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Abstract

Background: Tetramethylpyrazine (TTMP) is a flavoring additive that significantly contributes to the formation of
flavor compounds in soybean-based fermented foods. Over recent years, the application of TTMP in the food indus-
try and medicine has been widely investigated. In addition, several methods for the industrial-scale production of
TTMP, including chemical and biological synthesis, have been proposed. However, there have been few reports on
the synthesis of TTMP through amino acid metabolic flux. In this study, we investigated genetic alterations of arginine
metabolic flux in solid-state fermentation (SSF) of soybeans with Bacillus subtilis (B.subtilis) BJ3-2 to enhance the TTMP
yield.

Results: SSF of soybeans with BJ3-2 exhibited a strong Chi-flavour (a special flavour of ammonia-containing smelly
distinct from natto) at 37 °C and a prominent soy sauce-like aroma at 45 °C. Transcriptome sequencing and RT-gPCR
verification showed that the rocF gene was highly expressed at 45 °C but not at 37 °C. Moreover, the fermented
soybeans with BJ3-2ArocF (a rocF knockout strain in B. subtilis BJ3-2 were obtained by homologous recombination)

at 45 °C for 72 h displayed a lighter color and a slightly decreased pH, while exhibiting a higher arginine content
(increased by 14%) than that of BJ3-2. However, the ammonia content of fermented soybeans with BJ3-2ArocF was
43% lower than that of BJ3-2. Inversely, the NH, T content in fermented soybeans with BJ3-2ArocF was increased by
28% (0.410 mg/kg). Notably, the TTMP content in fermented soybeans with BJ3-2ArocF and BJ3-2ArocF 4 Arg (treated
with 0.05% arginine) were significantly increased by 8.6% (0.4617 mg/g) and 18.58% (0.504 mg/g) respectively than
that of the BJ3-2.

Conclusion: The present study provides valuable information for understanding the underlying mechanism during
the TTMP formation process through arginine metabolic flux.
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Background

Tetramethylpyrazine (TTMP) is a nitrogen-containing
heterocyclic compound that contributes to the formation
of many aromas and flavors compounds [1, 2]. TTMP is a
member of the class of pyrazines detected in fermented
foods, such as Chinese Baijius (Chinese liquor), vinegar,
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and may be used as an effective therapeutic drug to treat
cardiovascular health and enhance cognition [7-9]. Over
the recent years, the application of TTMP in the food
industry and medicine has been widely investigated.
Most studies have focused on developing methods for the
industrial-scale production of TTMP, including chemical
and biological synthesis [10, 11]. The biological synthe-
sis of TTMP provides several advantages over chemical
syntheses, considering it is an environmentally friendly
and cost-effective process [5]. Moreover, pyrazines have
been widely reported as important microbial secondary
metabolite, which implies that microbial metabolism can
produce the TTMP [12].

Fermented soybeans (also named Douchi) are one of
the most popular foods in China due to the strong Chi-
flavour (namely soybean-flavour [13], a special flavor of
ammonia-containing smelly distinct from natto). Bacillus
subtilis (B. subtilis) is one of the most important micro-
organisms for the fermentation process of Douchi. More
than half-century ago, Kosuge et al. [14] first suggested
that B. subtilis can synthesize TTMP. Moreover, a recent
study proved that TTMP in Chinese liquor is mainly
generated from B. subtilis under Micro-Oxygen condi-
tions [6]. Thus, it has been proposed that the metabolic
engineering of B. subtilis can enhance the production of
TTMP. A high yield (2.5 g/kg) of TTMP was obtained
using B. subtilis IFO 3013 inoculated soybeans and fer-
mentation for 14 days [15]. However, industrial produc-
tion still has several difficulties, such as low production
[16] and a low conversion rate of precursor substances
[17].

Over the years, genetic engineering has emerged as a
powerful tool in studying the behavior of the production
of TTMP [7, 18]. Meng et al. [5] showed that knocking
the 2,3-butanediol dehydrogenase gene (bdhA) and add-
ing 2,3-butanediol exogenously improve the production
of TTMP in B. subtilis. Similarly, a mutant bdhA and
glucose uptake protein (GlcU) were reported to affect
the production of TTMP in B. subtilis 168 [6]. Moreover,
two genes (BDHI and another BDH2 coding 2,3-butan-
ediol dehydrogenase) were deleted or overexpressed to
improve the TTMP vyield in Saccharomyces cerevisiae
[19]. The TTMP can be generated from various precur-
sors, including acetoin and ammonia [20]. Alterations
of carbon flux into the acetoin biosynthesis pathway by
blocking the degradation and competing pathways can
enhance the TTMP yield [5]. Moreover, the TTMP has
also been produced by condensing acetoin with NH,*
[21, 22]. However, there have been few reports on the
synthesis of TTMP through amino acid metabolic flux.
Recently, a new theory has been proposed suggesting
that amino acids have close relationship with the pro-
duction of volatile compounds such as pyrazines [23].
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Various metabolites were generated by using B. subtilis
during the fermentation of natto, such as peptone, pep-
tides, amino acids, sugars, and organic acids, enhancing
organoleptic of the final products [24]. Yet, their contri-
bution to the organoleptic properties of the final prod-
ucts has not yet been investigated in detail.

In this study, we investigated genetic alterations of argi-
nine metabolic flux in order to enhance the TTMP yield.
The results showed that the fermented soybeans with
BJ3-2ArocF had a significantly higher content of arginine
and TTMP. Our findings provided detailed insights into
the effects of rocF genes on the metabolism of arginine
and TTMP in fermented soybeans with the B. subtilis
BJ3-2.

Results

Summary of the sequencing data

The sensory evaluation of the fermented broth was per-
formed by well-trained panelists on the three compo-
nents that included soy sauce-like aroma, Chi-flavour,
and ammonia; individual scores were added together
to provide a total score (Table 1). According to the sen-
sory evaluation, we found that the Chi-flavour of broth
fermented with BJ3-2 at 37 °C was prominent, whereas
the soy sauce-like aroma of broth fermented with BJ3-2
at 45 °C was prominent; the ammonia was similar at
37 °C and 45 °C (Table 1). Therefore, we performed RNA
sequencing (RNA-seq) analysis of BJ3-2 at 37 °C and
45 °C. For the sequencing data, we found that the base
content was evenly distributed, and the nucleotide dis-
tributions were within a reasonable range (Additional
file 1: Fig. S1A, D). The quality and error rate of the sam-
ples were within a normal range (Additional file 1: Fig.
S1B, C, E and F). After filtering the original data, check-
ing the sequencing error rate, and verifying the distribu-
tion of the GC content, clean reads for follow-up analysis
were also obtained. The Q20 and Q30 values of BJ3-2 at
37 °C were 98.5% and 95.93%, respectively, while they
were 98.42% and 95.7% at 45 °C (Table 2). Next, gene
expression analysis indicated that the gene expression
levels in different samples were uniformly distributed in
density diagrams (Additional file 1: Fig. S2). After nor-
malizing the sequencing data, we constructed a scatter
and volcano diagram (Fig. 1A, B). As shown, 3648 genes
were identified, including 67 up-regulated DEGs and 56

Table 1 Sensory evaluation of BJ3-2 at 37 °C and 45 °C

Strain Soy sauce-like  Chi-flavor (35) Ammonia (30)
aroma (35)

BJ3-237°C 18 32 22

BJ3-245°C 33 19 20
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Table 2 Summary of the sequencing data
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Samples Sequence Base (bp) Error rate (%) Q20 (%) Q30 (%) GC (%)
BJ3-237°C 13,969,028 1,863,773,158 0.0114 98.5 95.93 46.27
BJ3-245°C 11,090,274 1,491,854,650 0.0116 98.42 95.7 472
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Fig. 1 Analysis of DEGs. A Scatter map of DEGs; B Volcano map of DEGs; C GO enrichment analysis of DEGs; D KEGG pathway analysis of DE

down-regulated DEGs (P-value<0.05 and |log,FC|>1)
(Table 3).

GO and KEGG enrichment analysis of the DEGs

To determine the functions of the DEGs, GO analysis
revealed that these genes were based on their roles in
biological processes (BPs), cellular components (CCs),
and molecular functions (MFs). The results indicated
that these DEGs were mainly enriched in 28 GO terms
(11 BPs, 10 CCs, and 7 MFs; Q-value<1). For BPs,

the exhaustive analysis showed that many DEGs were
involved in cellular processes, metabolic processes, and
single-organism processes. For CCs, most DEGs were
enriched in the cell, cell part, and macromolecular com-
plex. For MFs, many DEGs were involved in catalytic
activity, binding, and transporter activity (Fig. 1C). Addi-
tionally, KEGG pathway analysis revealed that the domi-
nant DEGs were enriched in pyrimidine metabolism and
arginine and proline metabolism (Fig. 1D; Additional
file 2: Table S4). Collectively, the results suggested that
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Table 3 The DEGs of RNA-seq at 45 °C

Gene ID BJ3-237°C BJ3-245°C log,FC (BJ 3-2 45 °C/B)J P-value FDR Regulate
3-237°Q)
BSU13700 77522 5185.634 6.06 1.56E-16 5.70E-13 Up
BSU17820 0 6.491 6.04 1.01E-03 3.50E-02 Up
BSU02160 8.142 289.265 513 1.68E-12 8.78E-10 Up
BSU12300 35418 1082.334 493 4.74E-13 4.13E-10 Up
BSU11750 32984 1008.288 493 2.23E-12 9.01E-10 Up
BSU39580 12.584 358.188 4.82 4.26E-10 1.04E-07 Up
BSU12310 12.634 355.103 48 3.10E-12 1.03E-09 Up
BSU14569 53.082 1210.986 4.51 1.17E-07 1.77E-05 Up
BSU00240 138.86 2344.553 4.08 1.60E-09 3.65E-07 Up
BSU02970 10.84 146.608 3.75 1.15E-06 140E-04 Up
BSU02170 33435 435.053 37 1.81E-09 3.87E-07 Up
BSU11740 2523 323403 367 1.36E-08 2.62E-06 Up
BSU12090 31.566 349.892 347 1.28E-07 1.86E-05 Up
BSU36970 40.022 429.186 342 1.79E-08 3.26E-06 Up
BSU12320 9.033 90.74 3.31 1.02E-07 1.61E-05 Up
BSU17320 2.032 20.756 3.29 1.33E-03 4.20E-02 Up
BSU12340 11.731 114.535 328 8.88E-08 147E-05 Up
BSU11760 8.632 81.025 3.22 2.99E-06 3.11E-04 Up
BSU12330 10.765 97.552 3.17 2418-07 3.25E-05 Up
BSU13520 4.768 33.11 2.77 1.24E-05 1.01E-03 Up
BSU10710 12.019 81.937 2.76 7.47E-04 2.78E-02 Up
BSU36960 49.193 320.369 2.7 1.70E-06 1.94E-04 Up
BSU12360 7415 48.837 2.7 4.64E-06 4.23E-04 Up
BSU06850 9.309 60.185 268 9.66E-05 5.78E-03 Up
BSU12350 14.441 90.526 2.64 4.64E-06 4.23E-04 Up
BSU37620 100.13 605.721 26 1.28E-06 151E-04 Up
BSU19670 3952 23716 256 3.82E-04 1.70E-02 Up
BSU33510 27.25 151.488 247 6.82E-04 2.59E-02 Up
BSU22860 4.692 25493 242 6.57E-04 2.52E-02 Up
BSU00430 2.886 15.713 24 6.57E-04 2.52E-02 Up
BSU11240 30.261 155485 2.36 4.58E-06 4.23E-04 Up
BSU11230 27.363 133296 2.28 1.20E-05 9.97E-04 Up
BSU38450 59.481 281.155 224 1.84E-05 1.37E-03 Up
BSU00640 30.035 135911 2.17 1.36E-05 1.06E-03 Up
BSU00650 107.821 484.02 217 1.50E-05 1.14E-03 Up
BSU07140 30.763 13531 213 3.92E-05 2.80E-03 Up
BSU32850 3438 15.261 212 1.31E-03 4.18E-02 Up
BSU30270 9.623 41.992 211 6.52E-05 4.32E-03 Up
BSU00830 81.386 319.295 1.97 6.36E-05 4.30E-03 Up
BSU28060 239 93.458 1.96 7A45E-05 4.60E-03 Up
BSU11250 32143 123455 1.94 7.38E-05 4.60E-03 Up
BSU00660 35.405 134.701 192 7.38E-05 4.60E-03 Up
BSU36550 417.195 1556.086 19 5.17E-05 3.63E-03 Up
BSU19050 7277 27.08 1.88 1.08E-03 3.68E-02 Up
BSU30280 10.263 35571 1.78 4.72E-04 1.96E-02 Up
BSU30290 8444 28629 1.75 9.44E-04 3.34E-02 Up
BSU38080 223922 747383 1.74 1.76E-04 9.59E-03 Up
BSU31060 17.602 58.817 173 2.31E-04 1.16E-02 Up

BSU25150 9.698 3251 1.73 1.03E-03 3.53E-02 Up
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Table 3 (continued)

Gene ID BJ3-237°C BJ3-245°C log,FC (BJ 3-2 45 °C/B)J P-value FDR Regulate
3-237°Q)

BSU16740 18.631 61488 172 791E-04 2.86E-02 Up
BSU32180 5357 17.113 1.66 145E-03 443E-02 Up
BSU33500 42.669 132323 1.63 243E-04 1.20E-02 Up
BSU37630 40.825 124492 1.61 3.84E-04 1.70E-02 Up
BSU24580 6.11 18.56 1.59 1.11E-03 3.74E-02 Up
BSU05880 7.189 21.896 1.59 146E-03 445E-02 Up
BSU12069 6213.887 18553429 1.58 2.52E-04 1.22E-02 Up
BSU11780 41.076 122185 157 1.24E-03 4.13E-02 Up
BSU27310 29.935 87.795 1.55 4.25E-04 1.81E-02 Up
BSU12050 12511 367.154 1.55 4.93E-04 1.98E-02 Up
BSU33950 56.006 161.841 1.53 4.66E-04 1.95E-02 Up
BSU00840 153.025 433.769 15 4.94E-04 1.98E-02 Up
BSU37460 22934 64.67 149 7.93E-04 2.86E-02 Up
BSU02360 243519 638.924 1.39 7.36E-04 2.77E-02 Up
BSU40950 51.79 134426 1.37 1.30E-03 4.18E-02 Up
BSU02350 68.903 174218 1.34 9.74E-04 342E-02 Up
BSU31050 64.173 161.213 133 1.13E-03 3.79E-02 Up
BSU11220 71.588 176.107 13 1.30E-03 4.18E-02 Up
BSU15510 1928.76 14.424 —7.05 1.22E-13 2.22E-10 Down
BSU15520 2240.655 18.756 —6.89 1.97E-13 240E-10 Down
BSU15500 1042.241 8719 —6.38 5.66E-13 4.13E-10 Down
BSU15530 2030.044 18.342 —6.78 9.39E-13 5.71E-10 Down
BSU15550 1525.052 14.708 —6.69 247E-12 9.01E-10 Down
BSU15560 2006.169 2144 —6.54 481E-12 1.46E-09 Down
BSU11990 94,545.251 1019.604 —653 2.08E-12 9.01E-10 Down
BSU15540 1912.399 23.571 —6.34 1.31E-11 3.69E-09 Down
BSU15490 268461 3.331 —6.29 2.98E-10 7.78E-08 Down
BSU37350 2,666,22843 69,847.529 —5.25 8.15E-09 1.65E-06 Down
BSU01620 379.143 10.008 —523 2.88E-08 5.01E-06 Down
BSU37770 3233527 117411 —4.78 1.57E-07 2.20E-05 Down
BSU01600 79.028 3.085 —4.63 1.29E-05 1.02E-03 Down
BSU40330 4924.789 203.326 —46 4.62E-07 6.02E-05 Down
BSU37760 2661.551 110.143 —4.59 4.99E-07 6.28E-05 Down
BSU01630 639.373 31.384 —434 2.85E-06 3.06E-04 Down
BSU40340 9319.344 465.809 —432 2.35E-06 2.60E-04 Down
BSU18310 796.701 42378 —423 3.91E-06 3.97E-04 Down
BSU38560 1224.887 65.094 —4.23 4.36E-06 4.23E-04 Down
BSU40320 6670.251 373473 —4.16 6.14E-06 547E-04 Down
BSU18300 795.359 44.677 —4.15 6.46E-06 5.61E-04 Down
BSU15480 415.79 23.288 —4.15 8.63E-06 7.32E-04 Down
BSU30560 3284.05 218.997 -391 251E-05 1.83E-03 Down
BSU37260 331.894 22.608 —3.87 7.70E-05 4.68E-03 Down
BSU37250 732.741 53.182 —378 6.80E-05 4.43E-03 Down
BSU37780 9186.092 681619 —3.75 5.73E-05 3.94E-03 Down
BSU38570 655.683 48.934 —3.74 1.60E-04 9.18E-03 Down
BSU33240 100.946 7.784 —3.68 2.00E-04 1.07E-02 Down
BSU34370 102.087 7.975 —3.66 3.79E-04 1.70E-02 Down
BSU01610 274333 22.027 —363 1.70E-04 9.52E-03 Down

BSU37790 2151.666 174.823 —362 1.20E-04 7.04E-03 Down
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Table 3 (continued)

Gene ID BJ3-237°C BJ3-245°C log,FC (BJ 3-2 45 °C/B)J P-value FDR Regulate

3-237°Q)

BSU14700 3806.507 323.198 —3.56 1.61E-04 9.18E-03 Down
BSU38580 682.143 57.556 —3.56 1.72E-04 9.52E-03 Down
BSU33430 364.978 31.714 —352 2.20E-04 1.13E-02 Down
BSU29020 7948458 696.634 —3.51 2.04E-04 1.08E-02 Down
BSU32130 1442.649 126.693 —3.51 2.22E-04 1.13E-02 Down
BSU18340 521.503 45961 —35 2.12E-04 1.11E-02 Down
BSU29010 9626.346 860.824 —3.48 2.55E-04 1.22E-02 Down
BSU37420 432.702 39.14 —346 3.05E-04 1.43E-02 Down
BSU26900 2580.202 235.026 —3.46 3.82E-04 1.70E-02 Down
BSU34360 506423 46.282 —345 3.92E-04 1.70E-02 Down
BSU18320 483.601 44.598 —344 2.97E-04 141E-02 Down
BSU39380 2061.209 196.04 —3.39 3.90E-04 1.70E-02 Down
BSU33440 188.58 18.049 —338 5.00E-04 1.98E-02 Down
BSU06530 1375.189 132.495 —337 4.26E-04 1.81E-02 Down
BSU06520 1500.562 147454 —335 4.81E-04 1.97E-02 Down
BSU05370 35.066 3.369 —334 1.53E-03 461E-02 Down
BSU39370 2356.907 237.199 —331 5.63E-04 2.21E-02 Down
BSU06460 851.54 86.678 —329 1.44E-03 443E-02 Down
BSU37370 5365.257 567.502 —324 7.88E-04 2.86E-02 Down
BSU18330 185.255 19.877 —321 9.00E-04 3.22E-02 Down
BSU06590 161.895 17.886 —3.17 1.36E-03 4.23E-02 Down
BSU26820 20,896.556 2374192 —3.14 1.30E-03 4.18E-02 Down
BSU13190 1899.828 21547 —3.14 1.32E-03 4.18E-02 Down
BSU06510 1424.683 164.735 —3.11 1.61E-03 4.76E-02 Down
BSU37280 167.252 19.356 —31 1.60E-03 4.76E-02 Down

the expression of genes related to various pathways dif-
fered in BJ3-2 cultured at 37 °C and 45 °C.

The expression of rocF in BJ3-2 incubated at 37 °C

and 45 °C

Through the analysis of RNA-seq data from BJ3-2 incu-
bated at different temperatures, we observed that several
genes were involved in arginine and proline metabolism
(Table 4), which are closely associated with the products
of TTMP in B. subtilis [21], thus suggesting that these
genes may affect the products of TTMP. Among them,
the expression of three genes (fadM, argE, and argD) was
up-regulated at least 1~fold (log,FC), and five genes
(rocD, rocF, sped, rocG, and rocA) was down-regulated at
least 3 ~fold (log,FC) after incubation at 45 °C. Hampel
et al. suggested that the knockdown of rocD affects the
normal growth of microorganisms [25]. Interestingly,
the expression of rocF was down-regulated by 4.16 ~ fold
(log,FC) after incubation at 45 °C (Table 4). Therefore,
we selected rocF for further investigation and its expres-
sion in BJ3-2 incubated at different temperatures by RT-
qPCR. The results showed that the dissolution curve of

Table 4 The DEGs in arginine and proline metabolism

Gene Enzyme log,FC(BJ3-2  P-value
45°C/BJ3-2
37°C)
fadM  Proline dehydrogenase 212 1.31E-03
argf  Ornithine carbamoyltransferase 1.94 7.38E-05
argD  Acetylornithine aminotransferase 13 1.30E-03
rocD  Ornithine aminotransferase —432 2.35E-06
rocF  Arginase —4.16 6.14E-06
speD  S-adenosylmethionine decarboxy- —348 2.55E-04
lase
rocG  Glutamate dehydrogenase —362 1.20E-04
rocA  1-pyrroline-5-carboxylate dehydro- ~ —3.75 5.73E-05

genase

rocF was a single peak, and the amplification curve had
a high degree of coincidence (Additional file 1: Fig. S3).
The expression of rocF was low at 45 °C and high at 37 °C.
Notably, the RT-qPCR results were consistent with the
RNA-seq data (Fig. 2).
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RNA-seq RT-qPCR

-4.16

log,FC (BJ3-2 45°C / BJ3-2 37°C)

10 -8.15

Fig. 2 Verification of the expression of rocF by RT-gPCR

Generation of the rocF knockout strain

To reveal the role of the rocF gene, the knockout vector
pUC18-HLarm-cm-HRarm of rocF was constructed and
transformed into B. subtilis B]3-2 (Additional file 1: Fig.
S4). The positive clones were verified by PCR (Additional
file 1: Fig. S4E). Subsequently, the positive clones were
sequenced, and the results indicated that the rocF were
successfully replaced by a c¢m fragment in the pUC18-
HLarm-cm-HRarm vector (Additional file 1: Fig. S5).
These results demonstrated that rocF of B. subtilis BJ3-2
was successfully knocked out and denoted by BJ3-2ArocF.

Characterization of the BJ3-2ArocF strain

To investigate the growth ability of BJ3-2ArocF, the
growth characteristics of BJ3-2ArocF were assessed. As
expected, the color and shape (rough surface, irregu-
lar shape, and surrounding folds) of BJ3-2ArocF on the
plate were similar to BJ3-2 (Fig. 3A, B). In addition, the
microscopic morphology of BJ3-2ArocF was short and
rod-shaped, similar to BJ3-2. Moreover, BJ3-2ArocF was
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also purple, similar to BJ3-2, as shown by Gram stain-
ing (Fig. 3C, D). The results indicated no significant dif-
ferences in the morphology and color by Gram staining
were observed between BJ3-2ArocF and BJ3-2. Corre-
spondingly, almost the same results were observed for
the growth curves of BJ3-2ArocF and BJ3-2 (Fig. 3E).
However, the arginase activity was significantly inhibited
in BJ3-2ArocF compared to BJ3-2 (Fig. 4). These results
suggest that knockout of rocF only contributes to the
inhibition of the arginase activity, but not change the
growth rate of BJ3-2.

Sensory evaluation of fermented soybeans
To assess the fermentation characteristics of BJ3-2ArocF
in soybeans, the BJ3-2ArocF and BJ]3-2 strains were
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inoculated with soybeans at 45 °C for 72 h. The sensory
evaluation of the fermented soybeans was performed by
well-trained panelists on five components that included
two appearance components (color and stickiness), two
aroma components (ammonia and soy sauce-like aroma),
and texture, with the individual scores added together to
provide a total score (Additional file 2: Table S5). Accord-
ing to the sensory evaluation, it was found that the soy
sauce-like aroma of fermented soybeans with BJ3-2ArocF
was prominent, whereas the ammonia was decreased
(Additional file 2: Table S5). The degree of browning
and viscosity were decreased in BJ3-2ArocF and BJ3-
2ArocF+ Arg (Fig. 5A, B) (Additional file 1: Fig. S6).
Moreover, the pH of the fermented soybeans with BJ3-
2ArocF was significantly lower than that of the fermented
soybeans with BJ3-2 (Fig. 5C), indicating that knockout
of rocF induced changes in the pH of the fermentation
environment. In addition, the OD600 values of soybean
slurries fermented with BJ3-2 and BJ3-2ArocF were 0.518
and 0.501, respectively (Fig. 5D), suggesting that the
OD600 value of the soybean slurry fermented with BJ3-
2ArocF was significantly reduced compared to that of
BJ3-2.

rocF decreased the production of ammonia
Following the sensory evaluation, we found that the
ammonia of fermented soybeans with BJ3-2ArocF was
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decreased. Therefore, we further detected the ammonia
content of the fermented soybeans by a gas detector. The
results showed that the ammonia content of fermented
soybeans with BJ3-2ArocF was 137.7 ppm, while the
value was 241.6 ppm in BJ3-2, which was decreased by
43% (Table 5). The results indicated that the rocF gene
affects the products of ammonia.

rocF enhanced the contents of arginine, NH4+, and TTMP

in fermented soybeans

Indeed, arginine was converted into urea and ornithine
through the urea cycle [26]. Therefore, the arginine con-
tent was measured by HPLC methodologies. The argi-
nine content of fermented soybeans with BJ3-2ArocF
was 0.590 mg/mL, which was dramatically increased
compared to those fermented with BJ3-2 (Table 5).
Subsequently, the content of NH,™ was detected by ion
chromatography. A significant increase was obtained
in fermented soybeans with BJ3-2ArocF (0.410 mg/kg)
compared to those fermented with BJ3-2 (0.297 mg/kg)
(Table 5). In addition, we also observed that the con-
tent of TTMP was increased by 8.6% in the fermented
soybeans with BJ3-2ArocF (0.4617 mg/g) compared to
those fermented with BJ3-2 (0.425 mg/g) (Table 6). Fur-
thermore, a significantly increased content of TTMP
in the BJ3-2ArocF treated with arginine were observed
(Table 6), which indicated that rocF affects TTMP
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Table 5 Quantitative detection of arginine, NH,.*, and ammonia
Strain Arginine content NH," content Ammonia content
Concentration (mg/ AVG=+SD Concentration (mg/ AVG+SD Concentration AVG+SD
mL) kg) (ppm)
BJ3-2 0.552 0.505+0.038 0.288 0.297 +£0.0074 2458 2416+£12.1
0.502 0.296 253.8
0460 0.306 2251
BJ3-2ArocF 0.599 0.590+£0.008 0.396 0410400104 1351 13774144
0.579 0413 1564
0.593 0421 121.5
* Significantly different at P < 0.05
Table 6 Quantitative detection of acetoin and tetramethylpyrazine
Strain Acetoin content Tetramethylpyrazine content
Concentration (mg/g) AVG+SD Concentration (mg/qg) AVG +SD
BJ3-2 55.793 54.74940.702 0418 0.425+£0.0046
53.695 0432
54.76 0425
BJ3-2ArocF 55.793 55.884+0.061 0.446 046174£00104"
55.968 0477
55.891 0462
BJ3-2ArocF+ Arg 81.372 65.6314+10493 0492 0.504+00177"
57.571 0.488
57.953 0.530

* Significantly different at P < 0.05

metabolic flow through the arginine pathway. However,
the knockout of rocF resulted in slightly higher accumu-
lations of the acetoin (Table 6). To sum up, these results
indicated that the rocF gene affected the products of
TTMP.

Discussion

B. subtilis is an aerobic, Gram-positive soil bacterium
widely used in the food industry [6, 27, 28]. B. subtilis
BJ3-2, used in this study, was isolated from fermented
soybeans [29]. Fermented broth with BJ3-2 exhibited a
prominent soy sauce-like aroma at 45 °C (Table 1). Fur-
thermore, RNA-seq was performed on BJ3-2 (at 37 °C
and 45 °C). The dominant DEGs were enriched in pyrimi-
dine metabolism and arginine and proline metabolism
(Additional file 2: Table S4). Most DEGs, including carA,
pyrAa, pyrC, pyrDI, pyrDII, carB (BSU11240), pyrE, carB
(BSU15520), pyrF, and pyrB, were involved in pyrimidine
metabolism. The deficiency of each gene affects pyrimi-
dine biosynthesis and ultimately leads to pyrimidine-defi-
cient strains [30—32]. Moreover, eight DEGs (fadM, argF,
argD, rocD, rocF, speD, rocG, and rocA) were enriched

in arginine and proline metabolism (Table 4). Arginine
metabolism is closely related to the products of TTMP,
which contributes to the soy sauce-like aroma [33].
Among them, the expression of three genes (fadM, argF,
and argD) was up-regulated at least 1~fold (log,FC),
and five genes (rocD, rocF, sped, rocG, and rocA) were
down-regulated at least 3~fold (log,FC) after incuba-
tion at 45 °C. The rocD was the most significantly down-
regulated gene (4.32 ~ fold), while the knockdown of rocD
resulted in arginine-deficient strains [25]. Interestingly,
the rocF of BJ3-2 was down-regulated 4.16 ~ fold at 45 °C
compared to 37 °C (Table 4), indicating its potential func-
tion in producing the soy sauce-like aroma.

Recently, studies have found that the deletion of key
genes in the microorganisms may harm strain growth.
For example, the knockout of the surfactin synthetase
(srf) gene seems not to be favorable for strain growth in
B. subtilis PB2-L [34]. However, in this study, the growth
of the B]3-2ArocF strain showed no significant changes in
color and morphology, and growth curves compared to
BJ3-2 (Fig. 3), suggesting the knockout of the rocF gene
does not affect the normal growth of BJ3-2. However, the
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arginase activity was significantly inhibited in BJ3-2ArocF
(Fig. 4), suggesting knockout of rocF only contributes to
the inhibition of the arginase activity, but not change the
growth characteristics of BJ3-2. Moreover, nonenzymatic
browning is important in evaluating the Maillard reac-
tion products (MRPs) [35, 36], which is affected by the
reaction time, temperature, pH, solvent, and other condi-
tions [37—-40]. In the final stage of the Maillard reaction,
the browning intensity is enhanced by increasing the ini-
tial pH value and other conditions [41]. In our study, the
fermented soybeans with BJ3-2ArocF exhibited a lighter
color and a slightly decreased pH (Fig. 5). These results
are consistent with a number of previous studies on the
Maillard reaction.

Zhao et al.reported a strong relationship between the
amino acids and pyrazines [23]. In our study, the argi-
nine content in fermented soybeans with BJ3-2ArocF was
dramatically increased compared with BJ3-2 (Table 5),
indicating the rocF gene affects arginine metabolism. In
addition, we found that deletion of rocF gene changes the
expression of arginine and proline metabolic pathway
genes (Additional file 2: Table S4). Therefore, we specu-
lated that rocF participates in the arginine and proline
metabolic pathway and may convert arginine into urea
and ornithine in the urea cycle (Fig. 6). Moreover, Rajini
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et al.reported that the production of TTMP is closely
associated with amino acid metabolism and glycolytic
pathways [12]. The amino acid metabolic pathway mainly
provides a nitrogen source (NH; or NH, "), and the glyc-
olytic pathway mainly provides the precursor compound
(acetoin) for the production of TTMP [21]. In our study,
the knockout of the rocF gene dramatically increased
the contents of NH," and TTMP in fermented soybeans
(Table 5, 6). Furthermore, a significantly increasing of
TTMP content was also observed in the BJ3-2ArocF
treated with arginine (Table 6). Additionaly, we detected
the ammonia of the fermented soybeans, and the results
showed that the ammonia content was significantly
reduced in BJ3-2ArocF, while one unexpected finding
was the extent to which the soy sauce-like aroma was
prominent (Additional file 2: Table S5). Thus, it is sug-
gested that arginine could not be decomposed into urea
and ornithine through the urea cycle in BJ3-2ArocE
which causes a reduction in the urea content. In accord-
ance with the present results, previous studies have dem-
onstrated that urea was degraded to ammonia by urease
[42]. Collectively, we proposed a model to elucidate the
potential function of rocF in changed arginine metabolic
flux to enhance the TTMP yield (Fig. 6).
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Conclusion

In this study, a comparative metabolite and transcription
profiling of BJ3-2 strain at 37 °C and 45 °C showed tran-
scriptional changes in arginine and proline metabolism,
which are closely associated with the products of TTMP
in B. subtilis. In addition, the function of rocF gene was
further studied, and rocF knockout mutant (BJ3-2/\rocF)
was generated using homologous recombination. The
results indicated that the knockout of rocF affects the
contents of arginine, ammonia, NH4+, and TTMP in fer-
mented soybeans. Therefore, our data provide new light
into the understanding of the production of TTMP in B.
subtilis.

Methods

Strains and vectors

The strain (B. subtilis BJ3-2) was isolated from fer-
mented soybeans (Patent No. 201110023795.4; https://
www.patentstar.com.cn/.) [29]. The genome sequences
of B. subtilis BJ3-2 have been submitted to NCBI (GI:
CP025941). Escherichia coli DH5a and pUC18 vectors
were purchased from TaKaRa (Dalian, China). The pHT-
01cas9-p43 vector was acquired from Biomics Biotech-
nology (Jiangsu, China).

The collection of B. subtilis BJ3-2

A B. subtilis B]3-2 single colony was cultured in 5 mL of
liquid Luria—Bertani (LB) medium (10 g/L of tryptone,
5 g/L of yeast extract, and 5 g/L NaCl) and grown at 37 °C
for 12 h under shaking at 180 rpm. The above bacterial
cultures (3 mL) were reinoculated in 300 mL of liquid LB
medium (1%) and divided into two groups, one of which
was incubated at 37 °C, and the other was incubated at
45 °C, for 12 h under shaking at 180 rpm. Then, the cul-
tures of the exponential growth phase were collected in a
50 mL sterile centrifuge tube and centrifuged at 5,000 g
for 8 min. The sedimentation for each treatment was col-
lected after discarding the supernatant, and the proce-
dure was repeated three times.

Total RNA extraction

After the collection of BJ3-2, total RNA was extracted
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) by
following the manufacturer’s protocol. The concentration
and purity of the total RNA were assessed using a Nan-
odrop ND-2000 spectrophotometer (Thermo Fisher Sci-
entific, Wilmington, DE, USA). The RNA integrity values
(RIN) of the total RNA were evaluated using an agarose
gel and an Agilent 2100 bioanalyzer (Agilent, Palo Alto,
CA, USA).
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RNA sequencing

The samples for each treatment were collected at least
three times and pooled for RNA-seq analysis. Total RNA
was extracted as described above. RNA-seq was per-
formed by the Majorbio Technology Co., Ltd. (Shanghai,
China). The 16S rRNA was used as an internal stand-
ard. Sequences of the raw data containing a small num-
ber of reads with sequencing adaptors or low-quality
sequences were filtered. For accurate sequencing, we
adopted a sequencing error rate distribution examina-
tion to establish the quality of sequencing data. Then,
the differentially expressed genes (DEGs) were screened
using the following conditions: P-value<0.05 and |log-
,fold change (FC) |> 1. GO (Gene Ontology, http://www.
geneontology.org/) enrichment analysis was performed
to determine the DEGs that were common at 37 °C and
45 °C with opposite regulatory patterns with a threshold
of P<0.05. Proteins were filtered based on their group-
ing into biological processes (BP), cellular components
(CC), and molecular function (MF). KEGG(Kyoto Ency-
clopedia of Genes and Genomes, http://www.genome.jp/
kegg/) pathway enrichment analysis was performed for
each DEG [43]. The raw reads and processed RNA-seq
data in this work have been deposited in the NCBI Gene
Expression Omnibus (GEO) database under record num-
ber GSE166082.

Reverse transcription-quantitative real-time PCR (RT-qPCR)
To detect rocF gene expression, the total RNA extracted
above was used to synthesize the first chain ¢cDNA
using the StarScript II First-strand cDNA Synthesis Mix
with gDNA Remover Kit (GenStar, Beijing) following
the manufacturer’s recommendations. Then, the cDNA
was diluted to 200 ng/ul, and RT-qPCR was performed
using a CFX96 Touch PCR instrument (Bio-Rad, USA).
The composition of the reaction mixture and conditions
were the same as previously described in Zhang’s study
[44]. Each RT-qPCR analysis experiment was performed
three times, and the primers used in this study are listed
in Table S1. 16S rRNA was used as a reference gene for
expression analysis.

Homologous recombination knockout vector construction
and transformation

The HLarm and HRarm correspond to the homologous
left and right arms of rocF, whereas cm corresponds to
the chloramphenicol gene. DEDP is a double-exchange
detection primer (Additional file 2: Table S1) for assess-
ing the success of the transformation.

The HLarm and HRarm of rocF were amplified from the
B. subtilis B]3-2 genome. The c¢m was amplified from the
pHTO01cas9-p43 vector. The primers used for amplifica-
tion are listed in Table S1. HLarm, ¢, and HRarm were
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double-digested with the restriction endonucleases Sac I and
BamH 1, BamH 1 and Xba 1, and Xba 1 and Hind 111, respec-
tively. The digested fragments of HLarm, cm, and HRarm
were sequentially connected to the pUC18 vector. Finally,
the homologous recombination knockout vector pUCI18-
HLarm-cm-HRarm was constructed. The recombinant plas-
mid was then transformed to B. subtilis B]3-2 according to
the description in the literature [45, 46]. The transformants
were verified by PCR using DEDP primers (Additional file 2:
Table S1). The genomic DNA of the transformants was
extracted using the Bacterial DNA Kit (OMEGA, USA) fol-
lowing the manufacturer’s recommendations and sequenced

by the Sangon Biotech Co., Ltd. (Shanghai, China).

Enzyme determination assays

For the arginase determination assays, 0.1 g of BJ3-2 and
BJ3-2ArocF bacteria were collected into a 1.5 mL cen-
trifuge tube, sterile PBS (pH="7.2) was added and bro-
ken by ultrasound in an ice bath and subjected to
centrifugation (8,000 g for 5 min) to obtain the super-
natant. The supernatant was transferred to a new tube
used for the further assay. The arginase activity in
BJ3-2 and BJ3-2ArocF was analyzed using the MEIM-
IAN reagent kit (Shanghai, China) and MULTISKAN
GO (Thermo Fisher Scientific, Wilmington, DE, USA)
according to the manufacturer’s instructions. A series of
2.5U/L, 5 U/L, 10 U/L, 20 U/L and 40 U/L concentra-
tions were used to generate a standard curve. Three inde-
pendent experiments were performed for each sample.
The assays were done at least in triplicate.

Fermentation experiments

BJ3-2ArocF and BJ3-2 were inoculated in 5 mL of liquid
LB medium and subsequently incubated at 37 °C with
shaking at 180 rpm for 12 h. The soybeans were auto-
claved at 121 °C for 20 min. The above bacterial suspen-
sions (OD600=0.465) of BJ3-2ArocF and BJ3-2 were
inoculated in autoclaved soybeans (1%, v/m) and fer-
mented at 45 °C for 72 h.

Sensory evaluation

To assess the fermentation characteristics, the BJ3-2
strain was inoculated in a liquid LB medium and incu-
bated at 37 °C and 45 °C for 72 h. The sensory analysis of
the fermented broth was evaluated by 10 trained expert
sensory panelists. The sensory score was a total of 3 indi-
cators, including soy sauce-like aroma, Chi-flavour and
ammonia (Additional file 2: Table S2). The sensory analy-
sis of fermented soybeans by different strains was evalu-
ated by 10 trained expert sensory panelists. The sensory
score was a total of 5 indicators, including color, sticki-
ness, ammonia, soy sauce-like aroma and texture (Addi-
tional file 2: Table S3).
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pH measurement

The pH test was performed according to the Chinese
national standard (GB5009.237-2016). Briefly, slurry
was created from the fermented soybeans (10 g) using
ultrapure water (50 mL), and the pH of the slurry was
measured using a standard laboratory pH meter (pHS-
3C). Experiments were performed in triplicate.

0OD600 detection for the color of fermented soybeans
Fermented soybeans (20 g) were weighed and placed
into a beaker with 100 mL of ultrapure water. The viscoid
was cleaned, and the excess water of the soybeans was
absorbed. Five grams of cleaned soybeans were placed in
a mortar and ground into the homogenate with a pestle.
Then, 50 mL of ultrapure water was added and mixed in
the above homogenate. The mixture was well stirred and
centrifuged at 8,000 g for 10 min. The absorbance of the
supernatant fluid was measured at OD600. Experiments
were conducted in three times.

Ammonia contents of fermented soybeans

The ammonia content of the fermented soybeans was
detected by a gas detector (WOST Co., Ltd., Shenzhen,
China) following the manufacturer’s recommendations.

Acetoin and TTMP contents of fermented soybeans

The concentrations of acetoin and TTMP were analyzed
by HPLC. In brief, 10 g fermented soybean with BJ3-2,
BJ3-2ArocF and BJ3-2ArocF+ Arg (treated with 0.05%
arginine) were dissolved in 30 mL 60% ethanol with 0.1 g
CaCl, and sonicated for 30 min at 25 °C (100 W, 20 kHz),
and then centrifuged at 9000 rpm/min for 10 min at
4 °C. The supernatant was filtered by a 0.22 pm mem-
brane before injection. The analysis was performed using
Agilent LC1260 liquid chromatography (LC) system
(California, USA), which was equipped with a flame ioni-
zation detector, a capillary column of Shim-pack GIST
C18-AQ 5 pm (4.6 I.D. x 250 mm, SHIMADZU, Japan).
Water with a trifluoroacetate concentration of 0.05% was
mixed with methanol in a ratio of 7:3 (v/v) and used as
the mobile phase at a flow rate of 0.7 mL/min. The col-
umn oven was kept at 30 °C for 5 min, then programmed
to 220 °C with a stepwise increase of 30 °C /min and
maintained at 220 °C for 3 min. The injection volume was
5 uL.

Arginine content of fermented broth

BJ3-2ArocF and BJ3-2 were inoculated in liquid LB
medium (1% v/v) and fermented at 45 °C for 72 h. Sub-
sequently, 2 mL of fermented broth was collected and
centrifuged at 10,000 g for 2 min. Then, the supernatant
was collected and stored at 4 °C. The arginine content
was analyzed using a Waters 1525 high-performance
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liquid chromatography (HPLC) system equipped with
an automatic injector and an ultraviolet detector (UV)
at 210 nm (Waters Corp., Milford, USA), according to
the description in the literature [47]. Briefly, all fer-
mented samples were treated with potassium ferro-
cyanide (106 g/L) and zinc sulfate (300 g/L) and then
centrifuged at 2,000 g for 8 min. Next, the supernatant
was filtered through a 0.22 um filter membrane prior
to injection for HPLC analysis. Each injection volume
was set to 10 pl. Chromatographic separation was
achieved using a Waters Atlantis C18 column (5 pum,
4.6 x 150 mm) (Waters, USA) at 30 °C. The mobile
phase of HPLC was 20 mmol/L NaH,PO, and the flow
rate was 1.0 mL/min. A calibration curve was estab-
lished to quantify arginine. The experiment was per-
formed in three biological replicates.

NH,* contents of fermented soybeans

Fermented soybeans (20 mg) were ground into
homogenate using a mortar and pestle and dissolved in
30 mL of methanesulfonic acid (MSA) (20 mM). Then,
the above solution was extracted with ultrasonication
for 20 min and repeated three times. All suspensions
were collected and diluted to 100 mL. The mixture was
filtered with a 0.45 pum filter membrane. The NH,* con-
tent was determined with ion chromatography accord-
ing to the description in the literature [48]. Briefly,
the samples were detected with an LC2010PLUS (Shi-
madzu, Japan) equipped with an EGC eluent generator
and a DS6 conductivity detector. The chromatographic
system was an IonPac CS11-HC column (4.0 x 250 mm)
with an IonPac CG12A (4.0 x 50 mm) pre-column. The
injection volume was set to 20 pl. The flow rate was
1.0 mL/min, and the suppression current was 59 mA.
Experiments were conducted in triplicate.
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