agricultural Jiaosu


3.3.1 Sequencing valid data and alpha diversity index

Table 4 indicates that for the Agricultural Jiaosu samples, the Effective Tags range from 62,018 to 250,181 and the Effective Bases range from 2,365,417 to 27,047,115. The Q20 and Q30 values are consistently above 95%, with GC content between 45.63 and 48.87%. These metrics suggest high sequencing accuracy and quality.


TABLE 4 Data preprocessing statistics and quality control analysis.
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Table 5 reveals that the observed ASVs in these samples range from 31 to 131, with Shannon indices between 0.951 and 2.887 and Simpson indices ranging from 0.393 to 0.864. This analysis reveals that the fungal community in the sample exhibits high species richness and evenness, although its diversity is lower compared to bacteria. The Good’s coverage index of 1 suggests that the sequencing depth is sufficient to accurately represent the entire fungal community.


TABLE 5 Alpha diversity statistics table based on ASV.
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3.3.2 Composition and differences in fungal communities

As shown in Figure 3a, the four fungal phyla with the largest number of Agricultural Jiaosu sample types are Ascomycota, Basidiomycota, Aphelidiomycota, and Mortierellomycota. Among the four samples, the main fungal phyla are Ascomycota and Basidiomycota, with higher abundances in Group A and Group C. The abundances of Basidiomycota in Group B and Group D are higher than those in Group A and Group C, especially in Group D, where the abundance of Basidiomycota is the highest. This indicates that Ascomycota and Basidiomycota are the dominant phyla in Agricultural Jiaosu, and the proportion of fungal phyla will change depending on the different inoculants added before fermentation.
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FIGURE 3
Beta diversity indices of fungal community of Agricultural Jiaosu samples after adding different bacterial agents at the phylum level (a), at the genus level (b), and based on ASV (c) heatmaps of Beta diversity indices, and (d) non-metric multi-dimensional scaling analysis.


As shown in Figure 3b, the top 10 richest fungal genera are Vishniacozyma, Verticillium, Rhodotorula, Cystofilobasidium, Alternaria, Symmetrospora, Cladosporium, Sporobolomyces, Xeromyces, and Epicoccum. Overall, the abundances of Vishniacozyma, Verticillium, and Rhodotorula are the highest, suggesting that they may be the dominant genera in Agricultural Jiaosu. It is worth noting that, due to the complexity of the samples and the database, the majority of the relative abundance results show that the dominant fungal genera are others. The fungal genera of Vishniacozyma in Group B and Group D account for a relatively higher proportion. This indicates that the overall fungal species in Agricultural Jiaosu fermented with Chinese cabbage are similar, but the dominant fungal genera will vary after adding different inoculants before fermentation, especially in Groups AC and BD, where there are significant differences. The fungi of the Vishniacozyma genus have the ability to antagonize various plant pathogens and can be used for biological control to reduce fruit diseases. At the same time, they may enhance the plant’s disease resistance through endophytic characteristics. However, the fungi of the Verticillium genus mostly belong to plant pathogens, and there are a small number of Verticillium genera in Group B. It is uncertain whether they are harmful to crops in production. Therefore, when fermenting Agricultural Jiaosu, attention should be paid to factors such as fermentation environment and the types of inoculants added to prevent the occurrence of pathogenic bacteria.

The Beta diversity index heatmap based on ASV is shown in Figure 3c. This figure has the same meaning as Figure 2c. It can be seen that there are differences in fungal composition among each group, but compared with other groups, the differences between Group A and Group C are relatively small. This indicates that the fungal composition of Group A and Group C is the most similar among all groups. These results are also similar to the Non-Metric Multi-Dimensional Scaling (NMDS) analysis shown in Figure 3d. In this analysis, Group A and Group C are closer to each other and farther from the other two groups, further proving that except for the fungal composition of Group A and Group C being similar, the fungal composition differences among other groups are significant.




3.4 Analysis of organic acids in Agricultural Jiaosu


3.4.1 Sample quality control analysis and PCA analysis

The CV value, also known as the Coefficient of Variation, is the ratio of the standard deviation of the original data to the average of the original data, which can reflect the degree of data dispersion. The empirical cumulative distribution function (ECDF) can be used to analyze the frequency of substances with CV values less than the reference value. The proportion of substances with lower CV values in QC samples is higher, indicating that the experimental data is more stable: the proportion of substances with QC sample CV values less than 0.3 is higher than 80%, suggesting that the experimental data is stable; the proportion of substances with QC sample CV values less than 0.2 is higher than 80%, indicating that the experimental data is very stable. As shown in Figure 4a, the proportion of substances with CV values less than 0.2 in each sample is all higher than 80%, indicating that the experimental data is very stable.


[image: image]

FIGURE 4
Distribution map of CV in each sample group of Agricultural Jiaosu after adding different microbial agents (a), principal component analysis (PCA) map (b), overall cluster analysis map (c), column chart of azelaic acid content (d), column chart of benzenepropanoic acid content (e), column chart of benzoic acid content (f), column chart of glutaric acid content (G), column chart of pyroglutamic acid content (h), and column chart of succinic acid content (i).


By conducting principal component analysis on the samples (including QC samples), an initial understanding of the overall metabolic differences among each group of samples and the degree of variation among samples within each group can be obtained. As shown in Figure 4b, the PCA results show that the separation trend of the metabolic profiles among each group is good, and there are significant differences among each group.



3.4.2 Analysis of organic acid types and contents

Four groups of Agricultural Jiaosu samples were subjected to cluster analysis. The horizontal axis represents the sample names and the vertical axis represents the metabolite information. Different colors represent different values obtained after normalization and filling (red indicates high content and green indicates low content). The results are shown in Figure 4c. A total of 42 organic acids were detected in the samples, among which the organic acids with higher content or significant differences between groups mainly include glutaric acid, benzoic acid, succinic acid, benzenepropanoic acid, azelaic acid, pyroglutamic acid, etc. The contents of these organic acids in each group were made into column charts, and the resulting figures are shown in Figures 4d–i.

As shown in Figure 4d, the content of azelaic acid was the highest in Group B and the lowest in Group A. Azelaic acid is less commonly applied in agriculture, but it can form stable complexes with metal ions in the soil, helping to dissolve minerals in the soil and thereby enhancing the bioavailability of certain nutrient elements. As shown in Figure 4e, the content of benzenepropanoic acid was the highest in Group B and the lowest in Group D. Benzenepropanoic acid can be one of the components of soil amendment agents and can improve soil structure by regulating soil pH and nutrient supply. As shown in Figure 4f, the content of benzoic acid was the highest in Group A and the lowest in Group D. Benzoic acid can serve as a carbon source for soil microorganisms and participate in the decomposition and transformation of soil organic matter. As shown in Figure 4g, glutaric acid was the most abundant organic acid in the samples, with the highest content in Group A and the lowest in Group D. Glutaric acid may be a metabolic product of certain microorganisms, although it is less commonly applied in agriculture, it has the potential to form complexes with metal ions due to its molecular structure containing two carboxyl groups. Therefore, it may have the effect of promoting the dissolution of metal ions in the soil and facilitating the absorption of these nutrient elements by plants. As shown in Figure 4h, the content of pyroglutamic acid was the highest in Group B and the lowest in Group D. Pyroglutamic acid can serve as a nitrogen source for soil microorganisms and participate in the decomposition and transformation of soil organic matter. As shown in Figure 4i, succinic acid was the most abundant in Group C and the lowest in Group D. Succinic acid is an important intermediate in the tricarboxylic acid cycle in organisms and is less applied in agriculture, but it can serve as an intermediate in energy metabolism and participate in the growth and metabolic processes of microorganisms. The above analysis reveals that the organic acids with higher contents in the Agricultural Jiaosu samples derived from the fermentation of Chinese cabbage are less directly applied in agricultural production. Therefore, the fertilizer effect of Agricultural Jiaosu in agriculture is likely to be achieved indirectly through influencing the soil environment and other means.




3.5 The influence of applying Agricultural Jiaosu on the growth and yield of Chinese cabbage

Four groups of Agricultural Jiaosu samples were applied as substitutes for chemical fertilizers in the process of growing Chinese cabbage three times. The treatment without fertilizer application was set as the control group, and the treatment with compound fertilizer application was set as the compound fertilizer control group. The results are shown in Table 6. In the process of Chinese cabbage production, Application of Agricultural Jiaosu significantly promoted the growth of the plant height of Chinese cabbage, among which Group C had the best effect; each group of Agricultural Jiaosu application could significantly promote the growth of the leaf length of Chinese cabbage, among which Group C and Group B had the best effects; there was no significant promoting effect of each group of Agricultural Jiaosu application on the growth of the leaf width of Chinese cabbage; each group of Agricultural Jiaosu application could significantly promote the growth of the stem thickness of Chinese cabbage; only Group B of the Agricultural Jiaosu application had a significant promoting effect on the leaf number growth of Chinese cabbage; each group of Agricultural Jiaosu application could significantly promote the increase of Chinese cabbage yield.


TABLE 6 The influence of applying Agricultural Jiaosu on the growth and yield of Chinese cabbage.
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4 Discussion


4.1 The relationship between microbial diversity and raw materials in Agricultural Jiaosu

Previous studies have shown that in Agricultural Jiaosu, the phyla with the highest abundance of bacteria ranked from high to low are Firmicutes, Pseudomonadota, Bacteroidetes, and Actinobacteria, etc. In the fungal community, the phyla with the highest abundance of fungi ranked from high to low are the Ascomycota phylum and the Basidiomycota phylum. Lactobacillus and Aspergillus are the most abundant bacterial and fungal genera, respectively (Gao et al., 2022). The fungal diversity at the phylum level is consistent with the results of this study, but the bacterial diversity at the phylum level is slightly different from the results of this study. At the phylum level, the abundance of bacteria in this study is from high to low Pseudomonadota, Firmicutes, Campylobacterota, Bacteroidota, and Actinobacteria. At the genus level, the differences are greater. The most abundant genera of bacteria and fungi at the genus level in this study are Arcobacter, and Vishniacozyma, respectively. These differences may be due to the different fermentation raw materials. In this study, the raw material used was the waste of Chinese cabbage, while in Gao’s study, the waste of medicinal plants was used as the raw material. Thus, it can be speculated that different fermentation raw materials lead to different dominant microbial species, and this difference is greater than the difference caused by adding different microbial strains. The results of this study show that the microbial diversity at the phylum level of Agricultural Jiaosu fermented with four different microbial strains is not significantly different, but the diversity at the genus level is significant. Group A has relatively more Bacteroides, while Group B and Group D have relatively more Arcobacter and Vishniacozyma, and Group C has more Lysinibacillus.



4.2 Relationship between microbial diversity and nutrient elements and fertilizer efficiency in Agricultural Jiaosu

The results of this study show that Group A has relatively more Bacteroides, while previous studies have shown that Bacteroides has excellent ability to degrade plant polysaccharides (Qu et al., 2025). Agricultural waste already contains many polysaccharide components. It can be speculated that the degradation effect of Group A should be the best. The results of the nutrient element analysis of Agricultural Jiaosu in this study can confirm this speculation. The content of total carbon and total nitrogen in Group A is the highest among all groups. Although the specific mechanism still needs further research, it can be preliminarily determined that if the decomposition of agricultural waste in the process of making Agricultural Jiaosu is to be more thorough, it can try to add lactic acid bacteria before fermentation.

In addition, the abundance of Arcobacter in the Arcobacter genus and the fungi in the Vishniacozyma genus in Group B and Group D are relatively high. Arcobacter usually exists in various water bodies and animals, but it can now be isolated from various environmental sources. In the agricultural environment, Brucella helps to decompose organic residues and maintain soil fertility (Wesley, 2014). The fungi in the Vishniacozyma genus have the ability to antagonize multiple plant pathogens and can be used for biological control (Nian et al., 2023). Further research is needed on the specific mechanism. However, if Agricultural Jiaosu is to be used for soil improvement or biological control in applications, it is advisable to consider adding Acetobacter or Bacillus subtilis. In the experiment on the fertilizer efficiency of Chinese cabbage, the effects of Group B and Group D in promoting the growth of Chinese cabbage were generally not as good as those of the other groups. This might be due to the fact that soil improvement requires a long-term process. Therefore, in this short-term experiment, the promoting growth ability of Group B and Group D was not as good as that of the other groups.

In Group C of this study, Lysinibacillus was detected in large quantities. Lysinibacillus has great potential for application in agriculture, especially its role as a plant growth-promoting rhizobacteria (PGPR). The study found that bacteria in the Lysinibacillus genus can produce indole-3-acetic acid (IAA) and promote plant growth through nitrogen fixation, secretion of various enzymes to decompose organic matter, and release nutrients (Pantoja-Guerra et al., 2023). This is also consistent with the results of the fertilizer efficiency experiment of Chinese cabbage. In Group C of the experiment, Agricultural Jiaosu was the most effective in promoting the growth of Chinese cabbage in terms of plant height and leaf length. Although the specific mechanism still needs further exploration, if the purpose of using Agricultural Jiaosu is to promote vegetable growth as a fertilizer, it is advisable to add a little Yeast before fermentation. Since Agricultural Jiaosu is a mixture, it is not excluded that there is randomness in the fermentation process. Therefore, the specific mechanism still needs to be further studied under controlled conditions to determine.

The detection of Verticillium (a plant pathogenic genus) in Group B (relative abundance < 2%) underscores the importance of biosecurity measures during AJ production. To mitigate pathogen risks, strict control of fermentation conditions and pre-sterilization of raw materials (Lu et al., 2022) should be implemented. Additionally, inoculant screening for antimicrobial activity against plant pathogens, as demonstrated by Gao et al. (2022) could further enhance the safety of AJ for agricultural use.



4.3 Relationship between microbial diversity and organic acid metabolites in Agricultural Jiaosu

In this study, a total of 42 organic acids were detected in Agricultural Jiaosu. The top 6 organic acids in terms of content from high to low were glutaric acid, benzoic acid, succinic acid, benzenepropanoic acid, azelaic acid, and pyroglutamic acid. When comparing among the 4 groups, the content of benzoic acid in Group A was higher than that in other groups. In terms of microbial abundance, Group A had more Bacteroides. In this study, there was a positive correlation between benzoic acid and Bacteroides. Previous studies have shown that benzoic acid has antibacterial properties and can reduce the diversity of the cecal microbiota in the animal intestine (Diether et al., 2022). In this study, benzoic acid may inhibit the growth of other bacteria by promoting the increase of Bacteroides. It is also possible that Bacteroides evolved and metabolized to produce more benzoic acid, which in turn inhibited the growth of other bacteria. While the current study identified correlations between Bacteroides dominance and elevated benzoic acid levels in Group A, the causative metabolic pathways require further validation. Future investigations involving controlled co-culture systems could clarify whether Bacteroides directly produce benzoic acid or modulate its accumulation through substrate competition (Diether et al., 2022). Additionally, molecular characterization (e.g., metatranscriptomics) is needed to link microbial activity to organic acid profiles.

In Group B, the contents of benzenepropanoic acid, azelaic acid, and pyroglutamic acid were higher than those in other groups. They are all organic acids containing carboxyl groups. We speculate that there might be a metabolic complementarity relationship among them. The acetic acid produced by the acetic acid bacteria added before fermentation can be utilized by Arcobacter or Vishniacozyma or other microorganisms, and the organic acids produced by other microorganisms can also be utilized by the acetic acid bacteria. Then, the metabolic products (such as organic acids) of the microorganisms can serve as nutrients for other microorganisms, thereby promoting their growth. For instance, the accumulation of organic acids such as benzenepropanoic acid, azelaic acid, and pyroglutamic acid can provide carbon sources and energy for Arcobacter or Vishniacozyma. The content of succinic acid in Group C is higher than that in other groups, which is relatively easy to understand because succinic acid is an organic acid produced by Yeast at the early stage of alcohol fermentation and is an intermediate in important metabolic pathways such as the tricarboxylic acid cycle (TCA), the succinate bypass and the GABA bypass (Torres-Guardado et al., 2024). Since Group C added Yeast before fermentation, the content of succinic acid in Group C is higher than that in other groups. The content of glutaric acid in Group D is higher than that in other groups. Glutaric acid is a widely used chemical, and it is used in the consumer goods, textile, and footwear industries. The production methods of glutaric acid include various petroleum-based chemical methods, such as nitric acid catalyzed 2-cyano-cyclopentanone oxidation and acrylonitrile with ethyl succinate condensation (Han et al., 2020). There are more Arcobacter and Vishniacozyma in Group D, but no research has directly indicated the direct relationship between these microorganisms and glutaric acid. Moreover, because the content of glutaric acid in the other three groups is not low either, we speculate that the high content of glutaric acid in Group D is likely caused by the combined action of multiple microbial communities.



4.4 Relationship between organic acid metabolites in Agricultural Jiaosu and nutrients and fertilizer efficiency

In the results of this study, several organic acids in Agricultural Jiaosu, such as glutaric acid, benzoic acid, succinic acid, benzenepropanoic acid, azelaic acid, and pyroglutamic acid, are mostly applied in the chemical and pharmaceutical fields and rarely in the agricultural field. However, many organic acids have bactericidal and antibacterial effects (Diether et al., 2022; Chen et al., 2023). We speculate that the organic acids in Agricultural Jiaosu can be more applied in agricultural biological control rather than just as fertilizers. At the same time, we speculate that because some organic acids can serve as carbon sources that plants can absorb and utilize, in Group A with a high total carbon content, the content of benzoic acid is also relatively high, so benzoic acid may be more likely to be used as a carbon source in agricultural production. Furthermore, in the group C where the fertilizer effect was relatively good, the content of succinic acid was also relatively high. Therefore, we speculate that succinic acid is more likely to function as an immediate and short-term fertilizer effect agent for plant growth regulation rather than as a soil conditioner for long-term effects. Organic acids are the main substances in Agricultural Jiaosu, with complex structures, numerous types, and powerful effects. To fully understand their functions, further in-depth research is needed.




5 Conclusion

This study utilized the waste of Chinese cabbage as the raw material and investigated the effects of adding different microbial agents before fermentation on the nutrient elements, microbial diversity, organic acid content, and fertilizer efficiency of Agricultural Jiaosu. The results indicated that there were significant differences in the above aspects among the treatments with different microbial agents. Among them, the treatment group with Lactobacillus addition had the highest total carbon, total nitrogen, and total phosphorus contents; the treatment group with Acetobacter addition had the highest total potassium and carbon-nitrogen ratio. The microbial diversity analysis revealed that the Bacteroides relative abundance was higher in the Lactobacillus treatment group; Arcobacter and Vishniacozyma were relatively more abundant in the Acetobacter and Bacillus subtilis treatment groups; and the Lysinibacillus relative abundance was higher in the Yeast treatment group. In terms of organic acid content, the benzoic acid content was higher in the Lactobacillus treatment group; the benzenepropanoic acid, azelaic acid, and pyroglutamic acid contents were higher in the Acetobacter treatment group; the succinic acid content was the highest in the Yeast treatment group; and the glutaric acid content was the highest in the Bacillus subtilis treatment group. Moreover, Although the highest fresh weight increase with Agricultural Jiaosu (0.707 kg in Group C) was comparable to chemical fertilizer (0.660 kg), Agricultural Jiaosu demonstrates potential as a sustainable alternative by diverting vegetable waste from landfills and reducing synthetic fertilizer dependency.

In conclusion, Agricultural Jiaosu is rich in abundant nutrient elements, diverse microbial communities, and various organic acids, and has a significant fertilizer efficiency effect on Chinese cabbage production. Adding different microbial agents before fermentation would lead to differences in the composition and function of the finished Agricultural Jiaosu products. Therefore, appropriate microbial agents can be selected for fermentation according to specific application goals to optimize the performance and application effect of Agricultural Jiaosu.
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A 31.933 +2.542b 34,0334 0.153cd 184197 6.6 +0.7a 8333 +0.577b 0.533 4 0.104a
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The data in the same column are marked with different lowercase letters to indicate significant differences at the 0.05 level.
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Total carbon Total nitrogen Total Phosphorus Total kaliu Carbon nitrogen
(mg/L) (mg/L) (mg/L) (mg/L) ratio (mg/L)
A 2689.6 % 4.996a 576.533 & 1.69%a 87.683 % 0.895a 530.56 =+ 1.206b 4.667 £ 0.006a
B 2233.6 + 13.363b 483.973 +11.503b 72.517 £ 1.354b 547.76 & 1.526a 4.617 £0.101a
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D 1689.6 + 2.884d 385.7333 £ 9.04c 53.777 % 0.949¢ 508.14 % 3.744c 438 +0.105b

If the data in the same column are significantly different at the 0.05 level, they will be expressed in different lowercase letters, the same as below.
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