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Supplemental document S1. Detailed Materials and Reagents
Technical-grade propiconazole was provided by Andor (Beijing) Agricultural Technology Co., Ltd., Beijing, China. Sodium tripolyphosphate (TPP) was purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Quercetin hydrate, epichlorohydrin (ECH, 97%), and fluorescein isothiocyanate (FITC, 95%) were obtained from Tianjin Heowns Biochemical Technology Co., Ltd., Tianjin, China. Chitosan (CS, Mw = 200 kDa, degree of deacetylation 90%) and pectin (from citrus peel, Mw = 20-30 kDa, galacturonic acid ≥ 74%, degree of methylation ≥ 45%) were purchased from Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China. Polysorbate 80 (Tween 80), sodium hydroxide, ethanol, dichloromethane, acetate, and other analytical grade reagents were purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China. Dialysis bags (MD77 mm, Mw: 12,000 Da; MD44 mm, Mw: 4000 Da) were purchased from Beijing Biotopped Science & Technology Co., Ltd., Beijing, China. Ultrapure Milli-Q water (resistivity > 18 MΩ·cm) used for all experiments was obtained from an experimental water system. The strain Rhizoctonia solani X19 was maintained in the Laboratory of Fungicide Pharmacology and Pathogen Resistance at China Agricultural University, Beijing, China. The rice seeds (variety 9801#) were provided by Yunnan Academy of Agricultural Science, Kunming, Yunna, China.

Supplemental document S2. Sample characterization
The hydrated particle size, polydispersity index (PDI), and zeta potential of the nanoparticles were measured at 25 °C using a BeNano 180 Zeta analyzer (Bettersize Instruments Ltd., Dandong, China). Particle size and PDI were determined by dynamic light scattering (DLS) at a scattering angle of 173°, while zeta potential was measured by electrophoretic light scattering (ELS). All measurements were conducted in triplicate. 
Fourier-transform infrared (FTIR) spectra were obtained using a Nicolet iS20 spectrometer (Thermo Fisher Scientific, Waltham, USA). Dried samples were finely ground, mixed with potassium bromide (KBr), and pressed into pellets. Spectra were recorded in the range of 400–4000 cm⁻¹.
Scanning electron microscopy (SEM) images of nanoparticles and rice leaves were captured using a GeminiSEM 300 instrument (ZEISS, Oberkochen, Germany).
Transmission electron microscopy (TEM) was performed using a JEM-F200 microscope (JEOL Ltd., Tokyo, Japan) to examine nanoparticle morphology.
Thermogravimetric analysis (TGA) was carried out using a Hitachi 7300 analyzer (Hitachi, Tokyo, Japan). Samples were heated from 30 °C to 550 °C at a rate of 10 °C/min, under nitrogen, and weight loss was continuously recorded.
Proton nuclear magnetic resonance (¹H NMR) spectra of pectin, quercetin, and the quercetin–pectin conjugate (PQ) were recorded on a Bruker Ascend 500 MHz spectrometer (Bruker, Karlsruhe, Germany) to confirm structural features.
UV–visible (UV–vis) absorption spectra were measured using a Genesys180 spectrophotometer (Thermo Fisher Scientific, Waltham, USA).

Supplemental document S3. Determination of fungicide loading
Chromatographic separation was achieved using a ZORBAX SB-C18 column (4.6 mm × 150 mm, 5 μm). The mobile phase consisted of acetonitrile and water (75:25, v/v), delivered at a flow rate of 1.0 mL/min. The detection wavelength was set at 220 nm, with the column maintained at 25 °C. The injection volume was 5 μL. Each sample was analyzed in triplicate.

Supplemental document S4. Evaluation of antifungal activity
The antifungal activity of Pro@CS/PQ and a propiconazole commercial emulsifiable concentrate (Pro-EC) was evaluated against Rhizoctonia solani using the mycelial growth rate method. Pro was incorporated into potato dextrose agar (PDA) at concentrations ranging from 0.05 to 4 mg/L. Fungal plugs (5 mm in diameter) were excised from the actively growing edge of each colony and transferred to Pro-amended PDA plates. Plates containing sterile water served as blank controls. Mycelial diameters were measured in two perpendicular directions after incubation, and inhibition rates were used to calculate the EC₅₀ values. All experiments were performed in triplicate. The composition of the Pro-EC formulation was as follows: 20% Pro, 70% xylene, 8% solvent 500#, and 2% emulsifier 600#.
The protective and curative efficacy of Pro@CS/PQ was further assessed using a detached leaf assay. Rice leaves at the tillering stage were harvested from greenhouse-grown plants and wrapped with moist cotton at both ends. Pro@CS/PQ and Pro-EC suspensions were prepared at concentrations of 50 and 100 mg/L, and 10 mL of each suspension was evenly sprayed onto the leaves. For the protective assay, fungal plugs of R. solani were inoculated 24 h after spraying. For the curative assay, inoculation occurred 24 h prior to spraying. Lesion areas were imaged at 5 days post-inoculation and quantified using ImageJ software (version 1.54d, NIH, USA). Water-treated leaves were used as controls. Each treatment group included 9 leaves and was replicated three times. The control efficacy (CE, %) was calculated using the following equation (3).
	 	(3)
Here, C (mm) represents the lesion area of the rice leaves treated with water (blank control), while L (mm) denotes the lesion area of the rice leaves treated with Pro.

Supplemental document S5. Wettability and adhesion properties of Pro@CS/PQ
Determination of liquid holding capacity
The retention capacity of Pro@CS/PQ on rice leaves was evaluated following a previously reported method. Both Pro@CS/PQ and Pro-EC were diluted to a concentration of 100 mg/L using deionized water. Fresh rice leaves were cut into 1 cm × 3 cm segments and immersed in the test suspensions for 30 s. After immersion, leaves were vertically lifted with forceps and held for 20 s to allow excess liquid to drip off. The weight of each leaf was measured before and after immersion using an analytical balance (Sartorius, Germany). Distilled water served as the control. Each treatment included 20 replicates and was performed in triplicate. The LHC (mg/cm²) was calculated using the following equation (4).
	 	(4)
Where m0 (mg) is the weight of the leaf, m1 (mg) is the weight of the leaf after immersion in the drug solution, and S (cm2) is the area of the leaf.

Determination of surface tension and contact angle
Surface tension of the Pro@CS/PQ and Pro-EC suspensions (100 mg/L) was measured using a surface tensiometer (DCAT21, Germany). Contact angle measurements were performed using a video optical contact angle system (OCA 20, Germany). A 4 μL droplet of each suspension was applied to the surface of rice leaves using a microsyringe, and the contact angle was recorded over a 0–90 s interval. All measurements were conducted in triplicate.

[bookmark: _Hlk196139208]Determination of rainwash resistance
Rainwash resistance was evaluated using fluorescein isothiocyanate (FITC) as a fluorescent tracer. FITC-labeled Pro@CS/PQ and Pro-EC formulations were prepared by adding FITC ethanol solution (0.5 mg/mL, 2 mL) to the oil phase during nanoparticle preparation (Section 2.3). Fresh rice leaves (1 cm × 5 cm) were positioned on a 40° inclined surface and evenly sprayed with 5 mL of test suspension.
After air-drying, each leaf was halved along the main vein. One half was directly imaged under a fluorescence inverted microscope (Nikon Ti-E, Japan) to observe pre-rinse distribution, while the other half was rinsed with 10 mL deionized water before imaging. Fluorescence intensity and coverage area were analyzed using ImageJ (v1.54d, NIH, USA). Pre-rinse fluorescence values were normalized to 100%, and post-rinse values were expressed as percentages. Each treatment was performed in five replicates.

Supplemental document S6. Safety assessment of Pro@CS/PQ
Impact of Pro@CS/PQ on rice growth
The safety of Pro@CS/PQ on rice seedlings was assessed under greenhouse conditions. Four concentrations were selected based on the recommended dosage of Pro (active ingredient: 22.5 mg/m²) and different spraying approaches: 1×S (300 mg/L, representing high-volume spraying), 1×F, 2×F, and 4×F (where F = 7500 mg/L, representing low-volume spraying). Experiments were conducted in the greenhouse facility of China Agricultural University. Rice seedlings were grown in nutrient-rich soil within plastic pots until the tillering stage (30 days). On the day of treatment, the greenhouse temperature and relative humidity averaged 27 °C and 70%, respectively. Each formulation was uniformly sprayed onto the rice leaves. Water-treated plants served as the control group. After 21 days, plant height, fresh and dry weight, and chlorophyll content were measured. Each treatment included three replicates, with 30 plants per replicate.

Determination of antioxidant enzyme activity
Oxidative stress and the activity of antioxidant enzymes were assessed in rice leaves treated with Pro@CS/PQ. Superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and malondialdehyde (MDA) levels were determined. Briefly, 0.1 g of fresh rice leaves was flash-frozen in liquid nitrogen and ground into fine powder. The powder was resuspended in 1 mL of phosphate-buffered saline (PBS, 50 mM, pH 7.8), centrifuged at 8000 g for 10 min at 4 °C, and the supernatant was collected.
Enzyme activities were measured using commercial assay kits (Solarbio, Beijing, China), following manufacturer protocols. MDA content was determined via the thiobarbituric acid (TBA) method. All assays were performed in triplicate.

Metabolomic Analysis of Rice Seedlings
Fresh rice leaves were ground into a fine powder using liquid nitrogen to preserve their metabolic integrity. A 100 mg sample of the powder was transferred to a 2 mL centrifuge tube and mixed with 1.8 mL of a methanol-chloroform-water solution (3:2:1, v/v/v) containing ribitol (10 µg/mL) as an internal standard. The mixture was sonicated at 25°C for 20 minutes to ensure thorough extraction and then centrifuged at 12,000 rpm for 15 minutes. A 0.1 mL portion of the supernatant was dried at 45°C to remove the solvent. The dried residue was dissolved in 100 µL of a methoxyamine hydrochloride solution (20 mg/mL) and sonicated for 20 minutes at 25°C. After vortexing briefly and centrifuging, the solution was incubated at 30°C for 2 hours. Subsequently, 100 µL of Bis(trimethylsilyl)trifluoroacetamide was added, and the mixture was sonicated again for 20 minutes under the same conditions. The sample was then vortexed, briefly centrifuged, and incubated for 6 hours at 30°C. After a final centrifugation at 12,000 rpm for 15 minutes, 120 µL of the supernatant was transferred to a sample vial for analysis.
For untargeted metabolomics, fresh rice leaves were ground under liquid nitrogen to preserve metabolic integrity. A 100 mg aliquot of the powder was extracted using 1.8 mL of a methanol–chloroform–water mixture (3:2:1, v/v/v) containing ribitol (10 μg/mL) as an internal standard. Samples were sonicated at 25 °C for 20 min and centrifuged at 12,000 rpm for 15 min. A 0.1 mL aliquot of the supernatant was dried at 45 °C, derivatized with 100 μL methoxyamine hydrochloride (20 mg/mL), and sonicated again at 25 °C for 20 min. After brief vortexing and centrifugation, the solution was incubated at 30 °C for 2 h.
Next, 100 μL of BSTFA [N,O-Bis(trimethylsilyl)trifluoroacetamide] was added, followed by sonication for 20 min and a final incubation at 30 °C for 6 h. The derivatized sample was centrifuged at 12,000 rpm for 15 min, and 120 μL of supernatant was transferred to GC-MS vials for analysis.
Metabolomic profiling was performed using a GCMS-TQ8050 NX system (Shimadzu, Japan). Data processing was conducted with GCMS solution 4.53SP1 software. Peak alignment and metabolite identification were performed using an integrated library and cross-referenced with the Human Metabolome Database (HMDB) and the KEGG database for pathway mapping.
Principal component analysis (PCA) and statistical analysis were performed on the MetaboAnalyst 6.0 platform (https://www.metaboanalyst.ca/), following data normalization and log transformation. Differentially accumulated metabolites (DAMs) were defined as those with variable importance in projection (VIP) ≥ 1 and |log₂(fold change)| ≥ 1. Six biological replicates were used per treatment to ensure statistical reliability.
[image: ]
Fig. S1. In vitro antifungal activity of Pro EC and Pro@CS/PQ against three plant pathogenic fungi. (a) Magnaporthe oryzae, (b) Botrytis cinerea, and (c) Fusarium fujikuroi.


Table S1. Method conditions for rice metabolites detection
	Instrument Model
	GCMS-TQ8050 NX (shimadzu)

	Carrier Gas
	99.999% Helium

	Injection Volume
	1 µL

	Injection Mode
	Split Injection

	Column
	DB-5 (30 m × 0.25 mm × 1.00 μm)

	Column Temperature Program
	Initial Temp: 100°C, hold for 4 min; ramp to 320°C at 4°C/min, hold for 8 min

	Solvent Delay Time
	3.5 min

	Interface Temperature
	280°C

	Ion Source
	Electron Ionization (EI)

	Ion Source Temperature
	250°C

	Electron Energy
	70 eV

	Scan Range
	m/z 45–600

	Scan Speed
	0.3 s/scan

	Detection Mode
	FASST Mode (SCAN+MRM)

	Data Acquisition Software
	GCMS solution 4.53SP1 (Shimadzu)





Table S2. Fitting results for the various release kinetics models
	Model
	pH
	Kinetic equation
	R2

	Zero-order
	4.5
	y = 0.6993 x + 22.4556
	0.62

	
	7.0
	y = 0.59867 x + 22.2892
	0.57

	
	9.2
	y = 0.5904 x + 14.4611
	0.67

	
	7.0 (with pectinase )
	y = 1.1544 x + 18.6552
	0.83

	First-order
	4.5
	y = 55.9752 (1 - e-0.186 x)
	0.98

	
	7.0
	y = 50.8099 (1 - e-0.2174 x)
	0.98

	
	9.2
	y = 43.9139 (1 - e-0.1330 x)
	0.97

	
	7.0 (with pectinase )
	y = 81.6719 (1 - e-0.0711 x)
	0.98

	Higuchi
	4.5
	y = 7.1042 x1/2 + 10.9064
	0.83

	
	7.0
	y = 6.1938 x1/2 + 12.0151
	0.79

	
	9.2
	y = 5.8682 x1/2 + 5.1585
	0.86

	
	7.0 (with pectinase )
	y = 10.9377 x1/2 + 2.2298
	0.97

	Ritger-Peppa
	4.5
	y = 18.9503 x0.2930
	0.91

	
	7.0
	y = 19.2401 x0.2653
	0.90

	
	9.2
	y = 11.6605 x0.3491
	0.90

	
	7.0 (with pectinase )
	y = 14.2773 x0.4363
	0.98

	Weibull
	4.5
	y = 100 (1-e-(0.016 x) ^0.40) 
	0.93

	
	7.0
	y = 100 (1-e-(0.01 x) ^0.36) 
	0.91

	
	9.2
	y = 100 (1-e-(0.01 x) ^0.43) 
	0.91

	
	7.0 (with pectinase )
	y = 100 (1-e-(0.046 x) ^0.70) 
	0.99



Table S3. Metabolite information and Log2FC value of each metabolite in rice leaves
	Compound Name
	RT (min)
	Compound CID
	Super class
	log2(fold change)

	
	
	
	
	Pro@CS/PQ
	Pro EC

	
	
	
	
	1×S
	1×F
	2×F
	4×F
	1×S
	1×F
	2×F
	4×F

	Pyruvic acid
	8.92 
	1060
	Organic acids and derivatives
	-0.7 
	-1.0 
	-0.9 
	-1.2 
	-1.1 
	-1.6 
	-1.1 
	-0.7 

	Glycolic acid
	9.79 
	757
	Organic acids and derivatives
	0.7 
	0.6 
	1.1 
	1.5 
	1.5 
	1.1 
	2.1 
	1.9 

	Hydroxylamine
	11.60 
	787
	Homogeneous non-metal compounds
	1.4 
	1.5 
	1.5 
	1.9 
	1.8 
	2.1 
	2.5 
	1.9 

	Acetoacetic acid
	11.84 
	96
	Organic acids and derivatives
	1.0 
	1.0 
	1.3 
	2.0 
	2.0 
	1.8 
	2.3 
	1.7 

	Hydroxypropionic acid
	12.23 
	68152
	Organic acids and derivatives
	0.5 
	0.4 
	0.9 
	1.1 
	1.0 
	0.7 
	1.6 
	1.6 

	3-Hydroxybutyric acid
	12.82 
	441
	Organic acids and derivatives
	0.3 
	0.5 
	1.2 
	1.3 
	1.1 
	1.0 
	1.6 
	1.9 

	(S)-3-Hydroxyisobutyric acid
	12.89 
	440873
	Organic acids and derivatives
	0.6 
	0.5 
	0.9 
	1.0 
	1.1 
	1.0 
	1.6 
	1.7 

	L-Valine
	14.94 
	6287
	Organic acids and derivatives
	1.0 
	1.2 
	2.4 
	2.0 
	1.8 
	1.7 
	2.4 
	3.0 

	Urea
	15.54 
	1176
	Organic acids and derivatives
	1.9 
	1.7 
	3.0 
	3.5 
	3.8 
	3.6 
	4.1 
	3.6 

	Leucine
	16.94 
	6106
	Organic acids and derivatives
	1.4 
	1.7 
	3.5 
	3.3 
	3.1 
	2.6 
	3.2 
	3.7 

	Nicotinic acid
	17.71 
	938
	Organoheterocyclic compounds
	0.5 
	0.2 
	0.5 
	0.9 
	0.6 
	0.2 
	1.0 
	1.1 

	Isoleucine
	17.74 
	6306
	Organic acids and derivatives
	1.0 
	1.1 
	3.0 
	3.1 
	2.4 
	2.2 
	3.0 
	3.7 

	Proline
	17.95 
	145742
	Organic acids and derivatives
	1.1 
	2.2 
	4.0 
	4.9 
	4.4 
	3.8 
	5.0 
	5.5 

	Methylsuccinic acid
	18.66 
	6950476
	Lipids and lipid-like molecules
	0.6 
	0.8 
	0.8 
	1.0 
	1.0 
	1.2 
	1.3 
	1.5 

	Glyceric acid
	19.06 
	439194
	Organic oxygen compounds
	-0.8 
	-1.0 
	-1.2 
	-1.2 
	-0.6 
	-1.2 
	-0.1 
	-0.7 

	Fumaric acid
	19.27 
	444972
	Organic acids and derivatives
	0.0 
	-0.1 
	0.2 
	0.5 
	0.6 
	0.0 
	1.3 
	1.2 

	Uracil
	19.30 
	1174
	Organoheterocyclic compounds
	0.9 
	0.8 
	4.8 
	6.7 
	7.1
	6.5 
	8.0 
	8.5 

	Serine
	20.01 
	5951
	Organic acids and derivatives
	1.7 
	1.5 
	2.7 
	2.9 
	2.7 
	2.4 
	3.2 
	3.9 

	L-Threonine
	20.99 
	6288
	Organic acids and derivatives
	0.9 
	0.6 
	1.9 
	2.2 
	1.4 
	1.4 
	2.3 
	3.0 

	Glutaric acid
	21.22 
	743
	Organic acids and derivatives
	0.7 
	0.6 
	0.8 
	1.5 
	1.7 
	1.3 
	2.5 
	2.3 

	Thymine
	21.42 
	1135
	Organoheterocyclic compounds
	0.6 
	0.5 
	0.8 
	1.2 
	5.5 
	5.6 
	7.4 
	7.8 

	beta-Alanine
	22.29 
	239
	Organic acids and derivatives
	0.9 
	0.7 
	1.0 
	1.1 
	0.7 
	0.9 
	2.6 
	3.0 

	L-Erythrulose
	23.68 
	5460032
	Organic oxygen compounds
	-1.5 
	-0.6 
	-1.2 
	-2.0 
	-2.5 
	-1.7 
	-0.8 
	-1.9 

	Citramalic acid
	23.87 
	1081
	Lipids and lipid-like molecules
	0.6 
	0.6 
	0.4 
	1.1 
	1.2 
	1.1 
	1.7 
	1.5 

	Adipic acid
	24.57 
	196
	Lipids and lipid-like molecules
	0.9 
	0.9 
	1.3 
	1.5 
	1.9 
	1.2 
	2.0 
	1.9 

	N-Acetylserine
	24.76 
	65249
	Organic acids and derivatives
	-0.2 
	-0.5 
	-1.4 
	0.2 
	0.5 
	0.3 
	1.5 
	1.9 

	L-Aspartic acid
	25.25 
	5960
	Organic acids and derivatives
	0.8 
	1.4 
	1.8 
	1.9 
	2.3 
	2.2 
	2.4 
	2.5 

	Methionine
	25.28 
	6137
	Organic acids and derivatives
	0.9 
	0.8 
	7.3 
	7.6 
	5.3 
	7.8 
	9.2 
	10.3 

	Cytosine
	25.40 
	597
	Organoheterocyclic compounds
	1.8 
	0.1 
	2.0 
	2.7 
	3.1 
	0.7 
	1.9 
	2.0 

	Threonic acid
	26.63 
	5460407
	Organic acids and derivatives
	0.0 
	0.1 
	0.3 
	0.2 
	0.2 
	0.3 
	1.3 
	1.2 

	D-2-Hydroxyglutaric acid
	26.91 
	439391
	Organic acids and derivatives
	-0.2 
	-0.4 
	0.5 
	0.4 
	0.4 
	0.3 
	1.4 
	1.6 

	3-Hydroxymethylglutaric acid
	27.81 
	1662
	Lipids and lipid-like molecules
	0.4 
	0.2 
	0.4 
	0.4 
	0.3 
	0.3 
	1.6 
	1.3 

	Glutamic acid
	28.25 
	33032
	Organic acids and derivatives
	0.5 
	0.7 
	2.2 
	2.0 
	1.4 
	1.7 
	2.1 
	2.4 

	Triethanolamine
	28.40 
	7618
	Organic nitrogen compounds
	0.9 
	1.0 
	1.5 
	1.6 
	2.7 
	1.6 
	3.2 
	2.2 

	4-Hydroxybenzoic acid
	28.48 
	135
	Benzenoids
	0.0 
	0.2 
	0.7 
	1.1 
	1.3 
	0.8 
	2.4 
	2.3 

	Phenylalanine
	28.66 
	6140
	Organic acids and derivatives
	3.1 
	4.1 
	6.6 
	6.6 
	5.8 
	6.4 
	7.6 
	8.4 

	Tartaric acid
	29.01 
	444305
	Organic oxygen compounds
	1.3 
	1.3 
	1.6 
	2.2 
	2.0 
	1.7 
	3.3 
	3.1 

	L-Asparagine
	29.80 
	6267
	Organic acids and derivatives
	0.9 
	0.8 
	1.1 
	10.4 
	1.4 
	11.0 
	15.3 
	14.6 

	L-Arabinose
	29.83 
	439764
	Organic oxygen compounds
	-0.2 
	0.3 
	0.4 
	0.3 
	0.8 
	0.1 
	1.6 
	1.0 

	D-Ribose
	30.30 
	5779
	Organic oxygen compounds
	0.3 
	0.2 
	0.3 
	0.2 
	0.4 
	0.0 
	1.5 
	1.4 

	Ribonolactone
	30.32 
	111064
	Organic oxygen compounds
	-0.3 
	-0.3 
	-0.2 
	-0.4 
	0.0 
	-0.1 
	1.1 
	1.3 

	Suberic acid
	30.35 
	10457
	Lipids and lipid-like molecules
	0.9 
	6.1 
	6.0 
	7.9 
	1.4 
	5.7 
	10.7 
	11.0 

	Levoglucosan
	31.04 
	2724705
	Organoheterocyclic compounds
	0.6 
	0.5 
	1.1 
	1.3 
	1.7 
	1.0 
	1.8 
	1.3 

	Aminoadipic acid
	31.07 
	92136
	Organic acids and derivatives
	0.9 
	0.8 
	1.1 
	1.5 
	9.3 
	9.2 
	11.6 
	12.4 

	Aconitic acid
	31.85 
	309
	Organic acids and derivatives
	-1.4 
	-1.4 
	-0.5 
	-0.1 
	-0.8 
	-2.1 
	-1.6 
	-0.8 

	Putrescine
	31.98 
	1045
	Organic nitrogen compounds
	0.4 
	0.4 
	0.6 
	1.1 
	0.6 
	0.2 
	1.1 
	1.1 

	L-Fucose
	32.23 
	17106
	Organic oxygen compounds
	0.2 
	0.2 
	0.5 
	0.4 
	0.9 
	0.5 
	1.3 
	1.0 

	Vanillic acid
	32.43 
	8468
	Benzenoids
	0.6 
	0.9 
	0.9 
	1.1 
	1.0 
	0.9 
	1.6 
	1.3 

	Azelaic acid
	33.09 
	2266
	Lipids and lipid-like molecules
	0.4 
	0.8 
	1.1 
	1.9 
	2.1 
	1.6 
	3.6 
	4.0 

	Shikimic acid
	33.62 
	8742
	Organic oxygen compounds
	0.4 
	-0.5 
	-1.9 
	-2.0 
	-0.8 
	-1.1 
	-0.3 
	-1.0 

	3-Phosphoglyceric acid
	33.78 
	724
	Organic oxygen compounds
	0.9 
	0.1 
	0.5 
	0.9 
	1.6 
	1.6 
	1.8 
	0.0 

	Ornithine
	34.07 
	6262
	Organic acids and derivatives
	0.0 
	0.1 
	1.1 
	1.4 
	1.7 
	1.3 
	1.8 
	2.0 

	D-Tagatose
	35.20 
	14408225
	Organic oxygen compounds
	0.9 
	0.8 
	1.1 
	1.5 
	1.4 
	1.0 
	12.5 
	11.8 

	Sebacic acid
	35.65 
	5192
	Lipids and lipid-like molecules
	3.8 
	4.1 
	4.5 
	5.0 
	5.7 
	5.4 
	6.2 
	6.6 

	D-Fructose
	35.86 
	439709
	Organic oxygen compounds
	-0.8 
	-0.8 
	-0.7 
	-0.7 
	-0.7 
	-1.8 
	-0.7 
	-1.0 

	L-Sorbose
	35.96 
	441484
	Organic oxygen compounds
	-0.7 
	-0.6 
	-0.6 
	-0.7 
	-0.6 
	-1.7 
	-0.7 
	-1.0 

	Tyramine
	36.62 
	5610
	Benzenoids
	0.3 
	0.4 
	0.2 
	0.7 
	-0.2 
	0.7 
	0.9 
	1.5 

	Lysine
	36.74 
	5962
	Organic acids and derivatives
	0.9 
	8.3 
	12.6 
	12.5 
	12.2 
	12.4 
	13.2 
	14.0 

	L-Tyrosine
	37.22 
	6057
	Organic acids and derivatives
	0.9 
	9.9 
	13.7 
	13.3 
	12.5 
	13.3 
	14.3 
	15.5 

	D-Glucuronic acid
	37.60 
	444791
	Organic oxygen compounds
	0.2 
	0.3 
	0.4 
	0.2 
	1.0 
	0.7 
	1.7 
	1.2 

	Galacturonic acid
	37.77 
	84740
	Organic oxygen compounds
	0.6 
	0.1 
	0.4 
	0.6 
	0.9 
	0.7 
	1.7 
	1.3 

	Pantothenic acid
	38.61 
	6613
	Organic acids and derivatives
	0.3 
	0.4 
	1.0 
	1.1 
	0.4 
	1.1 
	1.6 
	1.3 

	Palmitoleic acid
	38.95 
	445638
	Lipids and lipid-like molecules
	1.1 
	1.0 
	1.6 
	1.8 
	3.1 
	2.3 
	3.6 
	3.1 

	Palmitic acid
	39.38 
	985
	Lipids and lipid-like molecules
	1.1 
	0.6 
	1.4 
	1.6 
	2.5 
	1.6 
	2.8 
	2.1 

	Glucaric acid
	39.70 
	33037
	Organic acids and derivatives
	0.5 
	0.5 
	0.6 
	0.8 
	0.6 
	0.8 
	1.1 
	0.6 

	N-Acetylmannosamine
	41.01 
	11096158
	Organic oxygen compounds
	0.1 
	0.0 
	-0.2 
	-0.8 
	0.4 
	-0.5 
	1.4 
	0.9 

	Heptadecanoic acid
	41.74 
	10465
	Lipids and lipid-like molecules
	1.0 
	0.9 
	1.4 
	1.6 
	1.6 
	1.0 
	1.8 
	1.9 

	Linoleic acid
	43.38 
	5280450
	Lipids and lipid-like molecules
	1.0 
	1.1 
	1.6 
	1.4 
	2.1 
	1.3 
	2.4 
	2.3 

	Oleic acid
	43.47 
	445639
	Lipids and lipid-like molecules
	1.3 
	1.1 
	1.8 
	1.6 
	2.6 
	1.7 
	3.1 
	2.6 

	Stearic acid
	43.96 
	5281
	Lipids and lipid-like molecules
	1.1 
	0.7 
	1.5 
	1.8 
	2.4 
	1.6 
	2.5 
	2.0 

	Tryptamine
	44.26 
	1150
	Organoheterocyclic compounds
	-9.7 
	-0.5 
	-9.5 
	-9.1 
	0.8 
	1.0 
	1.7 
	0.2 

	Thymidine
	47.87 
	5789
	Nucleosides, nucleotides, and analogues
	0.9 
	0.8 
	1.1 
	1.5 
	1.4 
	1.0 
	7.3 
	7.1 

	5-Methoxytryptamine
	48.63 
	1833
	Organoheterocyclic compounds
	0.9 
	7.4 
	8.7 
	8.6 
	7.2 
	8.8 
	11.6 
	11.2 

	Uridine
	48.99 
	6029
	Nucleosides, nucleotides, and analogues
	0.3 
	0.4 
	1.1 
	0.9 
	0.9 
	0.4 
	1.9 
	1.7 

	Docosahexaenoic acid
	50.83 
	445580
	Lipids and lipid-like molecules
	1.0 
	0.9 
	1.6 
	1.7 
	1.6 
	1.2 
	1.9 
	1.6 

	Adenosine
	52.62 
	60961
	Nucleosides, nucleotides, and analogues
	0.0 
	-0.1 
	1.1 
	0.8 
	0.8 
	0.1 
	0.2 
	0.6 

	Trehalose
	55.21 
	7427
	Organic oxygen compounds
	-0.2 
	2.0 
	-0.1 
	2.4 
	0.1 
	0.1 
	6.4 
	5.7 

	D-Maltose
	55.30 
	10991489
	Organic oxygen compounds
	-0.1 
	1.9 
	-0.1 
	2.3 
	-0.1 
	-0.1 
	6.3 
	5.6 





Table S4. Analysis of metabolic pathways
	Metabolic pathway
	Total
	Expected
	Hits
	p-values
	Impact
	Match compound

	Linoleic acid metabolism
	4
	0.14397
	1
	0.137 
	1
	L-Aspartate, L-Asparagine, 
L-Glutamate, Fumarate, Pyruvate

	Alanine, aspartate and glutamate metabolism
	22
	0.79181
	5
	0.001 
	0.45324
	L-Phenylalanine

	Phenylalanine metabolism
	12
	0.4319
	1
	0.357 
	0.42308
	L-Tyrosine, Tyramine

	Isoquinoline alkaloid biosynthesis
	6
	0.21595
	2
	0.017 
	0.41176
	Putrescine, L-Proline, L-Glutamate, 
Ornithine

	Arginine and proline metabolism
	28
	1.0078
	4
	0.016 
	0.38532
	3-Hydroxypropanoate, beta-Alanine,
L-Aspartate, Pantothenate, Uracil

	beta-Alanine metabolism
	18
	0.64785
	5
	0.000 
	0.3254
	L-Serine, D-Glycerate, L-Aspartate, Threonine, Pyruvate

	Glycine, serine and threonine metabolism
	33
	1.1877
	5
	0.005 
	0.32415
	L-Tyrosine, Tyramine, Pyruvate, Fumarate, Acetoacetate

	Tyrosine metabolism
	18
	0.64785
	5
	0.000 
	0.27568
	L-Glutamate, Urea, L-Aspartate, L-Ornithine, Fumarate

	Arginine biosynthesis
	18
	0.64785
	5
	0.000 
	0.25632
	Pantothenate, beta-Alanine, Pyruvate, L-Valine, Uracil

	Pantothenate and CoA biosynthesis
	25
	0.89979
	5
	0.002 
	0.25329
	Tryptamine

	Tryptophan metabolism
	23
	0.82781
	1
	0.573 
	0.18605
	(9Z)-Octadecenoic acid, Hexadecanoic acid

	Cutin, suberine and wax biosynthesis
	15
	0.53987
	2
	0.099 
	0.16667
	Pyruvate, Fumarate

	Pyruvate metabolism
	23
	0.82781
	2
	0.199 
	0.14854
	L-Methionine, L-Serine, 
L-Aspartate, Pyruvate

	Cysteine and methionine metabolism
	47
	1.6916
	4
	0.085 
	0.13978
	D-Fructose, Trehalose, Maltose

	Starch and sucrose metabolism
	22
	0.79181
	3
	0.042 
	0.12545
	Pyruvate

	Glycolysis / Gluconeogenesis
	26
	0.93578
	1
	0.618 
	0.11665
	D-Glycerate, L-Serine, L-Glutamate

	Glyoxylate and dicarboxylate metabolism
	29
	1.0438
	3
	0.083 
	0.11602
	L-Threonine, L-Leucine, Pyruvate, L-Isoleucine, L-Valine

	Valine, leucine and isoleucine biosynthesis
	22
	0.79181
	5
	0.001 
	0.10727
	L-Tyrosine, 
Shikimate, 
L-Phenylalanine

	Phenylalanine, tyrosine and tryptophan biosynthesis
	22
	0.79181
	3
	0.042 
	0.1016
	Uracil, Uridine, Thymidine, Thymine, beta-Alanine

	Pyrimidine metabolism
	40
	1.4397
	5
	0.013 
	0.10143
	3-Hydroxypropanoate

	Propanoate metabolism
	19
	0.68384
	1
	0.504 
	0.09653
	D-Glucuronate, D-Galacturonate

	Pentose and glucuronate interconversions
	17
	0.61186
	2
	0.123 
	0.09524
	D-Glucuronate, D-Glucarate

	Ascorbate and aldarate metabolism
	20
	0.71983
	2
	0.160 
	0.09184
	D-Fructose

	Fructose and mannose metabolism
	18
	0.64785
	1
	0.485 
	0.06695
	L-Glutamate, L-Ornithine, Putrescine

	Glutathione metabolism
	27
	0.97177
	3
	0.070 
	0.05622
	D-Glycerate

	Glycerolipid metabolism
	19
	0.68384
	1
	0.504 
	0.04
	L-Aspartate, 
Pyruvate

	Carbon fixation in photosynthetic organisms
	21
	0.75582
	2
	0.173 
	0.03627
	Pyruvate, Fumarate, 
(S)-3-Hydroxyisobutyrate

	Citrate cycle (TCA cycle)
	20
	0.71983
	2
	0.160 
	0.0295
	L-Valine, L-Isoleucine, L-Leucine, Acetoacetate

	Valine, leucine and isoleucine degradation
	37
	1.3317
	5
	0.009 
	0.02802
	Hexadecanoic acid, (9Z)-Hexadecenoic acid, Octadecanoic acid; (9Z)-Octadecenoic acid

	Fatty acid biosynthesis
	56
	2.0155
	4
	0.139 
	0.01123
	D-Glucuronate, 6-Deoxy-L-galactose, L-Arabinose, D-Fructose, D-Galacturonate

	Amino sugar and nucleotide sugar metabolism
	52
	1.8716
	5
	0.036 
	0.00927
	Adenosine, Urea

	Purine metabolism
	70
	2.5194
	2
	0.730 
	0.00823
	Hexadecanoic acid, Octadecanoic acid, (9Z)-Octadecenoic acid, Linoleate, (4Z,7Z,10Z,13Z,16Z,19Z)-Docosahexaenoic acid

	Biosynthesis of unsaturated fatty acids
	22
	0.79181
	5
	0.001 
	0
	L-Serine, Pyruvate, L-Lysine

	D-Amino acid metabolism
	7
	0.25194
	3
	0.001 
	0
	Glutamate, Pyruvate, Acetoacetate

	Butanoate metabolism
	17
	0.61186
	3
	0.021 
	0
	L-Aspartate, Pyruvate

	Monobactam biosynthesis
	8
	0.28793
	2
	0.031 
	0
	L-Aspartate, Lysine

	Lysine biosynthesis
	9
	0.32392
	2
	0.039 
	0
	Asparagine, L-Aspartate, L-Serine

	Cyanoamino acid metabolism
	22
	0.79181
	3
	0.042 
	0
	L-Valine, L-Leucine,  L-Isoleucine

	Glucosinolate biosynthesis
	22
	0.79181
	3
	0.042 
	0
	L-Aspartate, Nicotinate

	Nicotinate and nicotinamide metabolism
	13
	0.46789
	2
	0.077 
	0
	L-Lysine, L-2-Aminoadipate

	Lysine degradation
	20
	0.71983
	2
	0.160 
	0
	Pyruvate

	C5-Branched dibasic acid metabolism
	6
	0.21595
	1
	0.198 
	0
	L-Phenylalanine

	Tropane, piperidine and pyridine alkaloid biosynthesis
	9
	0.32392
	1
	0.282 
	0
	L-Glutamate

	Nitrogen metabolism
	11
	0.39591
	1
	0.333 
	0
	L-Tyrosine, L-Phenylalanine

	Phenylpropanoid biosynthesis
	33
	1.1877
	2
	0.335 
	0
	Hexadecanoic acid, omega-Hydroxy fatty acid

	Fatty acid degradation
	37
	1.3317
	2
	0.388 
	0
	L-Serine

	Sulfur metabolism
	15
	0.53987
	1
	0.425 
	0
	D-Ribose

	Pentose phosphate pathway
	19
	0.68384
	1
	0.504 
	0
	4-Hydroxybenzoate, L-Tyrosine

	Ubiquinone and other terpenoid-quinone biosynthesis
	47
	1.6916
	2
	0.512 
	0
	Pyruvate

	Thiamine metabolism
	22
	0.79181
	1
	0.556 
	0
	L-Methionine

	Biosynthesis of various plant secondary metabolites
	22
	0.79181
	1
	0.556 
	0
	Hexadecanoic acid

	Fatty acid elongation
	23
	0.82781
	1
	0.573 
	0
	Pyruvate

	Lipoic acid metabolism
	24
	0.8638
	1
	0.588 
	0
	D-Fructose

	Galactose metabolism
	27
	0.97177
	1
	0.632 
	0
	L-Serine

	Sphingolipid metabolism
	27
	0.97177
	1
	0.632 
	0
	D-Glucuronate

	Inositol phosphate metabolism
	28
	1.0078
	1
	0.645 
	0
	Pyruvate

	Terpenoid backbone biosynthesis
	29
	1.0438
	1
	0.658 
	0
	L-Serine

	Glycerophospholipid metabolism
	38
	1.3677
	1
	0.756 
	0
	Glutamate

	Porphyrin metabolism
	47
	1.6916
	1
	0.827 
	0
	L-Aspartate, L-Asparagine, L-Glutamate, Fumarate, Pyruvate

	Linoleic acid metabolism
	4
	0.14397
	1
	0.137 
	1
	L-Phenylalanine
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