Mixed Volvariella volvacea and Lentinus edodes extracts improve umami, aroma balance, and antioxidant capacity of soy sauce as a gastronomic condiment
Materials and methods
Materials and reagents
Dried samples of L. edodes and V. volvacea were purchased from local supermarkets in Qingyuan County (Zhejiang, China). Raw soy sauce was supplied by Yangzhou Sanhe Simei Pickles Co., Ltd. (Jiangsu, China).
All reagents used in this study were of analytical grade. Potassium chloride, tartaric acid, ethanol, potassium hydroxide, hydrochloric acid, anhydrous glucose, phenol, sulfuric acid, and sodium hydroxide were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Folin-Ciocalteu reagent was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Gallic acid, anhydrous sodium carbonate, and ascorbic acid were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). DPPH reagent was purchased from Solarbio Science and Technology Co., Ltd. (Beijing, China).
Preparation and screening of mushroom extracts
Cleaned and dried samples of L. edodes and V. volvacea were ground into powder before extraction. Extracts were prepared by combined hot-water and ultrasound-assisted extraction. Single-factor experiments examined solid-to-liquid ratios of 1:10, 1:20, 1:30, and 1:50 (w/w); extraction temperatures of 40, 60, and 80 °C; and ultrasonication times of 30, 60, and 90 min. After extraction, the mixtures were centrifuged at 4000 × g for 10 min to remove insoluble material.
Determination of total saccharides, phenolics, and antioxidant activity
TSC, TPC, and DPPH radical scavenging activity were used to select suitable extraction conditions.
TSC was measured by the phenol-sulfuric acid colorimetric method according to Chinese national standard GB/T 15672-2009. Samples were hydrolyzed with hydrochloric acid, neutralized, and reacted with phenol and concentrated sulfuric acid at 85 °C. Absorbance was measured at 486 nm using a V3000 UV-visible spectrophotometer (Mapada Instruments, Shanghai, China). Anhydrous glucose was used as the standard. Results were calculated relative to mushroom dry weight and expressed as mg/g dry weight (mg/g DW).
TPC was measured using a modified Folin-Ciocalteu method based on GB/T 31740.3-2015. Diluted sample (50 μL) was mixed with 50 μL of 50% Folin-Ciocalteu working solution. After 5 min at 25 °C, 50 μL of sodium carbonate solution (100 g/L) was added, and the total volume was adjusted to 250 μL with distilled water. The mixture was kept in the dark at 25 °C for 60 min, and absorbance was measured at 765 nm. TPC was calculated from a gallic acid standard curve and expressed as mg gallic acid equivalents per gram dry weight (mg GAE/g DW).
DPPH radical-scavenging activity was determined as follows: 50 μL of diluted extract was mixed with 100 μL of DPPH ethanol solution (0.1 mmol/L), kept in the dark at 25 °C for 30 min, and measured at 517 nm. Ethanol replacing the extract served as the reagent blank, whereas extract mixed with ethanol without DPPH served as the sample background. Radical-scavenging activity was expressed as a percentage, and vitamin C equivalent antioxidant capacity was expressed as mg vitamin C equivalents per gram dry weight (mg VCE/g DW).
Preparation of mushroom-enriched soy sauce
Extracts prepared under the selected conditions were concentrated under reduced pressure to 5% of their original volume. The concentrated V. volvacea extract was defined as V, and the concentrated L. edodes extract was defined as L. These two concentrates were used as flavoring stocks for preparing mushroom-flavored soy sauce.
Commercial soy sauce was used as the base matrix. The control (C) contained no mushroom concentrate. For mushroom-enriched samples, V and L were mixed at volume ratios of 1:3, 2:2, and 3:1, and each blend was added to soy sauce at a total level of 2% (v/v). The samples were designated M1, M2, and M3, respectively. For example, 100 mL of M1 contained 98 mL of soy sauce, 0.5 mL of V, and 1.5 mL of L. All samples were mixed and stored at 4 °C for 24 h before analysis.
Flavor analysis
Aroma profiles were analyzed using a PEN3 electronic nose system (Airsense Analytics, Schwerin, Germany). Briefly, 2.00 mL of 5-fold diluted soy sauce was sealed in a 10 mL vial and equilibrated at 60 °C for 15 min. Clean air was served as the carrier gas at 150 mL/min. The headspace generation temperature was 70 °C, and the injection volume was 500 μL. Data were recorded for 120 s, followed by a 100 s sensor purge. Each sample was analyzed five times. Stable signals from the final three replicates were used for analysis.
Taste attributes were measured using an SA402B electronic tongue system (INSENT, Atsugi, Japan). Soy sauce samples were diluted 200-fold with deionized water. An 80 mL aliquot of each diluted sample was equilibrated at 25 °C before analysis. After sensor activation and calibration, taste responses were recorded for 120 s at a 1.0 s sampling interval. A 120 s cleaning cycle was applied between measurements. 
Sensory evaluation
Sensory evaluation was conducted by 34 trained assessors (18 women and 16 men, 19-40 years old). All assessors were informed about the procedure, participated voluntarily, and provided informed consent. No personal identifying information was collected.
The four samples were served in white plastic cups. For taste evaluation, fresh cucumber slices were dipped into each soy sauce sample. Assessors scored umami, saltiness, sourness, bitterness, astringency, sweetness, soy sauce-like aroma, mushroom-like aroma, and off-flavor on a three-point scale: 0, not perceived; 1, slightly perceived; and 2, strongly perceived. The cumulative score for each attribute was the sum of the 34 assessor scores and therefore ranged from 0 to 68.
Statistical analysis
Chemical and instrumental measurements were performed at least in triplicate, and results are reported as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) followed by Duncan’s multiple range test was used to compare treatment groups, with significance set at p < 0.05. Electronic-nose and electronic-tongue variables were standardized as z-scores before PCA. For sensory association analysis, the three technical measurements were first averaged within each formulation (C, M1, M2, and M3) to match the formulation-level sensory data. Figures were prepared using Origin 2024 (OriginLab, Northampton, MA, USA) and Python 3.12 (Python Software Foundation, Beaverton, Oregon, USA).
Centered linear kernel alignment (CKA) was then calculated for the electronic-nose block (10 sensors), electronic-tongue block (8 sensors), and combined instrumental block (18 variables) against sensory umami, soy sauce-like aroma, and their joint two-variable profile. CKA was defined as the normalized Frobenius inner product of the centered linear Gram matrices. One-sided exact p values were obtained by enumerating all 4! = 24 permutations of the sensory labels.
