Appendix A: The growth of pepper plants
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Figures S1 The effects of different treatments on the growth of pepper plants

Note: CK: rhizosphere soil without any treatment; C1: Un-fumigated soil with TCMR application; M1: dazomet fumigation without TCMR application; MC: TCMR was applied after dazomet fumigation; W1: metam-sodium fumigation without TCMR application; WC: TCMR was applied after metam-sodium fumigation. 
Appendix B: PCA diagram of quality control sample
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Figures S2 PC1 distribution across sample points
Note: The horizontal coordinate is the test sample, and the vertical coordinate corresponds to the PC1 value of the sample in PCA analysis.
Appendix C: PCA diagram of quality control sample
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Figures S3 PCA diagram of quality control sample

Note: The red dot is the quality control sample point (QC sample) after correction, and the blue dot is the test sample.
Appendix D: Supporting Information
1. Soil sampling and treatments
The study was conducted using rhizosphere soil (0-20 cm depth) collected from farmland near Hunan University of Science and Engineering (26° 20′ N, 111° 61′ E ), where pepper had been continuously grown for 2 years. The soil was identified as yellow-cinnamon soil. The area has an average elevation of 1250 m, belongs to the transition zone between the temperate and tropical zones, with an average annual temperature of 18.0 ℃, a frost-free period of 285-311 days, and an average annual rainfall of 1595 mm. In the second year of planting (November 7, 2022), following the pepper harvest, rhizosphere soil from the 0-20 cm layer was sampled using a soil corer. Five soil cores from the rhizosphere of pepper plants were randomly taken from each area, mixed thoroughly, and combined to form a composite sample. The samples were then cleaned of any sand and plant residues. Afterward, they were stored in airtight bags and transported to the laboratory in an incubator. To prepare the samples for soil microcosm experiments and physicochemical analysis, they were passed through a 2 mm sieve.

2. Soil microcosm experiments

Five treatment groups were established as follows: Dazomet fumigation without A. paniculata residues application (M1, 300 kg/hm², Jiangsu Qili New Energy Technology Co., Ltd.), dazomet fumigation (300 kg/hm²) combined with A. paniculata residues application (20 t/hm²) (MC), 42% metam sodium fumigation without A. paniculata residues application (W1, 400 kg/hm², Shandong Lifan Chemical Industry Co., Ltd.), 42% metam sodium fumigation (400 kg/hm²) combined with A. paniculata residues application (20 t/hm²) (WC), and un-fumigated soil with A. paniculata residues application alone (C1, 20 t/hm²). Each treatment was replicated three times. Prior to application, the A. paniculata residues was moistened and fermented with water for one week.

The soil-water content was adjusted to 21% (corresponding to a water-filled pore space (WFPS) of 45%) before incubation. Soil samples (300 g dry weight each) were placed in 500 mL Duran wide-mouth glass bottles (Schott AG, Mainz, Germany) to simulate natural ecosystem conditions under controlled laboratory settings (Blagodatsky et al., 2006). Chemical fumigants were applied to the soil samples, while the control group received an equal volume of sterilized distilled water. The bottles were sealed with stoppers and incubated at 28°C. After 10 days of fumigation, the stoppers were removed, and the bottles were placed in a fume hood until the fumigants had completely dissipated. A. paniculata residues was then added to the soil samples. Fresh air was introduced into all bottles using a pump, and the bottles were resealed and returned to the incubator at 28°C for an additional 59 days (Boran et al., 2011). The caps were removed periodically, and the soil samples were mixed using a sampling spoon for analysis. 

The physicochemical parameters and untargeted metabolomics of the soil samples were analyzed. The physicochemical parameters were previously analyzed in Hunan Province in China in November 2023. For details, see the Supplementary data (Table S1). If analysis could not be conducted immediately, the samples were stored at -80 °C in a refrigerator.

