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Method S1.
Metagenomic sequencing analysis methods
1.Sample collection and DNA extraction: Total genomic DNA was extracted from each sample using standard protocols. DNA concentration was measured with a Nanodrop, and DNA integrity was assessed by agarose gel electrophoresis.
2.Target fragment amplification: The V3–V4 region of the bacterial 16S rRNA gene (or the target marker gene) was amplified using specific primers with sample‑specific barcodes. High‑fidelity DNA polymerase was used, and the number of PCR cycles was kept low and consistent across samples. Negative controls were included to monitor contamination.
3.Library construction: Amplicons were pooled in equal proportions, end‑repaired, A‑tailed, and ligated with Illumina adapters via PCR. The library was purified and size‑selected using 2% agarose gel electrophoresis.
4.Sequencing: After quality control and quantification (concentration ≥ 2 nM), the library was diluted and mixed appropriately, then sequenced on an Illumina NovaSeq PE250 platform with paired‑end 2 × 250 bp reads.
5.Bioinformatics processing: Raw paired‑end reads were quality‑filtered and merged based on overlap to obtain high‑quality consensus sequences. Denoising was performed with the DADA2 algorithm to generate amplicon sequence variants (ASVs) and an abundance table, which was then rarefied to the minimum sequencing depth.
6.Taxonomic annotation: ASVs were assigned to taxa using the QIIME2 software against the Greengenes2 database (for 16S) with a confidence threshold of 0.7, from phylum to species level.
All analyses were performed with QIIME2, R, and custom scripts. The workflow ensures comprehensive evaluation of microbial community structure, diversity, differential taxa, co‑occurrence patterns, and potential functions.
Method S2. 
RNA-seq Transcriptome Sequencing and Data Analysis
1. RNA extraction and quality detection
For plant tissue samples, total RNA was extracted via combined CTAB method and pBIOZOL reagent. After extraction, RNA pellets were dissolved in DEPC-treated water. RNA concentration was accurately quantified using a Qubit fluorometer. RNA integrity was evaluated by Qsep400 high-throughput biofragment analyzer to detect RNA integrity number (RQN), ensuring all samples met the standard of library construction.
2. Strand-specific mRNA library construction
PolyA-containing mRNAs were enriched from total RNA using Oligo(dT) magnetic beads based on the polyA tail characteristic of eukaryotic mRNA;Purified mRNA was fragmented into short fragments with fragmentation buffer under appropriate incubation temperature;Random hexamer primers were applied to synthesize first-strand cDNA via reverse transcription;Second-strand cDNA was synthesized with dUTP replacing dTTP to achieve strand specificity. High-fidelity DNA polymerase cannot amplify templates containing uracil, which retains original strand information. End repair and dA-tailing were performed simultaneously during second-strand synthesis;Sequencing adapters were ligated to cDNA fragments, followed by purification with DNA magnetic beads and fragment screening to obtain libraries with insert sizes of 250–350 bp;Ligated products were amplified by PCR and purified again with DNA magnetic beads, then dissolved in nuclease-free water;After library construction, Qubit 4.0 Fluorometer was used to detect library concentration, and Qsep400 system was applied to determine fragment distribution.
3. Illumina sequencing procedure
Qualified libraries were multiplexed according to effective concentration and target sequencing data volume, then sequenced on Illumina NovaSeq X Plus platform to generate 150 bp paired-end reads. The sequencing principle was sequencing-by-synthesis. Four fluorescently labeled dNTPs, DNA polymerase and sequencing primers were loaded into flow cell for cluster amplification. During complementary strand extension of each sequencing cluster, each incorporated fluorescent dNTP emits characteristic fluorescence signals. The sequencer captured fluorescence signals and converted optical signals into sequencing profiles via supporting software to obtain raw sequence data of fragments.
Method S3. 
[bookmark: solid-samples]Untargeted metabolomics analysis methods
1.Solid samples: The sample stored at -80 °C refrigerator was thawed on ice. A 400 μL solution (Methanol : Water = 7:3, V/V) containing internal standard was added into 20 mg sample, and vortexed for 3 min. The sample was sonicated in an ice bath for 10 min and vortexed for 1 min, and then placed in -20 °C for 30 min. The sample was then centrifuged at 12000 rpm for 10 min (4 °C). And the sediment was removed, then centrifuged the supernatant at 12000 rpm for 3 min (4 °C). A 200 μL aliquots of supernatant were transferred for LC-MS analysis.
[bookmark: hplc-conditions][bookmark: ms-conditions-qe]2.HPLC Conditions: All samples were for two LC/MS methods. One aliquot was analyzed using positive ion conditions and was eluted from T3 column (Waters ACQUITY Premier HSS T3 Column 1.8 µm, 2.1 mm * 100 mm) using 0.1 % formic acid in water as solvent A and 0.1 % formic acid in acetonitrile as solvent B in the following gradient: 5 to 20 % in 2 min, increased to 60 % in the following 3 mins, increased to 99 % in 1 min and held for 1.5 min, then come back to 5 % mobile phase B witnin 0.1 min, held for 2.4 min. The analytical conditions were as follows, column temperature, 40 °C; flow rate, 0.4 mL/min; injection volume, 4 μL; Another aliquot was using negative ion conditions and was the same as the elution gradient of positive mode.
3.MS Conditions (QE):All the methods alternated between full scan MS and data dependent MSn scans using dynamic exclusion. MS analyses were carried out using electrospray ionization in the positive ion mode and negative ion mode using full scan analysis over m/z 75-1000 at 35000 resolution. Additional MS settings are: ion spray voltage, 3.5 KV or 3.2 KV in positive or negative modes, respevtively; Sheath gas (Arb), 30; Aux gas, 5; Ion transfer tube temperature, 320 °C; Vaporizer temperature, 300 °C; Collision energy, 30,40,50 V; Signal Intensity Threshold, 1.00E+06 cps; Top N vs Top speed, 10; Exclusion duration, 3s.
[bookmark: pca]4.PCA:Unsupervised PCA (principal component analysis) was performed by statistics function prcomp within R (www.r-project.org). The data was unit variance scaled before unsupervised PCA.
[bookmark: X3c56148e298fbcfe85e10cc42b8278e0949ef6b]5.Hierarchical Cluster Analysis and Pearson Correlation Coefficients:The HCA (hierarchical cluster analysis) results of samples and metabolites were presented as heatmaps with dendrograms, while pearson correlation coefficients (PCC) between samples were caculated by the cor function in R and presented as only heatmaps. Both HCA and PCC were carried out by R package ComplexHeatmap. For HCA, normalized signal intensities of metabolites (unit variance scaling) are visualized as a color spectrum.
[bookmark: differential-metabolites-selected]6. Differential metabolites selected:For two-group analysis, differential metabolites were determined by VIP (VIP > 1) and P-value (P-value < 0.05, Student’s t test). VIP values were extracted from OPLS-DA result, which also contain score plots and permutation plots, was generated using R package MetaboAnalystR. The data was log transform (Log2) and mean centering before OPLS-DA. In order to avoid overfitting, a permutation test (200 permutations) was performed.
[bookmark: kegg-annotation-and-enrichment-analysis]7.KEGG annotation and enrichment analysis: Identified metabolites were annotated using KEGG Compound database (http://www.kegg.jp/kegg/compound/), annotated metabolites were then mapped to KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html).
[bookmark: OLE_LINK7]Tab. 1S
The standard curves of each targeted analytes.
	Abbr.
	Linear equation
	R2

	Ferulic acid
	y=43877x
	0.9984 

	 Ligustilide
	y=50199x
	0.9981 



Tab. 2S 
The LODs and LOQs of each targeted analytes.
	Abbr.
	LOD(μg/mL)
	LOQ(μg/mL)

	Ferulic acid
	0.0051
	0.0141

	 Ligustilide
	0.050
	0.153
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