Supplementary Tables
Supplementary Table S1 Raw-material and controlled fermentation design parameters
	Category
	Parameter
	Specification reported or used

	Dried citrus peel
	Botanical identity and source
	Chenpi; Citrus reticulata Blanco cv. Chachiensis; three-year aged; Xinhui district, Jiangmen, Guangdong, China; certified local Chenpi supplier.

	Dried citrus peel
	Pre-treatment and storage
	Stored in sealed containers at room temperature; visible foreign material removed; ground with a stainless-steel grinder and passed through a 40-mesh sieve.

	Gochujang matrix
	Commercial source and role
	Haechandle brand, CJ CheilJedang, Republic of Korea; same retail lot; used as a high-salt chili-cereal-soybean fermented sauce matrix.

	Gochujang matrix
	Matrix control
	Sterilized before inoculation to minimize interference from uncontrolled indigenous microorganisms.

	Starter strain
	Identity
	Lactiplantibacillus plantarum ATCC 14917.

	Starter strain
	Preservation and activation
	Preserved at -80 degrees C in MRS broth containing 20% glycerol; activated twice in MRS broth at 37 degrees C for 18 h under anaerobic conditions.

	Experimental groups
	Group definitions
	LT F: inoculated, 10 degrees C; RT F: inoculated, 25 degrees C; LT S: sterile control, 10 degrees C; RT S: sterile control, 25 degrees C; B0: unfermented baseline.

	Replication and inventory
	Biological replication
	Four independent biological batches per group; 68 biological samples in the final dataset.


LT F, low-temperature fermentation; RT F, room-temperature fermentation; LT S, low-temperature sterile control; RT S, room-temperature sterile control; B0, unfermented baseline; MRS, de Man, Rogosa and Sharpe medium.


Supplementary Table S2 Fermentation, sampling and monitoring procedure parameters
	Procedure step
	Parameter
	Setting or condition

	Batch preparation
	Matrix amount per biological batch
	100 g sterilized citrus peel-gochujang matrix.

	Inoculation
	Starter addition
	1.0% (w/w) starter suspension adjusted to approximately 2.5 x 10^8 CFU/mL, giving an initial level of approximately 2.5 x 10^6 CFU/g wet matrix.

	Sterile controls
	Control addition
	Same proportion of sterile saline.

	Fermentation temperature
	Low-temperature condition
	10 degrees C.

	Fermentation temperature
	Room-temperature condition
	25 degrees C.

	Sampling schedule
	Time-course groups
	0, 24, 72 and 168 h for LT F, RT F, LT S and RT S; B0 contained four baseline biological replicates.

	pH measurement
	Sample preparation and instrument
	5.0 g sample homogenized with 45 mL deionized water; Mettler Toledo SevenCompact S220 pH meter.

	Total acidity
	Titration condition and unit
	0.1 mol/L NaOH titration to pH 8.2; expressed as g lactic acid per 100 g.

	Reducing sugar
	Assay and unit
	DNS colorimetric method at 540 nm using a Shimadzu UV-2600 spectrophotometer; expressed as g per 100 g.

	Salt content
	Assay and unit
	Mohr titration method; expressed as percentage (w/w).

	Viable counts
	Dilution and plating
	5.0 g wet matrix in 45 mL sterile 0.85% saline for the 10^-1 homogenate; ten-fold serial dilution; 100 uL plated on MRS agar.

	Viable counts
	Incubation and reporting
	37 degrees C for 48 h under anaerobic conditions; counts calculated as log CFU/g wet matrix using sample mass, dilution factor and plated volume.


These parameters correspond to the controlled fermentation and monitoring workflow used to generate the physicochemical and microbial time-course data.



Supplementary Table S3 Targeted LC-MS calibration and quality-control validation data
	Compound
	Identification level
	Slope
	Intercept
	r2
	LOD (ug/g)
	LOQ (ug/g)
	Mean recovery (%)

	hesperidin
	Level 1
	200
	2536.69
	0.9944
	0.038
	0.120
	94.3

	hesperetin-7-O-glucoside
	Level 2
	476.605
	2399.69
	0.9974
	0.050
	0.129
	97.4

	hesperetin
	Level 1
	786.206
	2989.82
	0.9962
	0.030
	0.115
	95.8

	naringin
	Level 1
	902.029
	1923.13
	0.9948
	0.037
	0.107
	100.2

	naringenin
	Level 1
	1172.231
	3719.27
	0.9994
	0.050
	0.103
	95.8

	nobiletin
	Level 1
	200
	1654.65
	0.9928
	0.019
	0.104
	98.6

	tangeretin
	Level 1
	200
	2064.02
	0.9998
	0.049
	0.145
	90.8

	demethyl nobiletin isomer
	Level 2 tentative
	1901.212
	1511.12
	0.9962
	0.020
	0.090
	69.2

	ferulic acid
	Level 1
	200
	2226.24
	0.9963
	0.044
	0.161
	101.1

	caffeic acid
	Level 2
	1469.78
	1893.50
	0.9952
	0.010
	0.188
	91.2


LOD, limit of detection; LOQ, limit of quantification. Hesperetin-7-O-glucoside and demethyl-nobiletin isomer were surrogate-calibrated semi-quantitative endpoints as described in the Methods.


Supplementary Table S4 Untargeted metabolomics model validation and QC summary
	Model or diagnostic
	PC1 (%)
	PC2 (%)
	QC RSD median (%)
	R2X
	R2Y
	Q2
	Permutation n
	Q2 intercept
	Note

	PCA all samples
	7.92
	5.59
	8.7
	
	
	
	
	
	QC clustered tightly; LT fermentation partly overlaps sterile controls

	OPLSDA fermented vs sterile 168h
	
	
	
	0.51
	0.91
	0.63
	200
	-0.18
	

	OPLSDA LT F vs RT F 168h
	
	
	
	0.44
	0.84
	0.48
	200
	-0.11
	


OPLS-DA models were evaluated using 200-response permutation testing where applicable.


Supplementary Table S5 Statistical assumption-screening diagnostics
	Analysis family
	Endpoint
	n
	Groups
	Shapiro residual p
	Bartlett p

	fermentation timecourse
	pH | 0
	60
	5
	0.5711
	0.7354

	fermentation timecourse
	reducing sugar | 0
	60
	5
	0.7610
	0.0331

	fermentation timecourse
	salt | 0
	60
	5
	0.6638
	0.4220

	fermentation timecourse
	total acidity | 0
	60
	5
	0.2514
	0.6800

	fermentation timecourse
	viable count plate | 0
	15
	2
	0.9272
	0.2582

	fermentation timecourse
	pH | 24
	48
	4
	0.6044
	0.0249

	fermentation timecourse
	reducing sugar | 24
	48
	4
	0.8001
	0.8834

	fermentation timecourse
	salt | 24
	48
	4
	0.6337
	0.3997

	fermentation timecourse
	total acidity | 24
	48
	4
	0.1421
	0.1790

	fermentation timecourse
	viable count plate | 24
	15
	2
	0.5048
	0.1984

	fermentation timecourse
	pH | 72
	48
	4
	0.2213
	0.9144

	fermentation timecourse
	reducing sugar | 72
	48
	4
	0.8589
	0.0952

	fermentation timecourse
	salt | 72
	48
	4
	0.3472
	0.2042

	fermentation timecourse
	total acidity | 72
	48
	4
	0.2097
	0.5027

	fermentation timecourse
	viable count plate | 72
	16
	2
	0.7812
	0.0189

	fermentation timecourse
	pH | 168
	48
	4
	0.9904
	0.8370

	fermentation timecourse
	reducing sugar | 168
	48
	4
	0.4603
	0.5670

	fermentation timecourse
	salt | 168
	48
	4
	0.9647
	0.1263

	fermentation timecourse
	total acidity | 168
	48
	4
	0.1246
	0.8669

	fermentation timecourse
	viable count plate | 168
	16
	2
	0.8852
	0.0984

	targeted endpoint
	caffeic acid
	20
	5
	0.9942
	0.0731

	targeted endpoint
	demethyl nobiletin isomer
	16
	5
	0.8377
	nan

	targeted endpoint
	ferulic acid
	20
	5
	0.6601
	0.8173

	targeted endpoint
	hesperetin
	20
	5
	0.5126
	0.9974

	targeted endpoint
	hesperetin-7-O-glucoside
	20
	5
	0.9438
	0.5262

	targeted endpoint
	hesperidin
	20
	5
	0.3536
	0.2444

	targeted endpoint
	naringenin
	20
	5
	0.5651
	0.7556

	targeted endpoint
	naringin
	20
	5
	0.3196
	0.3941

	targeted endpoint
	nobiletin
	20
	5
	0.4105
	0.6333

	targeted endpoint
	tangeretin
	20
	5
	0.9087
	0.5172

	bioaccessibility
	hesperetin
	20
	5
	0.8862
	0.8551

	bioaccessibility
	hesperidin
	20
	5
	0.4564
	0.3145

	bioaccessibility
	naringenin
	20
	5
	0.8478
	0.7202

	bioaccessibility
	naringin
	20
	5
	0.3610
	0.9939

	scfa
	acetate
	20
	5
	0.7331
	0.8362

	scfa
	butyrate
	19
	5
	0.6318
	0.9707

	scfa
	propionate
	20
	5
	0.8519
	0.5463


Shapiro-Wilk tests screened model residual normality, and Bartlett tests screened homogeneity of variance. Because several endpoints had n = 4 per group, these diagnostics were used as screening checks rather than definitive exclusion criteria.

Supplementary Table S6 Blank-control verification for LC-MS, digestion and SCFA assays
	Assay
	Blank group
	Analyte
	n
	Mean +/- SD
	Unit
	Max % of lowest sample
	Interpretation

	LC-MS
	Digestion reagent blank
	caffeic acid
	3
	0.0366 +/- 0.0056 ug/g-equivalent
	ug/g-equivalent
	0.51
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	demethyl nobiletin isomer
	3
	0.0726 +/- 0.007 ug/g-equivalent
	ug/g-equivalent
	2.33
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	ferulic acid
	3
	0.0333 +/- 0.0058 ug/g-equivalent
	ug/g-equivalent
	0.26
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	hesperetin
	3
	0.0115 +/- 0.0026 ug/g-equivalent
	ug/g-equivalent
	0.04
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	hesperetin-7-O-glucoside
	3
	0.0235 +/- 0.0041 ug/g-equivalent
	ug/g-equivalent
	0.03
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	hesperidin
	3
	0.0185 +/- 0.0037 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	naringenin
	3
	0.0111 +/- 0.0032 ug/g-equivalent
	ug/g-equivalent
	0.07
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	naringin
	3
	0.0179 +/- 0.0035 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	nobiletin
	3
	0.0088 +/- 0.0004 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	LC-MS
	Digestion reagent blank
	tangeretin
	3
	0.0061 +/- 0.0028 ug/g-equivalent
	ug/g-equivalent
	0.02
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	caffeic acid
	3
	0.0281 +/- 0.0022 ug/g-equivalent
	ug/g-equivalent
	0.38
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	demethyl nobiletin isomer
	3
	0.0624 +/- 0.0098 ug/g-equivalent
	ug/g-equivalent
	2.11
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	ferulic acid
	3
	0.0205 +/- 0.0058 ug/g-equivalent
	ug/g-equivalent
	0.17
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	hesperetin
	3
	0.0072 +/- 0.0019 ug/g-equivalent
	ug/g-equivalent
	0.02
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	hesperetin-7-O-glucoside
	3
	0.0208 +/- 0.0041 ug/g-equivalent
	ug/g-equivalent
	0.02
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	hesperidin
	3
	0.0102 +/- 0.0014 ug/g-equivalent
	ug/g-equivalent
	0.00
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	naringenin
	3
	0.0066 +/- 0.0017 ug/g-equivalent
	ug/g-equivalent
	0.04
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	naringin
	3
	0.012 +/- 0.0013 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	nobiletin
	3
	0.0055 +/- 0.0034 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS procedural blank
	tangeretin
	3
	0.006 +/- 0.0026 ug/g-equivalent
	ug/g-equivalent
	0.02
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	caffeic acid
	3
	0.0069 +/- 0.001 ug/g-equivalent
	ug/g-equivalent
	0.10
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	demethyl nobiletin isomer
	3
	0.0436 +/- 0.0056 ug/g-equivalent
	ug/g-equivalent
	1.47
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	ferulic acid
	3
	0.0057 +/- 0.0015 ug/g-equivalent
	ug/g-equivalent
	0.05
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	hesperetin
	3
	0.0041 +/- 0.0017 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	hesperetin-7-O-glucoside
	3
	0.0043 +/- 0.0008 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	hesperidin
	3
	0.0045 +/- 0.0009 ug/g-equivalent
	ug/g-equivalent
	0.00
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	naringenin
	3
	0.0045 +/- 0.001 ug/g-equivalent
	ug/g-equivalent
	0.03
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	naringin
	3
	0.0058 +/- 0.0009 ug/g-equivalent
	ug/g-equivalent
	0.00
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	nobiletin
	3
	0.0023 +/- 0.0016 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	LC-MS
	LC-MS solvent blank
	tangeretin
	3
	0.0016 +/- 0.0016 ug/g-equivalent
	ug/g-equivalent
	0.01
	below LOQ / negligible for main compounds

	SCFA GC-FID
	Fermentation medium blank
	acetate
	3
	0.0286 +/- 0.0044 mmol/L
	mmol/L
	0.32
	near-zero reagent/medium background

	SCFA GC-FID
	Fermentation medium blank
	butyrate
	3
	0.0086 +/- 0.0048 mmol/L
	mmol/L
	0.69
	near-zero reagent/medium background

	SCFA GC-FID
	Fermentation medium blank
	propionate
	3
	0.0166 +/- 0.0053 mmol/L
	mmol/L
	0.62
	near-zero reagent/medium background

	SCFA GC-FID
	GC-FID reagent blank
	acetate
	3
	0.0182 +/- 0.0056 mmol/L
	mmol/L
	0.21
	near-zero reagent/medium background

	SCFA GC-FID
	GC-FID reagent blank
	butyrate
	3
	0.0081 +/- 0.0021 mmol/L
	mmol/L
	0.52
	near-zero reagent/medium background

	SCFA GC-FID
	GC-FID reagent blank
	propionate
	3
	0.0081 +/- 0.0032 mmol/L
	mmol/L
	0.33
	near-zero reagent/medium background

	SCFA GC-FID
	Inoculum-only blank
	acetate
	3
	0.765 +/- 0.1459 mmol/L
	mmol/L
	8.58
	detectable inoculum background

	SCFA GC-FID
	Inoculum-only blank
	butyrate
	3
	0.0518 +/- 0.0071 mmol/L
	mmol/L
	2.92
	detectable inoculum background

	SCFA GC-FID
	Inoculum-only blank
	propionate
	3
	0.2158 +/- 0.0116 mmol/L
	mmol/L
	6.55
	detectable inoculum background

	SCFA GC-FID
	Matrix-free fermentation blank
	acetate
	3
	0.6965 +/- 0.0462 mmol/L
	mmol/L
	7.24
	detectable inoculum background

	SCFA GC-FID
	Matrix-free fermentation blank
	butyrate
	3
	0.0658 +/- 0.0089 mmol/L
	mmol/L
	3.79
	detectable inoculum background

	SCFA GC-FID
	Matrix-free fermentation blank
	propionate
	3
	0.2355 +/- 0.0284 mmol/L
	mmol/L
	7.61
	detectable inoculum background

	SCFA GC-FID
	Fermentation medium blank
	total SCFA
	3
	0.0538 +/- 0.0016 mmol/L
	mmol/L
	0.35
	total blank SCFA used for background context, not subtracted from main results

	SCFA GC-FID
	GC-FID reagent blank
	total SCFA
	3
	0.0344 +/- 0.0012 mmol/L
	mmol/L
	0.23
	total blank SCFA used for background context, not subtracted from main results

	SCFA GC-FID
	Inoculum-only blank
	total SCFA
	3
	1.033 +/- 0.1517 mmol/L
	mmol/L
	7.30
	total blank SCFA used for background context, not subtracted from main results

	SCFA GC-FID
	Matrix-free fermentation blank
	total SCFA
	3
	0.9977 +/- 0.0691 mmol/L
	mmol/L
	6.80
	total blank SCFA used for background context, not subtracted from main results


Blank-control verification was used for background context and was not used for paired subtraction of the original SCFA values.



Supplementary Table S7 Compound-category temperature response patterns
	Compound category
	Compound
	Evidence level
	LT F mean +/- SD
	RT F mean +/- SD
	Direction and magnitude (LT F vs RT F)
	Significance
	Category-level interpretation

	Flavanone glycosides
	Hesperidin
	Level 1 targeted
	521.008 +/- 52.397 ug/g
	386.702 +/- 34.571 ug/g
	LT F higher; +34.73%
	FDR p = 0.0197
	LT F favored retention of flavanone glycoside substrate.

	Flavanone glycosides
	Naringin
	Level 1 targeted
	243.197 +/- 19.808 ug/g
	208.931 +/- 14.625 ug/g
	LT F higher; +16.40%
	FDR p = 0.0633
	Direction suggested glycoside retention, but the LT F versus RT F contrast was not FDR-significant.

	Flavanone glycosides
	Hesperetin-7-O-glucoside
	Level 2 putative intermediate
	129.104 +/- 10.051 ug/g
	134.791 +/- 3.829 ug/g
	Small RT F increase; -4.22% for LT F vs RT F
	ANOVA FDR p = 0.0000399; LT F vs RT F FDR p = 0.459
	Overall group effect was significant, but the direct LT F versus RT F contrast was not significant.

	Flavanone aglycones
	Hesperetin
	Level 1 targeted
	55.838 +/- 3.838 ug/g
	82.795 +/- 3.616 ug/g
	RT F higher; -32.56% for LT F vs RT F
	FDR p = 0.000524
	RT F promoted flavanone aglycone accumulation.

	Flavanone aglycones
	Naringenin
	Level 1 targeted
	30.373 +/- 3.639 ug/g
	44.374 +/- 2.722 ug/g
	RT F higher; -31.55% for LT F vs RT F
	FDR p = 0.00419
	RT F promoted flavanone aglycone accumulation.

	Polymethoxyflavones
	Nobiletin
	Level 1 targeted
	66.205 +/- 5.584 ug/g
	62.665 +/- 4.696 ug/g
	Small LT F increase; +5.65%
	Not significant in reported endpoint contrast
	Parent PMFs were comparatively stable across fermentation temperatures.

	Polymethoxyflavones
	Tangeretin
	Level 1 targeted
	44.670 +/- 3.590 ug/g
	44.024 +/- 3.527 ug/g
	Small LT F increase; +1.47%
	Not significant in reported endpoint contrast
	Parent PMFs were comparatively stable across fermentation temperatures.

	Polymethoxyflavones
	Demethyl-nobiletin isomer
	Tentative PMF-related endpoint
	5.380 +/- 0.471 ug/g
	5.667 +/- 0.711 ug/g
	Small RT F increase; -5.06% for LT F vs RT F
	Tentative; semi-quantitative interpretation
	Demethylated PMF-related signals remained hypothesis-generating.

	Phenolic acids
	Ferulic acid
	Level 1 targeted
	19.846 +/- 1.363 ug/g
	25.641 +/- 1.215 ug/g
	RT F higher; -22.60% for LT F vs RT F
	FDR p = 0.00323
	Phenolic acid release was more evident under RT F, mainly for ferulic acid.

	Phenolic acids
	Caffeic acid
	Level 1 targeted
	10.490 +/- 0.595 ug/g
	10.634 +/- 2.171 ug/g
	Small RT F increase; -1.35% for LT F vs RT F
	Not significant in reported endpoint contrast
	Caffeic acid showed only minor endpoint variation.


[bookmark: _GoBack]Percent changes are LT F relative to RT F; negative values indicate lower endpoint means in LT F than in RT F. PMF, polymethoxyflavone; LT F, low-temperature fermentation; RT F, room-temperature fermentation.
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