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Multi‑omics analyses of the mechanism 
for the formation of soy sauce‑like and soybean 
flavor in Bacillus subtilis BJ3‑2
Yongjun Wu, Yi Tao, Jing Jin, Shuoqiu Tong, Sheng Li and Lincheng Zhang* 

Abstract 

Although soy sauce-like flavor and soybean flavor are two key contributors to the flavor of fermented foods, the key 
compounds of soy sauce-like flavor and soybean flavor and production mechanisms are still poorly understood and 
need further investigation. In the present study, we found that the Bacillus subtilis (B. subtilis) BJ3-2 strain has various 
metabolic properties at different temperatures, and the strain cultured at 37℃ increased the soybean flavor (a special 
flavor of ammonia-containing smelly distinct from natto) compared with culturing at 45℃ and 53℃. Interestingly, the 
strain cultured at 45℃ and 53℃ had a higher soy sauce-like flavor than that in 37℃. Moreover, a comparative tran-
scriptome analysis of the strain cultured at 37℃, 45℃, and 53℃ showed transcriptional changes related to secondary 
metabolites and ABC transporters, which is critical for the amino acid transport and metabolism in B. subtilis. Mean-
while, proteomics and metabolomics profiling showed a marked change in amino acids transport and metabolism. In 
addition, the metabolic analysis revealed a significant metabolic difference (including sulfur metabolism, glutathione 
metabolism, nicotinate and nicotinamide metabolism, cysteine and methionine metabolism, and pyrimidine metabo-
lism) in the strain cultured at 45℃ and 53℃ compared to 37℃. To sum, this study used the multi-omics profiling tool 
to investigate the fermentative strains B. subtilis BJ3-2, thus providing a deeper insight into the mechanism of the 
formation of soy sauce-like flavor and soybean flavor compounds.
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Introduction
The unique flavor and nutritional value of the fermented 
foods result from numerous microorganisms and their 
metabolites produced during fermentation [1, 2]. The soy 
sauce-like flavor is one of the most popular flavors among 
consumers worldwide, attributed to its appealing flavors 
and beneficial health effects in fermented beverages [3, 

4]. B. subtilis is one of the most dominant microorgan-
isms found in fermented foods [5, 6]. Fermentation by 
B. subtilis is an inexpensive and effective process that 
improves nourishing and functional food ingredients [7, 
8]. For instance, B. subtilis can produce a variety of com-
ponents during fermented processes, such as protease, 
amylase, and lipase, all of which have important roles 
in the hydrolysis of proteins, starches, and lipids [9]. In 
addition, the chemicals produced by the carbon metabo-
lism of B. subtilis significantly contribute to the formation 
of flavor compounds during the Baijiu brewing process 
[10]. Therefore, B. subtilis has been acknowledged as an 
important bacterium for forming flavor compounds in 
fermented foods [5, 9, 11].
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Among all the flavor chemicals, acetoin and ligustra-
zine, produced by B. subtilis have been widely reported 
as greatly impacting the flavor of fermented foods and 
other foods [12–15]. Tetramethylpyrazine (TTMP) is a 
commonly occurring alkylpyrazine that has been con-
sidered an important contributor to aroma compounds 
in oriental foods, such as lobster sauce (a Chinese fer-
mented soybean product produced by B. subtilis). 
Homoplastically, natto is a traditional Japanese food 
obtained after fermentation of the soybeans by B. sub-
tilis [16, 17]. However, these traditional foods’ main 
compositions and key flavor compounds also tend to 
differ. In addition, TTMP has also been identified as 
one of the main contributors to the Maotai-flavor of 
Chinese liquors [18]. Moreover, several alkylpyrazines 
were produced by B. subtilis grown in solid substrate 
conditions using soybean suspended in water and sup-
plemented with threonine and acetoin [19] as precur-
sors of TTMP. Acetoin (3-hydroxy-2-butanone or acetyl 
methyl carbinol), a very active molecule, is a precursor 
of dozens of compounds. Previous studies have exten-
sively researched the biological synthesis pathways and 
nonenzymatic spontaneous reactions of acetoin and its 
derivatives [20, 21]. It has also been reported that ace-
toin is a precursor of TTMP that can synthesize MP via 
microbial metabolism during Baijiu fermentation [15, 
22]. Moreover, acetoin and TTMP have recently drawn 
extensive attention due to their flavor-promoting role 
[23, 24]. Yet, the key flavor compositions related to the 
soy sauce-like aroma style were complex and with low 
content in fermented foods [25].

Recently, a dominant strain of Bacillus licheniformis 
isolated from the Maotai flavor liquor produced a strong 
soy sauce-like flavor in the medium of wheat bran extract 
by submerged fermentation [26]. More importantly, 
cysteine was identified as having an important role in 
forming soy sauce-like flavor compounds. It was also 
suggested that it might act as an indirect precursor or 
stimulator of soy sauce-like flavor formation [26]. Addi-
tionally, it has also been reported that sulfur-containing 
aroma compounds formed from nonvolatile cysteinylated 
precursors are key contributors to the flavor of a diverse 
range of foods and beverages [27]. Moreover, approxi-
mately 76 volatile compounds have been well identified 
and characterized in Chinese soy sauce-like aroma style 
liquor, such as esters, alcohols, aldehydes and ketones, 
and aromatic compounds [28]; however, most of them 
did not exhibit soy sauce-like flavor. The indetermina-
tion related to the key soy sauce-like aroma compositions 
led to confusion about the formation mechanism of the 
flavor compounds. Therefore, more information and fur-
ther studies about the key flavor compositions related to 
the soy sauce-like aroma style are needed.

In our previous study, a strain of B. subtilis BJ3-2 
were isolated and identified from the bacteria-fer-
mented lobster sauce samples which collected from 10 
producing areas in Guizhou province [29]. In this study, 
we discovered that BJ3-2 has various metabolic prop-
erties at different temperatures. E.g., the BJ3-2 strain 
cultured at 37℃ increased the soybean flavor compared 
with culturing at 45℃ and 53℃. On the contrary, the 
strain cultured at 45℃ and 53℃ had a higher soy sauce-
like flavor than that cultured at 37℃. Furthermore, 
the genes involved in physiological metabolism at the 
molecular level were analyzed by a comparative tran-
scriptome. Additionally, the proteins and metabolites 
involved in physiological metabolism were detected 
by proteomics and metabolomics. The present study 
results provide a scientific basis for the information on 
the ingredients of key soy sauce-like flavor and soybean 
flavor compounds. They can also be beneficial for the 
development of the fermentative industry.

Materials and methods
The culture and collection of Bacillus subtilis BJ3‑2
The culture and collection of Bacillus subtilis BJ3-2 as 
previously described [29, 30]. Briefly, the BJ3-2 strains 
were cultured overnight in solid LB (Luria–Bertani) 
at 37  °C, after which a single colony on the plate was 
picked and cultured again under previously described 
conditions. These procedures were repeated at least 
three times for activation of the colony. Thereafter, 
a single activated colony on the plate was picked and 
grown in 5 mL liquid LB medium at 37 °C for 5 h under 
shaking at 180 rpm. The above bacterial cultures (1 mL) 
were reinoculated in 99 mL of liquid LB medium (1%) 
and grown at 37  °C under shaking at 180  rpm until 
an OD600 of 0.70. The 3 mL above cultures were then 
reinoculated in 297  mL liquid LB medium and grown 
at 37  °C, 45  °C, and 53  °C (shaking at 180  rpm, 42  h) 
for the enlarged cultivation process. Then, the enlarged 
cultures of each sample were transferred to a new 
50  mL tube, and the precipitate was collected after 
being centrifuged at 12,000  rpm for 10  min. For RNA 
sequencing, the precipitate of each sample cultured at 
37℃, 45℃, and 53℃ was named as AT37, BT45, and 
CT53, respectively. For the proteomic analysis, the pre-
cipitate of each sample cultured at 37℃, 45℃, and 53℃ 
was named AP37, BP45, and CP53, respectively. For the 
metabolomics analysis, the precipitate of each sample 
cultured at 37℃, 45℃, and 53℃ was named as A37, B45, 
and C53, respectively. Each treatment was performed at 
least in triplicate for all samples. The sensory analysis 
of the strain cultured at 37℃, 45℃, and 53℃ was evalu-
ated by trained expert sensory panelists.
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RNA sequencing
The total RNA was extracted using TRIzol reagent (Inv-
itrogen, Carlsbad, CA, USA) by following the manufac-
turer’s protocol. The concentration and purity of the total 
RNA were evaluated using a Nanodrop ND-2000 spec-
trophotometer (Thermo Fisher Scientific, Wilmington, 
DE, USA). The RNA integrity values of the total RNA 
were determined using an Agilent 2100 bioanalyzer (Agi-
lent, Palo Alto, CA, USA). Each sample was collected at 
least three times and pooled for RNA sequencing (RNA-
seq) analysis. RNA-seq was performed by the Majorbio 
Technology Co., Ltd. (Shanghai, China). The 16S rRNA 
was used as an internal standard. Sequences of the raw 
data containing a small number of reads with sequenc-
ing adaptors or low-quality sequences were filtered out. 
Subsequently, the quality of sequencing data was evalu-
ated by a sequencing error rate distribution examina-
tion. For gene expression analysis, the reads counts 
were normalized to Fragments Per Kilo bases per Mil-
lion fragments (FPKM), and the differentially expressed 
genes (DEGs) were selected using the following condi-
tions: P-value < 0.05 and |log2fold change (FC) |≥ 1. Gene 
Ontology (GO, http://​www.​geneo​ntolo​gy.​org/) enrich-
ment analysis was performed to determine the DEGs that 
were common at 37  °C, 45  °C, and 53  °C with opposite 
regulatory patterns with a threshold of P < 0.05. Kyoto 
Encyclopedia of Genes and Genomes (KEGG, http://​
www.​genome.​jp/​kegg/) pathway enrichment analysis was 
performed for each DEG [31].

nanoLC‑MS/MS analysis
For each sample, 2  μg of total peptides were separated 
and analyzed with a nano-UPLC (EASY-nLC1200) cou-
pled to a Q Exactive HFX Orbitrap instrument (Thermo 
Fisher Scientific) with a nano-electrospray ion source 
according to the method of Liu with some modifications 
[32]. Separation was performed using a reversed-phase 
column (100 µm ID × 15 cm, Reprosil-Pur 120 C18-AQ, 
1.9 µm, Dr. Maisch). Mobile phases were H2O with 0.1% 
FA, 2% ACN (phase A) and 80% ACN, 0.1% FA (phase B). 
Separation of the sample was performed with a 90  min 
gradient at 300 nL/min flow rate; Gradient B: 2–5% for 
2  min, 5–22% for 68  min, 22–45% for 16  min, 45–95% 
for 2 min, 95% for 2 min. The data acquisition was per-
formed with the data-dependent acquisition (DDA) in 
profile and the DDA of MS1 spectra was performed in 
positive mode with an Orbitrap analyzer at a resolution 
of 120,000 (at m/z of 200) and 350–1600 m/z range. The 
MS2, resolution was set at 45 k and fixed first mass was 
set to 100 m/z. The automatic gain control target was set 
to 3E6 (with the max IT 30 ms) and 1E5 (with the max 
IT 96  ms) in MS1 and MS2, respectively. The top 20 

most intense ions were fragmented by high-energy dis-
sociation (HCD) with normalized collision energy of 32% 
and isolation window of 0.7 m/z. The dynamic exclusion 
was used with a time window of 45 s. The single charged 
peaks and peaks with charges exceeding 6 were masked 
and excluded from further analyses.

Proteome discoverer database search
The vendor’s raw MS files were processed using Pro-
teome Discoverer (PD) software (Version 2.4.0.305) 
and the built-in Sequest HT search engine according 
to the description with some modifications [33]. MS 
spectra lists were searched against their species-level 
UniProt FASTA databases Uniprot (Bacillus subti-
lis_1423-2021–09.fasta), with Carbamidomethyl [C], 
TMT 6 plex (K) and TMT 6 plex (N-term) as a fixed 
modification and oxidation (M) and acetyl (Protein 
N-term) as variable modifications. Trypsin was used 
as proteases. A maximum of 2 missed cleavage(s) was 
allowed. The false discovery rate was set to 0.01 for PSM 
and peptide levels. Peptide identification was performed 
with an initial precursor mass deviation of up to 10 ppm 
and a fragment mass deviation of 0.02 Da. Unique pep-
tide and razor peptide were used for protein quantifica-
tion and total peptide amount for normalization. All the 
other parameters were reserved as default.

Metabolites extraction
The metabolites extraction according to the methods 
described with minor modifications [33, 34]. Briefly, a 
500 μL PBS was added to the sample in a 2 mL EP tube. 
After centrifugation at 4℃ for 10  min at 5,000  rpm, all 
supernatants were carefully removed into a 2  mL EP 
tube and placed in a refrigerator at -80℃. The precipi-
tate was then weighed in a 2 mL centrifuge tube, and 200 
μL pure water was added, followed by vortex mixing for 
30 s. Next, the steel ball was added and processed with a 
40 Hz grinding instrument for 4 min, followed by ultra-
sonic treatment with an ice water bath for 5 min (repeat 
three times). Next, 20 μL homogenate was taken for 
BCA, 165 μL methanol and 115 μL precooled chloroform 
was added, and vortexed for 30  s. Ultrasound was used 
for 10  min (ice bath). Afterwards, the 250 μL superna-
tant was transferred to a new tube after centrifugation at 
12,000 rpm for 15 min (4℃). To prepare the quality con-
trol sample, 80 μL supernatant of each sample was com-
bined together. Subsequently, the supernatant was dried 
in a vacuum concentrator, and then 40 μL methoxyami-
nation hydrochloride (20 mg/mL in pyridine) was added 
and cultured at 80℃ for 30 min. Next, 50 μL of the N,O-
Bis(trimethylsilyl)trifluoroacetamide (BSTFA) regent 
with 1% trimethylchlorosilane (TMCS, v/v) was added 
and incubated for 1.5 h at 70℃. Samples were gradually 
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cooled to room temperature. All samples were then ana-
lyzed by gas chromatography coupled with a time-of-
flight mass spectrometer.

GC × GC‑TOF–MS analysis
Agilent 7890 gas chromatograph system coupled with a 
Pegasus 4D time of flight mass spectrometer was used for 
GC × GC-TOF–MS analysis according to the methods 
described by previous report with minor modifications 
[33–35]. A 1 μL aliquot of the analyte was injected in 
splitless mode. The carrier gas used was helium and the 
front inlet purge flow was 3  mL  min−1and the gas flow 
rate through the column was 1  mL  min−1. The column 
temperature was programmed as follow: the initial tem-
perature at 90  °C (held for 1  min), increased to 180  °C 
at 10  °C  min−1 (held for 1  min), increased to 240  °C 
at 5  °C  min−1 (held on 1  min), increased to 300  °C at 
30 °C min−1 (held on 12 min). The injection, transfer line 
and ion source temperatures were set at 280, 250, and 
220 °C respectively. The ionisation mode was operated in 
electron impact (electron energy -70 eV). The mass spec-
trometry data were acquired in the full-scan mode at a 
rate of 100 spectra per second using a mass scan range of 
33–550 m/z after a solvent delay of 5.85 min.

Data preprocessing and annotation
Chroma TOF software of LECO Corporation and Fiehn 
database were used for raw peaks exacting, the data base-
lines filtering and calibration of the baseline, peak align-
ment, deconvolution analysis, peak identification, and 
integration of the peak area [36]. Next, the DEGs, dif-
ferential expression proteins, and metabolites were inte-
grated and analyzed by multi-omics using the following 
conditions: P-value < 0.05 and |log2fold change (FC) |≥ 1.

Results
Effect of culture temperature on flavor production
In the present study, BJ3-2 was selected as the target 
strain, whose growth and physiological characterization 
was investigated by culturing in LB medium at different 
temperatures. The results showed that the strain cultured 
at 53℃ had a darker color compared to that cultured at 
37℃, while only a slight color difference was observed 
at 45℃ (Fig. S1A). Moreover, the strain cultured at 45℃ 
and 53℃ had a lower OD value than that cultured at 37℃ 
(Fig. S1B). Under the biologic photomicroscope, the bac-
teria morphology of BJ3-2 strain cultured at 37℃, 45℃, 
and 53℃ were observed to be rod-shaped, and the gram 
staining showed that the strain was gram-positive bac-
terium (Fig. S1C-E). Since the significant variation of 
fermentation broth in color was observed at the differ-
ent temperatures, especially at 53℃, the produced flavor 
was further evaluated. As shown in Table 1, fermentation 

without strains inoculated in the LB medium exhibited 
only sweet flavor, indicating that the medium would not 
produce the target flavor at high temperatures. Moreo-
ver, the strain cultured at 37℃ had increased the soybean 
flavor (a special flavor of ammonia-containing smelly 
distinct from natto) compared with the strain cultured 
at 45℃ and 53℃. On the contrary, the strain cultured at 
45℃ and 53℃ had a higher soy sauce-like flavor than that 
cultured at 37℃. These results suggested that the BJ3-2 
has various metabolic properties in different tempera-
tures. The observation was in agreement with the previ-
ous studies reporting that the temperature was crucial for 
soy sauce-like flavor formation in Heat-Resistant Strain 
Bacillus licheniformis CGMCC3962 [26]. Consequently, 
the growth and physiological difference of Bacillus subti-
lis BJ3-2 indicated that the metabolic regulation was not 
constant at the various temperatures.

Transcriptome analysis of the AT37, BT45, and CT53 
samples
To better understand the role of genes involved in physi-
ological metabolism at the molecular level, a compara-
tive transcriptome analysis was performed using the 
samples of AT37, BT45, and CT53. In total, 71 169 628 
raw reads were generated from 9 samples (AT37_1/2/3, 
BT37_1/2/3, CT37_1/2/3), including 23 885 294 raw 
reads from AT37 samples, 24 158 336 raw reads from 
AT45 samples, and 23 125 998 raw reads from AT53 sam-
ples. The raw sequences were filtered, and 23 738 006, 24 
012 568, and 22 974 490 clean reads were generated for 
AT37, BT45, and CT53, respectively (Table S1). Consid-
ering the sequencing data, the detected percentages were 
within a reasonable range (Table S1). Furthermore, the 
gene expression was detected in the AT37, BT45, and 
CT53 samples with FPKM > 0, and the gene expression 
levels in different samples were uniformly distributed 
in density diagrams (Fig. S2). Regarding the expression 
of these genes, the three biological replicates for RNA-
Seq were applied, and the results showed correlation 
coefficients > 0.898 (Fig. S3A). Analogously, the princi-
pal component analysis (PCA) was obtained from the 
data indicating a distinct separation among the samples 
of AT37, BT45, and CT53 for the same line (Fig. S3B). 
These results suggested that the RNA data for the three 

Table 1  Effect of culture temperature on flavor production

Strain Sensory evaluation

37℃ 45℃ 53℃

None Sweet Sweet Sweet

BJ3-2 Soybean flavor Soybean /soy 
sauce flavor

Soy sauce flavor
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biological replicates displayed good reproducibility and 
consistency between replicates. Besides, 256 DEGs were 
identified in all of the groups, 45 DEGs occurred only in 
the BT45 of BT45vsAT37, 647 DEGs occurred only in 
CT53 of CT53vsAT37, and 98 DEGs occurred only in 
CT53 of CT53vsBT45 (Fig.  1A). The DEGs were subse-
quently analyzed, and a clustering heat map was drawn 
to show the significant differences (Fig.  1B). Therefore, 
the transcript levels of each gene in the data of RNA-
seq were analyzed using an adjusted P-value < 0.05 and 
|log2FC|≥ 1 as the significance. As shown, 841 DEGs 
were identified in BT45 vs. AT37; among them, there 
were 521 down-regulated DEGs and 320 up-regulated 
DEGs. In comparison with the DEGs of AT37 and CT53, 
1970 DEGs were identified; among them, there were 
1063 down-regulated DEGs and 907 up-regulated DEGs. 
Similarly, 1043 DEGs were identified in CT53 vs. BT45; 
among them, there were 576 down-regulated DEGs and 
467 up-regulated DEGs (Fig.  1C, Fig. S4A-C, Table S2). 

For comparison, the DEGs of AT37, BT45, and CT53 
samples were classified into four clusters (1–4) accord-
ing to their expression patterns, and similar expression 
trends for the DEGs were observed in each cluster (Fig. 
S4D).

GO and KEGG enrichment of the DEGs
The functions of the DEGs were identified using GO clas-
sification based on their roles in biological process (BP), 
molecular function (MF), and cellular component (CC). 
All the DEGs in BT45 vs. AT37 were dominantly catego-
rized into the MF categories, and most of the DEGs were 
connected to serine-type peptidase activity and serine 
hydrolase activity (Fig.  2A, Table S3). When comparing 
CT53 with AT37, most DEGs were enriched to heme 
binding and tetrapyrrole binding (Fig.  2B, Table S4). 
However, the DEGs in CT53 vs. BT45 were categorized 
into the two main categories (CC and MF), and most of 
the DEGs were enriched to the membrane and protein 

Fig. 1  Transcriptome analysis of the BJ3-2 cultured at 37 °C, 45 °C and 53 °C. A Venn diagram indicating the differential gene expression in the AT37, 
BT45 and CT53; B Heat map analysis of DEGs of the AT37, BT45 and CT53; C The DEGs of the AT37, BT45 and CT53

Fig. 2  GO enrichment analysis of DEGs. A GO enrichment analysis of DEGs in AT37 and BT45; B GO enrichment analysis of DEGs in AT37 and CT53; 
C: GO enrichment analysis of DEGs in BT45 and CT53
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binding and serine-type endopeptidase activity (Fig. 2C, 
Table S5). Meanwhile, KEGG analysis showed that most 
of the DEGs in BT45 vs. AT37 and CT53 vs. AT37 were 
enriched in pathways related to the biosynthesis of sec-
ondary metabolites (Fig.  3A, B, Table S6, 7). However, 
the pathways of DEGs in CT53 vs. BT45 were closely 
enriched in the ABC transporters (Fig.  3C, Table S8), 
which is consistent with the amino acid transport and 
metabolism in Deinococcus radiodurans [37].

Proteomic analysis of the AP37, BP45, and CP53 samples
To identify the changes involved in physiological metab-
olism among the samples of AP37, BP45 and CP53 in 
proteomic levels, the proteins samples were extracted 
and subjected to electrophoresis in an SDS–polyacryla-
mide gel. The results showed a good overall quality of 
the protein structure (Fig. S5). Next, a comparative 
proteomic analysis was performed using the samples 

of AP37, BP45, and CP53. The principal component 
analysis (PCA) showed a distinct separation among 
the samples of AP37, BP45, and CP53 for the same line 
(Fig.  4A), which suggested that the RAW data for the 
three biological replicates displayed good reproducibil-
ity and consistency between replicates. Therefore, the 
protein levels of each RAW in the data of proteomic 
analysis were defined as the significance (P-value < 0.05 
and |log2FC|≥ 1). As shown, 72 down-regulated and 195 
up-regulated proteins were identified in BP45 vs. AP37. 
Similarly, 132 down-regulated and 224 up-regulated 
proteins were found when comparing AP37 with CP53. 
Likewise, 224 down-regulated and 125 up-regulated pro-
teins were identified in CP53 vs. BP45 (Fig. 4B, Table S9). 
The differentially expressed proteins (DEPs) were subse-
quently analyzed, and the clustering heat map and vol-
cano plot were drawn to show the significant differences 
(Fig. S6, 7).

Fig. 3  KEGG pathway analysis of DEGs. A KEGG pathway analysis of DEGs in AT37 and BT45; B KEGG pathway analysis of DEGs in AT37 and CT53; 
C KEGG pathway analysis of DEGs in BT45 and CT53

Fig. 4  Proteomic analysis of the AP37, BP45 and CP53. A Correlation analysis of the AP37, BP45 and CP53; B The DEPs of the AP37, BP45 and CP53
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Enrichment of the DEPs
The frequency of the DEPs was matched using COG 
(Cluster of Orthologous Groups of proteins) analysis 
(Fig. 5). Interestingly, we found that most DEPs could be 
dominantly matched to five COG functional categories 

(amino acid transport and metabolism, transcription, 
inorganic ion transport and metabolism, general func-
tion prediction, and signal transduction mechanisms). 
Moreover, all the DEPs in BT45 vs. AT37 were mainly 
classified into MF categories. Additionally, the functions 

Fig. 5  COG analysis of DPGs. A COG analysis of DPGs in AP37 and BP45; B COG analysis of DPGs in AP37 and CP53; C: COG analysis of DPGs in BP45 
and CP53

Fig. 6  GO enrichment analysis of DPGs. A GO enrichment analysis of DPGs in AP37 and BP45; B GO enrichment analysis of DPGs in AP37 and CP53; 
C GO enrichment analysis of DPGs in BP45 and CP53
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of the DEPs were identified using GO analysis. As shown 
in Fig. 6 and Table S10, 11, 12, all the DEPs in BP45 vs. 
AP37, CP53 vs. AP37, and CP53 vs. BP45 were cat-
egorized into three main categories (BP, CC, and MF)
(Fig. 6A-C). For CC, most DEPs in BP45 vs. AP37, CP53 
vs. AP37, and CP53 vs. BP45 were enriched in intracellu-
lar, intracellular part and cytoplasm. For BP, the DEPs in 
BP45 vs. AP37, CP53 vs. AP37, and CP53 vs. BP45 were 
primarily enriched in the primary metabolic process, 
organic substance biosynthetic process, and biosynthetic 
process. For MF, most of the DEPs in BP45vsAP37 were 
connected to the binding (Fig.  6A). However, most of 
the DEPs in BP45 vs. AP37 and CP53 vs. BP45 were con-
nected to the catalytic activity (Fig.  6B, C). Meanwhile, 
KEGG analysis showed that most of the DEPs in BP45 
vs. AP37 were enriched in pathways related to ribosome 
and nucleotide excision repair (Fig.  7A). Similarly, most 
of the DEPs in CP53 vs. AP37 were enriched in path-
ways related to oxidative phosphorylation, nonriboso-
mal peptide structures, ribosome, and inositol phosphate 
metabolism (Fig.  7B). Notably, KEGG enriched analysis 
revealed that pathways closely related to the glycine, ser-
ine and threonine metabolism were found in CP53 vs. 
BP45 (Fig.  7C), which is consistent with the high accu-
mulation of NH4

+ and pyruvic acid in Bacillus subtilis.

Overview of the metabolic profiling
To further compare the metabolite compositions in A37, 
B45, and C53, the samples of these strains were subjected 
to GC × GC-TOF–MS analysis. The score scatter plot for 
the PCA model indicated that the samples were clearly 
isolated within the PC1 × PC2 score plots (Fig. 8A). The 
volcano plot of the metabolites content showed sig-
nificant differences in every four samples (Fig.  8B-D). 
Among them, 64 different metabolites were markedly 
up-regulated, and 68 were down-regulated in BM45 

compared to those in A37. Additionally, 68 different 
metabolites were markedly up-regulated, and 114 were 
down-regulated in C53 vs. A37. Moreover, 130 different 
metabolites were markedly up-regulated and 169 were 
down-regulated in C53 vs. B45 (Table S13). Hierarchical 
clustering analysis of those different metabolites was per-
formed, and a heat map was drawn showing the different 
patterns in the A37, B45, and C53 (Fig. 9A-C). Moreover, 
a significant metabolic difference was detected among 
the A37, B45, and C53 samples. Based on the differences 
in metabolites, a metabolic network indicating the com-
pound involved pathways in B45 vs. A37 and C53 vs. A37 
revealed that they were enriched in metabolism path-
ways, including sulfur metabolism, glutathione metabo-
lism, nicotinate, and nicotinamide metabolism, cysteine 
and methionine metabolism, and pyrimidine metabolism 
(Fig.  10A,B, Fig. S8). In addition to the above metabo-
lisms, beta-alanine metabolism was also enriched in C53 
vs. B45 (Fig. 10C).

Discussion
B. subtilis is an important microorganism widely used in 
the food industry [5]. Some foods fermented by B. subti-
lis have functional ingredients that improve nutrition and 
health [7, 8, 23]. Currently, there are numerous studies 
on B. subtilis, which provide an excellent source of data 
related to valuable favor/nutrients compounds [9, 10]. 
Nevertheless, to date, no study reported comprehensive 
identification of soy sauce-like flavor and soybean flavor 
compound accumulation in B. subtilis.

It is generally considered that the growth and metabo-
lism at different temperatures have variability patterns in 
microorganisms [23, 38]. In the present study, we inves-
tigated the growth and physiological characterization of 
B. subtilis BJ3-2, finding that BJ3-2 cultured at different 
temperatures had various phenotypes on color (Fig. S1A, 
B). BJ3-2 cultured at 53℃ had a darker color compared 

Fig. 7  KEGG pathway analysis of DPGs. A KEGG pathway analysis of DPGs in AP37 and BP45; B KEGG pathway analysis of DPGs in AP37 and CP53; C 
KEGG pathway analysis of DPGs in BP45 and CP53
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with that cultured at 37℃, but only a slight difference in 
colors when cultured at 45℃ (Fig. S1A). These results 
indicated that temperature affects the color of fermenta-
tion broth, thus suggesting a potential relationship with 
the formation of soy sauce-like flavor and soybean flavor. 
In addition, the strain cultured at 45℃ and 53℃ had a 
lower OD value than that cultured at 37℃ (Fig. S1B). Pre-
vious studies demonstrated that the temperature affected 
soy sauce-like flavor formation in heat-resistant strain 
Bacillus licheniformis [26]. We found that the strain cul-
tured at 37℃ had increased soybean flavor compared 
with strains cultured at 45℃ and 53℃. Interestingly, the 
strain cultured at 45℃ and 53℃ had a higher soy sauce-
like flavor than that cultured at 37℃ (Table 1). Therefore, 
these results suggested that BJ3-2 has various metabolic 
properties at different temperatures, which could pro-
duce soy sauce-like flavor at a high temperature and 
soybean flavor at a lower temperature. These results are 
in agreement with the brewing process of Maotai flavor 
liquor, where the formation of Maotai flavor was kept 
around high fermentation temperature (55 − 62 °C).

To investigate the molecular mechanisms of the forma-
tion of soy sauce-like and soybean flavor in the BJ3-2, a 
transcriptome analysis was performed, and the DEGs 

between groups were identified (Fig.  1A-C, Fig. S4A-
C). Furthermore, KEGG analysis showed that most of 
the DEGs in BT45 vs. AT37 and CT53 vs. AT37 were 
enriched in pathways related to the biosynthesis of sec-
ondary metabolites (Fig.  3A, B). In addition, the results 
showed that the transcripts of metabolism-related genes 
(yisZ, yitA, mmgD, asnO, gapA, proB, proA, mccB, lpdV, 
thrB, thrD, and racX) changed in the BT45 and CT53 
compared to AT37 (Table S14). However, the pathways 
of DEGs in CT53 vs. BT45 were closely enriched in the 
ABC transporters (Fig. 3C), which is consistent with the 
amino acid transport and metabolism in Deinococcus 
radiodurans [37]. Consistently, similar results showed 
that the expressions of ABC transporters related genes 
(rmgP, pstA, opuBB, msmE, opuBA, opuCD, opuCC, 
msmF, opuCB, msmX, opuBD, opuCA, bioY, yxeO, yxeM, 
and msmG) were significantly changed in the CT53 com-
pared to BT45 (Table S14). Our results suggested that the 
changes in expression levels of amino acid metabolism-
related genes would induce flavor substances accumula-
tion in the BJ3-2 strain.

B. subtilis is one of the most dominant microorganisms 
found in fermented foods [5]. Numerous studies have 
addressed B. subtilis, representing an excellent source 

Fig. 8  Metabolomics analysis of the metabolites. A Score scatter plot of PCA model for A37, B45 and C53; B Volcano plot for group A37 vs B45; C 
Volcano plot for group A37 vs C53; D Volcano plot for group B45 vs C53
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of data related to valuable nourishing, functional food 
ingredients and flavor compounds [5, 7–9, 11]. Never-
theless, no study on comprehensive identification of the 
knowledge of soy sauce-like flavor and soybean flavor on 
key compounds in Bacillus subtilis. Herein, BJ3-2 strain 
was first subjected to proteomic analysis. As shown, 

267 DEPs (72 down-regulated and 195 up-regulated), 
356 DEPs (132 down-regulated and 224 up-regulated), 
and DEPs (224 down-regulated and 125 up-regulated) 
were identified in BP45 vs. AP37, CP53 vs. AP37, and 
CP53 vs. BP45, respectively (Fig.  4B). Interestingly, we 
found that most DEPs could be dominantly matched to 

Fig. 9  Heat map analysis of the metabolites. A Heat map analysis of the metabolites for group A37 vs B45; B Heat map analysis of the metabolites 
for group A37 vs C53; C Heat map analysis of the metabolites for group B45 vs C53
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amino acid transport and metabolism (Figs.  5,  6  and  7), 
which are consistent with the high accumulation of 
NH4

+ and pyruvic acid in B. subtilis. It has been shown 
that 64 metabolites were markedly up-regulated, and 68 
were down-regulated in B45 compared to those in A37 
(Fig. 8B). Additionally, 68 metabolites were markedly up-
regulated, and 114 were down-regulated in C53 compared 
to those in A37 (Fig. 8C). Moreover, 130 metabolites were 
markedly up-regulated and 169 were down-regulated in 
C53 compared to those in B45 (Fig.  8D). These results 
indicated great metabolic differences in the two samples. 
Furthermore, KEGG analysis has shown that the most 
differential metabolites were enriched in various metab-
olism pathways, including sulfur metabolism, cysteine 
and methionine metabolism, and pyrimidine metabolism 
(Fig.  10A, B, Fig. S8). Correspondingly, L-homoserine, 
L-homoserine, L-cysteine, sulfuric acid, O-Succinylho-
moserine, and beta-alanine had significant changes in B45 
and C53 compared with that in A37 (Table S14). Nota-
bly, the sulfur-containing aroma compounds are key 
contributors to the flavor of a diverse range of foods and 
beverages [27], which was remarkably changed in B45 
and C53. Moreover, the compounds that participated in 
the cysteine and methionine metabolism and pyrimi-
dine metabolism pathway also revealed obvious differ-
ences in the B45 and C53 compared to A37. Consistently, 
a stronger soy sauce-like flavor was also observed in the 
strain cultured at 45℃ and 53℃, while a stronger soybean 
flavor was found in the strain cultured at 37℃ (Table 1). 
These results suggested potential changes in sulfur metab-
olism, cysteine and methionine metabolism, and pyrimi-
dine metabolism in the strains cultured at 45℃ and 53℃, 
even affecting the higher soy sauce-like flavor phenotype.

Conclusions
In summary, we combined transcriptomics, proteom-
ics, and metabolomics analyses to explore the mecha-
nisms underlying the flavor accumulation in B. subtilis at 

different temperatures. Transcriptome analysis revealed 
more than 841 DEGs, 1970 DEGs, and 1043 DEGs that 
participated in soy sauce-like and soybean flavor accu-
mulation in BT45 vs. AT37, CT53 vs. AT37, and CT53 vs. 
BT45, respectively. Moreover, the significantly changed 
metabolites involved in sulfur metabolism, cysteine and 
methionine metabolism, and pyrimidine metabolism 
in the strains cultured at 45℃ and 53℃ may cause soy 
sauce-like and soybean flavor accumulation in B. subti-
lis BJ3-2. These results further our understanding of the 
mechanism of soy sauce-like flavor and soybean flavor in 
B. subtilis. They also provide a series of candidate genes 
and metabolic engineering to enhance the production of 
flavor compounds.
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