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ABSTRACT Strain specificity (within-species variation) of microorganisms occurs widely in
nature. It might affect microbiome construction and function in a complex microbial envi-
ronment. Tetragenococcus halophilus, a halophilic bacterium that generally is used in high
salt food fermentation, consists of two histamine-producing and non-histamine-producing
subgroups. It is unclear whether and how the strain specificity of histamine-producing
capacity influences the microbial community function during food fermentation. Here,
based on systematic bioinformatic analysis, histamine production dynamic analysis, clone
library construction analysis, and cultivation-based identification, we identified that T. halo-
philus is the focal histamine-producing microorganism during soy sauce fermentation.
Furthermore, we discovered that a larger number and ratio of histamine-producing sub-
groups of T. halophilus significantly contributed more histamine production. We were able
to artificially decrease the ratio of histamine-producing to non-histamine-producing sub-
groups of T. halophilus in complex soy sauce microbiota and realized the reduction of hista-
mine by 34%. This study emphasizes the significance of strain specificity in regulating
microbiome function. This study investigated how strain specificity influenced microbial
community function and developed an efficient technique for histamine control.

IMPORTANCE Inhibiting the production of microbiological hazards under the assumption
of stable and high-quality fermentation is a critical and time-consuming task for the food
fermentation industry. For spontaneously fermented food, it can be realized theoretically by
finding and controlling the focal hazard-producing microorganism in complex microbiota.
This work used histamine control in soy sauce as a model and developed a system-level
approach to identify and regulate the focal hazard-producing microorganism. We discov-
ered that the strain specificity of focal hazard-producing microorganisms had an important
impact on hazard accumulation. Microorganisms frequently exhibit strain specificity. Strain
specificity is receiving increasing interest since it determines not only microbial robustness
but also microbial community assembly and microbiome function. This study creatively
explored how the strain specificity of microorganisms influenced microbiome function. In
addition, we believe that this work provides an excellent model for microbiological hazard
control which can promote future work in other systems.

KEYWORDS strain specificity, Tetragenococcus halophilus, histamine, biogenic amines,
soy sauce, spontaneous fermentation

Dependent on cultural-based approaches, microorganisms were found with charac-
teristics of strain diversity (within-species variety) at the single-clone level (1). With

the development of a high-resolution metagenomic approach, the strain diversity of
bacteria has been discovered and analyzed at the natural microecosystem level (1).
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The strain specificity of microorganisms generally occurs due to the vertical accumula-
tion of mutations or the horizontal acquisition of genes (1, 2). In complex microbial
ecosystems, strain specificity can improve microbial responsiveness to external disturb-
ance (3) or influence microbial community function (4, 5) at the subspecies level.
However, it is unclear how the strain diversity of microorganisms influences the micro-
bial community function.

Biogenic amines (BAs), including histamine, tyramine, and putrescine, are a kind of toxic
low-molecular nitrogen-containing compound that is formed by microbial decarboxylation
of corresponding amino acids (6). They are usually detected in high-protein fermented
foods, such as cheese (7), fermented fish (8), and soy sauce (9), bringing a huge risk to food
safety. Histamine is regarded as the most toxic BA, and excessive intake will cause serious
pathological reactions (10). Thus, concentration limits for histamine in certain foods have
been established to protect consumers from possible safety risks. In 2003, the European
Commission stipulated that the amount of histamine in foodstuffs should not exceed
100 mg/kg of body weight (11). Furthermore, in 2005, the United States Food and Drug
Administration set the maximum concentration limit of histamine at 50 mg/kg in aquatic
products (12).

To reduce the biogenic amine (especially histamine) accumulation in fermented foods,
multiple approaches have been proposed and developed. On one hand, as BAs are synthe-
sized by the microbial decarboxylation reaction, approaches that can inhibit microbial prolifer-
ation or reduce decarboxylase activity, such as lowering the temperature, improving the salin-
ity, and inoculating microbial starter (13, 14), might play roles in reducing BA accumulation.
On the other hand, BAs can be degraded by adding amine oxidases or relevant microorgan-
isms (15, 16), which can convert BAs into aldehyde, ammonia, and hydrogen peroxide (17).
However, BA degradation will result in nitrogen loss through ammonia volatilization. A new
BA control strategy that can realize the process of controlling of BAs by rationally inhibiting
the growth of focal BA-producing microorganisms was needed urgently.

Soy sauce, with an intense umami taste, pleasant aroma, and bioactive compounds,
is one of the most popular condiments in Asian countries and is increasingly consumed
in the Western world. However, at least one BA was detected in commercial soy sauce
samples (9). Furthermore, more than one-quarter of soy sauce samples contain more
than 0.2 mg/mL of histamine, which may cause histamine intolerance in susceptible
people (18). Soybean (or soybean meal) is the primary raw material used in soy sauce
production, which means that the fermentation process contains a high concentration
of BA biosynthetic substrates and amino acids. In addition, Chinese soy sauce ferments
spontaneously and has a complex microbial community structure (19, 20). These phe-
nomena illustrate the necessity and difficulty of identifying the focal BA-producing
microorganisms from complex soy sauce microbiota and subsequently controlling BA
accumulation.

In this study, we identified T. halophilus as the focal histamine-producing strain during
spontaneous soy sauce fermentation. T. halophilus consists of histamine-producing and
non-histamine-producing subgroups. We found that the ratio of histamine-producing to
non-histamine-producing subgroups of T. halophilus determines the histamine accumula-
tion. By artificially decreasing the ratio of histamine-producing to non-histamine-producing
subgroups of T. halophilus, the histamine concentration decreased by 34%. This study pro-
vided an effective strategy for histamine control. We highlighted the importance of strain
specificity on microbiome function. It also investigated how bacterial strain diversity influ-
ences complex microbial community function.

RESULTS
Accumulation patterns of biogenic amines during soy sauce fermentation. To

determine if and when biogenic amines (BAs) accumulate during soy sauce fermentation,
we took weekly samples of fermented soy sauce moromi and measured their BA contents.
Six kinds of BAs, including phenethylamine, putrescine, cadaverine, histamine, tyramine, and
spermidine, were detected (Fig. 1; see Fig. S1 and S2 in the supplemental material). Tyramine
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and histamine accounted for more than 70% of the total BAs in soy sauce samples, whereas
four other BAs accounted for less than 30% (Fig. S1). The majority of BAs were accumulated
between the first and seventh fermentative weeks (Fig. 1; see Fig. S3 in the supplemental
material). Based on this finding, we divided the soy sauce fermentation into three stages, as
follows: stage I, BA-delay period (0 to 1 week); stage II, BA-accumulation period (1 to 7 week);
and stage III, BA-stable period (7 to 17 week) (Fig. 1A to D). We discovered that the BA con-
centrations of various samples were considerably different from the start of stage II, even
though their fermentation parameters, such as fermentation temperature and pH, were simi-
lar (Fig. 1G to I). Based on the BA content at the fermentation endpoint, three soy sauce sam-
ples were identified as high-BA samples with BA concentrations above 1,000 mg/L (with an
average concentration of BAs of 1,287.66 mg/L), and the other three soy sauce samples were
identified as low-BA samples with BA concentrations below 500 mg/L (with an average con-
centration of BAs of 416.66 mg/L). These phenomena enabled us to investigate the focal BA-
producing microorganisms, for example, by comparing the microbial differences of high-
and low-BA samples during the BA-accumulation phases. Different BAs have different

FIG 1 Biogenic amines and fermentation parameters during the soy sauce fermentation. (A to D) Dynamic of biogenic amine accumulation in high-BA (red
line) and low-BA (blue line) samples. The total biogenic amines (A), tyramine (B), histamine (C), and putrescine (D). Correlation analysis of tyramine (E) and
putrescine (F) with histamine. (G to I) Dynamic of fermentation parameter in high-BA (red line) and low-BA (blue line) samples. Fermentation temperature
(G), fermentation pH (H), and amino acid concentration (I). Data are indicated as the average of three samples 6 standard deviation.
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synthesis processes, and some synthesis pathways of BA are quite complicated (7).
Therefore, we have studied only one major BA at this time due to the high workload.
Histamine is considered one of the most toxic BAs and is particularly relevant for food safety
(21, 22). Moreover, histamine is one of the prominent BAs during soy sauce fermentation
(Fig. 1C; Fig. S1). It is worth noting that the histamine production is closely correlated with
that of tyramine and putrescine, which are two other major BAs (Fig. 1E and F; Fig. S2C and
D). Therefore, we focused primarily on the focal histamine-producing microorganisms and
histamine control in the following studies, aiming to achieve simultaneous control of multi-
ple BAs.

Potential histamine-producing bacterial studies by using bioinformatics analy-
sis. Traditional Chinese soy sauce is made by spontaneous fermentation, which implies
that a complex microbial community participates in the fermentation of soy sauce.
Therefore, we analyzed microorganisms involved in the soy sauce fermentation pro-
cess and their ability to produce BAs. We collected and analyzed the soy sauce micro-
organisms reported in the previous literature (20, 23–27). A total of 88 bacteria were
reported during soy sauce fermentation, among which 73 bacteria belong to the
Gram-positive group and 15 bacteria belong to the Gram-negative group. As shown in
Fig. 2, the phylogenetic tree of soy sauce bacteria was constructed using the 16S rRNA
gene sequence.

To investigate whether the soy sauce bacteria have the histamine production capa-
bility, we searched the histidine decarboxylase gene (and three other amino acid de-
carboxylase genes for biosynthesis of tyramine, putrescine, and cadaverine) from
genomes by using NCBI BLAST. As shown in Fig. 2, 86.36% (76/88) of the bacteria have
relevant amino acid decarboxylase genes and thus have the potential to produce one
or more BAs. Most strains may produce multiple BAs simultaneously. For example, nine
bacteria, including Bacillus subtilis, Escherichia coli, Klebsiella oxytoca, Ligilactobacillus
aviarius, Furfurilactobacillus rossiae, Ligilactobacillus saerimneri, Pediococcus pentosaceus,
Salmonella enterica, and Staphylococcus capitis, contain four amino acid decarboxyl-
ases. Also, 13 bacteria contain 3 amino acid decarboxylases simultaneously (Fig. 2).
These results might explain why histamine production is closely related to the accumu-
lation of the other BAs. In those soy sauce bacteria, 44.32% (39/88) of soy sauce bacte-
ria have histidine decarboxylase genes and thus might produce histamine. This result
indicates that many soy sauce bacteria have the potential to produce histamine, and it
is difficult to study focal histamine-producing microorganisms from complex soy sauce
microbiota.

Except for the Tetragenococcus genus, all Gram-positive bacteria revealed a rel-
atively weak histamine-producing capability. To reveal the focal histamine-producing
microorganisms during soy sauce fermentation, we analyzed the structure of histidine bio-
synthesis gene clusters and the reported maximum histamine concentration produced by
these strains. As shown in Fig. 3A, the structure of the histidine decarboxylase gene cluster
varied between strains, and a complete histamine biosynthesis gene cluster contains at
least one histidine decarboxylase gene hdcA and one histidine-histamine exchanger gene
hdcP. In Gram-negative bacteria, a complete histamine biosynthesis gene cluster also con-
tains a histidyl-tRNA synthetase gene, hisRS. Concerningly, some Gram-negative bacteria,
such as members of the Morganella and Klebsiella genera, have several hdcP and/or hisRS
genes for unknown reasons. In most Gram-positive bacteria, the histamine biosynthesis
gene cluster contains genes hdcP, hdcA, hdcB, and hisRS. The gene hdcB contributes to the
maturation of histidine decarboxylase hdcA (28).

Diverse gene clusters often indicate a wide range of histamine-production capabilities. We
collected information on the highest reported histamine concentrations produced by the bac-
teria listed above, which were cultured in culture media or fermentation systems (see Table S1
in the supplemental material). As shown in Fig. 3B, based on reported data on the histamine-
producing capacity of bacteria, we found that Gram-negative bacteria usually exhibited
greater histamine production than Gram-positive bacteria, ranging from 1,000 mg/L to
6,000 mg/L, although the histamine-producing capacity of many Gram-positive bacteria has
not been investigated (labeled with asterisk in Fig. 3B). Gram-positive bacteria, particularly
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lactic acid bacteria, typically produce low concentrations of histamine (,1,000 mg/L), except
Tetragenococcus halophilus and Tetragenococcus muriaticus, which belong to the Tetrageno-
coccus genus and can produce a maximum of 3,000 and 4,870 mg/L of histamine, respectively
(Fig. 3B).

Soy sauce fermentation is usually carried out in a hypertonic environment with a
salt concentration of more than 20%. As reported previously, we found that the

FIG 2 BA production capability of soy sauce microorganisms. The phylogenetic tree was constructed based on the 16S rRNA genes sequence of the type species of
soy sauce microorganisms. Red dot, microorganisms containing histidine decarboxylase (potential histamine production capability); blue star, microorganisms containing
tyrosine decarboxylase (potential tyramine production capability); purple triangle, microorganisms containing ornithine decarboxylase (potential putrescine production
capability); green square, microorganisms containing lysine decarboxylase (potential cadaverine production capability).
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majority of microorganisms in soy sauce fermentation are Gram-positive bacteria (Fig.
2). However, some Gram-negative bacteria were also reported in soy sauce fermenta-
tion, such as Klebsiella pneumoniae and Enterobacter hormaechei (20), which may be
able to produce histamine (Fig. 3B). Combined with the histamine-production capabil-
ity, it is confusing and worth studying whether Gram-negative or Gram-positive bacte-
ria play key roles in histamine production during spontaneous soy sauce fermentation.

T. halophilus is the focal histamine-producing microorganism present during
soy sauce fermentation. As shown in Fig. 1, both high-histamine and low-histamine soy
sauce samples were present during the same period (from the first to seventh weeks), with
the highest histamine-accumulation rate occurring during the third fermentation week (Fig.
S3C). To determine why and what microorganisms contributed to the high rate of histamine
accumulation, we first analyzed the bacterial community diversity of the high-histamine and
low-histamine fermentation samples at three time points (1, 3, and 7 fermentation weeks)
via high-throughput sequencing. We obtained 1,827,706 high-quality reads and thus gener-
ated 125 bacterial genera from 18 soy sauce samples by analyzing the V3-V4 hypervariable
region of bacterial 16S rRNA gene sequences. It was found that Gram-positive bacteria occu-
pied the main microbial community during the soy sauce fermentation, with the total rela-
tive abundance of more than 90%, which was consistent with our previous hypothesis (Fig.
4A). Tetragenococcus and Weissella were the predominant genera in soy sauce samples. In
addition, the relative abundance dynamic of Tetragenococcus was consistent with the pro-
duction dynamic of histamine, which increased significantly during the growth period of his-
tamine. However, we could not find obvious differences in microbial community between
high-histamine and low-histamine soy sauce fermented samples.

Histidine decarboxylase (HDC) (EC. 4.1.1.22) is a crucial enzyme in the synthesis of
histamine by bacteria. Based on protein sequences, we compared the similarity of histi-
dine decarboxylase (HDC) in Gram-positive and Gram-negative bacteria. As shown in
Fig. 4B, the HDC in Gram-positive bacteria showed a high homology of 65% to 99%,
whereas they exhibited a low similarity of 7% with HDC in Gram-negative bacteria. This

FIG 3 Histamine-biosynthesis gene cluster analysis (A) and the maximum histamine production capacity (B) in histamine-producing bacteria. The
phylogenetic tree was constructed based on the hdcA gene sequence of histamine-producing microorganisms. Arrows indicate open reading frames (ORFs)
and transcription directions. Lines indicate intergenic regions (IGRs). *, Histamine production capacity has not been reported. Note: Information on the
maximum histamine production capacity in histamine-producing bacteria is shown in Table S1.

Strain Specificity Related to Histamine Accumulation Applied and Environmental Microbiology

March 2023 Volume 89 Issue 3 10.1128/aem.01884-22 6

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01884-22


result is consistent with the previous report that HDC in bacteria is classified into the
following two types: pyridoxal-phosphate-dependent HDC found in Gram-negative
bacteria and pyruvoyl-dependent HDC found in Gram-positive bacteria (29). This phe-
nomenon allows us to investigate whether Gram-positive or Gram-negative bacteria
participate in soy sauce histamine production.

As shown above, histamine accumulated fastest in the third fermentation week (Fig. 1C;
Fig. S3C). Also, to determine the focal histamine-producing microorganisms during soy sauce
fermentation, we extracted total genomic DNA from third-week soy sauce moromi samples
and amplified the conserved region of two histidine decarboxylase genes (hdcA) by using
those genomic DNA as the PCR template (about 100 ng/mL). As shown in Fig. 4C, we effec-
tively amplified the pyruvoyl-dependent HDC gene (in Gram-positive bacteria) but not the
pyridoxal phosphate-dependent HDC gene (in Gram-negative bacteria). Furthermore, hdcA
amplification bands from high-histamine soy sauce samples were brighter than those from
low-histamine soy sauce samples. These phenomena suggested that Gram-positive bacteria,
rather than Gram-negative bacteria, play a key role in histamine production.

To investigate which Gram-positive bacterium plays a key role in histamine accumula-
tion, the clone library analysis was conducted in this study. We first amplified the histidine
decarboxylase gene hdcA by using soy sauce genomic DNA as the template. Then, the
amplified hdcA gene was ligated to pEASY-Blunt simple plasmid and was transformed
into E. coli DH 5a competent cells. A total of 200 clones were picked and sequenced.
Statistical analysis showed that, except for 8 clones that were not sequenced successfully,
192 clones were successfully sequenced and identified. Sequence alignment showed that
the sequenced hdcA gene in clones has more than 99% similarity to that of the genera
Tetragenococcus, Lactobacillus, and Oenococcus. Fortunately, there are differences in spe-
cific bases among hdcA genes of various genera, allowing us to identify the real microbial
species by sequence alignment of hdcA genes. The hdcA gene differed between
Tetragenococcus and other genera (including Lactobacillus and Oenococcus) at base 591,
which was G in the Tetragenococcus genus and T in other genera (see Fig. S4A in the

FIG 4 Analysis of the focal histamine-producing microorganism during soy sauce fermentation. (A) Bacterial communities of soy sauce fermentation samples were
collected at the 1st, 3rd, and 7th fermentation weeks. Low 1/3/7, bacterial community of low-histamine soy sauce samples which were collected at 1st, 3rd, and
7th fermentation weeks, respectively. High 1/3/7, bacterial community of high-histamine soy sauce samples which were collected at 1st, 3rd, and 7th fermentation
weeks, respectively. (B) Analysis of histidine decarboxylase (HDC) protein sequence similarity between Gram-positive and Gram-negative bacteria. (C) Gene
amplification of two kinds of histidine decarboxylase genes in low- and high-histamine soy sauce samples. M, marker; G1, gene amplification by using a Gram-
positive bacterium genome as the template; G2, gene amplification by using the hdcA gene of Gram-negative bacteria added to fermented soy sauce moromi as
the template; L1 to L3, three parallel soy sauce samples of low-histamine production; H1 to H3, three parallel soy sauce samples of high-histamine production. (D)
Clone library analysis of hdcA gene in different soy sauce samples.
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supplemental material). Furthermore, the hdcA gene differed between T. halophilus and
Tetragenococcus muriaticus at base 708, which was A in T. halophilus and C in T. muriaticus
(Fig. S4B). As shown in Fig. 4D, except for 8 clones that were not sequenced successfully,
all of the other 192 clones were sequenced successfully and were identified as T. halophi-
lus. Combining the above bioinformatics analysis that T. halophilus, as a Gram-positive
bacterium, can maximumly produce histamine at the same level as Gram-negative bacte-
ria, we considered that T. halophilus might be the focal histamine-producing bacterium
present during soy sauce fermentation.

Ratio of histamine-producing/non-histamine-producing subgroups of T. halo-
philus determines the histamine accumulation. To further investigate the focal hista-
mine-producing bacteria, 205 isolates from high-histamine samples and 205 isolates from
low-histamine samples were acquired. By using 16S rRNA gene sequencing, all isolates
were identified as T. halophilus. Furthermore, we detected the histamine-producing capa-
bility of these strains. As shown in Table S2 in the supplemental material, 37 T. halophilus
strains with hdcA-gene positivity and histamine synthesis capacity can biosynthesize hista-
mine, of which 24 were isolated from high-histamine samples and 13 were isolated from
low-histamine samples. When we added the histamine-producing T. halophilus as the
starter, histamine accumulated continuously (maximum 844 mg/L histamine) during simu-
lated soy sauce fermentation. On the contrary, when the non-histamine-producing T. halo-
philus was added as the starter in simulated soy sauce fermentation, no histamine was
produced (Fig. 5A).

As shown above, the histamine-producing gene operon in lactic acid bacteria
includes the following four genes: hdcP, hdcA, hdcB, and hisRS (Fig. 3A). By using PCR
amplification, hdcP, hdcA, hdcB, and hisRS genes were detected in 37 histamine-pro-
ducing T. halophilus strains but not in 10 randomly selected non-histamine-producing
strains (Fig. 5B, Table 1). Furthermore, we randomly selected two T. halophilus strains,
of which one could produce histamine and the other could not, and we sequenced
their whole genomes by using the Illumina sequencing platform. We discovered a
complete HDC gene cluster in the histamine-producing T. halophilus genome (Fig. 5C)
but not in the non-histamine-producing strain. Moreover, a transposase gene (tnpA)
was located at the side of the histamine-biosynthesis gene cluster, indicating that

FIG 5 Strain specificity of the histamine-producing capacity of T. halophilus. (A) Histamine production of T. halophilus in simulated soy
sauce fermentation; control, no microorganism inoculated. (B) The amplification of the genes, parts of histamine-biosynthesis gene
cluster, by using histamine-producing or non-histamine-producing T. halophilus strain genomes as the templates. PCR products have
been verified by gene sequencing, but the data were not shown. (C) Genome map of histamine-biosynthesis gene cluster in
histamine-producing T. halophilus strain.
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horizontal gene transfer may occur in this gene cluster under specific conditions. Thus, we
concluded that T. halophilus was the focal histamine-producing strain, and the histamine
production capacity of T. halophilus was strain specific. However, it is uncertain if a
“super”-histamine-producing T. halophilus or a higher ratio of histamine-producing to non-
histamine-producing T. halophilus is responsible for the increased histamine production.

We compared the histamine production capability of 37 T. halophilus strains isolated
from high-histamine samples and 13 T. halophilus strains isolated from low-histamine sam-
ples, which were detected in MRS medium (add histidine) and simulated soy sauce fermen-
tation system. As shown in Fig. 6, there is no significant difference in histamine production
capability between strains screened from high- or low-histamine samples (Fig. 6; Table S2).
Second, we detected the absolute number of T. halophilus bacteria in high- and low-hista-
mine soy sauce samples (third fermentation week) by quantitative real-time PCR analysis. As
shown in Fig. 7A, T. halophilus was detected in low-histamine samples at a concentration of
6.5 6 0.34 log10 copies/mL, while that in high-histamine samples was at a concentration of
7.68 6 0.03 log10 copies/mL. Meanwhile, we determined the relative copy number of the
histidine decarboxylase gene (hdcA) in low-histamine samples and high-histamine samples.
As shown in Fig. 7B, the relative copy number of the hdcA gene in high-histamine samples
was significantly higher than that in low-histamine samples (about 3.5-fold). Third, we also
determined the relative transcriptional level of hdcA (RNA level) and found that hdcA main-
tained much higher transcription levels in high-histamine samples than those in low-hista-
mine samples (about 7-fold) (Fig. 7C).

FIG 6 Histamine production capacity of T. halophilus screened from high- and low-BA soy sauce
samples. (A) MRS medium (adding histidine). (B) Simulated soy sauce fermentation system. NS, not
significant.

TABLE 1 Primers used in this study

Name Sequence (59–39) Use Reference
L-F2 TGATGGTATTGTTTCGTATGACC Amplification of hdcA in Gram-positive bacteria In this study
L-R4 TAACCCATCTTGTCVAGCCATTCTG
Hdc-f TCHATYARYAACTGYGGTGACTGGRG Amplification of hdcA in Gram-negative bacteria 59
Hdc-r CCCACAKCATBARWGGDGTRTGRCC
Hdc-1 TTGACCGTATCTCAGTGAGTCCAT Quantification of hdcA in Gram-positive bacteria 60
Hdc-2 ACGGTCATACGAAACAATACCATC
TetRT-F1 AGCTCAAAGGCGCTTTACAG Quantification of T. halophilus In this study
TetRT-R1 CCTCTTTCTCCTGTTCTTTGCTG
27F AGAGTTTGATCCTGGCTCAG Species identification 61
1492R CGGTTACCTTGTTACGACTT
HdcA-F ATGGAGGTAACAATTATGTCAGAG Amplification of histamine-biosynthesis gene cluster in T. halophilus In this study
HdcA-R TTAATAATTGATGTTTCCACCCTTAG
HdcB-F ACTGCACATGGAATCTCCGC In this study
HdcB-R TACTTACCAGCCTTGGGCAG
HdcP-F ATGGACGACGCTGAACGCGCTAAAAAG In this study
HdcP-R TTAAGCCATTAATGCATAAATCCCATAAAC
HisRS-F ATGACTGATGTAAATTACCAAAGACT In this study
HisRS-R TTAGCTGAGGAATTTAGTTGGATTATC
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In addition, the ratio of histamine-producing to non-histamine-producing T. halophilus
in soy sauce samples (third fermentation week) was analyzed (Fig. 7D). A total of 205 T.
halophilus strains were isolated from low-histamine samples, of which 13 (6.34%) strains
were capable of producing histamine. Meanwhile, 205 T. halophilus strains were isolated
from high-histamine samples, of which 24 (11.71%) strains were capable of producing his-
tamine. These phenomena suggested that no “super”-histamine-producing T. halophilus
strains were present in high-histamine soy sauce samples. Also, a larger amount of hista-
mine-producing T. halophilus and more proportion of histamine-producing to non-hista-
mine-producing T. halophilus are responsible for the increased histamine accumulation in
high-histamine soy sauce samples.

Artificially decreasing the ratio of histamine-producing/non-histamine-produc-
ing T. halophilus and realized histamine control. Based on the above research
results, we attempted to verify the above speculation and study a control strategy for
the inhibition of histamine production. In the laboratory, we conducted a simulated
fermentation of soy sauce by inoculating the in situ microflora (1%) of a high-BA
sample as the starter. Then, we divided the simulated soy sauce fermentation into
two groups. One group was named experimental group, which was inoculated with
1.0 � 107 CFU/mL of non-histamine-producing T. halophilus. The other group was
named control group, which was inoculated with the same volume of phosphate-buf-
fered saline (PBS) buffer. After the above treatment, we sampled every 5 days and then
detected their histamine concentrations.

After 30 days of fermentation, the biomass of T. halophilus in the experimental group
was significantly higher than that in the control group (Fig. 8A). We detected the hdcA
gene by quantitative PCR (qPCR) and found that the copy number of the hdcA gene in
the experimental group (6.5 log10 copies/mL) was significantly lower than that in the

FIG 7 Quantitative analysis of histamine-producing microorganisms and HDC-encoding gene in low- or high-BA soy sauce samples. (A) The absolute
abundance of T. halophilus in high- and low-BA soy sauce samples. (B) Relative quantitative analysis of hdcA between the high- and low-BA samples. The
relative copy number was normalized to the copy number of the 16S rRNA gene of T. halophilus. (C) The relative expression level of hdcA gene between
the high- and low-BA samples. The relative expression levels of hdcA were normalized to the expression level of the 16S rRNA gene of T. halophilus. (**,
P , 0.01; determined by t-test). (D) The ratio of histamine-producing to non-histamine-producing strains in high- and low-BA samples.
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control group (8.0 log10 copies/mL) (Fig. 8B). In addition, the transcription amount of
hdcA detected in the experimental group was significantly lower (1:20) than that in the
control group as well (Fig. 8C). Finally, the ratio of histamine-producing to non-hista-
mine-producing T. halophilus in the simulated soy sauce fermentation system was ana-
lyzed (Fig. 8D). Two hundred isolates were selected randomly from the simulated soy
sauce fermentation system, and 96 strains of T. halophilus were identified from the ex-
perimental group, and 96 strains of T. halophilus were identified from the control group.
The histamine production capability was detected by hdcA gene amplification. We
found that the ratio of histamine-producing to non-histamine-producing T. halophilus in
the experimental group was 5.21% (5/96), while that in the control group was 11.47%
(11/96). This phenomenon suggested that the ratio of within-species variants can be
changed artificially.

We collected the simulated soy sauce fermentation samples at an interval time and
detected their BA (especially histamine) concentrations. As shown in Fig. 8E, compared
with the control group, the experimental group produced a lower concentration of hista-
mine due to a lower ratio of histamine-producing to non-histamine-producing strains
(from 755.67 mg/L to 502.02 mg/L). Meanwhile, we found that the experimental group
also accumulated lower concentrations of other biogenic amines, including tyramine, pu-
trescine, phenethylamine, and cadaverine (see Fig. S5 in the supplemental material).
These results suggested that the addition of non-histamine-producing T. halophilus as
the starter will reduce the proportion of histamine-producing/non-histamine-producing
T. halophilus strains and thus help reduce histamine production. In addition, the addition
of non-histamine-producing T. halophilus as the starter is always helpful for the reduction
of other BAs.

FIG 8 Histamine control by artificially modifying the ratio of histamine-producing to non-histamine-producing T. halophilus strains during soy sauce
fermentation. Experimental group was inoculated with 1.0 � 107 CFU/mL of non-histamine-producing T. halophilus at the initial stage of fermentation.
Control group was inoculated with the same volume of PBS buffer. (A) The absolute abundances of T. halophilus at 30 days of fermentation in the control
and experimental group. (B) Relative quantitative analysis of hdcA in the control and experimental group at 30 days of fermentation. The relative copy
number was normalized to the copy number of the 16S rRNA gene of T. halophilus. (C) The relative expression level of hdcA gene in the control and
experimental group at 30 days of fermentation. The relative expression levels of hdcA were normalized to the expression level of the 16S rRNA gene of T.
halophilus. (**, P , 0.01; determined by t-test). (D) The ratio of histamine-producing to non-histamine-producing strains in the control group and
experimental group at 30 days of fermentation. (E) Dynamic of histamine accumulation in the control and experimental group during the 30 days of
fermentation. Data were obtained from three parallel trials. Figure 8D was obtained statistically after mixing three parallel samples of equal mass.
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DISCUSSION

In this study, we found that T. halophilus was the focal histamine-producing microor-
ganism during soy sauce fermentation. More importantly, a difference in the histamine
production capability of T. halophilus has been reported, which was named strain specific-
ity or within-species variants. Strain specificity might be an important characteristic of BA-
producing microorganisms (30). Lucas et al. (31) found that the histidine decarboxylase
gene of Lactobacillus hilgardii IOEB 0006 was located on an 80-kb plasmid, which was pro-
ven to be unstable (the strain could retain or lose the plasmid depending on culture con-
ditions). Satomi et al. (32) analyzed the diversity of plasmids encoding the histidine decar-
boxylase gene in 19 Tetragenococcus sp. strains, which were isolated from Japanese fish
sauce, suggesting that each histamine producer harbored a different histamine-related
plasmid.

Strain specificity is a universal phenomenon in nature. The importance of strain speci-
ficity in the context of pathogenicity has been particularly well studied, and many species
have been found to have both pathogenic and commensal subtypes (for example,
Propionibacterium acnes [33] and Staphylococcus aureus [34]). Furthermore, strain specific-
ity has been discovered in a variety of other areas, including drug response (3), biofilm for-
mation (35), nutrient cycling (36), carbohydrate utilization (37), and toxin production (38).
Mutations are the most direct reason for intraspecific diversity. The transfer of genetic vari-
ation from one population to another through, for example, horizontal gene transfer, ho-
mologous recombination, and plasmid acquisition, can cause rapid and large-scale addi-
tions or rearrangements of genomic regions. Given the existence of the transposase gene
(tnpA) in a histamine-biosynthesis gene cluster (32) and the foundation of plasmid-based
gene cluster (39), T. halophilus might obtain the histamine production capability through
horizontal gene transfer or plasmid acquisition.

Rather than existing as a single colony, most microorganisms live in complex ecosys-
tems. It was found that the strain specificity of microorganisms has an important ecological
significance in affecting microbial community assembly (4), ecological function (5, 35), and
niche construction (40). In 2016, Johnson et al. (41) found that strain-level differences of
Propionibacterium acnes in porphyrin production are associated with skin disease. In the
same year, Lee et al. (42) found that the strain-specific features of extracellular polysaccha-
rides have an impact on Lactobacillus pantarum-host interactions. In addition, researchers
found that microorganisms can respond to external environmental disturbances at the
strain level (5, 43). In 2020, Brittany et al. (4) characterized the strain-level diversity across
cheese rinds and determined its implications for community assembly and function.
However, researchers do not know which strain-diversity parameters impact microbiome
function.

This study found that T. halophilus is the focal histamine-producing microorganism during
soy sauce fermentation and fully described the strain-specific characteristics of T. halophilus in
histamine production. The results showed that the ratio of histamine-producing to non-hista-
mine-producing T. halophilus plays a key role in histamine accumulation. Furthermore, by arti-
ficially changing the ratio, the concentration of histamine produced by soy sauce microbiota
decreased. This report is the first one about how strain specificity influences microbiome func-
tion. Previously, some researchers achieved reduction of BAs in fermented foods by adding
starters, including T. halophilus (14). This study explained, from the perspective of microbial
strain-specific impacts on community functions, why the addition of T. halophilus, which could
not degrade BAs, resulted in the decrease of BAs.

To test our hypothesis that the ratio of histamine-producing to non-histamine-produc-
ing T. halophilus is a critical factor in histamine accumulation, we introduced microbiota
from industrial high-BA-production soy sauce to control samples of a simulated soy sauce
control experiment. As predicted, a high ratio of histamine-producing to non-histamine-
producing T. halophilus and high concentrations of histamine were detected in the control
samples (Fig. 8D and E). In the experimental samples, non-histamine-producing T. halophi-
lus was introduced at the beginning of a simulated soy sauce fermentation. As expected,
we achieved histamine reduction by inoculating non-histamine-producing T. halophilus to
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reduce the ratio of histamine-producing to non-histamine-producing T. halophilus in the
experimental group (Fig. 8E). As a positive control, samples inoculated with histamine-pro-
ducing T. halophilus resulted in high-histamine production in simulated fermentation
experiments (Fig. 5A). These phenomena verified our suggestion that the ratio of hista-
mine-producing to non-histamine-producing T. halophilus is a critical factor in histamine
accumulation. In fact, T. halophilus is beneficial in high-salt food fermentation for the pro-
duction of aroma-active and umami-taste compounds (44). Besides histamine production,
T. halophilus has genomic diversity and strain specificity in carbohydrate metabolism,
amino acid degradation, and lactate production (45). It is important to investigate whether
and how strain specificity in physiological metabolism can impact microbiome function
when T. halophilus is used as a starter in food fermentation.

Biogenic amines (BAs) are a kind of endogenous harmful compound which exist widely
in various fermented foods (46). When BAs in fermented foods are ingested by humans, por-
tions of BAs usually can be metabolized by amine oxidase in the human gut (47). However,
when the BAs are ingested excessively, or the human body appears to have inadequate
detoxification action (for genetic reasons or inhibitory effects from some medicines or alco-
hol), excess BAs can enter the human systemic circulation and then trigger the release of
adrenaline and noradrenaline, as well as provoking gastric acid secretion, increasing cardiac
output, and elevating blood pressure (48). Furthermore, soluble nitrogen concentration (or
free amino acid concentration) is an essential quality indicator for high-protein fermented
foods, and the formation of BAs might result in nitrogen loss and amino acid concentration
decline (Fig. 1I). Thus, it is vital to prevent the production of BAs in fermented food.

Taking soy sauce as an example, it is difficult to completely inhibit BA production. On
the one hand, soy sauce itself is rich in amino acids, which provide abundant precursors for
the biosynthesis of biogenic amines. On the other hand, soy sauce usually ferments sponta-
neously, which means that a complex microbiota, probably coming from Koji, the brewing
environment, and raw materials, participates in the soy sauce production. The microbiota
during soy sauce fermentation was studied using next-generation sequencing, and an aver-
age of 1,360 operational taxonomic units (OTUs) were discovered, with 22 microbial genera.
In our study, we found 277 bacterial OTUs, with 29 bacterial OTUs at a relative abundance
greater than 0.1% in our soy sauce samples.

A variety of microorganisms are positive for BA production because BA biosynthesis
has important physiological implications. In prokaryotic cells, the decarboxylation reac-
tion (from amino acid) is one of the defense mechanisms used by bacteria to compete
with the acidic environment (49, 50). Some reports suggest that the biosynthesis of
BAs can help some respiratory-chain-negative microorganisms, such as lactic acid bac-
teria (LAB), to obtain more energy (51). Furthermore, BA production in bacteria may
mediate other physiological functions, such as osmotic and oxidative stress responses
(52, 53). This information is consistent with our findings that 86.36% of soy sauce bac-
teria have relevant amino acid decarboxylase genes and can thus produce at least one
kind of BA. The complex microbial community structure and strain-specific characteris-
tics of BA production make histamine control increasingly difficult.

Biogenic amines (BAs) are produced by microbial decarboxylation reactions. Identification
of the focal BA-producing microorganisms is of great significance for understanding the
mechanism of BA production and for controlling BAs. However, it is difficult to study the
microbial function in complex multispecies fermentation systems. Traditional methods for
identifying the BA-producing microorganisms include molecular methods and chemical
methods, depending on microorganism cultivation (54). The development of omics tech-
nology has promoted the study of functional microorganisms. Hu et al. (55) found the bac-
teria that are responsible for producing biogenic amines in sufu by using metagenome
sequencing. Kim et al. (56) identified BA-producing microbes during ganjang fermentation
through metagenomic and metatranscriptomic analyses. However, as shown above, given
the diversity of amino acid decarboxylase genes, the structural complexity of genetic clus-
ters, and the uncertainty of relevant enzyme activity, there are some difficulties in identify-
ing the focal BA-producing microorganisms by culture-independent approaches. In this
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study, focal microorganisms for histamine production during soy sauce fermentation were
identified by combining bioinformatics analysis, high-throughput sequencing, gene ampli-
fication, clone library construction, and microbial cultivation methods.

During soy sauce fermentation, the pH dropped visibly from 6.5 to 4.5 (Fig. 1H). Also, the
production of BAs helps microbes to resist an acidic environment (50). This information
might explain why decarboxylase genes are present in most soy sauce microbes and why
many microbes can produce multiple BAs simultaneously (Fig. 2). Furthermore, almost all
BAs, including histamine, tyramine, putrescine, phenethylamine, and cadaverine, are pro-
duced via the decarboxylation of corresponding amino acids. The transcriptional expression
of all these amino acid decarboxylases is stimulated by acidic pH (50, 57). This information
might explain why the production of various BAs has strong correlations (Fig. 1E and F; Fig.
S2C and D). Meanwhile, we inhibited the growth of BA-producing microorganisms in this
study, reducing the production of other BAs.

In conclusion, this study systematically analyzed the focal histamine-producing
microorganisms of high-salt liquid-state soy sauce. Bioinformatics analysis showed that
more than 80% of soy sauce bacteria have amino acid decarboxylase genes and thus
have the potential to produce one or more BAs. After the genetic analysis, clone library
construction, and strain cultivation, we found that T. halophilus is the focal histamine-
producing microorganism during soy sauce fermentation. The histamine production
capacity of T. halophilus is strain specific. The ratio of histamine-producing to non-his-
tamine-producing subgroups of T. halophilus determines the histamine accumulation
during the spontaneous fermentation of soy sauce. Finally, we investigated BA control
strategies during soy sauce fermentation based on the strain-specific characteristics of
BA-producing microorganisms. This study provided a systematic method and a new
strategy for the process control of BAs and highlighted the importance of strain speci-
ficity in microbiome function.

MATERIALS ANDMETHODS
Sample collection. Soy sauce samples were collected from a typical Chinese traditional brewing soy

sauce factory in China. The initial concentration of salt water added in soy sauce fermentation was 18 to
19°Bé (21.62 g to 23.11 g sodium chloride per 100 mL brine). A total of six samples (100 mL per sample)
were collected at different fermentation times (0, 1, 2, 3, 4, 5, 7, 9, 11, 13, 15, and 17 fermentation weeks)
in August 2019. Cells were collected by centrifugation at 8,000 rpm for 30 min at 4°C and then stored at
280°C for DNA and RNA extraction. The supernatant was stored at 220°C for BA and physicochemical
parameter determination.

Biogenic amine determination. Seven BAs (histamine, tyramine, putrescine, cadaverine, phenethyl-
amine, spermine, and spermidine) were detected by reverse-phase ultra-performance liquid chromatog-
raphy (UPLC) (Waters H-Class; Waters Co., Milford, MA) that was equipped with an Acquity UPLC BEH C18

analytical column (2.1 by 100 mm, 1.7 mm; Waters) and a UV detector, with derivatization with dansyl
chloride (Sigma, USA) according to a previous report (9). The gradient elution system includes acetoni-
trile (A) and ultrapure water (B) containing 0.1% formic acid. The gradient elution procedure was opti-
mized and operated at a flow rate of 0.3 mL/min as follows: 30% A at 2 min, 50% A at 2.5 min, 60% A at
8.5 min, 75% A at 13 min, 100% A at 15 min, and 30% A at 17 min. The column temperature was set to
30°C, and the injection volume was 5mL.

The BA-producing capability analysis of soy sauce bacteria. We collected and listed the reported
soy sauce bacteria and analyzed their potential BA (histamine, tyramine, putrescine, and cadaverine)-
production capability by using bioinformatic analysis. We investigated whether the soy sauce bacteria
have the amino acid decarboxylase, including lysine decarboxylase (LDC), histidine decarboxylase (HDC),
tyrosine decarboxylase (TDC), and ornithine decarboxylase (ODC) by searching these proteins in the pro-
tein and nucleotide databases of the National Center for Biotechnology Information (NCBI) (https://www
.ncbi.nlm.nih.gov/). We assumed that species with the corresponding amino acid decarboxylase have
the potential to produce BAs. In addition, the neighbor-joining phylogenetic tree of soy sauce bacteria
was constructed based on the 16S rRNA gene sequences by MEGA 7.0.

Histamine-biosynthesis gene cluster analysis.We collected the gene sequences of histidine decar-
boxylase (hdcA) and histidine/histamine antiporter (hdcP) from NCBI. Then, using the hdcA gene and
hdcP gene as target genes, we searched via BLAST the histamine-biosynthesis gene clusters from differ-
ent soy sauce bacteria based on the nucleotide database.

Total DNA and RNA extraction. The total DNA was extracted from 100 mL of soy sauce sample using
the phenol-chloroform method as described by Song et al. (58). The total RNA of the soy sauce sample was
extracted using a soil RNA kit (Omega Bio-Tek, Norcross, GA) following the manufacturer’s instructions and re-
versely transcribed into cDNA (Vazyme, Nanjing, China). Genomic DNA of the strain was extracted using a ge-
nomic DNA purification kit (Promega, Madison, USA) following the manufacturer’s instructions. Total DNA and
RNA were quantified by using a NanoDrop ND-1000 UV-Vis spectrophotometer (Thermo Fisher Scientific,
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Waltham, MA). The quality of DNA and RNA was determined by agarose gel electrophoresis. DNA was stored
at220°C, and RNA was stored at280°C before analysis.

16S rRNA amplicon sequencing and sequence processing. The V3-V4 region of the bacterial 16S
rRNA gene sequence was amplified by PCR (Bio-Rad, USA) using TransStart Fastpfu DNA polymerase
(TransGen AP221-02; TransGen Biotech Co., Beijing, China). The amplification primers used were univer-
sal primers 338F/806R, and the reaction system and amplification method were carried out according to
the manufacturer’s instructions. Then the amplified products were purified using an Agencourt AMPure
XP nucleic acid purification kit, and the concentrations were determined by the Thermo Scientific
NanoDrop 8000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE). High-throughput
sequencing was performed on the MiSeq instrument (Illumina, San Diego, CA) for 2 � 300-bp paired-
end (PE) sequencing.

All MiSeq-generated paired-end (PE) sequence data were processed by using the QIIME platform.
Briefly, the raw Fastq sequence was quality controlled by Trimmomatic (v0.36) and Pear (v0.9.6) software,
and the sequences with average quality scores of ,20, with lengths of ,120 bp, and containing N base
were trimmed. Forward and reverse sequences were merged with FLASH using a minimum overlap of
10 bp and 0.1 allowed mismatch ratio. Chimera sequences were removed using the UCHIME algorithm
for the known database and using the Denovo method for the unknown database. After that step, the
high-quality sequence was clustered into operational taxonomic units (OTUs) with a 97% identity thresh-
old by the QIIME uparse pipeline.

Amplification of the histidine decarboxylase (HDC) gene from genomes of soy sauce samples.
The conserved region of histidine decarboxylase genes (hdcA) was amplified by the following PCR proce-
dure: 95°C for 2 min; followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 20 s; and a final
extension of 72°C for 5 min. Genomic DNA of soy sauce samples with a similar concentration (about
100 ng/mL) was used as the PCR template. The Gram-positive bacterium T. halophilus with histamine-
producing capacity screened from soy sauce moromi was used as a positive control for pyruvoyl-de-
pendent HDC gene amplification. Gram-negative bacteria with histamine-producing capacity were not
obtained in this study, so we added an engineered bacterium (E. coli) containing a pyridoxal phosphate-
dependent HDC gene plasmid as the positive control for this HDC gene amplification. The pyruvoyl-
dependent HDC gene sequence was amplified by primers L-F2 and L-R4 with a length of 744 bp (Table
1). The pyridoxal-phosphate-dependent HDC gene sequence was amplified by primers Hdc-f and Hdc-r
with a length of 709 bp (Table 1) (59). The TransStart Fastpfu DNA polymerase (TransGen AP221-02,
TransGen Biotech Co., Beijing, China) was used for sequence amplification, and the amplified products
were detected with a 1% agarose gel.

Clone library construction and analysis. The hdcA gene sequence was amplified by primers L-F2
and L-R4. The PCR was performed using the total genomic DNA extracted from high- or low-BA soy
sauce samples as the templates. The amplified PCR products were purified by using the FastPure gel
DNA extraction minikit (Vazyme, Nanjing, China). Then the purified PCR products were ligated with
pEASYblunt plasmid (TransGen CB101, Beijing, China), and then transformed into E. coli DH5a compe-
tent cells. A total of 200 recombinant clones were selected randomly from each sample and sent to
Sangon Biotech (Shanghai, China) for sequencing. Nucleotide sequences were aligned through BLASTx
to determine their functional annotation and taxonomic classification.

Quantitative analysis of absolute abundance and hdcA gene of T. halophilus by using qPCR. The
qPCRs were carried out using the StepOnePlus instrument (Applied Biosystems, Foster City, CA). The reactions
were performed by using 10mL AceQ universal SYBR green qPCR master mix (Vazyme, Nanjing, China), 0.4mL of
each primer, 1mL template, and 7.2mL double-distilled water (ddH2O). To determine the absolute abundance of
T. halophilus, the species-specific primers TetRT-F1 and TetRT-R1 were designed based on the 16S rRNA gene
(Table 1). The specificity of the primers TetRT-F1 and TetRT-R1 was validated by cross-PCR and melting curves of
qPCR (see Fig. S6 in the supplemental material). The quantitative standard curve was shown in Fig. S7 in the sup-
plemental material. The copy number and expression level of hdcA gene of T. halophilus were analyzed by qPCR,
with Hdc-1/Hdc-2 as primers (Table 1) (60). The relative copy number and relative expression level for hdcA gene
were calculated with the threshold cycle (22DDCT) method, using the low-histamine samples (or experiment
group) as the reference sample. The relative copy number and relative expression level for the hdcA gene were
normalized to the copy number and expression level of the 16S rRNA gene of T. halophilus, respectively. Each
reaction consisted of three technical replicates.

Isolation and identification of histamine-producing microorganisms. The isolation of lactic acid
bacteria (LAB) used de Man Rogosa Sharpe (MRS) medium (Difco, Detroit, MI) containing 10% NaCl and 1% his-
tidine (MRSH medium). One milliliter of sauce mush samples, which fermented for 3 weeks, were diluted to
1024 to 1025 with a 0.9% NaCl solution. Then we took 0.1 mL of diluted samples and spread them onto the
MRSH medium plate. The plates were incubated at 30°C for 5 to 7 days under anaerobic conditions. Randomly
selected colonies were inoculated in liquid MRSH medium, cultured anaerobically at 30°C for 5 days, and then
stored in glycerol. The histamine-producing capability of the strain was detected using three methods. (i) The
first method was PCR amplification of the HDC gene. (ii) The second method was the detection of the hista-
mine-producing capability of strains in MRS medium. The strains were inoculated into MRSH medium and cul-
tured anaerobically at 30°C for 5 days, and then the histamine concentration was detected by UPLC. (iii) The
third method was the detection of the histamine-producing capability of strains in simulated soy sauce fer-
mentation. The strains were inoculated into simulated soy sauce fermentation system and cultured anaerobi-
cally at 30°C for 30 days, and then the histamine concentration was detected by UPLC. Species identification
was performed by sequencing the partial 16S rRNA gene of the strain. The 16S rRNA genes were amplified by
PCR using the universal bacterial primers 27F and 1492R (Table 1) and sent to Sangon Biotech (Shanghai,
China) for sequencing.
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Simulated fermentation of soy sauce. It was performed according to Zhang et al. (44) described and
improved.

(i) Preparation of starter culture. The strains were inoculated in MRS broth supplemented with
10% (wt/vol) NaCl (pH 7.0) and static cultured at 30°C for 5 to 7 days until the bacterial concentration
reached 109 CFU/mL. The bacteria were collected by centrifugation at 5,000 rpm at 4°C for 5 min. The
collected cells were washed twice with sterile phosphate-buffed saline (PBS, pH7.0), resuspended in PBS,
and counted with a hemocytometer for soy sauce fermentation. The soy sauce microflora was collected
from high-BA soy sauce samples fermented in the factory for 3 weeks. The fermented grains were
treated with sterile PBS and then filtered with four layers of sterile gauze. The filtrate was then centri-
fuged at 5,000 rpm at 4°C for 5 min. The collected soy sauce microflora was suspended in PBS.

(ii) Preparation of soy sauce Koji. Whole soybeans were selected and soaked in warm water for 6
to 7 h before steaming and then cooled to room temperature. The steamed soybean was mixed with
flour in a ratio of 1:0.4 (wt:wt) and inoculated with a prescribed ratio (approximately 0.04% of the dry
weight of soybeans) of seed koji (Aspergillus oryzae 3.042), and fermented for 44 to 48 h. During the pro-
cess of making koji, the temperature was controlled between 28 to 40°C and the relative humidity was
controlled between 75 to 95%. At 16-h and 24-h fermentation time, Koji material was turned over to
control temperature and oxygen. The koji was yellowish-green, was full of spores, and had no peculiar
smell, indicating the success of koji production.

(iii) Soy sauce fermentation. The mature koji was mixed with 19°Bé saltwater in a ratio of 1:2.2,
then put into a 500-mL fermentation flask, inoculated with soy sauce fermentation microbiota and
starter, and fermented at 30°C. The simulated fermentation in this study used the same koji and soy
sauce microbiota. Each group consisted of three parallel trials.

(iv) Analysis of total acid and amino nitrogen. Total acid and amino acid nitrogen were detected
according to GB 5009.235—2016 Determination of amino acid nitrogen in foodstuffs (China National
Standards for Food Safety).

Data availability. The bacterial raw sequence data were submitted to the NCBI Sequence Read
Archive (SRA) under accession number PRJNA826566.
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