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This study investigated the probiotic properties of Lactobacillus paracasei (LAB 
815) isolated from Gansu Jiangshui and Saccharomyces cerevisiae (SC 8(3)), along 
with their functional activities and fermentation performances in Sonchus olera-
ceus L. (S. oleraceus) Jiangshui. Both LAB (815) and SC 8(3) had good gastrointes-
tinal tolerance and auto-aggregation ability, and neither strain showed hemolytic 
activity. The functional activity assays showed that the fermented S. oleraceus 
Jiangshui (F2) produced through co-fermentation with LAB 815 and SC 8(3) 
exhibited superior biological activities, including α-glucosidase and α-amylase 
inhibitory effects, ACE inhibitory activity, strong antioxidant capacity, and sig-
nificant antimicrobial activity against pathogenic bacteria. The results of simu-
lated gastrointestinal fluid test showed that the inhibition rates of α-glucosidase, 
α-amylase and ACE decreased in all groups (F1, F2, F3 and F4), indicating a partial 
loss of these enzyme inhibitory activities after gastrointestinal transit. However, 
the F2 group maintained relatively higher activity compared to the other groups 
and maintained inhibition rates of approximately 50%. The fermentation perfor-
mance results showed that the F2 produced acid more rapidly and achieved a 
greater pH reduction compared to other groups (F1, F3, F4). Metabolite analysis 
showed that F2 resulted in a significant increase in the major metabolites such as 
amino acids (+339.954 mg/100 mL), alcohols (+29.118%), esters (+25.295%) and 
organic acids (+15.12%). The sensory evaluation results showed that the overall 
acceptability of the S. oleraceus Jiangshui was significantly improved. The pres-
ent findings could confirm the key role of co-fermentation of LAB 815 and SC 
8(3) in improving the taste quality and potential health functions of S. oleraceus 
Jiangshui.
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1 Introduction

Fermentation is a traditional and widely practical method for pre-
serving vegetables, with fermented vegetables being a common part 
of diets in many cultures around the world (Yongsawas et al., 2022; 
Galena et al., 2024). As people ‘s awareness of the health benefits of 
fermented vegetables continues to increase, the consumption of fer-
mented vegetables has also increased significantly in recent decades 
(Liang et al., 2022). Notably, several in vitro and in vivo studies have 
reported on the health-promoting properties of fermented vegetables, 
including antibacterial activity, modulation of intestinal microbiota, 
anti-cancer effects and anti-diabetic effects, as well as immune regula-
tion (Tan et al., 2024). These functions are believed to be mediated by 
bioactive metabolites and probiotic effects (Caffrey et al., 2024).

Lactic acid bacteria (LAB), widely present in fermented foods, are 
recognized as representative probiotics (Jin et al., 2024). A recent 
study demonstrates that LAB confer systemic health benefits, includ-
ing therapeutic effects against metabolic disorders such as diabetes 
and obesity, as well as diseases affecting the cardiovascular, respiratory, 
central nervous, and digestive systems (Chakravarty et al., 2025). 
Recent studies highlight the exceptional functional properties of 
Jiangshui-originated LAB strains. For example, Lactobacillus from 
Jiangshui sources has been reported to have excellent antioxidant 
activity (Hu et al., 2023). Consistently, Wu et al. (2021) found that 
fermented JL-3 from Jiangshui can reduce hyperuricemia. Moreover, 
Khan et al. (2023) found that the fermentation with LAB from 
Jiangshui has significantly improved the nutritional and bioactive sub-
stance composition of fermented foods. Jin et al. (2024) reported that 
LAB isolated from Jiangshui exhibit excellent gastrointestinal toler-
ance, strong antioxidant activity, and cholesterol-lowering effects. 
Additionally, these strains were also found to enhance both the func-
tional properties and sensory quality of pear juice through fermenta-
tion. Therefore, the development of Jiangshui-derived LAB as 
functional starter cultures holds great potential for applications in 
functional food production.

Jiangshui is a traditional fermented food in Northwest China 
(Gansu), typically made from a variety of vegetables such as celery, 
cabbage and wild vegetables (Li et al., 2017). LAB and yeast constitute 
the dominant probiotic microbiota involved in the traditional fermen-
tation process of Gansu Jiangshui (Chen et al., 2015). LAB enhance 
food safety by employing various antibacterial mechanisms including 
the production of organic acids (such as lactic acid and acetic acid) 
and bacteriocins (Zhang et al., 2020). At the same time, they can 
improve sensory characteristics, promote biotransformation and the 
production of volatile aromatic compounds, and endow fermented 
foods with unique flavor (Koyuncu and Cabaroglu, 2024). The unique 
flavor and functional components of fermented foods are typically the 
result of the metabolic activity and interactions of diverse microbial 
communities (Cheng et al., 2025). Jiangshui also offers a wide range of 
nutritional and physiological functions, including appetite stimula-
tion, enhanced digestion, reduced risk of heatstroke, cholesterol-low-
ering effects, and blood pressure regulation (Chen et al., 2015; Wu et 
al., 2021). Therefore, integrating health-promoting attributes into the 
development of fermented foods is both necessary and valuable for 
advancing their functional potential.

Sonchus oleraceus (Asteraceae) is a wild edible medicinal plant 
traditionally used in the treatment of various diseases (Vilela et al., 
2009). Its diverse pharmacological properties are attributed to its rich 
phytochemical composition, which includes flavonoids, flavanols, 

proanthocyanidins, total phenols, saponins, phytates and alkaloids 
(Jimoh et al., 2011). Recent studies have demonstrated that S. oleraceus 
possesses a wide range of bioactivities, including antioxidants and anti-
diabetes (Teugwa et al., 2013), as well as anti-inflammatory, anti-injury, 
anti-anxiety effects (Couto et al., 2011). It also exhibits cytotoxic, anti-
bacterial (Xia et al., 2011), and anti-ulcerative colitis activities 
(Alothman et al., 2018). However, its short shelf life limits its applica-
tion, as nutrient degradation can occur rapidly during storage. 
Nonetheless, the probiotic fermentation can prolong the shelf life of 
processed foods, improve the flavor of products, and increase biologi-
cal activity (Guo et al., 2023). Consequently, the development of 
S. oleraceus-based fermented Jiangshui presents a novel functional food 
development strategy leveraging microbial-metabolite interactions.

At present, there is a significant gap in research regarding the bio-
logical activity and functional characteristics of S. oleraceus fermenta-
tion. To address this, the present study aimed to: (i) evaluate the 
probiotic properties of the Jiangshui-derived Lactobacillus strain and 
assess the functional activity and sensory qualities of S. oleraceus 
Jiangshui fermented with a mixed bacterial culture; (ii) investigate the 
metabolic changes occurring during the fermentation process; and 
(iii) provide a theoretical basis for the development of novel functional 
fermented foods.

2 Materials and methods

2.1 Strains and reagents

In this study, two bacterial strains were selected as research sub-
jects. LAB 815 was isolated from Gansu Jiangshui and identified as 
Lactobacillus paracasei based on 16S rRNA gene sequence analysis 
(99.8% similarity to strain PV104176). The yeast SC 8(3) was isolated 
from active dry yeast (Angel Yeast Co., Ltd.) and selected as the 
aroma-producing strain through experimental screening. ITS 
sequence analysis showed 100% similarity to Saccharomyces cerevisiae 
strain KF633186, confirming it as Saccharomyces cerevisiae. 
Additionally, pathogenic strains including Staphylococcus aureus, 
Escherichia coli, and Klebsiella pneumoniae were obtained from the 
Fermentation Engineering Laboratory of Lanzhou Jiaotong University, 
Gansu Province.

Sonchus oleraceus was purchased from Lanzhou (Gansu, China). 
MRS liquid and agar medium and LB broth were purchased from 
Solarbio Co., Ltd. (Shanghai, China). Pepsin and trypsin were pur-
chased from Macklin Biochemical Technology Co., Ltd. (Shanghai, 
China). PNPG, α-glucosidase, α-amylase were purchased from 
Solarbio Co., Ltd. (Beijing, China). ACE kit was purchased from Zike 
Biotechnology Co., Ltd. (Shenzhen, China). Bile salts, DPPH and 
pyrogallol were purchased from Biosharp Life Sciences Biotechnology 
Co., Ltd. (Anhui, China). 3,5-dinitrosalicylic acid (DNS) was pur-
chased from Youpeng Chemical Co., Ltd. (Shanghai, China). 
Anthrone, xylene, salicylic acid and other reagents were purchased 
from Xinke Laboratory Equipment Co., Ltd. (Jinan, China).

2.2 Functional strains resistant to acid and 
bile salt

Acid resistance was determined according to the method of Liong 
and Shah (2005). LAB were cultured in 10 m L MRS medium at 37 °C 
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for 18 h, and yeasts were cultured in 10 mL YPD medium at 25 °C for 
96 h. Then, 1 mL of lactic acid bacteria suspension and 1 mL of yeasts 
were suspended in (pH 2) MRS broth and YPD medium, respectively, 
and incubated at 37 °C for 3 h. Then the number of living cells (N1) 
was measured, and the survival rate was determined by comparing N1 
with N0.

The bile salt tolerance test was performed according to the method 
of Trivedi et al. (2013). The overnight cultures of each strain were 
inoculated 10% (v/v) into MRS broth and YPD medium (containing 
0.3% bovine bile (w/v)) and incubated at 37 °C for 3 h. Calculate the 
survival percentage as shown in Equation 1:

	 ( ) = ×Survival rate % N1/ N0 100	 (1)

Where, N1 represents the number of viable cells after incubation; 
N0 represents the initial number of cells (logCFU/mL).

2.3 Hydrophobicity and auto-aggregation

The surface hydrophobicity of LAB was determined according to 
the method described by Sadishkumar and Jeevaratnam (2017). with 
slight modification. The LAB strains were cultured in MRS broth at 
37 °C for 18 h, while the yeast strains were grown in YPD broth at 
25 °C for 96 h. Following incubation, the cells were harvested by cen-
trifugation at 6000 × g for 15 min. Each strain was washed twice with 
sterile phosphate buffered saline (PBS, 0.1 M, pH 7.4) containing 
0.80% NaCl, 0.02% KCl, 0.02% KH2PO4 and 0.22% disodium hydro-
gen phosphate, and suspended in 0.1 M KNO3 to an optical density 
(OD600) of 0.5 ± 0.05 (At). A round 1.0 mL xylene was added to 3.0 mL 
bacterial suspension. The mixture was pre-incubated at 37 °C for 
10 min, vortexed for 2 min, and then incubated at 37 °C for an addi-
tional 20 min. The two phases (water and xylene) were separated. The 
aqueous phase was collected and its OD600 (A0) was determined. 
Hydrophobicity was calculated as shown in Equation 2:

	 ( ) ( )= − ×Hydrophobicity % 1 At / A0 100	 (2)

Where, At and A0 are the absorbance values of the suspension 
before and after the reaction.

Auto-aggregation determination was performed according to the 
method of Wang et al. (2021) and minor modifications were made. 
The bacterial cells were harvested at 4000 g for 10 min, washed twice 
with PBS, and the OD600 of the bacteria was adjusted to 0.5 ± 0.05 with 
sterile water, recorded as A0. Then they were incubated at 37 °C for 
3 h. The auto-aggregation ability of absorbance measured at OD600 
of the upper liquid is calculated as shown in Equation 3:

	 ( ) ( )− = − ×Auto aggregation % 1 At / A0 100	 (3)

Where, At represents the absorbance of 3 h; A0 represents the 
absorbance of 0 h.

2.4 Hemolytic activity

The hemolytic activity of LAB 815 and SC 8(3) was evaluated 
according to the method described by Pieniz et al. (2014) with slight 

modifications, using the spot inoculation method. Activated cultures of 
the strains were adjusted to an OD₆₀₀ of 0.5, and 10 μL of each suspen-
sion was spotted onto Columbia blood agar plates (5% sheep blood). 
The plates were incubated at 37 °C for 48 h. Staphylococcus aureus 
ATCC 6538 and Escherichia coli DH5α served as positive and negative 
controls, respectively. Hemolytic activity was classified as α-hemolysis 
(green zone), β-hemolysis (clear zone), or γ-hemolysis (no zone).

2.5 Preparation and fermentation of 
Sonchus oleraceus Jiangshui

Fresh S. oleraceus was selected to remove rotten leaves, old leaves, 
roots, etc. and wash them. A round 40 g was weighed, boiled in 
1000 mL boiling water for 1 min, and placed in a fermentation tank. 
3 g of flour (The flour was purchased from a local market in Lanzhou 
City, China.) and 3 g of sucrose were added to 300 mL boiling water. 
The process was continuously stirred to form a noodle soup. Cooled to 
30 °C and placed in a jar, The inoculation ratio (high hypoglycemic 
LAB: aroma-producing yeast = 1:1) was inoculated into 300 mL noodle 
soup with 14% (v/v) inoculation amount, and fermented at 30 °C for 
3 days. All fermentation parameters were determined based on previ-
ous optimization experiments. To evaluate the effect of different micro-
bial combinations on the fermentation performance, four experimental 
groups (F1–F4) were designed as shown in Table 1. After fermentation, 
the samples were centrifuged at 10,000 × g for 15 min at 4 °C to remove 
microbial cells and insoluble particles. The resulting supernatants were 
collected and immediately used for subsequent analysis.

2.6 In vitro enzyme inhibitory activity of 
Sonchus oleraceus Jiangshui

	(1)	Inhibition rate of α-glucosidase

Refer to the method of Dou et al. (2019) with modifications 1 mL 
of phosphate buffer (pH = 7.0), 0.2 mL of α-glucosidase solution, 
0.4 mL of Jiangshui fermentation broth were added to the test tube and 
shaken, 37 °C water bath for 10 min, 0.5 mL of 10 g/L PNPG solution 
was added to shake, then 37 °C water bath for 10 min, and finally 
8 mL of 0.1 mol/L Na2CO3 solution was added. The absorbance value 
was measured at 405 nm, The α-glucosidase inhibition rate was calcu-
lated as shown in Equation 4:

	 ( ) ( )α − = − ×glucosidase inhibition rate % A1 A2 / A3 100
	 (4)

Where, A1 is the absorbance value of adding α-glucosidase solu-
tion, fermented Jiangshui and substrate PNPG, A2 is the absorbance 

TABLE 1  Experimental design and microbial composition of fermentation groups (F1–F4).

Group Microbial composition Purpose

F1 LAB 815 Single-strain fermentation

F2 LAB 815 + SC 8(3) Co-fermentation

F3 Jiangshui Yinzi (traditional starter) Traditional fermentation 

control

F4 Natural fermentation (Sterile water) Blank control
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value of adding α-glucosidase solution and fermented Jiangshui, A3 is 
the absorbance value of adding α-glucosidase solution and PNPG.

	(2)	Inhibition rate of α-amylase

Refer to the method of Won et al. (2021), 200 μL fermentation 
supernatant was mixed with 200 μL 10 g/L soluble starch solution and 
incubated at 37 ° C for 10 min, then 200 μL α-amylase working solu-
tion was added and incubated for 10 min. Subsequently, 400 μL DNS 
was added, boiled water bath for 5 min, and 4 mL deionized water was 
added after cooling. After mixing, the OD value at 540 nm was mea-
sured in the microplate reader, and the inhibition rate was calculated 
as shown in Equation 5:

	
( ) ( )

( )α
 − −

− = × − 

1 A3 A4 /
amylase inhibition rate % 100

A2 A1
	 (5)

Where, A1 is the absorbance of the sample without the sample 
containing the enzyme; A2 is the absorbance without enzyme and 
sample; A3 is the absorbance containing the enzyme and the sample; 
A4 is the absorbance of the sample without enzyme.

	(3)	Determination of glucose dialysis retardation index (GDRI)

1 mL sample was added to 10 mL 0.1 mol/L glucose solution, and 
the sample was continuously shaken at 37 °C for 1 h, then transferred to 
a dialysis bag with a molecular weight cut-off of 7,000. At the same time, 
blank control sample (with glucose, without sample) and sample control 
sample (with sample, without glucose) were prepared. The dialysis bag 
was placed in a 500 mL beaker, oscillated at 37 °C for 60 min, and 2 mL 
of glucose dialysate was taken every 30 min. The mass concentration of 
glucose was determined, and the glucose dialysis delay index (GDRI) 
was calculated as shown in Equation 6 and Zheng et al. (2021):

	 ( ) ( ) = − − × GDRI % 1 A1 A2 / A3 100 	 (6)

Where, A1 is the glucose concentration of the sample solution; A2 
is used as the glucose concentration of the sample control; A3 is the 
glucose concentration of the blank control. The unit is μg/mL.

2.7 ACE inhibitory activity of Sonchus 
oleraceus Jiangshui in vitro

The activity of ACE was detected by ACE kit. The indicator 
working solution was prepared according to Table 2, and the indica-
tor working solution was added and fully mixed. The absorbance 
value A1 at 15 s was measured at 340 nm, and the reaction was 
quickly placed at 37 °C for 5 min. The absorbance value A2 was 
measured at 5 min and 15 s, and ΔA determination = A1 determi-
nation-A2 determination, ΔA blank = A1 blank-A2 blank, 
ΔA = ΔA determination-ΔA blank. Blank tube only needs to do 
1–2 times. and the ACE activity was calculated as shown in 
Equation 7:

	

( ) ( )ε −= ∆ × × ×

÷ × ×
anti total

9
sample

ACE activity U / ML / d V
10 V T F
A

	 (7)

Where, ε is the molar extinction coefficient of FAPGG (N-[3-(2-
Furyl) acryloyl]-Phe-Gly-Gly) at 340 nm, its value is 758 L/(mol·cm); 
d is1mLquartz cuvette light path, its value is 1 cm; Vanti-total is the 
total volume of the reaction system, its value is 1 xL; V sample is 
sample volume added in the reaction system, its value is 0.5 mL; T is 
reaction time, its value is 5 min; F is Dilution multiple.

2.8 Tolerance to simulated gastric and 
intestinal fluid

The method of Cruz-Huerta et al. (2014) was used with modi-
fications to simulate gastrointestinal digestion. 2 mL sample was 
added to 10 mL simulated gastric juice (1 g pepsin was dissolved in 
100 mL deionized water and 1.64 mL 0.1 mol/L HCl was added), 
and then incubated at 37 °C for 180 min. The reaction was termi-
nated by heating at 80 °C for 5 min, and the α-amylase, 
α-glucosidase inhibitory activity and ACE activity were determined. 
Also, 2 mL sample was added to 10 mL simulated intestinal fluid 
(0.68 g K2HPO4 and 1 g trypsin were dissolved in 100 mL deionized 
water, and the pH value was adjusted to 6.8 with dilute NaOH solu-
tion), and then heated at 37 °C for 180 min. After the reaction was 
terminated by heating, the α-amylase, α-glucosidase inhibitory 
activity and ACE activity were determined. All inhibition rates were 
measured in triplicate.

2.9 Antioxidant activity

	(1)	Hydroxyl radical scavenging activity

According to Zhang et al. (2020) method, small modifications are 
made to measure. In the determination tube, 1 mL FeSO4 (9 mmol/L), 
1 mL salicylic acid (9 mmol/L), 2 mL sample were added in turn, and 
mixed well. In the blank tube, 1 mL FeSO4 (9 mmol/L), 1 mL salicylic 
acid (9 mmol/ L), 2 mL distilled water were added in turn, and mixed 
well. Then 1 mL H2O2 (8.8 mmol/L) was added and mixed well. The 
mixture was reacted at 37 ° C for 30 min, and then detected at 510 nm. 
The Hydroxyl free radical scavenging rate was calculated as shown in 
Equation 8:

	 ( ) ( ) = − − × 

Hydroxyl free radical 
scavenging rate % 1 Ai Aj / A0 100

	 (8)

Where, A0 is the absorbance of blank control solution; Ai is the 
absorbance of the sample solution; Aj is the absorbance of the 
sample itself.

TABLE 2  Preparation of working solution for the indicator of ACE activity determination.

Reagent name 
(μL)

Blank tubes Measurement 
tubes

Sample supernatant ― 500

Reagent 1 500 ―

Reagent 2 500 500
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	(2)	Superoxide anion radical scavenging activity

Superoxide anion radical scavenging activity test was slightly 
modified according to the method of Yu et al. (2019). 2 mL of sample 
and 0.4 mL of pyrogallol (10 mmol/L) were added into 4.5 mL of 
50 mmol/L Tris–HCl buffer (pH 8.2) for 5 min, and then 1 mL of 
8 mmol/L HCl solution was added to end the reaction. The absor-
bance value was measured at 325 nm, and distilled water was used 
instead of sample as blank control. The superoxide anion scavenging 
rate was calculated as shown in Equation 9:

	 ( ) ( ) = − − × 

Superoxide anion radical 
scavenging rate % 1 Ai Aj / A0 100

	 (9)

Where, A0 is the absorbance of blank control solution; Ai is the 
absorbance of the sample solution; Aj is the absorbance of the 
sample itself.

	(3)	DPPH (2, 2-diphenyl-1-picrylhydrazyl) radical scavenging 
activity

The DPPH scavenging ability was determined according to the 
experimental method of Liu et al. (2011). The 2 mL of sample was 
mixed with 2 mL of 0.1 mmol/L DPPH ethanol solution, and reacted 
at room temperature in dark for 30 min. The absorbance value was 
measured at 517 nm. The DPPH radical scavenging rate was calcu-
lated as shown in Equation 10:

	 ( ) ( ) = − − × 

DPPH radical 
scavenging rate % 1 Ai Aj / A0 100

	 (10)

Where, A0 is control group absorbance; Ai is sample group absor-
bance value; Aj is blank group absorbance value.

2.10 Antibacterial properties

The antibacterial activity was determined by slightly modifying 
the pore diffusion method of Nami et al. (2019). Staphylococcus 
aureus, Escherichia coli and Klebsiella pneumoniae were used as indica-
tor bacteria. The three strains were cultured in a 37 °C incubator for 
24 h. The diluted bacterial solution was evenly coated on the surface 
of LB solid medium, and 80 μL of samples of different fermentation 
types were injected into the hole after uniform drilling with a puncher. 
Then it was placed in a 37 °C incubator for 12 h. The diameter of the 
inhibition zone (mm) was measured with a vernier caliper, and the 
size of the inhibition zone was used to characterize the antibacte-
rial effect.

2.11 Physicochemical property of Sonchus 
oleraceus Jiangshui

The pH, total acid and reducing sugar content were determined 
during the simulated fermentation experiment of S. oleraceus 
Jiangshui. The pH value in the process of S. oleraceus Jiangshui fermen-
tation was detected by pH meter. The content of reducing sugar was 
determined by 3,5-dinitrosalicylic acid (DNS) method (Zhang et al., 
2017). Determination of total acid content was carried out by titrating 

the total acid at the phenolphthalein endpoint with 0.1 mol/L NaOH 
using the method of Wu et al. (2012).

2.12 Determination of metabolites of 
Sonchus oleraceus Jiangshui

	(1)	Amino acid

The amino acid content was determined according to Park et 
al. (2024) with modifications. Jiangshui sample was centrifuged at 
12,000 × g for 10 min at 4 °C to remove solids, and the supernatant 
was filtered through a 0.22 μm sterile PVDF membrane (Millipore, 
USA). The filtrate was analyzed using a JASCO LC-2000 Plus 
HPLC system (JASCO, Tokyo, Japan) equipped with a fluorescent 
detector and an AccQ-Tag Amino Acids C18 column 
(3.9 mm × 150 mm, 4 μm; Waters, USA). The mobile phase con-
sisted of (A) AccQ-Tag/water (10:90, v/v) and (B) acetonitrile/
water (60:40, v/v) with the following gradient: 100% A (0 min), 
98% A (5 min), 93% A (15 min), 90% A (19 min), 67% A 
(32–33 min), 0% A (34–37 min), and 100% A (38 min, held for 
2 min). The flow rate was 1 mL/min, the column temperature was 
37 °C, and the injection volume was 10 μL. Amino acids were 
derivatized using the AccQ-Fluor Reagent Kit (Waters, USA) and 
detected at 254 nm by a photodiode array detector (MD-2018 Plus, 
JASCO). Quantification was based on a five-point calibration curve 
of an amino acid standard (WAT088122, Waters). All samples were 
analyzed in duplicate, and the results showed a relative standard 
deviation of < 5%.

	(2)	Volatile compounds

Volatile compounds were determined according to the method 
modified by Sevindik et al. (2022), which were detected by a gas 
chromatograph (Agilent 7890A, USA) with a mass selective detector 
(MSD) (Agilent 5975C, USA). Samples (5 mL) and NaCl (2 g) were 
added to headspace bottles. A HP-INNOWAX capillary column 
(0.25 mm × 30 m ID, 0.25 μm film thickness) was selected to sepa-
rate volatile compounds. After holding at 60 °C for 3 min, the 
column temperature was increased to 230 °C at a rate of 2 °C/min 
and then increased to 245 °C at a rate of 3 °C/min and kept at 245 °C 
for 20 min. Helium was used as a carrier at a flow rate of 1 mL/min. 
The volatile compounds were identified by mass spectrometry in 
comparison of the NIST10 database. The concentration of volatile 
compounds was determined by using an in-ternal standard 
(2-octanol).

2.13 Sensory evaluation

The sensory characteristics of fermented S. oleraceus Jiangshui 
were evaluated by trained sensory testing experts (5 males and 5 
females, aged 24–28 years) from the School of Biology and 
Pharmaceutical Sciences, Lanzhou Jiaotong University, using a 
method based on Jin et al. (2024) with slight modifications. The writ-
ten informed consent of all experts was obtained before the test. 
Sensory evaluation was carried out in blind study. In short, four kinds 
of fermented S. oleraceus Jiangshui (F1, F2, F3, F4) were placed in a 
clear odorless cup, marked with three-digit codes, and randomly pre-
sented to the team members to evaluate sensory attributes, including 
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color, aroma, taste, and turbidity. The tester rinses the mouth with 
water before and during the test. A 4-point scale (0–4) was used, and 
the final score was calculated as the average of scores from 10 panelists.

2.14 Data statistics and analysis

All experiments were performed in triplicate, and the results are 
presented as mean ± standard deviation (SD). Statistical analyses were 
conducted using IBM SPSS Statistics (version 27.0; IBM Corp., 
Armonk, NY, USA), with one-way analysis of variance (ANOVA) fol-
lowed by post hoc tests (Tukey’s test) to assess significant differences 
among groups. A p-value < 0.05 was considered statistically signifi-
cant. GraphPad Prism (version 9.5.0; GraphPad Software, San Diego, 
CA, USA) and OriginPro (version 9.1; OriginLab Corporation, 
Northampton, MA, USA) were used to generate data visualizations 
and graphical representations.

3 Results

3.1 Probiotic properties of LAB 815 and SC 
8(3)

3.1.1 Acid and bile salt tolerance

The survival rates of LAB 815 and SC 8 (3) in simulated gastric 
juice environment were 84.15 and 80.21%, respectively, both exceed-
ing 80%, indicating strong tolerance to acidic gastric conditions. 
Under simulated intestinal juice conditions, the survival rates were 
78.24 and 76.25%, respectively (Table 3). These results suggest that 
both strains are capable of withstanding harsh gastrointestinal envi-
ronments and may effectively exert their probiotic functions.

3.1.2 Hydrophobicity and auto-aggregation

The hydrophobicity (xylene) of LAB 815 and SC 8(3) were 34.03 
and 36.85%, respectively, and the auto-aggregation rates of LAB 815 
and SC 8(3) were 27.24 and 20.88%, respectively (Table 3). These 
results indicate that both LAB 815 and yeast SC 8(3) possess moderate 
hydrophobicity and auto-aggregation ability, suggesting a strong 
potential for adhesion to intestinal epithelial cells.

3.1.3 Hemolytic activity

The hemolytic activity of LAB 815 and SC 8(3) was assessed on 
Columbia blood agar plates. As shown in Figure 1, Staphylococcus 
aureus ATCC6538 (positive control) produced a clear transparent 
zone around colonies, indicating β-hemolysis, while Escherichia coli 
DH5α (negative control) showed no hemolytic zone (γ-hemolysis). 

Under the same conditions, both LAB 815 and SC 8(3) exhibited no 
hemolytic zones around the colonies, corresponding to γ-hemolysis. 
These results indicate that both strains are non-hemolytic.

3.2 Functional properties of Sonchus 
oleraceus Jiangshui

3.2.1 α-Glucosidase, α-amylase inhibitory activity 
and GDRI

Inhibition of α-glucosidase and α-amylase activities is a key mech-
anism for regulating postprandial blood glucose levels. In our study, 
four types of S. oleraceus Jiangshui and S. oleraceus juice demonstrated 
inhibitory effects on both enzymes. Specifically, S. oleraceus juice 
inhibited α-glucosidase and α-amylase activities by 46.19 and 43.11%, 
respectively (Figures 2A,B). These findings suggest that S. oleraceus 
juice has the potential to contribute to blood glucose regulation 
through enzymatic inhibition. However, after the introduction of pro-
biotic fermentation, the inhibition rates of α-glucosidase and 
α-amylase in F1, F2 and F3 were significantly increased (p < 0.001). 
Among them, formulation F2 exhibited the highest inhibitory activity, 
with α-glucosidase and α-amylase inhibition rates of 75.14 and 
68.14%, respectively. These values were significantly higher than those 
observed in F1 and F3 (p < 0.001), which were 91.27 and 81.77% of 
the inhibition levels achieved by acarbose, respectively. The inhibition 
rate of α-amylase in F1 (59.3%) was higher than that in F3 (56.8%), 
demonstrating a 2.5% increase. While the inhibition rate of 
α-glucosidase in F1 (61.26%) was lower than that in F3 (64.6%), show-
ing a 3.34% reduction. But the inhibition rate of α-glucosidase and 
α-amylase in F4 were lower than that of S. oleraceus juice. The results 
showed that the inhibition of α-amylase and α-glucosidase activity 
was significantly enhanced after fermentation of S. oleraceus 
(Figures 2A,B). Results showed that the GDRI values of F1, F2, and F3 
after probiotic fermentation were significantly higher than that of 
S. oleraceus juice (p < 0.001), with F1 and F3 reaching 33.86 and 
43.84%, respectively. The GDRI of F2 exhibited the highest GDRI 
(55.67%), which was 2.36-fold higher than that of S. oleraceus juice. 
While the GDRI of F4 was 5.31% lower than that of S. oleraceus juice. 
The results showed that the GDRI of S. oleraceus was significantly 
increased after fermentation by probiotics (Figure 2C).

3.2.2 ACE inhibitory activity

In vitro ACE inhibitory activity of the fermented S. oleraceus 
Jiangshui was measured, and a significant reduction in ACE activity 
was observed following probiotic fermentation (Figure 3). The ACE 
activity in F2 exhibiting the most pronounced decrease (94.2361 U/
mg), its ACE inhibition rate was the highest (86.86%), followed by F3 
and F1, reached 71 and 69.8%, respectively. In contrast, the ACE activ-
ity in F4 showed only a marginal decline (12.7437 U/mg), the ACE 

TABLE 3  The characteristics of probiotics (acid resistance, bile salt resistance, hydrophobicity and self-aggregation ability) of LAB 815 and SC 8(3) were determined.

Strains Survival in gastric 
fluid (%)

Survival in 
intestinal fluid (%)

Hydrophobicity (%) Auto-aggregation (%)

LAB 815 84.15 ± 4.56 78.24 ± 2.34 34.03 ± 1.56 27.24 ± 2.11

SC 8(3) 80.21 ± 3.73 76.25 ± 6.54 36.85 ± 3.25 20.88 ± 1.52

All values in the table were mean ± standard deviation (n = 3).
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inhibition rate was 9.5%. Notably, unfermented S. oleraceus juice 
showed an ACE activity of 88.4958 U/mg, confirming that probiotic 
fermentation effectively reduced ACE activity (Figure 3). These results 
suggest that probiotic fermentation enhances the ACE inhibitory 
activity of S. oleraceus Jiangshui.

3.2.3 Gastrointestinal fluid simulation

The ability of S. oleraceus Jiangshui fermented by different fermenta-
tion methods was evaluated in the present study to reduce blood glucose 
and blood pressure in simulated gastrointestinal fluid in vitro. The rate 
of α-glucosidase inhibition, α-amylase inhibition as well as ACE activity 
have changed in vitro simulated gastrointestinal fluid experiments. The 
inhibition rates of α-glucosidase and α-amylase were decreased after 
exposure to simulated gastric juice for 180 min. However, the inhibition 
rates of α-glucosidase and α-amylase in F1, F2, F3 and F4 after fermenta-
tion were higher than those before fermentation (Figures 4A,C). The 
inhibition rates of α-glucosidase and α-amylase in F2 were 57.84 and 
67.39% respectively, which were 28.73 and 38.4% higher than those of 
unfermented S. oleraceus juice, respectively. The inhibition rates of 
α-glucosidase and α-amylase in F1 were 48.85 and 58.13%, respectively, 
while the inhibition rates in F3 were 40.59 and 43.78%, respectively. The 
inhibition rates of α-glucosidase and α-amylase in F2 were significantly 
higher than those in F1 and F3 (p < 0.001). The results showed that there 
was no significant difference in the inhibition rates of α-glucosidase and 
α-amylase between F4 and S. oleraceus juice (Figures 4A,C). The ACE 
activity increased from 14.2479 (U/mg) to 34.6648 (U/mg) in F2 under 
gastric juice simulation, it means that the ACE inhibition rate decreased 
from 86.86 to 70.7% (Figure 4E). After exposure to simulated intestinal 
fluid for 180 min, the inhibition rates of α-glucosidase and α-amylase in 
F2 decreased to 50.52 and 56.37%, respectively. However, the inhibition 
rates of α-glucosidase and α-amylase were significantly increased in all 
fermented samples compared to their unfermented samples (p < 0.001). 
Among them, sample F2 exhibited the most pronounced effect, which 
were 29.64 and 31.45% higher than those of unfermented S. oleraceus 
juice, respectively. In contrast, the inhibition rates of α-glucosidase and 

α-amylase in S. oleraceus juice were significantly lower than those of F1, 
F2, F3 and F4 under intestinal fluid simulation (p < 0.001, Figures 4B,D). 
The ACE activity of F1, F2, F3 and F4 was increased to 66.4958 (U/mg), 
40.0817 (U/mg), 58.9127 (U/mg) and 139.5607 (U/mg), respectively and 
the ACE inhibition rate of F1, F2, F3 and F4 were 51.07, 68.72, 48.28, and 
4.39%, respectively. The inhibition rate of ACE in F2 was the highest 
(Figure 4F).

3.2.4 Antioxidant activity

The scavenging activities of hydroxyl radical, superoxide anion 
radical and DPPH free radical of S. oleraceus Jiangshui were evaluated 
using different fermentation methods. Four different fermentation 
types of S. oleraceus Jiangshui and S. oleraceus juice were detected and 
all have certain ability to scavenge hydroxyl radical. Results stated that 
F2 showed excellent hydroxyl radical scavenging ability, which was 
93.9%. The hydroxyl radical scavenging rates of F1 (75.7%) and F3 
(85.2%) were significantly higher than that of F4 (12.8%) (p < 0.001, 
Figure 5A). There were no significant differences observed between F1 
and unfermented S. oleraceus juice (Figure 5A). Different fermentation 
types showed different superoxide anion scavenging activity. Among 
the samples, F2 exhibited the highest superoxide anion scavenging rate 
at 92.4%, followed by F3 (86.3%), S. oleraceus juice (74.7%), F1 (69.5%), 
and F4 (27.2%) (Figure 5B). The primary DPPH free radical scavenging 
activity was observed in F1, F2, and F3, which were fermented with the 
introduction of probiotics. The scavenging rate of DPPH free radical 
in F2 was 97%, which was significantly higher than that in F4 (12.4%, 
p < 0.001) and unfermented S. oleraceus juice (68.9%, p < 0.001), while 
there was no significant difference between F1 and F3 (Figure 5C). 
These results indicated that S. oleraceus Jiangshui and juice of S. olera-
ceus have certain antioxidant activity, and F2 showed the most excellent 
hydroxyl, superoxide anion, DPPH free radical scavenging activity.

3.2.5 Antimicrobial activity

The inhibitory effects of four different fermentation types of S. olera-
ceus Jiangshui on Staphylococcus aureus, Escherichia coli and Klebsiella 
pneumoniae were determined as shown in Table 4. In this study, all four 
types of S. oleraceus Jiangshui exhibited inhibitory activity against 
Staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae. 
Among them, F2 demonstrated the largest inhibition zones against all 
three pathogens, closely approaching those produced by kanamycin. 
The inhibition zone of F2 against Staphylococcus aureus, Escherichia coli 
and Klebsiella pneumoniae was 12.2 mm, 9.5 mm and 10.8 mm, respec-
tively, which reached 60.7, 60.9 and 59.67% of the inhibition zone of 
kanamycin, respectively. However, the inhibitory zone of F4 against the 
three pathogens was significantly smaller than those of F1, F2 and F3 
(p < 0.001), while there was no significant difference observed in the 
inhibition zone of F1, F2 and F3 against Escherichia coli (p < 0.001).

3.3 Fermentation performance of Sonchus 
oleraceus Jiangshui

3.3.1 The changes of pH, total acid and reducing 
sugar during the fermentation of Sonchus 
oleraceus Jiangshui

With the increase of fermentation time, the pH value of S. olera-
ceus Jiangshui in F1, F2 and F3 was decreased sharply at 12 h, 

FIGURE 1

Hemolytic activity of LAB 815 and SC 8(3) on sheep blood agar plates. 
Escherichia coli DH5a and Staphylococcus aureus ATCC 6538 were 
used as negative and positive controls, respectively.
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especially in F2, which decreased sharply from 7.62 to 3.16 at 12 h. In 
the mature stage of fermentation, the pH values of F1, F2 and F3 were 
3.54, 3.16 and 3.36, respectively, which were maintained at 3.16–3.55. 
The pH value of F4 decreased slowly during fermentation, reaching 
4.76 at maturity (Figure 6A). The total acid content in F1, F2, and F3 
increased sharply within the first 48 h of fermentation and then stabi-
lized. In particular, F2 showed a marked increase from 0.35 mg/mL to 
3.59 mg/mL, which was significantly higher than the levels observed 
in F1, F3, and F4 (p < 0.001). In contrast, the total acid content in F4 
increased slowly, rising from 0.35 mg/mL to only 1.98 mg/mL by the 
end of fermentation (Figure 6B). The reducing sugar content in F1, F2, 
F3, and F4 increased significantly during the first 24 h of fermentation, 
followed by a marked decrease between 24 and 36 h, and then tended 
to stabilize after 36 h. The reducing sugar contents in F2 increased the 
most during the fermentation process, reached 5.77 mg/mL at 24 h of 
fermentation, and it decreased to 1.37 mg/mL after being utilized by 

microorganisms in the later stage of fermentation compared to F1, F3 
and F4 from 24 to 36 h. It could be concluded that the reducing sugar 
content stabilized at 1.1 ± 0.3 mg/mL (Figure 6C). These findings sug-
gest that F2 produced the highest amount of acid during fermentation 
and exhibited the greatest utilization of reducing sugars.

3.3.2 Metabolite determination of fermented 
Sonchus oleraceus Jiangshui

3.3.2.1 Amino acid analysis

The flavor of Jiangshui is primarily influenced by sweet and umami 
amino acids such as Glu, Asp., Ala, and Gly; therefore, the concentra-
tions of these amino acids were analyzed (Table 5). In this study, seven-
teen free amino acids were detected in S. oleraceus Jiangshui. Our study 
found that the content of these sweet and umami amino acids increased 
significantly after inoculated fermentation with probiotics (p < 0.001, 
Table 5). Especially, the content of sweet and umami amino acids was 
the highest in F2 (250.4 mg/100 mL), which was significantly higher 
than that in F0 (5.29 mg/100 mL, p < 0.001). However, the content of 
sweet and umami amino acids in F4 group did not increase signifi-
cantly, but the bitter amino acid in F4 group (92.8 mg/100 mL) was 
significantly higher than that in other groups (p < 0.001). At the end of 
fermentation, the total amino acid content of F2 (348.1 mg/100 mL) 
and F3 (325.2 mg/100 mL) was significantly higher than that of F1 
(109.2 mg/100 mL), F4 (110.24 mg/100 mL), and F0 (8.146 mg/100 mL) 
(p < 0.001). No significant difference was observed between F2 and F3. 
It is worth noting that the total amino acid content in F1, F2, F3 and F4 
was 13.4-fold, 42.73-fold, 39.9-fold and 13.53-fold of that before fer-
mentation (F0), respectively (Table 5). No Met was produced before and 
after fermentation of S. oleraceus. However, Tyr was found in F1, F2, F3, 
F4, but not in F0. It could be concluded that the content of sweet and 
umami amino acids was the highest in F2, followed by F3, F4 and F1, 
and the amino acid content increased significantly after fermentation.

3.3.2.2 Analysis of volatile compounds

Volatile compounds was an important indicator of quality and 
taste of Jiangshui products, therefore, the volatile compounds of 
S. oleraceus Jiangshui were identified and quantified in the present 

FIGURE 2

Determination of hypoglycemic function of different fermentation methods of S. oleraceus Jiangshui and unfermented S. oleraceus juice (Juice). α-GC 
inhibition rate is α-glucosidase inhibition rate; α-AL inhibition rate is α-amylase inhibition rate; GDRI is glucose dialysis retardation index; F1 is LAB 815 
fermented S. oleraceus Jiangshui; F2 is LAB 815 and SC 8(3) mixed fermented S. oleraceus Jiangshui: F3 is traditional starter culture (Jiangshui Yinzi) 
fermented S. oleraceus Jiangshui; F4 is natural fermented S. oleraceus Jiangshui (CK). AB is acarbose (positive control): Juice is fresh S. oleraceus juice. 
All values in the figure were mean standard deviation (n = 3). There were significant differences in the values of different lowercase letters (p < 0.05, 
one-way ANOVA followed by Tukey’s test). (A) α-glucosidase inhibition rate; (B) α-amylase inhibition rate; (C) Glucose dialysis retardation index (GDRI).

FIGURE 3

Determination of ACE activity in different fermentation methods of S. 
oleraceus Jiangshui and unfermented S. oleraceus juice (Juice). F1 is 
LAB 815 fermented S. oleraceus Jiangshui; F2 is LAB 815 and SC 8(3) 
mixed fermented S. oleraceus Jiangshui; F3 is traditional starter 
culture (Jiangshui Yinzi) fermented S. oleraceus Jiangshui: F4 is 
natural fermented S. oleraceus Jiangshui (CK). Juice is fresh S. 
oleraceus juice. All values in the figure were mean ± standard 
deviation (n = 3). There were significant differences in the values of 
different lowercase letters (p < 0.05, one-way ANOVA followed by 
Tukey’s test).
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FIGURE 4

The inhibition rates of α-glucosidase (A), α-amylase (C), and ACE activity (E) in vitro gastric juice simulation and α-glucosidase (B), α-amylase (D), and 
ACE activity (F) in intestinal fluid simulation of S. oleraceus Jiangshui and unfermented S. oleraceus juice (Juice) with different fermentation methods 
were studied. α-GC inhibition rate is α-glucosidase inhibition rate; α-AL inhibition rate is α-amylase inhibition rate; F1 is LAB 815 fermented S. oleraceus 
Jiangshui; F2 is LAB 815 and SC 8(3) mixed fermented S. oleraceus Jiangshui; F3 is traditional starter culture (Jiangshui Yinzi) fermented S. oleraceus 
Jiangshui; F4 is natural fermented S. oleraceus Jiangshui (CK); Juice is fresh S. oleraceus juice. All values in the figure were mean standard deviation 
(n = 3). There were significant differences in the values of different lowercase letters (p < 0.05, one-way ANOVA followed by Tukey’s test).

FIGURE 5

Determination of the scavenging ability of hydroxyl radical (A), superoxide anion radical (B), and DPPH free radical (C) in S. oleraceus Jiangshui and 
unfermented S. oleraceus juice (Juice) with different fermentation methods. OH, Hydroxyl radical scavenging rate; O2, Superoxide anion scavenging 
rate: DPPH: DPPH free radical scavenging rate; F1 is LAB 815 fermented S. oleraceus Jiangshui; F2 is LAB 815 and SC 8(3) mixed fermented S. oleraceus 
Jiangshui; F3 is traditional starter culture (Jiangshui Yinzi) fermented S. oleraceus Jiangshui; F4 is natural fermented S. oleraceus Jiangshui (CK); Juice is 
fresh S. oleraceus juice; All values in the figure were mean standard deviation (n = 3). There were significant differences in the values of different 
lowercase letters (p < 0.05, one-way ANOVA followed by Tukey’s test).

TABLE 4  The inhibitory effect of inoculated fermentation and natural fermentation of S. oleraceus Jiangshui on three pathogenic bacteria (Staphylococcus aureus, Escherichia coli, Klebsiella 

pneumoniae) was determined.

Pathogenic bacteria Fermentation method (mm) Kanamycin

F1 F2 F3 F4

Staphylococcus aureus 10.6 ± 0.34c 12.2 ± 0.13a 11.7 ± 0.16b 5.4 ± 0.21d 20.1 ± 0.23

Escherichia coli 9.1 ± 0.27b 9.5 ± 0.32a 9.1 ± 0.43b 4.0 ± 0.24c 15.6 ± 0.33

Klebsiella pneumoniae 10.1 ± 0.29b 10.8 ± 0.15a 9.1 ± 0.36c 4.3 ± 0.35d 18.1 ± 0.15

F1 is LAB 815 fermented S. oleraceus Jiangshui; F2 is LAB 815 and SC 8(3) mixed fermented S. oleraceus Jiangshui; F3 is traditional starter culture (Jiangshui Yinzi) fermented S. oleraceus 
Jiangshui; F4 is natural fermented S. oleraceus Jiangshui (CK). All values in the table were mean ± standard deviation (n = 3). Different lowercase letters in the same row indicate significant 
differences (p < 0.05, one-way ANOVA followed by Tukey’s test).
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study. It was found that there was a total of 45 volatile compounds 
in the samples of all S. oleraceus Jiangshui, including 9 organic 
acids, 5 terpenoids, 6 alcohols, 4 aldehydes, 4 ketones, 14 esters and 
3 else (Table 6). In the present study, 24 new volatile flavor com-
pounds were identified in F2 compared to F0, and the content of 
alcohols was the highest (29.91%) of the total mass of Jiangshui, 

followed by esters (25.295%) and organic acids (16.36%). 
Compared with F0, it increased by 29.118, 25.295 and 15.12%, 
respectively. Esters accounted for only 4.4% of the total volatile 
compounds in F0, F1, and F4. In contrast, ketones, terpenes, and 
aldehydes together comprised 10.05% of the total mass of Jiangshui 
The total volatile substances of F1, F2, F3 and F4 increased by 

FIGURE 6

Changes of pH (A), total acid (B), and reducing sugar (C) during the fermentation of S. oleraceus Jiangshui with different fermentation methods. F1 is 
LAB 815 fermented S. oleraceus Jiangshui; F2 is LAB 815 and SC 8(3) mixed fermented S. oleraceus Jiangshui; F3 is traditional starter culture (Jiangshui 
Yinzi) fermented S. oleraceus Jiangshui; F4 is natural fermented S. oleraceus Jiangshui (CK). All values in the figure were mean ± standard deviation 
(n = 3).

TABLE 5  The amino acid content (mg/100 mL) of inoculated fermentation, natural fermentation and unfermented S. oleraceus Jiangshui.

Amino acid 
types

Amino acid content(mg/100 mL)

F0 F1 F2 F3 F4 Characteristic flavors

Ser 0.41d 2.1c 53b 65.1a 3.5d Sweet

Gly 0.28d 11.3bc 12.2b 13.7a 2.8d

Ala ND ND ND 52.2a 4.6b

His 0.21d 9.4bc 11.1b 15.6a 1.5d

Pro 0.91d 6.7c 56.7a 11.2b 5.4d

Thr 0.29d 2.1c 42.7a 4.9b 3.7d

Total 2.1e 31.6c 175.7a 162.7b 21.5d

Asp 0.39d 12.7c 43.5b 56.8a 0.59d Fresh

Glu 2.8d 21.1bc 31.2a 22.2b 1.3d

Total 3.19d 33.8c 74.7ab 79a 1.89e

Cys 0.046d 1.3c 23.1b 31.1a 0.096d Bitter

Val 0.36d 1.8bc 2.3b 4.8a 0.33d

Met ND ND ND ND ND

His 0.21e 9.4d 11.1bc 12.2b 50.15a

Ile 0.29d 5.1a 1.5bc 2.6b 0.22d

Leu 0.52e 2.4d 13.3b 5.8c 40.41a

Lys 0.21d 1.8c 12.6b 15.1a 0.42d

Phe 0.95d 8.1b 9.4a 1.1c 0.96d

Arg 0.27b ND ND 4.3a 0.29b

Total 2.856e 29.9d 73.3bc 77b 92.8a

Tyr ND 13.9b 24.4a 6.5d 13.4bc Astringent

Total amino acids 8.146c 109.2b 348.1a 325.2a 110.24b
―

F0 is unfermented S. oleraceus Jiangshui; F1 is LAB 815 fermented S. oleraceus Jiangshui; F2 is LAB 815 and SC 8(3) mixed fermented S. oleraceus Jiangshui; F3 is traditional starter culture 
(Jiangshui Yinzi) fermented S. oleraceus Jiangshui; F4 is natural fermented S. oleraceus Jiangshui (CK). All values in the table were mean ± standard deviation (n = 3). Different lowercase letters 
in the same row indicate significant differences (p < 0.05, one-way ANOVA followed by Tukey’s test).
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TABLE 6  The content of volatile compounds in inoculated fermentation, natural fermentation S. oleraceus Jiangshui and unfermented S. oleraceus Jiangshui (%).

Types Component CAS Relative content/%

F0 F1 F2 F3 F4

Organic acid Da 2316-26-9 0.174a ND ND ND ND

Propionic acid 77-68-9 1.066a ND ND ND ND

Caprylic acid 124-07-2 ND 1.778bc 7.751a 1.895b 0.651d

Caproic acid 142-62-1 ND 0.501a ND ND 0.353b

Decanoic acid 334-48-5 ND ND 6.076a 2.590b ND

Lauric acid 143-07-7 ND ND 2.534a 0.470b 0.249bc

Valeric acid 109-52-4 ND ND ND 0.279a ND

Nonanoic acid 112-05-0 ND ND ND 0.983a ND

Isovaleric acid 503-74-2 ND ND ND ND 0.224a

Total ― 1.24e 2.279c 16.36a 6.217b 1.477d

Terpenoids Ut 62951-96-6 ND ND 0.228a ND ND

Geranylacetone 3796-70-1 ND ND 1.673a 0.378b ND

6,8-Nonadien-2-one 60714-16-1 ND ND 0.336a ND ND

1,1,4,7-Tetramethylindane 1078-04-2 ND ND 0.088a ND ND

Total ― 0 0 2.325a 0.378b 0

Esters Ethyl acetate 141-78-6 ND ND 5.585a ND ND

Phenethyl acetate 103-45-7 ND ND 4.22ab 4.465a ND

Propyl decanolactone 706-14-9 ND 1.782b 5.675a ND 0.824c

Ethyl caprylate 106-32-1 ND ND 0.540a ND ND

Ethyl phenylacetate 101-97-3 ND ND 0.313a ND ND

Phenethyl acetate 103-45-7 ND ND 2.700a ND 1.794b

Benzoic acid ethyl ester 66315-23-9 ND ND 0.252a ND ND

Ethyl decanoate 110-38-3 ND ND 2.890a ND ND

Ethyl laurate 106-33-2 ND ND 1.364a 0.197b ND

Ethyl palmitate 628-97-7 ND ND 0.532b 0.728a ND

Eo 544-35-4 ND ND 0.368a ND ND

Ethyl linolenate 1191-41-9 ND ND 0.856a 0.369b ND

Ethyl 2-phenylcaprylate 5457-70-5 ND ND ND 0.105a ND

Butyl isobutyrate 97-87-0 ND ND ND 0.187a ND

Total ― 0 1.782d 25.295a 6.051b 2.618c

Alcohols Diethylene glycol 111-46-6 0.792a ND ND ND ND

Phenylethanol 60-12-8 ND 15.37c 26.75a 18.46b 4.136d

Np 6308-98-1 ND ND 3.159a ND ND

Trans-2-Nonen-1-ol 31502-14-4 ND ND ND 0.631a ND

Alpha-terpineol 10482-56-1 ND ND ND 3.427a 0.113b

3-Cyclohexyl-1-propanol 1124-63-6 ND ND ND 0.515a ND

(−)-4 - Terpineol 20126-76-5 ND ND ND 1.227a ND

Total ― 0.792e 15.37c 29.91a 24.26b 4.249d

Aldehydes 3,4-Dimethylbenzaldehyde 5973-71-7 ND ND 6.664a ND ND

Trans-2-Nonenal 18829-56-6 ND ND ND 0.198a ND

Trans-2-Decenal 3913-81-3 ND ND ND 1.141a ND

Peach aldehyde 104-67-6 ND ND ND 1.064a ND

Total ― 0 0 6.664a 2.403b 0

(Continued)
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17.398, 82.028, 45.778 and 6.998% compared with F0, respectively. 
Phenethyl alcohol (+26.75%), damascenone (+0.359%) and dama-
scenone (+ 0.706%) were also detected in F2. Ketones, aldehydes, 
and terpenes were not detected in the F1 group, while terpenes, 
aldehydes, and other compounds were not detected in the F4 group 
(Table 6). The overall results indicated that the content of volatile 
substances related to the flavor of S. oleraceus Jiangshui increased 
significantly after fermentation, and the content of volatile sub-
stances in F2 was significantly higher than that in other methods 
(p < 0.001).

3.3.3 Sensory evaluation

The sensory characteristics of four fermented S. oleraceus 
Jiangshui. were shown in Figure 7. The total sensory evaluation scores 
of F1, F2, F3 and F4 were 7.2, 9.3, 8.9 and 3.9, respectively. Compared 
with F4, F2 had the highest scores in aroma (2.8 points), taste (2.2 
points), Turbidity (2.2 points), and color (2.1 points) (Figure 7). The 
current results show that the sensory characteristics of S. oleraceus can 
be improved after fermentation with LAB 815 and SC 8 (3).

4 Discussion

The S. oleraceus is recognized for its rich phytochemical diversity 
and has been traditionally used in folk medicine to treat various 
metabolic diseases (Rolnik and Olas, 2021). Laabar et al. (2025) 
reported that S. oleraceus exhibited significant α-glucosidase and 
α-amylase inhibitory activities, along with notable antioxidant prop-
erties. Similarly, Du et al. (2024) demonstrated that probiotic fer-
mentation enhances the production of bioactive compounds, thereby 
improving the antioxidant, hypoglycemic, and hypotensive effects of 
Porphyra yezoensis. Currently, probiotics are recognized as promis-
ing therapeutic agents for treating metabolic disorders and restoring 
imbalanced intestinal ecosystems (Upadrasta and Madempudi, 
2016). A study by Chakravarty et al. (2025) showed that LAB NZ9000 

effectively reduced blood glucose. Wang G. et al. (2020) obtained 
similar results, found that Bifidobacterium adolescentis, B. bifidum 
and Lactobacillus rhamnosus can reduce fasting and postprandial 
blood glucose levels in type 2 diabetic mice. Several studies also have 
shown that probiotics (Lactobacillus casei) can control blood pres-
sure levels by improving lipid levels, triglyceride levels, bile acid 
hydrolysis binding, body mass index control and other mechanisms 
of cross-linking (Lakshmanan et al., 2022; Moiseenko et al., 2023). 
Therefore, this study aimed to utilize endogenous probiotics from the 
Jiangshui source as fermentation starters to ferment S. oleraceus, 
hypothesizing that the combined approach may exhibit enhanced 
functional activities relevant to diabetes and hypertension manage-
ment compared to using probiotics or S. oleraceus alone. In this 
study, LAB and yeast were co-fermented with S. oleraceus to produce 
S. oleraceus Jiangshui, and its potential in vitro effects on 

TABLE 6  (Continued)

Types Component CAS Relative content/%

F0 F1 F2 F3 F4

Tones Damascenone 23726-91-2 ND ND 0.359a ND ND

Damarone 23726-93-4 ND ND 0.706a 0.177c 0.683ab

3-Hydroxy-2-butanone 513-86-0 ND ND ND 8.189a ND

3-Hydroxyacetophenone 121-71-1 ND ND ND 0.137a ND

Total ― 0 0 1.065b 8.503a 0.683c

Else 1,2,3-Trimethyl 1H-indole 1971-46-6 ND ND 0.049a ND ND

1-Ethyl-2-phenylhydrazine 622-82-2 ND ND 0.307a ND ND

Tt 475-03-6 ND ND 2.082a ND ND

Total ― 0 0 2.438a 0 0

― Total Volatile substance ― 2.032e 19.43c 84.06a 47.81b 9.03d

Da is 3,4-Dimethoxycinnamic acid; Ut is1,5,9-Undecatriene, 2,6,10-trimethyl-, (Z)-; Eo is Ethyl (Z, Z)-9,12-octadecadienoate; Np is N-(2-phenylethyl) phenethylamine; Tt is 
1,2,3,4-tetrahydro-1,1,6-trimethylnaphtha. F0 is unfermented S. oleraceus Jiangshui; F1 is LAB 815 fermented S. oleraceus Jiangshui; F2 is LAB 815 and SC 8(3) mixed fermented S. oleraceus 
Jiangshui; F3 is traditional starter culture (Jiangshui Yinzi) fermented S. oleraceus Jiangshui; F4 is natural fermented S. oleraceus Jiangshui (CK). All values in the table were mean (n = 3). 
Different lowercase letters in the same row indicate significant differences (p < 0.05, one-way ANOVA followed by Tukey’s test).

FIGURE 7

Effect of different fermentation methods on sensory attributes of S. 
oleraceus Jiangshui. F1 is LAB 815 pure bacterial fermented S. 
oleraceus Jiangshui; F2 is LAB 815 and SC 8(3) mixed fermented S. 
oleraceus Jiangshui; F3 is traditional starter culture (Jiangshui Yinzi) 
fermented S. oleraceus Jiangshui; F4 is natural fermented S. 
oleraceus Jiangshui (CK): Juice is fresh S. oleraceus juice. All values in 
the figure were mean ± standard deviation (n = 3).
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α-glucosidase, α-amylase, and ACE inhibitory activities were system-
atically evaluated.

The beneficial properties of probiotics have always been the 
focus of attention, The survival of probiotics in the gastrointestinal 
environment is the premise to exert beneficial characteristics 
(Liong and Shah, 2005; Sarita et al., 2025). The current study 
reported that the probiotic characteristics in this study showed that 
the high survival rates of strains LAB 815 and 8 (3) in simulated 
gastric fluid (84.15 and 80.21%) and simulated intestinal fluid 
(78.24 and 76.25%) indicated that the two strains all had strong 
tolerance to acid and bile salts (Table 3). Our results are consistent 
with the findings of Wang et al. (2021) who reported that 
Lactobacillus fermentum 21,828 exhibited strong tolerance to pH 
2.5 and bile salts. Similarly, Aarti et al. (2017) found that 
Lactobacillus brevis strain LAP2 could survive under low pH condi-
tions and in the presence of 0.3% (w/v) bile salts. In addition, Jin et 
al. (2024) demonstrated that Pediococcus strains JS 91 and JS 96, 
isolated from Jiangshui, showed high resistance to both acidic envi-
ronments and bile salts. The current study reported that the hydro-
phobicity of LAB 815 and SC 8 (3) were 34.03 and 36.85% 
respectively, and the auto-aggregation of LAB 815 and SC 8 (3) 
were 27.24 and 20.88%, respectively (Table 3), which indicated that 
LAB 815 and SC 8 (3) could adhere to the surface of the host 
mucosa and thereby exerting its probiotic effect. Similar findings 
were also stated that hydrophobicity and auto-aggregation are pre-
requisites for LAB to adhere to intestinal epithelial cells and play a 
probiotic role (Beldarrain-Iznaga et al., 2021). However, excessive 
self-polymerization may also lead to uneven distribution of LAB in 
the intestine and affect its probiotic effect. Lactobacillus plantarum 
L7 isolated from traditional rice fermented beverages reported by 
Giri et al. (2018) showed high hydrophobicity and strong auto-
aggregation ability. Hemolytic activity is regarded as a key safety 
criterion for the selection of probiotic strains (FAO/WHO, 2006). 
In this study, both LAB 815 and SC 8(3) showed no hemolytic 
activity (γ-hemolysis) on blood agar plates, indicating that they 
pose no risk of damaging red blood cells (Figure 1). Our results 
were in agreement with those reported by Wang et al. (2018) 
regarding Lactobacillus plantarum and Weissella cibaria strains iso-
lated from spontaneously fermented non-dairy foods in China. 
These results demonstrate that LAB 815 and SC 8(3) exhibit good 
gastrointestinal tolerance, adhesion ability, and safety.

Several studies have shown that α-amylase and α-glucosidase 
were involved in carbohydrate metabolism and were related to post-
prandial glucose levels (Teugwa et al., 2013; Laabar et al., 2025). It was 
reported that α-glucosidase, α-amylase inhibition rate and GDRI are 
the key indicators of in vitro hypoglycemic ability (Huligere et al., 
2023; Chen et al., 2021). Similarly, Qi et al. (2024) reported that after 
probiotic fermentation of wolfberry juice, the hypoglycemic ability of 
wolfberry juice was improved, and the inhibition rates of 
α-glucosidase and α-amylase reached 52.30 and 51.79%, respectively. 
Wang W. L. et al. (2020) found that the hypoglycemic activity of Aksu 
apple juice fermented by Lactobacillus fermentum was significantly 
increased. Pan et al. (2025) reported that the GDRI of loquat juice 
fermented by L. brevis was the highest after dialysis for 30 min and 
60 min, which was 16.49 and 9.76%, respectively. In this study, both 
α-glucosidase and α-amylase activities were inhibited by all four types 
of S. oleraceus Jiangshui as well as by S. oleraceus juice. Notably, the 
inhibition rates of both enzymes were significantly enhanced follow-
ing probiotic fermentation. Compared with S. oleraceus juice, the 

inhibition rates of α-glucosidase and α-amylase in F2 were signifi-
cantly increased to 75.14 and 68.14%, respectively, reaching 91.27 and 
81.77% of the acarbose inhibition effect, respectively (p < 0.001, 
Figures 2A,B). Also, the GDRI of F2 exhibited the highest GDRI 
(55.67%), which was 2.36-fold higher than that of S. oleraceus juice 
(Figure 2C). These results showed that co-fermentation of S. oleraceus 
Jiangshui with LAB 815 and SC 8(3) enhanced its α-glucosidase and 
α-amylase inhibitory activities in vitro. Although the inhibitory effects 
were lower than those of acarbose, the fermented product still exhibits 
potential as a functional food for postprandial blood glucose 
regulation.

The determination of ACE activity is a key step in evaluating the 
antihypertensive potential of the tested substances, and the inhibition 
rate of ACE activity is significantly correlated with the hypotensive 
properties (Bao and Chi, 2016). The current study showed that the 
S. oleraceus Jiangshui co-fermented with LAB 815 and yeast 8 (3) had 
the highest ACE inhibition rate (86.86%), followed by F1 and F3, 
reached 69.8 and 71%, respectively (Figure 3). This study is in consis-
tent with a recent study which indicated that the incorporation of 
probiotics can significantly increase the inhibition rate of ACE activity 
and improved the hypotensive properties (Moiseenko et al., 2023). The 
ACE inhibition rate significantly increased after microbial fermenta-
tion compared with the fresh S. oleraceus juice, indicating that the 
ACE inhibitory activity of S. oleraceus Jiangshui was enhanced by pro-
biotic fermentation (p < 0.001). The α-glucosidase, α-amylase and 
ACE activity inhibition rate decreased in vitro simulated gastrointes-
tinal fluid experiments. In particular, the α-glucosidase inhibition rate 
decreased from 75.14 to 50.52% post-digestion, representing a 32.8% 
reduction in activity in group F2; the α-amylase inhibition rate 
decreased from 68.14 to 56.37% (a 17.3% reduction); and the ACE 
inhibition rate decreased from 86.86 to 68.72% (a 20.9% reduction). 
This decline is likely due to the degradation of bioactive peptides by 
gastrointestinal proteases, which cleave peptide bonds at specific resi-
dues and reduce their functional activity (Chen et al., 2025). However, 
the inhibition rates of α-glucosidase, α-amylase, and ACE inhibition 
rates in F1, F2, and F3 remained higher after fermentation compared 
to their pre-fermentation levels. Among them, F2 exhibited the high-
est inhibition rates for all three enzymes (Figure 4). These results indi-
cated that LAB 815 and SC 8(3) cooperate with each other, which 
greatly reduces the antagonistic effect in the high acid environment of 
the gastrointestinal tract.

Previous studies reported that LAB fermentation can increase the 
in vitro antioxidant and antibacterial activities of fermented foods 
(Rocchetti et al., 2019; Chen et al., 2020; Hashemi et al., 2021). Zhang 
et al. (2024) shown that organic acids (lactic acid, acetic acid, etc.) and 
flavonoids in Jiangshui effectively inhibit the growth of some spoilage 
bacteria. So, the influences of LAB 815 and SC 8(3) co-fermentation 
on antioxidant activities and antibacterial activity of S. oleraceus 
Jiangshui were further investigated. The present study showed that all 
the four tested S. oleraceus Jiangshui had free radical scavenging ability 
and inhibit pathogenic bacteria ability. Moreover, F2 had the greatest 
scavenging ability of DPPH free radical, hydroxyl radical and super-
oxide anion radical compared to other fermentation methods 
(Figure 5), while F2 also had the strongest inhibitory effect on 
Staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae 
(Table 4). These results indicated that LAB 815 and SC 8(3) co-fer-
mentation could markedly influenced the antioxidant activity and 
antibacterial activity of S. oleraceus Jiangshui. The antibacterial activity 
of S. oleraceus Jiangshui may be closely related to the acidic substances 
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and bacteriocins produced by lactic acid bacteria (Du et al., 2014; Lu 
et al., 2020). It is speculated that the enhancement of bacteriostatic 
effect in the process of Jiangshui fermentation is related to the prolif-
eration of LAB and the increase of total organic acid in the early and 
middle stages of fermentation.

The changes of pH value and total acid can reflect the changes 
of free H+ and organic acids formed during the fermentation pro-
cess, as well as the consumption of substrates for reducing sugar 
reactions (Chen et al., 2018). Wang et al. (2021) found that, follow-
ing the addition of lactic acid bacteria to pear juice, pH and total 
acid content were inversely proportional. Additionally, the reducing 
sugar content significantly decreased from 64.76 g/L to 47.26–
57.53 g/L within 12 h. The present study showed that the pH values 
of F1, F2, F3, and F4 all exhibited a rapid decline within the first 12 h 
of fermentation, followed by stabilization. Notably, in F2, the pH 
dropped sharply from 7.62 to 3.16 within 12 h (Figure 6A), and then 
decreased slightly until the end of fermentation process, and the 
total acid of F2 accumulated to 3.59 mg/mL at 48 h (Figure 6B). It is 
possible that the growth of LAB 815 was inhibited in the later stage 
of fermentation, so the produced lactic acid no longer increased 
(Deutscher, 2008). These results are similar to those reported by Jin 
et al. (2024) regarding the changes in pH during the fermentation 
of pear juice. The reducing sugar contents significantly increased 
from 0 to 24 h in S. oleraceus Jiangshui fermentation (p < 0.001), 
which was due to the mass reproduction of LAB and the production 
of protease, lipase and amylase, which increased the reducing sugar 
content (Zhou et al., 2022). The reducing sugar content in F2 
decreased significantly from 5.77 mg/mL to 1.37 mg/mL between 24 
and 36 h of S. oleraceus Jiangshui fermentation (p < 0.001, 
Figure 6C), likely due to the consumption of reducing sugars by the 
growth and metabolic activity of LAB strains (Chen et al., 2019). 
Subsequently, during the final 48 h of S. oleraceus Jiangshui fermen-
tation, a slight increase in reducing sugar content was observed, 
which may be attributed to the production of exopolysaccharides by 
the probiotics (Ricci et al., 2018).

Amino acids and Volatile flavor compounds were the main con-
tributors to the delicate flavor of fermented vegetables (Wu et al., 
2015). In the present study, the levels of umami and sweet amino 
acids in F1, F2, and F3 were significantly higher than those in the 
unfermented sample (F0) (p < 0.001), with F2 exhibiting the highest 
overall amino acid content (Table 5). These results are consistent 
with previous studies which have shown that mixed probiotic fer-
mentation can significantly increase the content of amino acids and 
volatile compounds in food, thereby enhancing its flavor (Ruan et 
al., 2022; He et al., 2025). The increase in amino acid content may 
be due to the fact that the acidity destroys the structure of the veg-
etables, releasing more proteins and amino acids, as well as the 
microbial growth utilizes the nutrients in the vegetables for metabo-
lism, further increasing the amino acid content (Wang X. W. et al., 
2020). The substances transformed from various microbial metabo-
lites produced during fermentation were the main sources of vola-
tile components in Jiangshui. Li et al. (2017) identified a total of 182 
metabolites in celery Jiangshui, primarily comprising organic acids 
and amino acids. In the present study, a total of 45 volatile com-
pounds were detected in all S. oleraceus Jiangshui samples (Table 6), 
the content of volatile substances increased significantly after fer-
mentation. Furthermore, totally 24 new volatile flavor compounds 
were identified in F2 compared to F0, with alcohols (+29.118%), 
esters (+25.295%), and organic acids (+15.12%) being the 

predominant categories. Additionally, the increased levels of ter-
penes, aldehydes and ketones in F2 further enhanced the flavor 
profile (Table 6). Ester compounds are the main source of fruity and 
floral aromas of berries. The content of esters in F0, F1 and F4 is 
only 4.4%, which is related to the lack of LAB 815 or SC 8 (3) 
(Table 6). Organic acids give the Jiangshui a sour taste, while the 
increased content of phenethyl alcohol (+26.75%), damascenone 
(+0.359%) and damarone (+0.706%) in F2 can give the Jiangshui a 
unique aromatic odor (Table 6). In the study of sensory character-
istics, the aroma, taste, color, turbidity and total score of F1, F2 and 
F3 were higher compared with F4 (CK), and the comprehensive 
score of F2 was the highest (9.3 points), which seemed to be consis-
tent with the performance of aroma (Figure 7). Therefore, the better 
smell in the process of fermented S. oleraceus Jiangshui may be due 
to the more flavor substances released in the process of LAB and 
yeast fermentation, which improved the flavor of S. oleraceus itself 
by producing aroma components such as alcohols, esters and 
organic acids (Wang et al., 2021). These results indicated that 
S. oleraceus Jiangshui has a better flavor by the co-fermentation of 
LAB 815 and SC 8 (3). Our study demonstrated that co-fermenta-
tion of S. oleraceus with LAB 815 and SC 8(3) enhances the fermen-
tation performance and functional properties of S. oleraceus 
Jiangshui, particularly through inhibition of α-glucosidase, 
α-amylase, and ACE activities. These findings highlight its potential 
as a functional food ingredient for enzyme inhibitory activities 
related to hyperglycemia and hypertension. However, certain limi-
tations remain as the observed in vitro enzyme inhibitory effects 
have not yet been validated in vivo or clinically, necessitating fur-
ther research to confirm these results.

5 Conclusion

In this study, both Lactobacillus strain LAB 815 isolated from 
Gansu Jiangshui, and the aroma-producing yeast SC 8(3) demon-
strated strong acid and bile salt tolerance, high adhesion potential, 
and the ability to withstand adverse gastrointestinal conditions, 
enabling them to function effectively within the digestive tract. 
Additionally, neither strain exhibited hemolytic activity, confirming 
their safety as potential probiotics. The combined fermentation of 
S. oleraceus with LAB 815 and SC 8(3) resulted in the formation of 
S. oleraceus Jiangshui, which exhibited significant inhibitory effects 
on α-amylase, α-glucosidase, and ACE activities. It also showed the 
highest glucose diffusion retardation index (GDRI), antioxidant 
activity, and antibacterial efficacy among the tested samples. 
Simulated gastrointestinal digestion further confirmed that the 
enzyme inhibitory activities related to glycemic and blood pressure 
regulation were best preserved in the co-fermented product, suggest-
ing synergistic interactions between LAB 815 and SC 8(3) that 
enhance stability under gastrointestinal conditions. Moreover, co-
fermentation significantly enhanced the amino acid and volatile com-
pound profiles of S. oleraceus Jiangshui, resulting in an improved 
flavor profile. Overall, these findings demonstrate that the combined 
fermentation with LAB 815 and SC 8(3) not only enhances the func-
tional bioactivities but also improves the sensory qualities of S. olera-
ceus Jiangshui, underscoring its potential as a promising strategy for 
developing functional fermented foods with enhanced health benefits 
and consumer appeal.
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