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Abstract

We determined bacterial migration into doenjang from its components, meju and solar salt

using culture-based and 16S rRNA gene-based culture-independent techniques (pyrose-

quencing of total DNA). Pyrosequencing results suggested that the bacterial communities of

meju, but not solar salt, significantly affected those of doenjang communities. Culture-based

pyrosequencing analysis yielded similar results. These results indicate that most predomi-

nant bacterial species in doenjang migrated from meju, not solar salt. We therefore believe

that the present study is one of the most comprehensive comparisons of bacterial communi-

ties of fermented soybeans using culture-dependent and -independent methods. Further-

more, pyrosequencing of the V3 and V4 regions of bacterial 16S rRNA did not distinguish

among Bacillus amyloliquefaciens, B. siamensis, and B. velezensis as well as between

Enterococcus faecium and E. hirae.

Introduction

Doenjang is a traditional Korean high-salt-fermented soybean paste used as a sauce, ingredient,

or both for a variety of foods because of its nutritional and sensory properties [1]. The micro-

bial communities of doenjang confer its quality and flavor [2]. Culture-dependent results sug-

gested that most bacteria involved in doenjang fermentation are derived from raw materials

such as its major component meju (fermented soybean block), which is prepared from soy-

beans by soaking, steaming, mashing, and molding, followed by fermentation for one or two

months under natural environmental conditions [1]. Doenjang prepared from ripened meju

contains approximately 18% high-salt brine [3,4]. The salt contents of meju and doenjang are

significantly different (>10% w/v), and Jeong et al [5] suggested that difference of salts affects

the compositions of microbial communities.

Recently, culture-independent methods such as pyrosequencing, which are increasingly

applied to determine the composition of microbial communities in fermented soybean, have
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identified diverse microorganisms, including previously unidentified species that are not

detected using culture-dependent methods [6–10]. However, the migration of the microbial

community from meju to doenjang remains uncharacterized because it is difficult to obtain the

same lots of meju because of the long fermentation process (>4 months) [5].

In our previous culture-dependent study to investigate bacterial migration from meju to

doenjang, we identified Enterococcus and Tetragenococcus as the dominant genera in meju and

doenjang from the Gyeonggi Province of Korea, respectively; and Bacillus is the dominant

genus throughout the entire process [5]. These results indicate a shift in the salt concentration

of meju (approximately 1.5%) to doenjang (approximately 12%) that is mediated by the domi-

nant species. The predominance of salt-tolerant bacteria, including T. halophilus, suggests

their presence in solar salt and their proliferation during the fermentation of doenjang. How-

ever, we are unaware of studies designed to identify the predominant species of doenjang
derived from solar salt. Here we investigated bacterial migration using culture-independent

and -dependent analyses. These results delineate the characteristics of bacterial migration into

doenjang from its components and suggest the involvement of diverse bacterial species.

Materials and methods

Meju, solar salt, and doenjang
Meju, solar salt, and doenjang samples were purchased from a traditional manufacturer in the

Seosan area of Korea on different timetables [11]. Meju, fermented soybean for 2 months, and

solar salt were used materials of purchased doenjang which was fermented for 3 months. Sam-

ples were ground, homogenized, or both, with an equal amount of sterilized water, then fil-

tered through sterilized cheesecloth. The filtrates were analyzed for NaCl concentration, pH

values, bacterial compositions, and for their culture-independent bacterial communities. NaCl

concentration was measured using silver nitrate according to the Mohr method [12], and pH

was measured using a pH meter. Microbial counts were determined by spreading appropriate

dilutions of the filtrates on Plate Count Agar (PCA) (BD Difco, Detroit, MI, USA), and PCA

containing 7% or 12% NaCl as a final concentration.

Pyrosequencing of culture-independent samples

To perform a culture-independent metagenomics analysis of the bacterial community, a

DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) was used to prepare DNA from filtrates of

meju, solar salt, and doenjang. DNA quantity and quality were determined using PicoGreen

and a Nanodrop. The V3 to V4 hypervariable regions of the bacterial 16S rRNA gene from

genomic DNA were amplified using the primers as follows: forward, 50- TCG TCG GCA
GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG -30 and

reverse, 50- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV
GGG TAT CTA ATC C -30) using a MyCycler Thermal Cycler (Bio-Rad, USA). PCR mix-

tures contained 30 ng of genomic DNA, 50 pM each primer, and Han-Taq polymerase (Gen-

enmed, Korea). PCR was performed as follows: initial denaturation at 94 ˚C for 90 s, 30 cycles

of denaturation at 94 ˚C for 45 s, annealing at 55 ˚C for 45 s, extension at 72 ˚C for 45 s, and

final extension at 72 ˚C for 5 min.

Each primer was concatenated to an 8-base sample-specific barcode sequence and a com-

mon linker sequence (TC, forward primer and CA, reverse primer) at the 50 terminus [13].

Pyrosequencing was performed by Macrogen (Korea) using the MiSeq platform (Illumina, San

Diego, USA) according to the manufacturer’s instructions. To assess richness estimators of

bacterial species, diversity indices, and rarefaction curves, we applied the pyrosequencing
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pipeline of the Ribosomal RNA Database Project [14]. Venn diagrams were generated using

the packages gplots and limma in R v.4.0.0 (http://www.R-projet.org).

Identification of culture-dependent isolates using 16S rRNA gene sequence

analysis

Culture media used to isolate bacteria were as follows: MRS agar (BD Difco), MRS agar supple-

mented with 7% or 10% NaCl, Nutrient Agar (BD Difco), and Nutrient Agar containing 7% or

12% NaCl. All media were incubated at 30 ˚C until distinguishable colonies appeared, and

>20 types of colonies were collected from each plate according to differences in morphology,

growth characteristics, and the number of colonies. The colonies were purified through succes-

sive transfers to plates containing the same type of agar medium used for isolation.

Genomic DNAs of isolates were extracted using a DNeasy Blood & Tissue Kit (Qiagen, Ger-

many). Amplification of the 16S rRNA gene was performed using eubacterial universal prim-

ers 27F (50-AGA GTT TGA TCC TGG CTC AG-30) and 1492R (50-GGT TAC CTT GTT
ACG ACT T-30) [15] with a T3000 Thermocycler (Biometra, Germany). The PCR mixture

comprised template DNA (10 ng), 0.5 mM each primer, 1 U of Taq polymerase (ImClone,

Daejeon, Korea), 10 mM dNTPs, and 2.5 mM MgCl2. Samples were heated for 5 min at 95 ˚C

and then amplified as follows: 30 cycles for 1 min at 95 ˚C, 1 min at 58 ˚C, and 1 min at 72 ˚C.

The PCR products were purified and sequenced using a custom service provided by Bionics

Co. (Seoul, Korea). We used a web-hosted BLASTn algorithm to query the National Center for

Biotechnology Information database for 16S rRNA gene sequences (http://blast.ncbi.nlm.nih.

gov). The phylogenetic relationships of the isolates were inferred according to this analysis.

Results and discussion

Physicochemical analysis and viable counts

Meju and doenjang samples had average NaCl concentrations of 2.1%, and 13.9%, respectively

(Table 1). The salt contents of meju and doenjang were similar to those acquired from other

regions [5], but differed in pH values. The salt concentrations and pH values of solar salt prep-

arations vary [16], and in the present study, the salt content was 69.2% (pH 4.87).

The average concentrations of the bacterial populations of meju and doenjang, determined

using PCA, were 7.8 × 108 CFU/g and 6.7 × 108 CFU/g, respectively, and 1.1 × 103 CFU/g and

7.5 × 103 CFU/g using PCA supplemented with 12% NaCl (Table 2). The NaCl concentration

of doenjang was approximately 12%, thus these results suggest that the high NaCl concentra-

tion of doenjang inhibited bacterial growth during fermentation. In solar salt, there were few

viable bacteria (averages of 4.3 × 101 CFU/g and 2.5×100 CFU/g on PCA and PCA with 12%

NaCl, respectively). The cell counts were greatly influenced by the NaCl concentrations of the

plating media.

Table 1. pH values and NaCl concentrations of meju and doenjang.

Sample Meju Solar salt Doenjang
pH 6.93 ± 0.12 4.87 ± 0.09 6.18 ± 0.03

NaCl concentration (%) 2.1 ± 0.1 69.2 ± 0.4 13.9 ± 0.5

The results represent the average values of three replicates.

https://doi.org/10.1371/journal.pone.0239971.t001
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Bacterial communities identified using culture-independent analysis

Analyses of meju, solar salt, and doenjang yielded 190,634; 202,956; and 123,972 sequences of

sufficient quality, respectively. The sequence coverage of these samples ranged from 0.99 to

1.00, which provided sufficient statistical power to conduct analyses of bacterial communities.

The numbers of operational taxonomic units and Chao1 (species richness), and Shannon

indexes (species diversity) are shown in Table 3. The Chao1 and Shannon indexes ranged

from 30–351 and 0.65–5.68, respectively, indicating that the species in solar salt were more

diverse than those of doenjang and meju.

The phylogenetic classification of bacterial communities is summarized in Fig 1 and S1

Table. Members of Firmicutes (99.57%), Proteobacteria (0.28%), Bacteroidetes (0.13%), and

Actinobacteria (0.02%) were identified in meju, and members of Firmicutes (87.36%), Proteo-
bacteria (12.58%), and Actinobacteria (0.06%) were identified in doenjang. Among those iden-

tified in solar salt, the most abundant were Bacteroidetes (47.75%), Firmicutes (22.59%),

Proteobacteria (2.45%), and Actinobacteria (1.32%), which represented 74.88% of the bacterial

composition. Euryarchaeota (archaea) represented 23.90% of the population.

Table 2. Effect of NaCl concentrations on viable bacterial counts.

NaCl concentration Cell count (CFU/g)

Meju Solar salt Doenjang
0% 7.8 × 108 ± 1.1 × 107 4.3 × 101 ± 1.1 × 101 6.7 × 108 ± 7.4 × 107

7% 4.6 × 108 ± 5.7 × 107 2.5 × 101 ± 7.1 7.7 × 108 ± 4.9 × 107

12% 1.1 × 103 ± 1.3 × 103 2.5 ± 0.0 7.5 × 103 ± 6.0 × 102

Bacteria were plated on plate-count agar (PCA).

https://doi.org/10.1371/journal.pone.0239971.t002

Table 3. Microbial diversity indices of meju, solar salt, and doenjang.

Sample name High-quality reads OTUs Chao1 Shannon Goods Coverage

Meju 190,634 63 101.5 0.65 0.99

Solar salt 202,956 351 351 5.68 1.00

Doenjang 123,972 30 30 2.03 1.00

https://doi.org/10.1371/journal.pone.0239971.t003

Fig 1. Bacterial species compositions of meju and doenjang. Data portray phylum- (A), genus- (B), and species- (C) levels of the V3/V4 regions of 16S

rRNA gene sequences. Regions>200 bp were classified using the CD-HIT-OUT (97% confidence threshold). Categories of relative abundance>5% are

shown.

https://doi.org/10.1371/journal.pone.0239971.g001
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The predominant genera in meju were Bacillus (89.57%), Leuconostoc (7.88%), and Clostrid-
ium (1.18%). The predominant genera in doenjang were Bacillus (61.75%), Leuconostoc
(12.96%), Enterococcus (8.85%), and Pseudomonas (6.40%). In solar salt, the predominant gen-

era were Prevotella (24.00%) and Bacteroides (15.31%).

The predominant species in meju were Bacillus velezensis (89.55%), Leuconostoc lactis
(7.88%), and Clostridium saccharoperbutylactonicum (1.17%). The predominant species in

doenjang were B. velezensis (61.74%), L. lactis (12.95%), and Enterococcus hirae (8.84%). In

solar salt, the predominant species were Prevotella copri (17.98%) and Bacteroides vulgatus
(6.39%). Culture-independent analysis of Nam et al. [8] exhibited that microbial community

of traditional doenjang were diverse in different regions. Current microbial communities did

not perfectly matched with those of traditional samples [6–10]. Therefore, current results

exhibited the microbial communities of doenjang including meju and solar salt in Seosan

region of Korea, not whole traditional fermented soybean.

The species pools shared by the bacterial communities in meju, solar salt, and doenjang are

depicted in Fig 2A. Three samples include B. velezensis and Erwinia aphidicola, which

accounted for 89.59%, 0.05%, 64.51% of the species in meju, solar salt, and doenjang,

Fig 2. Proportional Venn diagram showing the distribution of species. Venn diagrams of the results of culture-independent analysis (A), culture-

dependent analysis (B), meju (C), and doenjang (D), generated using the gplots and limma packages in R. Overlapping regions represent species shared

between analytical methods, samples, or both. The numbers outside the overlapping regions indicate the numbers of species.

https://doi.org/10.1371/journal.pone.0239971.g002
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respectively. Except for two species, the others were not shared between solar salt and doen-
jang. These results indicate that solar salt had an insignificant effect on the composition of the

bacterial communities in doenjang. Notably the seven species shared between meju and doen-
jang accounted for 98.88% and 87.62% of their populations, respectively. These results indicate

that most bacterial communities of meju populated doenjang.

Bacterial communities identified using culture-dependent analysis

The most frequently identified bacterial species in solar salt were not consistent with those of

meju and doenjang. In addition, viable bacteria from solar salt did not obtained on nutrient

and MRS by culture-dependent analysis. Therefore, we conducted culture-dependent

approaches, which identified 130 and 123 species in meju and doenjang samples, respectively

(Table 4). Bacilli formed colonies on nutrient and MRS agar independent of NaCl concentra-

tion, and lactic acid bacteria (LAB) were isolated using MRS agar. The addition of NaCl to

MRS decreased the numbers of LAB, E. faecium, and Leuconostoc mesenteroides, while haloto-

lerant LAB and T. halophilius formed colonies on MRS containing 10% NaCl. Furthermore,

eight species of Bacillus; the LABs E. faecium, L. mesenteroides, and T. halophilus; and one

staphylococcal were identified. As the NaCl concentration increased, changed from E. faecium
to T. halophilus, while the number of bacillus species did not change. Bacillus species were the

most abundant in meju and doenjang, and the population of B. velezensis was the largest.

E. faecium, which was the predominant species in meju, was not isolated from doenjang and

did not grow in medium containing 7% NaCl. These data agree with a previous report that the

optimum concentration of NaCl for growth of Enterococcus is 6.5% [17]. Therefore, these

results support the conclusion that the high salt concentration of doenjang inhibited the

growth of E. faecium.

T. halophilus was isolated from doenjang and meju using media containing NaCl. Other

investigators suggest that the halophile T. halophilus migrates into doenjang from solar salt

during the brining step [9,10]. Conversely, our culture-independent method did not detect

T. halophilus in solar salt (S1 Table), and T. halophilus was isolated from meju and doenjang

Table 4. Numbers of bacterial species isolated from meju and doenjang.

Species Meju Doenjang Total

MRS Nutrient MRS Nutrient

0%a 7% 10% 0% 7% 12% 0% 7% 10% 0% 7% 12%

Bacillus amyloliquefaciens 1 2 1 1 1 2 8

Bacillus atrophaeus 1 1

Bacillus coagulans 1 1

Bacillus licheniformis 1 1

Bacillus pumilus 1 1

Bacillus siamensis 1 2 2 1 6

Bacillus subtilis 2 1 1 3 1 1 1 10

Bacillus velezensis 23 3 17 20 29 20 22 1 17 20 19 191

Enterococcus faecium 19 4 23

Leuconostoc mesenteroides 2 2

Tetragenococcus halophilus 2 6 8

Staphylococcus saprophyticus 1 1

Total 21 25 8 21 25 30 21 28 9 20 23 22 253

aPercentages indicate the final concentrations of NaCl in the media.

https://doi.org/10.1371/journal.pone.0239971.t004
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using culture-dependent methods (Table 4). Therefore, we carefully suggest that T. halophilus
migrated from meju to doenjang.

S. saprophyticus was isolated here only from meju using media containing NaCl, although

meju samples contain 2.1% NaCl. Our previous studies found that coagulase-negative staphy-

lococci cultures containing S. saprophyticus are predominantly detected in meju and doenjang
and contribute to its enhanced sensory properties [18–20]. However, only S. saprophyticus was

detected in the present study.

Here we show that the species shared by the bacterial communities of meju, and doenjang
were as follows: B. amyloliquefaciens, B. siamensis, B. subtilis, B. velezensis, and T. halophilus
(Fig 2B). These five shared species accounted for 80.00%, and 96.75% of those in meju and

doenjang, respectively. However, previous our culture-dependent studies showed that shared

species and ratio were diverse [5]. High shared rate of species in current study should be

derived from salt-tolerance B. velezensis, which species were detected dominantly in meju,

while salt-sensitive species such as Enterococcus faecium were detected dominantly from meju
in previous study and thus those species might be not survived in high-salt condition, doenjang
[5]. Consequently, culture-dependent results revealed that the bacterial communities of doen-
jang were derived from meju and that the high-salt concentration of doenjang accounted for

the differences in their bacterial populations.

Comparison of bacterial communities identified using culture-dependent

and culture-independent analyses

Culture-independent analysis showed greater diversity in bacterial communities compared

with culture-dependent analysis (Fig 2C and 2D). Between two methods, although the number

of shared bacterial species was low, the portions of shared species were high. For example, in

meju, 50 and 8 species were detected using culture-independent and -dependent analyses,

respectively (Fig 2C), and only one species (B. velezensis) was identified using both techniques,

which accounted for 89.55% and 66.15% of the analyses, respectively. Eight species were

uniquely detected using the culture-dependent technique, and four of eight species were B.

amyloliquefaciens, B. siamensis, B. subtilis, and B. velezensis, which share>99% identities

among their 16S rRNA gene sequences. Interestingly, the sequences of the V3 to V4 hypervari-

able regions of did not distinguish B. amyloliquefaciens, B. siamensis, and B. velezensis from

each other, compared with those of the entire 16S rRNA gene (Fig 3). Similarly, E. faecium and

E. hirae were not distinguished according to the sequences of their V3 to V4 hypervariable

regions. We assumed that although B. velezensis was annotated according to the pyrosequen-

cing data, the population may change from B. velezensis to B. amyloliquefaciens or B. siamensis
as well as E. hirae, which annotated according to the pyrosequencing analysis, may be replaced

by E. faecium.

Here we identified 26 and 9 species in doenjang using culture-independent and culture-

dependent analyses, respectively (Fig 2D); and B. velezensis and T. halophilus were identified

by each. These species accounted for 62.66% and 85.27% of those identified by culture-inde-

pendent and -dependent analysis, respectively. Eight bacilli were detected using the culture-

dependent assay, while only one was detected using the culture-independent assay. These find-

ings indicate that culture-dependent analysis was more precise and that the findings of cul-

ture-independent analysis and pyrosequencing included those of culture-dependent analysis.

The present study reveals the advantages and limitations of the two types of analyses. The

former serves as a powerful tool to evaluate microbial diversity. Although the latter method

identifies viable cells, which are used to screen for starter candidates, it does not sufficiently

assess bacterial diversity. Therefore, the complementary results using the two methods here
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may likely be explained by bacterial migration from meju into doenjang. Our present results

show that most predominant bacterial species of meju may migrate into doenjang during

fermentation.

Consistent with previous studies, here we identified Bacillus as the major bacterial genus

[5,7,21–24]. Among them, B. velezensis was the predominant species in meju and doenjang
(Table 3 and Fig 1). Phylogenetic analysis reclassified B. velezensis as a synonym of B. methylo-
trophicus, B. amyloliquefaciens subsp. plantarum, and B. oryzicola [25]. These species are typi-

cally detected in meju and doenjang using culture-dependent and culture-independent

analyses. B. velezensis is widely detected in sources such as soil, wheat anthers, and rivers [26–

28]; and it is used as a biocontrol agent in agriculture [28–30]. Furthermore, these species are

frequently detected in fermented foods containing meju and doenjang [24,31,32]. We conclude

therefore that B. velezensis may be transferred from environments such as soil to meju, where

it becomes a dominant species in during fermentation and then migrates into doenjang
[24,31,32].

In the present study, the culture-independent method most frequently identified L. lactis in

meju and doenjang. However, L. lactis was not isolated using culture-dependent methods. Leu-
conostoc is the dominant genus of kimchi, the traditional Korean fermented kimchi cabbage,

which is used as a commercial starter for kimchi fermentation [33]. However, this genus is

rarely detected as a minor group in high-salt fermented foods such as doenjang and jeotgal
using culture-dependent approaches. Culture-independent analyses such as PCR-denaturing

gradient gel electrophoresis found that the LAB population, including Leuconostoc, is domi-

nant in meju and doenjang [7,34,35]. However, we show here that most LAB were not suffi-

ciently salt-tolerant to proliferate in doenjang. Furthermore, we did not detect E. faecium and

L. mesenteroides using media containing NaCl (Table 4), consistent with the results of a

Fig 3. Phylogenetic tree of bacterial 16S rRNA gene sequences identified in meju and doenjang. Maximum-likelihood

phylogenetic trees show the relationships of the sequences of the entire 16S rRNA gene (A) and its V3 to V4 hypervariable regions

(B). Branches with bootstrap values<50% are collapsed.

https://doi.org/10.1371/journal.pone.0239971.g003
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previous study [5]. Therefore, culture and pyrosequencing results indicate that LAB may be

present in meju.

We believe that the present study is the most comprehensive comparison of culture-inde-

pendent and -dependent methods used to track bacterial migration from meju into doenjang.

Although the bacterial populations identified using culture-dependent analysis were less

diverse than with the culture-independent analysis, the latter identified the predominant bac-

terial species. This suggests that novel culturing techniques are required to identify process-rel-

evant bacteria and to develop starter candidates. Although the use of pyrosequencing wildly

outpaces culture-dependent analysis, more accurate species identification must be achieved.

Moreover, the complementary nature of two methods should increase our understanding of

bacterial migration and identify novel bacteria that are present in high-salt fermented foods.

Supporting information

S1 Table. Taxonomic classification at the species levels showing the bacterial communities

of meju, solar salt, and doenjang.

(DOCX)

Acknowledgments

We thank Edanz Group (https://en-author-services.edanzgroup.com/) for editing a draft of

this manuscript.

Author Contributions

Conceptualization: Jong-Hoon Lee, Do-Won Jeong.

Data curation: Jung-Min Lee, Sojeong Heo, Yoon-Su Kim, Do-Won Jeong.

Formal analysis: Jung-Min Lee, Do-Won Jeong.

Funding acquisition: Jong-Hoon Lee, Do-Won Jeong.

Investigation: Jung-Min Lee, Sojeong Heo, Yoon-Su Kim, Jong-Hoon Lee, Do-Won Jeong.

Methodology: Jung-Min Lee, Sojeong Heo, Do-Won Jeong.

Project administration: Do-Won Jeong.

Supervision: Do-Won Jeong.

Validation: Jung-Min Lee, Sojeong Heo.

Writing – original draft: Jong-Hoon Lee, Do-Won Jeong.

Writing – review & editing: Jong-Hoon Lee, Do-Won Jeong.

References

1. Park KY, Hwang KM, Jung KO, Lee KB. Studies on the standardization of doenjang (Korean soybean

pastes) 1. Standardization of manufacturing method of doenjang by literatures. J Korean Soc Food Sci

Nutr. 2002; 31: 343–350.

2. Kim MJ, Kwak HS, Jung HY, Kim SS. Microbial communities related to sensory attributes in Korean fer-

mented soy bean paste (doenjang). Food Res Int. 2016; 89 (Pt 1): 724–732. https://doi.org/10.1016/j.

foodres.2016.09.032 PMID: 28460971.

3. Yoo JY, Kim HG. Characteristics of traditional mejus of nation-wide collection. J Korean Soc Food Sci

Nutr. 1998; 27: 259–267.

PLOS ONE Bacterial migration into doenjang from its components

PLOS ONE | https://doi.org/10.1371/journal.pone.0239971 October 13, 2020 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239971.s001
https://en-author-services.edanzgroup.com/
https://doi.org/10.1016/j.foodres.2016.09.032
https://doi.org/10.1016/j.foodres.2016.09.032
http://www.ncbi.nlm.nih.gov/pubmed/28460971
https://doi.org/10.1371/journal.pone.0239971


4. Lee SS. Meju fermentation for a raw material of Korean traditional soy products. Korean J Mycol. 1995;

23: 161–175.

5. Jeong DW, Kim HR, Jung G, Han S, Kim CT, Lee JH. Bacterial community migration in the ripening of

doenjang, a traditional Korean fermented soybean food. J Microbiol Biotechnol. 2014; 24: 648–660.

https://doi.org/10.4014/jmb.1401.01009 PMID: 24548930.

6. Kim YS, Kim MC, Kwon SW, Kim SJ, Park IC, Ka JO, et al. Analyses of bacterial communities in meju, a

Korean traditional fermented soybean bricks, by cultivation-based and pyrosequencing methods. J

Microbiol. 2011; 49: 340–348. https://doi.org/10.1007/s12275-011-0302-3 PMID: 21717316.

7. Kim YS, Jeong DY, Hwang YT, Uhm TB. Bacterial community profiling during the manufacturing pro-

cess of traditional soybean paste by pyrosequencing method. Korean J Microbiol. 2011; 47: 275–280.

8. Nam YD, Lee SY, Lim SI. Microbial community analysis of Korean soybean pastes by next-generation

sequencing. Int J Food Microbiol. 2012; 155: 36–42. https://doi.org/10.1016/j.ijfoodmicro.2012.01.013

PMID: 22305887.

9. Jung JY, Lee SH, Jeon CO. Microbial community dynamics during fermentation of doenjang-meju, tradi-

tional Korean fermented soybean. Int J Food Microbiol. 2014; 185: 112–120. https://doi.org/10.1016/j.

ijfoodmicro.2014.06.003 PMID: 24960292.

10. Jung WY, Jung JY, Lee HJ, Jeon CO. Functional characterization of bacterial communities responsible

for fermentation of doenjang: A traditional Korean fermented soybean paste. Front Microbiol. 2016; 7:

827. https://doi.org/10.3389/fmicb.2016.00827 PMID: 27303399.

11. Lee L, Heo S, Jeong DW. Fungal microbial community profiles of meju, solar salt, and doenjang using

pyrosequencing. Microbiol Biotechnol Lett. 2019; 47: 354–358.

12. Horwitz W. Official methods of analysis of AOAC international, 17th ed. Gaithersburg, MD: AOAC

International; 2000.

13. Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R. Error-correcting barcoded primers for pyrosequen-

cing hundreds of samples in multiplex. Nat Methods. 2008; 5(3): 235–237. https://doi.org/10.1038/

nmeth.1184 PMID: 18264105.

14. Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, et al. The ribosomal database project:

improved alignments and new tools for rRNA analysis. Nucleic Acids Res. 2009; 37: D141–145. https://

doi.org/10.1093/nar/gkn879 PMID: 19004872.

15. Lane DJ. 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M, editors. Nucleic acid tech-

niques in bacterial systematics. Hoboken: John Wiley & Sons; 1991; pp. 115–175.

16. Jin YX, Je JH, Lee YH., Kim JH, Cho YS, Kim SY. Comparison of the mineral contents of sun-dried salt

depending on wet digestion and dissolution. Korean J Food Preserv. 2011; 18: 993–997.

17. Fisher K, Phillips C. The ecology, epidemiology and virulence of Enterococcus. Microbiol. 2009; 155:

1749–1757. https://doi.org/10.1099/mic.0.026385-0 PMID: 19383684.

18. Jeong DW, Lee H, Jeong K, Kim CT, Shim ST, Lee JH. Effects of starter candidates and NaCl on the

production of volatile compounds during soybean fermentation. J Microbiol Biotechnol. 2019; 29: 191–

199. https://doi.org/10.4014/jmb.1811.11012 PMID: 30602270.

19. Jeong DW, Lee B, Her JY, Lee KG, Lee JH. Safety and technological characterization of coagulase-

negative staphylococci isolates from traditional Korean fermented soybean foods for starter develop-

ment. Int J Food Microbiol. 2016; 236: 9–16. https://doi.org/10.1016/j.ijfoodmicro.2016.07.011 PMID:

27427871.

20. Jeong DW, Jeong K, Lee H, Kim CT, Heo S, Oh Y, et al. Effects of Enterococcus faecium and Staphylo-

coccus succinus starters on the production of volatile compounds during doenjang fermentation. LWT-

Food Sci Technol. 2020; 122: 108996.

21. Cho DH, Lee WJ. Microbialogical studies of Korean native soy-sauce fermentation: A study on the

microflora of fermented Korean maeju loaves. J Kor Agric Chem Soc. 1970; 13: 35–42.

22. Cho KM, Seo WT. Bacterial diversity in Korean traditional soybean fermented foods (doenjang and gan-

jang) by 16S rRNA gene sequence analysis. Food Sci Biotechnol. 2007; 16: 320–324.

23. Yoo SK, Cho WH, Kang SM, Lee SH. Isolation and identification of microorganisms in Korean traditional

soybean paste and soybean sauce. Korean J Appl Microbiol Biotehcnol. 1999; 27: 113–117.

24. Jang MJ, Jeong DW, Lee JH. Identification of the predominant Bacillus, Enterococcus, and Staphylo-

coccus species in meju, a spontaneously fermented soybean product. Microbiol Biotechnol Lett. 2019;

47: 359–363.

25. Dunlap CA, Kim SJ, Kwon SW, Rooney AP. Bacillus velezensis is not a later heterotypic synonym of

Bacillus amyloliquefaciens; Bacillus methylotrophicus, Bacillus amyloliquefaciens subsp. plantarum

and ’Bacillus oryzicola’ are later heterotypic synonyms of Bacillus velezensis based on phylogenomics.

Int J Syst Evol Microbiol. 2016; 66: 1212–1217. https://doi.org/10.1099/ijsem.0.000858 PMID:

26702995

PLOS ONE Bacterial migration into doenjang from its components

PLOS ONE | https://doi.org/10.1371/journal.pone.0239971 October 13, 2020 10 / 11

https://doi.org/10.4014/jmb.1401.01009
http://www.ncbi.nlm.nih.gov/pubmed/24548930
https://doi.org/10.1007/s12275-011-0302-3
http://www.ncbi.nlm.nih.gov/pubmed/21717316
https://doi.org/10.1016/j.ijfoodmicro.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22305887
https://doi.org/10.1016/j.ijfoodmicro.2014.06.003
https://doi.org/10.1016/j.ijfoodmicro.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/24960292
https://doi.org/10.3389/fmicb.2016.00827
http://www.ncbi.nlm.nih.gov/pubmed/27303399
https://doi.org/10.1038/nmeth.1184
https://doi.org/10.1038/nmeth.1184
http://www.ncbi.nlm.nih.gov/pubmed/18264105
https://doi.org/10.1093/nar/gkn879
https://doi.org/10.1093/nar/gkn879
http://www.ncbi.nlm.nih.gov/pubmed/19004872
https://doi.org/10.1099/mic.0.026385-0
http://www.ncbi.nlm.nih.gov/pubmed/19383684
https://doi.org/10.4014/jmb.1811.11012
http://www.ncbi.nlm.nih.gov/pubmed/30602270
https://doi.org/10.1016/j.ijfoodmicro.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27427871
https://doi.org/10.1099/ijsem.0.000858
http://www.ncbi.nlm.nih.gov/pubmed/26702995
https://doi.org/10.1371/journal.pone.0239971


26. Vahidinasab M, Ahmadzadeh M, Henkel M, Hausmann R, Heravi KM. Bacillus velezensis UTB96 is an

antifungal soil isolate with a reduced genome size compared to that of Bacillus velezensis FZB42.

Microbiol Resour Announc. 2019; 8(38). https://doi.org/10.1128/MRA.00667-19 PMID: 31537661.

27. Ruiz-Garcia C, Bejar V, Martinez-Checa F, Llamas I, Quesada E. Bacillus velezensis sp. nov., a surfac-

tant-producing bacterium isolated from the river Velez in Malaga, southern Spain. Int J Syst Evol Micro-

biol. 2005; 55: 191–195. https://doi.org/10.1099/ijs.0.63310-0 PMID: 15653875

28. Palazzini JM, Dunlap CA, Bowman MJ, Chulze SN. Bacillus velezensis RC 218 as a biocontrol agent to

reduce Fusarium head blight and deoxynivalenol accumulation: genome sequencing and secondary

metabolite cluster profiles. Microbiol Res. 2016; 192: 30–36. https://doi.org/10.1016/j.micres.2016.06.

002 PMID: 27664721.

29. Lim SM, Yoon MY, Choi GJ, Choi YH, Jang KS, Shin TS, et al. Diffusible and volatile antifungal com-

pounds produced by an antagonistic Bacillus velezensis G341 against various phytopathogenic fungi.

Plant Pathol J. 2017; 33: 488–498. https://doi.org/10.5423/PPJ.OA.04.2017.0073 PMID: 29018312.

30. Kim SY, Song H, Sang MK, Weon HY, Song J. The complete genome sequence of Bacillus velezensis

strain GH1-13 reveals agriculturally beneficial properties and a unique plasmid. J Biotechnol. 2017;

259: 221–227. https://doi.org/10.1016/j.jbiotec.2017.06.1206 PMID: 28690133.

31. Lee HJ, Chun BH, Jeon HH, Kim YB, Lee SH. Complete genome sequence of Bacillus velezensis

YJ11-1-4, a strain with broad-spectrum antimicrobial activity, isolated from traditional Korean fermented

soybean paste. Genome Announc. 2017; 5(48). https://doi.org/10.1128/genomeA.01352-17 PMID:

29192082.

32. Ha G, Im S, Shin S, Ryu M, Kim J, Jeong SW, et al. Complete genome sequence of Bacillus velezensis

SRCM102755, a high menaquinone-7 producer, isolated from doenjang. Korean J Microbiol. 2020; 56:

74–75.

33. Lee ME, Jang JY, Lee JH, Park HW, Choi HJ, Kim TW. Starter cultures for kimchi fermentation. J Micro-

biol Biotechnol. 2015; 25: 559–568. https://doi.org/10.4014/jmb.1501.01019 PMID: 25674806.

34. Kim TW, Lee JH, Kim SE, Park MH, Chang HC, Kim HY. Analysis of microbial communities in doenjang,

a Korean fermented soybean paste, using nested PCR-denaturing gradient gel electrophoresis. Int J

Food Microbiol. 2009; 131: 265–271. https://doi.org/10.1016/j.ijfoodmicro.2009.03.001 PMID:

19324443.

35. Lee JH, Kim TW, Lee H, Chang HC, Kim HY. Determination of microbial diversity in meju, fermented

cooked soya beans, using nested PCR-denaturing gradient gel electrophoresis. Lett Appl Microbiol.

2010; 51: 388–394. https://doi.org/10.1111/j.1472-765X.2010.02906.x PMID: 20704651.

PLOS ONE Bacterial migration into doenjang from its components

PLOS ONE | https://doi.org/10.1371/journal.pone.0239971 October 13, 2020 11 / 11

https://doi.org/10.1128/MRA.00667-19
http://www.ncbi.nlm.nih.gov/pubmed/31537661
https://doi.org/10.1099/ijs.0.63310-0
http://www.ncbi.nlm.nih.gov/pubmed/15653875
https://doi.org/10.1016/j.micres.2016.06.002
https://doi.org/10.1016/j.micres.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27664721
https://doi.org/10.5423/PPJ.OA.04.2017.0073
http://www.ncbi.nlm.nih.gov/pubmed/29018312
https://doi.org/10.1016/j.jbiotec.2017.06.1206
http://www.ncbi.nlm.nih.gov/pubmed/28690133
https://doi.org/10.1128/genomeA.01352-17
http://www.ncbi.nlm.nih.gov/pubmed/29192082
https://doi.org/10.4014/jmb.1501.01019
http://www.ncbi.nlm.nih.gov/pubmed/25674806
https://doi.org/10.1016/j.ijfoodmicro.2009.03.001
http://www.ncbi.nlm.nih.gov/pubmed/19324443
https://doi.org/10.1111/j.1472-765X.2010.02906.x
http://www.ncbi.nlm.nih.gov/pubmed/20704651
https://doi.org/10.1371/journal.pone.0239971

