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A B S T R A C T

Microbial metabolism shapes the unique flavor profile of Cheonggukjang; however, the formation pathways of 
characteristic flavor compounds mediated by microbiota remain unclear, hindering precise quality control. To 
fill this gap, this study innovatively integrated metagenoics, volatilomics, and metabolomics to systematically 
decode the flavor formation mechanism during Cheonggukjang fermentation. Volatile compound analysis defined 
three fermentation stages for Cheonggukjang (0–18, 18–60, and 60–72 h), identifying the 60–72 h period as the 
most critical for flavor formation. A total of 15 key flavor compounds were identified, with 10 designated stage- 
specific flavor markers. LefSe analysis revealed that Bacillus subtilis, Bacillus velezensis, Caldibacillus thermoamy
lovorans, and Bacillus licheniformis were the key biomarkers across different fermentation stages, while redun
dancy analysis (RDA) indicated that total sugar as the key driver of microbial succession. Additionally, this study 
reconstructed the metabolic network responsible for characteristic flavor formation and identified 
C. thermoamylovorans, B. licheniformis, B. velezensis, B. subtilis, Bacillus paralicheniformis, and Caldibacillus hisashii 
as core functional microbiota modulating amino acid metabolic to drive flavor development. This study lays a 
theoretical framework for standardizing Cheonggukjang production and targeted regulating its flavor quality.

1. Introduction

Cheonggukjang, a traditional fermented soybean product in South 
Korea and ethnic Korean communities in China, is renowned for its 
unique flavor and various beneficial health effects, including immunity 
modulation, anti-inflammatory, antioxidant, antihypertensive, and 
antidiabetic effects (Kim et al., 2012; Lee et al., 2024). Flavor, a critical 
determinant of food quality and consumer preference, arises from mi
crobial enzymatic activity during fermentation (Regueiro et al., 2017). 
These microbes enzymatically degrade soybean carbohydrates, proteins, 
and lipids to generate flavor-enhancing metabolites (such as amino 
acids, fatty acids, and their metabolites) and bioactive components 
(including γ-aminobutyric acid and poly-γ-glutamic acid), which 
collectively determine the flavor and quality of Cheonggukjang (Cho 
et al., 2017; Jin & Mah, 2024; Nam et al., 2012; Sanjukta & Rai, 2016).

Microbial composition and dynamic interactions are pivotal in 
shaping the flavor profile of fermented foods (Tang & Peng, 2024). In 
Cheonggukjang, microbiota historically originate from two primary 

sources: natural microbiota from rice straw or water in traditional 
methods, and standardized starter cultures in modern industrial pro
duction (Hong et al., 2024). A diverse array of Bacillus species, including 
Bacillus amyloliquefaciens, Bacillus subtilis, Bacillus licheniformis, and Ba
cillus velezensis, dominate spontaneous fermentation. B. subtilis is widely 
employed as a starter culture in modern industrial production, effec
tively reducing biogenic amines and exhibiting antimicrobial properties 
(Lee & Chang, 2017; Lim, 2022). While spontaneous fermentation pro
motes the development of favorable flavor profiles by the interaction of 
various microorganisms (Wen et al., 2024), it often results in inconsis
tent metabolite profiles and batch variability, hindering standardization 
and scalability (Nam et al., 2012). To address these challenges, indus
trial Cheonggukjang production has shifted toward starter culture inoc
ulation, ensuring more predictable fermentation outcomes (Nam et al., 
2012). However, this approach lacks synergistic interactions between 
different microbial taxa, which are essential for producing the broad- 
spectrum flavor characteristic of traditional Cheonggukjang. Construct
ing synthetic microbial consortia from traditional fermentation-derived 
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core microorganisms offers an ideal strategy to resolve this dilemma, 
enabling both controllable fermentation and complex flavor profiles in 
industrial production. The successful implementation of this strategy, 
however, hinges on a fundamental prerequisite: identifying the core 
functional microbiota responsible for flavor formation and elucidating 
the mechanisms by which they generate key flavor compounds during 
natural fermentation.

In recent years, multi-omics approaches (e.g., metagenomics and 
metabolomics) have provided powerful tools for elucidating complex 
microbial-substrate interactions and their role in shaping the flavor 
quality of fermented products (Jian et al., 2024; Qi et al., 2025; Wang 
et al., 2024; Wen et al., 2024). By integrating metagenomic, volatilomic, 
and metabolomic data, researchers can trace flavor-formation pathways 
from microbial activity to final metabolic products, facilitating targeted 
flavor optimization and process innovation. This holistic strategy over
comes inherent limitations of single-omics technologies, such as narrow 
data scope, inadequate mechanistic insight, and limited practical po
tential (Shahid et al., 2025). Current research on flavor and functional 
qualities of Cheonggukjang has predominantly investigated three key 
aspects: (1) microbial composition and functional prediction using 
metagenomics (Hong et al., 2024; Tamang et al., 2022), (2) relationships 
between microbiota and bioactive compounds such as γ-aminobutyric 
acid and poly-γ-glutamic acid (Jin & Mah, 2024), and (3) temporal 
dynamics of flavor-related metabolites during fermentation (Cho et al., 
2017; Park et al., 2010). For instance, Tamang et al. (2022) used shotgun 
metagenomics to study the microbial community of Cheonggukjang from 
different regions, predicted the microbial functions, and revealed the 
genes for the synthesis and metabolism of a wide range of bioactive 
compounds (including various essential amino acids, conjugated amino 
acids, different vitamins, flavonoids, and enzymes). Cho et al. (2017)
explored the influence of B. subtilis CSY191 on the fatty acid and volatile 
compound profiles of Cheonggukjang (prepared using new Korean brown 
soybean cultivars, protein-rich cultivar, and oil-rich cultivar). They 
found that volatile profiles in Cheonggukjang changed significantly over 
time, and different cultivars represented specific volatile profiles. 
However, these studies have focused either on microbial composition or 
on changes in metabolites, and have failed to establish a causal mech
anistic link between specific microbial communities and the key flavor 
compounds they produce. Accordingly, the mechanism governing flavor 
formation and its association with microbial functions—the theoretical 
basis for targeted quality control—remains unclear.

To fill this gap, this study adopts a multi-omics strategy integrating 
metagenomics, volatilomics, and metabolomics to systematically 
investigate the flavor formation mechanism during Cheonggukjang 
fermentation. It (1) reveals the three-stage dynamic characteristics of 
Cheonggukjang fermentation and identifies the key stages of flavor for
mation, flavor markers, and microbial biomarkers, offering a new 
perspective for understanding the rules of flavor succession; (2) estab
lishes the functional relationship among dominant microbial commu
nities, characteristic flavor evolution, and differential metabolite 
trajectories, thereby clarifying the regulatory mechanism of the 
“microbiome–flavor–metabolite” axis; and (3) reconstructs the core 
microbial metabolic network and maps the metabolic pathways of flavor 
formation, providing a theoretical framework for the precise regulation 
of industrial fermentation. These mechanistic insights establish a 
fundamental scientific basis for optimizing industrial fermentation 
schemes and quality control, while also offering an actionable roadmap 
for the rational design of defined starter cultures to achieve precise 
flavor modulation in Cheonggukjang.

2. Materials and methods

2.1. Materials and reagents

Soybeans were procured from a local market, Dong Market (Yanji, 
Jilin, China). The C7-C40 saturated alkane standard mixture and DNS 

chromogenic reagent (CAS: 609–99-4) were purchased from Macklin 
Inc. (Shanghai, China) and Aladdin Biochemical Technology Co., Ltd. 
(Shanghai, China), respectively. Analytical grade glucose (CAS: 50–99- 
7), petroleum ether (CAS: 64742–49-0), sodium chloride (CAS: 7647-14- 
5), agarose (CAS: 9012-36-6), formaldehyde (CAS: 50–00-0), sodium 
hydroxide (CAS: 1310-73-2), N-(1-naphthyl) ethylenediamine dihydro
chloride (CAS: 1465-25-4), and zinc acetate dihydrate (CAS: 557–34-6) 
were obtained from Sinopharm Chemical Reagent (Shanghai, China). 
Chromatographic grade 2-octanol (CAS:123–96-6) was supplied by 
Acmec Biochemical Co., Ltd. (Shanghai, China), while chromatographic 
grade methanol (CAS:67–56-1), formic acid (CAS:64–18-6), ammonium 
formate (CAS: 540–69-2), and acetonitrile (CAS: 75–05-8) were pur
chased from Merck KGaA (Darmstadt, Germany). The Fast DNA Spin Kit 
for Soil and Illumina TruSeq Nano DNA LT Library Preparation Kit were 
obtained from MP Biomedicals (Irvine, CA, USA) and Illumina, Inc. (San 
Diego, CA, USA), respectively.

2.2. The preparation and sample collection of Cheonggukjang

Soybeans were procured from a local supermarket in Yanji, Jilin 
Province, China. Cheonggukjang was prepared according to previous 
research (Cho et al., 2017), with minor modifications. Before fermen
tation, soybeans underwent the following steps: washing, soaking for 12 
h, boiling for about 3.5 h, draining, and cooling to 40 ◦C for 1 h. The 
cooled soybeans were transferred to a bamboo basket with rice straw 
lining the bottom, which was covered with a layer of cotton cloth. The 
basket was then wrapped in a cotton blanket and kept at around 30 ◦C 
for 72 h to facilitate natural fermentation. Cheonggukjang samples were 
collected at 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 
51, 54, 57, 60, 63, 66, 69, and 72 h during fermentation using aseptic 
sampling bags. At each time point, samples were taken from three in
dependent batches to ensure replicate analysis. All collected Cheong
gukjang samples were immediately dispensed and sealed in a − 80 ◦C 
refrigerator for storage.

2.3. Fermentation parameters analysis

The pH of Cheonggukjang was determined following the method 
described by Tang et al. (2013). Briefly, 10 g of fully ground Cheong
gukjang was thoroughly mixed with 20 mL of distilled water, and the pH 
of the mixture was then determined using a pH meter (PHB-1, Hangzhou 
Qi Wei Instrument Co., Ltd.). The contents of amino acid nitrogen (AAN) 
and reducing sugars (RS) were determined following the method of 
Liang et al. (2019). Total acids content was measured following Chinese 
national standard GB 12456–2021. Both reducing sugars and total 
sugars were analyzed using the 3,5-dinitrosalicylic acid (DNS) colori
metric method (Liang et al., 2019). Moisture content was measured via 
the 105 ◦C drying method (Zhang et al., 2019). Color parameters were 
determined with a colorimeter (CR-400, Konica Minolta, Shanghai, 
China) calibrated with standard white tiles. The chromaticity of 
Cheonggukjang was evaluated referring to an earlier study (Li et al., 
2017). Additionally, fat and nitrite contents were measured using 
Soxhlet extraction (Martineau-Côté et al., 2023) and the hydrochloric 
acid naphthyl ethylenediamine method (An et al., 2021), respectively.

2.4. Volatile flavor components analysis

The volatiles were extracted and identified following the method of 
Jia et al. (2020). A mixture of 2 g of Cheonggukjang, 2 g of NaCl, 6 mL of 
CO2-removed distilled water, and 5 μL of internal standard 2-octanol 
(25 mg/L), was prepared in a 20 mL extraction vial. A DVB/CAR/ 
PDMS fiber (2 cm, 50/30 μm) (Supelco, Bellefonte, Pennsylvania, USA) 
was used to extract the volatiles following our previous study (Zhao 
et al., 2023). The volatiles were identified by headspace solid-phase 
micro-extraction (HS-SPME) combined with gas chromatography–mass 
spectrometry (GC–MS) (7980 A, 5975C, Agilent Technologies, Santa 
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Clara, California, USA) equipped with a DB-5MS column of 60 m × 0.25 
mm × 0.25 μm. The instrument parameters for GC–MS were set ac
cording to the method of Zhao et al. (2023). The identification of vol
atiles was conducted by comparing the mass spectra with the NIST 11.0 
library (spectrum match >75%). Retention indices (RIs) were calculated 
according to the retention times of an alkane mixture (C7-C40). A semi- 
quantitative approach based on an internal standard was employed to 
determine the content of volatile compounds (Zhao et al., 2023).

2.5. Odor activity value (OAV) calculation

OAV was calculated using the following formula: OAVi = Ci/OTi, 
where Ci and OTi were the content and odor threshold values in water of 
the identified substances, respectively.

2.6. Untargeted metabolomics analysis

A quantity of 0.5 g of Cheonggukjang was mixed with 600 μL of 
methanol containing 2-chloro-L-phenylalanine (4 ppm) and vortexed for 
30 s using a mixer. A grinding bead with a diameter of 6 mm were added 
to the sample mixture, which was then ground in a frozen tissue grinder 
at 55 Hz for 60 s. After grinding, the mixture was ultrasonicated for 15 
min at room temperature and centrifuged (10 min, 4 ◦C, 12000 rpm). 
Subsequently, the supernatant was filtered through a 0.22 μm mem
brane prior to LC-MS analysis. Vanquish Ultra-high performance liquid 
chromatography system (Thermo Fisher Scientific, USA) and ACQUITY 
UPLC ® HSS T3 (2.1 × 100 mm, 1.8 μm) (Waters, Milford, MA, USA) 
were used to separate the metabolic extract. The column temperature, 
flow rate, and inject volume were 40 ◦C, 0.3 mL/min, and 2 μL, 
respectively. The separation gradient and mobile phase in positive and 
negative ion modes are presented in Table S1. The non-volatile me
tabolites were identified using an Orbitrap Exploris 120 (Thermo Fisher 
Scientific, USA) equipped with an electrospray ionization (ESI) source, 
detected in both positive and negative ion modes. The sheath gas, 
auxiliary gas, capillary temperature, and positive and negative ion spray 
voltages were set at 40 arb, 10 arb, 325 ◦C, 3.50 kV, and − 2.5 kV, 
respectively. Samples were scanned with a range of 100–1000 m/z, and 
MS1 and MS2 resolutions were 70,000 and 17,500, respectively.

2.7. DNA extraction and metagenomic sequencing

Genomic DNA was extracted using Fast DNA™ Spin Kit for Soil DNA. 
DNA concentration, purity and quality were assessed using a Filter Max 
F5 (Shanghai Molecular Devices), Nanodrop 2000 (Beijing Keyu Xingye 
Technology Development Co., Ltd), and 1% agarose gel electrophoresis, 
respectively. The microbial DNA of metagenomic sequencing libraries 
with 350 bp was constructed using the Illumina TruSeq Nano DNA LT 
Library Preparation Kit. The Illumina HiSeq 2500 (Illumina, USA) was 
employed to sequence all libraries. The relative abundance of microor
ganisms in Cheonggukjang was obtained by sequence comparison of 
optimized quality control (QC) data with a reference database in NCBI, 
and gene function annotation was performed by comparing the gene set 
obtained by sequencing to the KEGG gene database.

2.8. Statistical analysis

Metabolomics analysis was conducted with six biological replicates, 
whereas the other tests were subjected to three replicates. IBM SPSS 
statistics (Inc., Chicago, USA) and Origin (OriginLab, USA) were 
employed for data analysis and plotting, respectively. Significant dif
ferences (P < 0.05) among groups were judged using Duncan's multiple 
comparison tests and one-way analysis of variance (ANOVA). Partial 
least-squares discrimination analysis (PLS–DA) and two-way Orthog
onal Partial Least Squares (O2PLS) were performed using SIMCA14.1. 
RDA analyses were conducted using CANOCO 5.

3. Results and discussion

3.1. Dynamics of fermentation parameters during Cheonggukjang 
fermentation

Fermentation parameters serve as critical modulators of microbial 
dynamics and metabolic flux in food fermentation systems (Xiong et al., 
2024). The dynamic changes in fermentation parameters of Cheong
gukjang are presented in Fig. 1 and Table S2. Specifically, Cheonggukjang 
exhibited triphasic physicochemical evolution: (1) moisture (64.79 ±
0.29% → 55.92 ± 0.23%), total acidity (19.41 ± 0.78 → 5.65 ± 0.07 g/ 
kg), and RS (7.97 ± 0.10% → 5.85 ± 0.05%) displayed sequential 
attenuation patterns—initial gradual decline, accelerated reduction, and 
eventual stabilization. Conversely, pH, AAN, and lipid content demon
strated inverse kinetic trajectories, progressing from incremental 
elevation to rapid augmentation before reaching biochemical equilib
rium during fermentation. AAN is a crucial indicator of the maturity of 
fermented soybean products, which is associated with the catabolism of 
soybean protein by microbial and endogenous enzymes. The level of 
AAN reached a maximum value of 0.55 ± 0.03 g/100 g (international 
standard 0.5%) at 54 h of fermentation, after which it did not fluctuate 
notably. The contents of RS and nitrites in Cheonggukjang displayed an 
initial increase, followed by a decrease, and ultimately stabilized. The 
nitrite content increased during the first 39 h of fermentation, peaking at 
1.74 ± 0.05 g/100 g at 39 h, after which it gradually declined and 
stabilized after 48 h. As the fermentation proceeded, chromatic pa
rameters showed marked decreases in L* (lightness) and b* (yellowness) 
values, stabilizing after 54 h of fermentation. Since the drastic changes 
in various fermentation parameters mainly occurred from 0 h to 45 h, we 
inferred that the changes in the bacterial flora and metabolites during 
Cheonggukjang fermentation were similar. Therefore, the Cheonggukjang 
fermented for 0, 9, 18, 27, 36, 45, 60, and 72 h was selected for the 
subsequent experiments.

3.2. The microbial diversity and composition

The metagenomics sequencing was utilized to investigate the mi
crobial diversity and composition. A total of 873,698,264 reads were 
generated from the samples, averaging 78,261,832.83 reads per sample. 
Microbial α-diversity dynamics during Cheonggukjang fermentation are 
shown in Fig. 2A-D. Both microbial richness (Chao1 and Abundance- 
based Coverage Estimator (ACE) indices) and diversity (Shannon and 
Simpson indices) were highest in the unfermented samples (0 h). The 
diversity of microbial communities in Cheonggukjang decreased rapidly 
during the initial fermentation (0–9 h), followed by fluctuating trend. 
The lowest microbial richness and diversity were observed at 45 h and 
18 h of fermentation, respectively, showing significantly differences (P 
< 0.05) compared to the 0 h control. To elucidate the difference in 
microbiota during Cheonggukjang fermentation, principal coordinate 
analysis (PCoA) was carried out. The PCoA plot suggested that a clear 
separation was found among various Cheonggukjang samples from non- 
fermentation stage (0 h), the initial fermentation stage (9–18 h), and 
the middle to late fermentation stage (27–72 h).

A total of 26 phyla (including 23 bacterial and 3 fungal phyla) were 
detected during the fermentation of Cheonggukjang, and Firmicutes 
(87.37 ± 26.47%) was the absolute dominant phylum. At the genus 
level, 535 bacteria and 14 fungal genera were detected during Cheong
gukjang fermentation, of which dominant genera (mean relative abun
dance >1%) included Bacillus (63.62 ± 27.72%), Caldibacillus (17.57 ±
15.54%), Dietzia (2.63 ± 6.06%), Aeromonas (1.78 ± 5.09%), Weissella 
(1.67 ± 5.27%), Leclercia (1.58 ± 4.19%), Aeromicrobium (1.44 ±
3.30%), Rhodococcus (1.34 ± 3.19%), and Brevibacillus (1.02 ± 0.88%). 
Bacillus was the keystone taxon throughout the fermentation process, 
with its relative abundance reaching a peak of 92.36 ± 0.60% at 9 h, 
followed by a wave-like fluctuations. The relative abundance of Cladi
bacillus increased rapidly during the middle and later fermentation 
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stages (27–72 h) and peaked at 43.11 ± 1.32% at 36 h, indicating it may 
play pivotal roles in the mid-late fermentation phases. A total of 1902 
species were identified during Cheonggukjang fermentation, including 
1889 bacterial species and 13 fungal species. B. licheniformis maintained 
a relatively high abundance across all fermentation stages, demon
strating its essential role in Cheonggukjang fermentation.

Linear discriminant analysis effect size (LEfSe) analysis was per
formed to identify the biomarkers for each fermentation phase, with the 
Linear discriminant analysis (LDA) score threshold set at 4.0 (Fig. 2I). 
The results suggested that B. subtilis, B. velezensis, C. thermoamylovorans, 
and B. licheniformis were the biomarkers for the 9, 18, 36, and 60 h 
fermentation periods of Cheonggukjang, respectively. Collectively, these 
findings demonstrated that B. subtilis, B. velezensis, 
C. thermoamylovorans, and B. licheniformis may tremendously affect the 
quality formation of Cheonggukjang.

3.3. Volatile compounds of Cheonggukjang by different fermentation 
times

The flavor properties of fermented foods arise from a vast array of 
diverse flavor metabolites, which collectively define their sensory 
signature and commercial value (Zhao et al., 2024). HS-SPME-GC–MS 
was employed to explore the changes in volatiles during Cheonggukjang 
fermentation. Sixty-one volatiles were identified, including 12 alcohols, 

9 ketones, 7 acids, 4 aldehydes, 7 pyrazines, 5 phenols, 5 esters, and 12 
other categories (Fig. 3 and Table S3). The results revealed significant 
changes in volatiles of Cheonggukjang across different fermentation 
stages, with marked variations observed in pyrazines.

The production of volatile compounds has been attributed to a series 
of biochemical reactions. At 72 h of fermentation, the content of volatile 
substances in Cheonggukjang reached a maximum of 7909.90 ± 47.74 
μg/kg, with pyrazines constituting the predominant fraction (73.59 ±
7.52%). Both of pyrazines and aldehydes content exhibited a gradual 
increase throughout fermentation, with a marked metabolic surge 
observed after 60 h of fermentation. At the terminal fermentation phase 
(72 h), aldehyde and pyrazine levels reached 1218.69 ± 180.66 and 
5820.83 ± 594.70 μg/kg, representing 81.6 and 2163.9 times higher 
than initial values (0 h), respectively. The concentrations of alcohols, 
acids, esters, and ketones all exhibited an initial rise followed by a 
decline during Cheonggukjang fermentation. Their contents reached the 
highest values of 175.69 ± 24.67, 139.48 ± 7.80, 8.97 ± 1.97, and 
1030.07 ± 182.20 μg/kg at 18, 27, 18, and 9 h, respectively. Phenolics 
in Cheonggukjang showed progressive accumulation during fermenta
tion, rising from 12.62 ± 1.87 μg/kg at 0 h to 212.33 ± 18.46 μg/kg at 
72 h. In addition, other flavor components such as furans, thiazoles, and 
indoles were identified in Cheonggukjang, which can influence its flavor 
through their own odors.

To explore the differences in volatile profiles of Cheonggukjang 

Fig. 1. Fermentation parameters of Cheonggukjang at different fermentation stages. (A) represents the pH and total acid of Cheonggukjang at different fermentation 
stages. (B), (C), (D), (E), (F) and (G) represent the moisture, fat, reducing sugar (RS), amino acid nitrogen (AAN), nitrite and total sugar concentration, respectively. 
(H) represents the color properties of Cheonggukjang at different fermentation stages.
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among different fermentation stages, PLS-DA and cluster analysis were 
performed in this study. PLS-DA analysis showed significant differenti
ation among samples of different fermentation durations (Fig. 3C). The 
200-permutation test yielded a lower Q2 value for the PLS-DA model 
compared to the original model, indicating that the original model was 
not over-fitted and showed good predictive performance (Fig. 3D). 
Cluster analysis of volatile profile classified the Cheonggukjang fermen
tation process into three key stages: the early stage (0–18 h), the middle 
stage (18–60 h), and the late stage (60–72 h) (Fig. 3E), implying that 
18–27 h and 60–72 h are key transitional periods for volatile compound 
evolution. Variable importance in the projection (VIP) values of volatile 
compounds at different fermentation stages are displayed in Fig. 3F. The 
VIP values of the volatile components reflect their relative importance in 
discriminating the flavor profiles of Cheonggukjang across different 
fermentation stages. A total of 25 volatile components with VIP 

value>1, including 5 pyrazines, 4 alcohols, 4 ketones, 3 phenols, 2 
aldehyde,1 esters, and 6 other categories, were identified as potential 
volatile markers in Cheonggukjang at different fermentation stages. 
Hence, these substances can be utilized to distinguish Cheonggukjang at 
different fermentation stages based on volatile profile.

3.4. Key volatile flavor compounds

Despite the numerous volatiles in Cheonggukjang, only a limited 
number of key components define its sensory profile, contributing its 
characteristic flavor. To investigate these key components, the OAV of 
volatile substances was calculated based on their content and threshold 
values (Huang et al., 2022; Zhao et al., 2025). In general, volatiles with 
OAV ≥ 1 are regarded as key flavor compounds. Fifteen volatiles with 
OAV > 1 were obtained, including 3 alcohols, 4 pyrazines, 3 phenols, 2 

Fig. 2. The microbial diversity and composition of Cheonggukjang at different fermentation stages. Alpha diversity indices, including (A) Chao 1 index, (B) 
Abundance-based coverage estimator (ACE) index, (C) Shannon index, and (D) Simpson index. (E) Principal coordinate analysis (PCoA). Relative abundance of 
dominant microorganisms on different taxonomic classes, (F) phylum, (G) genus, and (H) species. (I) The microbial biomarker by Lefse analysis.
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Fig. 3. Dynamic changes of volatile flavor of Cheonggukjang at different fermentation stages. The content (A) and relative concentration (B) of different types of 
volatile compounds. (C) and (D) were the score plot of volatile compounds of PLS-DA (Partial least squares discrimination analysis) and validation plot of 200 
permutation tests of the model, respectively. (E) Hierarchical clustering analysis diagram of volatile components based on Euclidean distance. (F) Variable 
importance in the projection (VIP) of different fermentation stages.
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ketones, 2 aldehydes, and 1 acid (Table 1, Fig. S1), which primarily 
accumulated during the critical fermentation stage between 60 and 72 h. 
This provides a precise time window for targeted flavor interventions, 
facilitating a modular management approach for fermentation 
optimization.

During the initial fermentation stage (0–18 h), 1-octen-3-ol exhibited 
the highest OAV, establishing mushroom-like odor as the dominant ar
omatic note. As fermentation progressed, pyrazines and benzaldehyde 
(OAV = 406.23) gradually became the primary aroma contributors, with 
3-ethyl-2,5-dimethylpyrazine (OAV = 351.72) and 2-ethyl-3,5-dime
thylpyrazine (OAV = 128.5) serving as the key pyrazine components. 
Cross-referencing the data from this section with Section 3.3 identified 
ten key flavor markers for distinct fermentation stages (Table 1).

3.5. Non-volatile substances analysis

LC-MS technique was utilized to analyze the non-volatile metabolites 
at each fermentation stage. PCA results indicated that the QC samples 
exhibited excellent aggregation characteristics in both positive and 
negative ion modes, demonstrating that the detection was reproducible 
and highly reliable (Fig. S2). A total of 581 non-volatile metabolites 
were obtained after QC processing of the raw data, and the numbers and 
relative abundances of each class of non-volatile compounds were pre
sented in Fig. 4A-B. The largest number of non-volatile metabolites was 
associated with amino acid metabolism (125), followed by organic acids 
(89) and fatty acids (76). The relative abundance of non-volatile me
tabolites associated with amino acid metabolism was the highest during 
Cheonggukjang fermentation, followed by that of ketones and fatty acids.

To further investigate differential non-volatile metabolites during 
Cheonggukjang fermentation, we performed a PLS-DA analysis (Fig. 4C). 
The R2X and R2Y values were 0.834 and 0.995, respectively, demon
strating that the model exhibited excellent predictive ability and did not 
appear to be overfitted (Fig. 4D). The non-volatile compounds at various 
fermentation stages could be separated, again confirming that there 
were noteworthy differences in metabolite composition during Cheong
gukjang fermentation. VIP analysis was employed to study the different 
metabolites during Cheonggukjang fermentation. 216 differential non- 
volatile substances were identified based on VIP ≥ 1 and P < 0.05, 
which were primarily enriched in 20 pathways based on KEGG (Kyoto 
Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg/). 
(Fig. 4E, Table S4). The main metabolic pathways related to flavor 
formation in Cheonggukjang were amino acid metabolism. Specifically, 
the main pathways included arginine biosynthesis; alanine, aspartate 
and glutamate metabolism; phenylalanine, tyrosine and tryptophan 
biosynthesis; tyrosine metabolism; phenylalanine metabolism; as well as 

valine, leucine and isoleucine biosynthesis.

3.6. Correlation analysis of microbial community with fermentation 
parameters, key volatile flavor compounds, and different non-volatile 
metabolites

The pivotal role of microorganisms in shaping the flavor of fer
mented foods is modulated by a complex interplay of environmental 
factors, nutritional conditions, and microbial interactions, which 
collectively influence their growth, metabolic activity, and community 
composition (Xiong et al., 2024). To delineate the association between 
environmental variables and microbial community structure, we per
formed redundancy analysis (RDA) (Fig. 5A). The model showed high 
reliability, as it explained 94.15% of the total variation in RDA results. 
B. licheniformis, Bacillus glycinifermentans, B. paralicheniformis, Breviba
cillus borstelensis, Caldibacillus hisashii, Caldibacillus sp. NES_3, and 
C. thermoamylovorans have arrows in the same direction with pH, fat, 
nitrite, and AAN, and in the opposite direction with moisture, color 
parameters, and total sugar, suggesting that they may be responsible for 
the metabolism of fats, sugars, and the production of AAN and nitrite. 
Additionally, B. subtilis, B. velezensis, and RS concentration displayed a 
strong correlation, suggesting that these bacteria may help promote the 
transformation of RS. As shown in the RDA bioplot, total sugar content 
exhibited the strongest vector magnitude, followed by RS and pH, 
indicating that total sugar content is the key fermentation parameter 
driving microbial community succession during Cheonggukjang 
fermentation.

Microbial interactions play a pivotal role in sustaining community 
stability and ensuring fermented food quality (Melkonian et al., 2023). 
We explored the correlations among the 50 most abundant microbial 
taxa during Cheonggukjang fermentation (Fig. 5B). A total of 48 nodes 
and 290 edges were obtained, reflecting the complexity of co-occurrence 
networks. The network patterns demonstrate distinct ecological in
teractions: positive correlations between microorganisms imply poten
tial mutualistic interactions (e.g., symbiosis, metabolic cooperation, or 
synergistic relationships) that stabilize the community structure, while 
negative correlations reflect competitive exclusion or antagonistic in
teractions that drive ecological niche specialization. In this network, 
positive correlations were significantly more common than negative 
correlations. Microbial networks exhibited a characteristic scale-free 
topology, with the majority of microorganisms possessing few connec
tions and only a minority serving as highly connected hub nodes. Three 
microbial species, including B. licheniformis, B. glycinifermentans, and 
Bacillus sonorensis, exhibited the highest connectivity (connectivity 
degree>20, |r| > 0.6, P < 0.05) and demonstrated predominantly 

Table. 1 
The OAV of Cheonggukjang during fermentation.

Volatile compounds Thresholds(μg/kg) Fermentation time/h

0 9 18 27 36 45 60 72

1-Octen-3-ol 1 17.11 65.33 31.74 0.00 0.00 0.00 0.00 0.00
Benzyl alcohol 3 0.00 0.00 2.08 3.22 1.51 2.3 1.78 6.35
Phenethyl alcohol 3.17 0.00 0.00 1.59 4.68 2.83 0.71 2.03 4.67
Isobutyric acid 10 0.00 0.00 1.54 2.32 0.05 2.18 1.62 3.5
Benzaldehyde 3 4.15 4.51 5.93 0.00 36.27 70.24 45.23 406.23
Hexanal 5 0.5 1.33 0.00 0.00 0.00 0.00 0.00 0.00
Acetoin 14 0.00 70.73 23.18 14.62 0.00 0.00 0.00 0.00
3-Octanone 21.4 0.00 0.00 0.00 0.00 0.00 1.24 0.00 1
2-Methoxyphenol 1.6 0.00 7.48 20.43 44.76 32.12 62.16 22.73 77.64
Phenol 31 0.00 0.09 0.52 1.05 0.85 1.61 0.44 2.26
2-Methoxy-4-vinylphenol 3 1.04 5.97 1.53 2.52 2.02 2.76 0.91 1.92
2,5-Dimethylpyrazine 80 0.03 0.64 1.83 8.45 8.28 16.93 9.75 54.52
Trimethylpyrazine 23 0.00 0.77 4.1 16.52 12.29 20.39 10.55 54.65
3-Ethyl-2,5-dimethylpyrazine 0.4 0.00 0.00 61.82 220.99 108.81 111.79 76.8 351.72
2-Ethyl-3,5-dimethylpyrazine 0.16 0.00 0.00 0.00 0.00 0.00 0.00 8.82 128.5

Note: Bolded entries in the table denote key flavor markers for different fermentation stages. Thresholds of different volatile flavor compounds were determined in 
water media and obtained from relevant literature and websites.
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negative correlations with other bacterial taxa, suggesting competitive 
interactions for nutrients and spatial resources.

O2PLS is commonly employed for describing the liaisons between 
two groups of data, which contribute to reflecting the overall impact 
between different data sets and screening key variables influencing the 
other set (Rajasundaram & Selbig, 2016). In this study, O2PLS analysis 

was used to investigate the liaisons between microorganisms and key 
flavors (Fig. 5C). The high values of R2 (0.924) and Q2 (0.878) suggest 
that the model possesses excellent explanatory capacity and reliable 
predictive performance (Table S6). The permutation test results (200 
iterations) indicated that the model was not over-fitted (Fig. 5D). The 
VIP scores for the analyzed microbiota ranged from 0.14 to 2.05, with 12 

Fig. 4. Dynamic changes of non-volatile metabolites of Cheonggukjang at different fermentation stages. The number (A) and relative content (B) of different types of 
non-volatile metabolites. (C) Partial least squares discrimination analysis (PLS-DA) plot of non-volatile metabolites. (D) Validation plot of 200 permutation tests of 
the model (E) Classification and statistics of KEGG functions in differential non-volatile metabolites during Cheonggukjang fermentation.
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microbial species (VIP > 1.0) identified as key contributors to charac
teristic flavor compounds. Notably, C. thermoamylovorans exhibited the 
highest VIP score (3.02), followed closely by B. subtilis (VIP = 2.94), 
strongly suggesting that they play the most critical role in defining the 
key flavor profile of Cheonggukjang. The links between microorganisms 
and key flavor compounds during Cheonggukjang fermentation were also 
evaluated using Pearson correlation analysis (Fig. S3). The analysis 
revealed a statistically significant positive correlation between the 8 
microbial species and the characteristic flavor compounds, except for 
negative correlations with 1-octecn-3-ol and hexanal. Bacillus para
licheniformis exhibited the most extensive correlations with character
istic flavor compounds, followed by B. licheniformis. Both of 
B. paralicheniformis and B. licheniformis were associated with several 
characteristic flavor compounds including 2-methoxyphenol, benzyl 
alcohol, and isobutyric acid derived from amino acid metabolism.

Similarly, links between microbial and non-volatile differential 

metabolites were explored by O2PLS analysis. The model demonstrated 
excellent performance with R2 and Q2 values of 0.916 and 0.812 
(Table S6). Based on 200 permutation tests, we concluded that the 
model was not over-fitted (Fig. 5F). VIP scores spanned from 0.20 to 
2.75, of which 16 microbial species were significantly associated with 
metabolic activity during fermentation (Fig. 5E). Comprehensively 
analyzing the correlations between microorganisms and the character
istic flavor substances and differential metabolites during Cheonggukjang 
fermentation (Fig. S3), we found that 10 microbial species, including 
B. velezensis, Virgibacillus proomii, B. subtilis, Saccharomonospora viridis, 
B. licheniformis, B. paralicheniformis, D. cercidiphylli, C. hisashii, C. ther
moamylovorans, and Bre. Borstelensis, showed associations with at least 
20 differential metabolites, which were key drives of metabolic trans
formations during Cheonggukjang fermentation. Notably, V. proomii was 
the low-abundance microorganism in Cheonggukjang, implying that low- 
abundance microorganisms may play an indispensable part in flavor 

Fig. 5. Association analysis of species-level microorganisms with fermentation parameters (A). The red and blue arrows represent fermentation parameters and 
microbial species, respectively. (B) Correlation network between microbial communities (P < 0.05, r > 0.6). (C) and (E) were VIPpre (VIP value for predictive 
variables) plots of O2PLS analyses. (D) and (F) represent the cross-validation with 200 permutation tests. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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formation. B. paralichniformis was correlated with the highest number of 
differential non-volatile metabolites (78), followed closely by 
B. licheniformis (61), which is consistent with their contribution to 
characteristic flavors.

Integrated analysis of microbial associations with characteristic fla
vors and differential non-volatile metabolites demonstrated that seven 
species (C. thermoamylovorans, B. subtilis, B. velezensis, B. licheniformis, 
B. paralicheniformis, C. hisashii, and Collinsella aerofaciens) were key 
contributors to flavor development through metabolic transformation 
during Cheonggukjang fermentation.

4. Discussion

This study systematically elucidated the formation mechanism of 
characteristic flavors during the spontaneous fermentation of Cheong
gukjang by integrating metagenomics, volatilomics, and metabolomics. 
It identified the key stages of flavor formation, the core functional mi
croorganisms, and the metabolic pathways involved, thereby filling the 
gap in the previously unidentified causal link between the microbial 
community and the characteristic flavors of Cheonggukjang. These find
ings not only advance the mechanistic understanding of microbe
–metabolite–flavor interactions but also establish a theoretical basis for 
the targeted regulation and quality improvement of Cheonggukjang.

The dynamic changes in physicochemical parameters during the 
fermentation process reflect a substrate transformation process driven 
by microbial metabolism. RDA analysis identified total sugar as the core 
physicochemical factor driving microbial community succession, with 
its continuous depletion providing the carbon source and energy basis 
for this process. Previous studies have demonstrated that starch and RS 
concentrations drives microbial assembly over the temporal scale during 
the Stacking Fermentation (SF) process of Maotai-flavor baijiu (MFB) 
(Wang et al., 2021; Yang et al., 2023). Our prior research demonstrated 
that RS have a momentous effect on the bacterial community structure 
of dajiang (Zhao et al., 2025). Collectively, these findings indicate that 
the composition of raw materials, particularly the carbon sources for 
microbial growth, is a key factor driving microbial succession in fer
mented foods. Initially (0–18 h), reducing sugars generated from total 
sugar hydrolysis and inherently present in soybeans supported rapid 
proliferation of facultative anaerobes (e.g., B. subtilis, B. velezensis), 
establishing them as the initial dominant taxa. Concurrently, the rapid 
microbial proliferation coincided with enhanced nitrate reductase ac
tivity, promoting the conversion of nitrate to nitrite and leading to its 
transient accumulation. As fermentation proceeds, total sugars are 
continuously consumed, the temperature of the system rises, the pH 
increases, and the original diverse microbial niches are gradually 
reshaped.

Firmicutes and Bacillus predominated throughout the process, 
consistent with previous research (Hong et al., 2024; Nam et al., 2012) 
and further substantiating the essential ecological function of Bacillus in 
high-protein soybean fermentations. LEfSe analysis identified 
C. thermoamylovorans as a biomarker at 36 h of fermentation. During 
fermentation, microbial aerobic respiration rapidly degrades carbohy
drates and proteins, generating substantial ATP and metabolic heat that 
elevates the temperature of Cheonggukjang. These changes create suit
able conditions for subsequent proliferation of C. thermoamylovorans at 
later fermentation stages (Andersson et al., 1995). Additionally, the rise 
of C. thermoamylovoran coincided with a critical environmental tran
sition—the depletion of total sugars and the concurrent increase in 
pH—confirming that carbon-source depletion drives niche differentia
tion. Once easily metabolized carbon sources were exhausted and the 
system pivoted to complex substrates like soybean proteins, bacteria 
(such as C. thermoamylovoran, and B. licheniformis) harboring specific 
hydrolase systems outcompeted other taxa. B. licheniformis encodes the 
alkaline protease AprE, which displays higher hydrolytic efficiency 
compared to other proteases (Zhou et al., 2025). The proteases secreted 
by these microbes extensively hydrolyze soybean proteins, leading to 

the release of free amino acids and basic amines, which in turn drives a 
sustained increase in both pH and amino acid nitrogen (AAN). AAN 
peaks at 0.55 ± 0.03 g/100 g at 54 h, marking product maturation. 
Concurrently, the rise in pH neutralizes organic acids, thereby reducing 
total acidity. During the final stage (60–72 h), all parameters stabilize. 
Nitrite is degraded to safe levels by nitrite reductase under acidic con
ditions, signifying the completion of Cheonggukjang fermentation.

During Cheonggukjang fermentation, volatile flavor compounds 
exhibited distinct stage-specific profiles. The initial stage was charac
terized by alcohols and acids, while pyrazines and aldehydes gradually 
increased in the middle and late stages, peaking at 72 h. A previous 
study did not observe significant accumulation of pyrazines, which may 
be attributed to differences in fermentation conditions compared to the 
present study (Cho et al., 2017). This dynamic closely paralleled the 
succession of the microbial community. During the initial stage, 
microorganisms—primarily B. subtilis and B. velezensis—generated 
abundant alcohols and acids. In the middle and late stages, proteases 
and lipases secreted by B. licheniformis and Caldibacillus. thermoamylo
vorans extensively released flavor precursors, including amino acids and 
fatty acids, which were subsequently converted into characteristic pyr
azines and aldehydes. Notably, although pyrazines exhibited the highest 
total content among the volatile compounds, benzaldehyde displayed 
the highest OAV (406.23) among the 15 key flavor compounds with 
OAV ≥ 1 that define the characteristic flavor of Cheonggukjang. This 
finding highlights the necessity of incorporating odor activity thresholds 
in flavor analysis to assess the actual contribution of individual com
pounds. Untargeted metabolomics analysis revealed that the differential 
metabolites during Cheonggukjang fermentation were primarily enriched 
in amino acid metabolic pathways. The metabolites derived from these 
pathways serve as key precursors for the major volatile flavor com
pounds in Cheonggukjang, including pyrazines, phenols, aldehydes, and 
alcohols. The significant enrichment of the phenylalanine and tyrosine 
metabolic pathways not only provided direct precursors for aromatic 
aldehydes and alcohols such as benzaldehyde, phenylethyl alcohol, and 
benzyl alcohol, but also served as the core metabolic basis for the gen
eration of phenolic compounds including phenol, 2-methoxyphenol, and 
2-methoxy-4-vinylphenol. Furthermore, the active metabolism of thre
onine provided ample precursors for the synthesis of nitrogen- 
containing heterocyclic flavor compounds such as pyrazines, thereby 
enhancing the characteristic roasted and nutty aromas of Cheonggukjang. 
These findings demonstrated that the systemic reprogramming of the 
primary metabolic network during Cheonggukjang fermentation is highly 
coupled with the formation of volatile flavor compounds. The syner
gistic regulation of amino acid and fatty acid metabolic pathways 
collectively drives the directed conversion of non-volatile precursors 
into characteristic flavor components, including 2,5-dimethylpyrazine, 
trimethylpyrazine, 3-ethyl-2,5-dimethylpyrazine, 2-ethyl-3,5-dime
thylpyrazine, phenol, 2-methoxyphenol, 2-methoxy-4-vinylphenol, 
benzaldehyde, phenylethyl alcohol, and benzyl alcohol.

Microorganisms were the most indispensable participants in flavor 
formation through their metabolic activities. We integrated meta
genomics, volatilomics and metabolomics to reconstruct the microbial- 
mediated metabolic network (Fig. 6 and Table S7), which revealed 
that the formation of characteristic flavors was closely associated with 
microbial regulation of carbohydrate metabolism, protein and lipid 
degradation, fatty acid oxidation, as well as amino acid metabolism and 
biosynthesis. Carbohydrate metabolism provided the fundamental 
biochemical basis for microbial proliferation and flavor components 
biosynthesis in Cheonggukjang. As one of the main components of soy
beans, starch was degraded into glucose by A. hydrophila, 
L. adecarboxylata, and D. cercidiphylli. As the primary energy source for 
microbial proliferation, glucose was further metabolized into pyruvate 
by multiple strains, including A. hydrophila, L. adecarboxylata, 
D. cercidiphylli, C. thermoamylovorans, C. hisashii, Caldibacillus sp. NES_3, 
W. coagulans, Caldibacillus debilis, and Bacillus sp. B15–48. Pyruvate 
acted as a central metabolic hub linking glucose metabolism to 
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downstream flavor synthesis, and could be converted into acetoin via 2- 
acetolactate, which was mediated by B. licheniformis, 
B. paralicheniformis, B. glycinifermentans, B. sonorensis, and Bacillus sp. 
BT1B_CT2. Acetoin further reacted with aminoacetone derived from 
threonine degradation to form trimethylpyrazine (Li et al., 2026). Dur
ing fermentation, proteolysis contributed to the accumulation of abun
dant free amino acids and derivatives, such as phenylalanine, tyrosine, 
threonine, and leucine, which served as critical flavor precursors. These 
amino acids could be further converted into aldehydes, alcohols, phe
nols, and ketones, which collectively shape the characteristic flavor 
profile of Cheonggukjang (Zhao et al., 2023). Specifically, tyrosine was 
converted into phenol 2-methoxy-4-vinylphenol, and 2-methoxyphenol 
mainly by B. velezensis, B. amyloliquefaciens, Bacillus sp. 5B6, 
C. thermoamylovorans, C. hisashii, Caldibacillus sp. NES_3, and C. debilis, 
thereby contributing to the typical phenolic and smoky odors. Addi
tionally, these phenolics can also be synthesized from ferulic acid 
released from soybean seed coat cell walls (Shashank et al., 2014). 
Phenylalanine was transformed into phenylethyl alcohol, benzyl 
alcohol, and benzaldehyde via decarboxylation and deamination, which 
endowed Cheonggukjang with fruity and flowery odors (Hao et al., 2023; 
Zhao et al., 2025). These conversions were dominated by 
B. paralicheniformis, B. glycinifermentans, Bre. borstelensis, Bacillus sp. 
BT1B_CT2, A. hydrophila, L. adecarboxylata, D. cercidiphylli, S. viridis, 
V. proomii, C. thermoamylovorans, C. hisashii, and Caldibacillus sp. NES_3. 
Meanwhile, isobutyric acid was mainly produced from leucine meta
bolism mediated by B. subtilis, B. sonorensis, B. licheniformis, Staphylo
coccus hominis, Bacillus sp. BT1B_CT2, A. hydrophila, L. adecarboxylata, 
and D. cercidiphylli. Fatty acid metabolism also constituted essential 
pathways for the formation of alcohols, aldehydes, and ketones in 
Cheonggukjang. Lipids were degraded to free fatty acids by microbial 
lipases, and further converted into unsaturated fatty acids (such as 
linoleic acid and arachidonic acid) by B. amyloliquefaciens, B. velezensis, 
and Bacillus sp. 5B6. These unsaturated fatty acids were subsequently 
transformed into C6/C8 aldehydes and alcohols such as and hexanal, 
and 1-octen-3-ol, with the latter being further oxidized into 3-octanone, 
which contributes a fruity odor (Mathatheeranan et al., 2024). These 

reactions were mediated by methylglyoxal synthase (EC: 1.1.1.1) 
derived from B. amyloliquefaciens, B. velezensis, Bacillus sp. 5B6, and 
Bacillus sp. LM 4–2.

In this study, six strains, namely C. thermoamylovorans, 
B. licheniformis, B. velezensis, B. subtilis, B. paralicheniformis, and 
C. hisashii, were identified as core functional microorganisms contrib
uting to the characteristic flavor formation of Cheonggukjang, based on 
the three criteria of high and stable abundance, strong correlation with 
key flavor compounds, and possession of flavor synthesis-related 
enzyme genes. Therefore, the formation of Cheonggukjang's character
istic flavor can be summarized as follows: total sugar, as the core driving 
factor, directs the succession of the microbial community. The core 
functional microorganisms secrete extracellular enzymes such as pro
teases, amylase, and lipases to degrade the soybean substrate, gener
ating key flavor precursors including amino acids and fatty acids. These 
precursors (mainly threonine, phenylalanine, leucine, tyrosine, acetoin, 
and linoleic acid) are subsequently converted by core functional mi
croorganisms via pathways such as amino acid metabolism, and the 
lipoxygenase pathway into characteristic flavor compounds, including 
pyrazines, aldehydes, and alcohols, ultimately shaping the unique flavor 
profile of Cheonggukjang. By establishing a comprehensive mechanism 
that integrates substrates, microorganisms, enzymes, precursors, and 
characteristic flavor compounds, this study elucidated the metabolic 
pathways responsible for flavor formation during Cheonggukjang 
fermentation. These findings offer a theoretical basis for the precise 
modulation of Cheonggukjang flavor and support its industrial-scale 
production.

This study systematically elucidated the microbial regulatory 
mechanisms underlying flavor formation in Cheonggukjang through an 
integrated analysis of metagenomics, volatilomics, and untargeted 
metabolomics. Nevertheless, several limitations should be acknowl
edged. First, while untargeted metabolomics enabled comprehensive 
metabolite profiling and the identification of core flavor-associated 
metabolic pathways, its inherent technical constraints prevent abso
lute quantification of key flavor precursors, thereby limiting accurate 
assessment of the conversion efficiency from precusors to flavor 

Fig. 6. Metabolic network of key flavor formation mediated by microorganism in Cheonggukjang. The red and black fonts in the box present the characteristic flavor 
components and intermediate metabolites in Cheonggukjang, respectively. Black and blue fonts not in the box represent enzymes and main microorganisms that 
produce the corresponding enzymes, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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compounds. Second, the core functional microorganisms identified 
through multi-omics association analysis require further functional 
validation via in vitro fermentation experiments. Future work will 
therefore focus on: (i) performing absolute quantification of core flavor 
precursors and key metabolic nodes using targeted metabolomics to 
precisely characterize flavor compound biosynthesis and refine a 
quantitative mechanistic model of flavor formation in Cheonggukjang; 
and (ii) isolating and purifying the core functional microorganisms and 
validating their flavor-regulating functions through single-strain or 
synthetic microbial community fermentation. These efforts will ulti
mately support the development of standardized starters capable of 
precisely regulating flavor, thereby advancing the industrial standardi
zation of Cheonggukjang production.

5. Conclusion

This study integrated metagenomic, volatilomic, and metabolomic 
analyses to reveal the flavor formation mechanism of Cheonggukjang, 
elucidating the functional associations between its core microbiota and 
key flavor compounds to establish a scientific basis for targeted quality 
control. Analysis of volatile compounds revealed that the Cheonggukjang 
fermentation process comprises three distinct stages (0–18, 18–60, 
60–72 h), of which the final stage was designated as the most critical for 
flavor development. Fifteen key flavor compounds were identified 
during Cheonggukjang fermentation, with 10 serving as key flavor 
markers of different fermentation stages. Amino acid metabolism 
mediated by microorganisms during Cheonggukjang fermentation was 
responsible for the formation of these key flavor components. LefSe 
analysis revealed that B. subtilis, B. velezensis, C. thermoamylovorans, and 
B. licheniformis were the biomarkers for the 9, 18, 36, and 60 h 
fermentation periods of Cheonggukjang, respectively. Total sugar was the 
main factor driving microbial community succession, followed by 
reducing sugar and pH. C. thermoamylovorans, B. licheniformis, 
B. velezensis, B. subtilis, B. paralicheniformis, and C. hisashii were the core 
functional microbes for characteristic flavor formation. Collectively, this 
research reveals the development and formation mechanisms of char
acteristic flavor quality mediated by microorganisms during Cheong
gukjang fermentation, providing theoretical guidance for standardized 
production and quality control of Cheonggukjang flavor.
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