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Abstract

Lactobacillus curieae CCTCC M2011381, a novel strain initially isolated from the brine of 
stinky tofu, acts as a starter in soymilk but not in milk. We investigated how evolution and 
physiology help L. curieae adapt to the soy environment. To do so, its whole genome was 
obtained through a large-scale sequencing using Illumina HiSeq 4000 and PacBio RSII. A 
comparative genome analysis between the strain and other four non-starter dairy strains, 
namely Lactobacillus brevis ATCC 367, Pediococcus pentosaceus ATCC 25745, L. plantar-
um WCFS1, and L. reuteri JCM 1112 was carried out based on the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) and Cluster of Orthologous Groups (COG) of protein databases. 
The results indicated that the assembled genome comprised one circular chromosome (2.1 
Mb) without a plasmid. The strain was not only phylogenetically close to L. brevis ATCC 367, 
but also had a close COG distribution to L. brevis ATCC 367. The strain lacked cell envelope 
proteinase (CEP) which is used for the initiation of casein utilisation, and some oligopeptide 
transporter systems for the di-, tri-, and tetrapeptides (Dpp system) as detected by rapid anno-
tation using the Subsystem Technology annotation sever. However, it did have an oligopep-
tide transporter (Opp) system, a peptidolysis system, and an amino acid synthetic pathway. 
The present work provides insight into the evolution of the L. curieae M2011381 proteolytic 
system, and its application in the fermentation of soy material.
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Introduction

 Lactic acid bacteria (LAB) are Gram-positive 
bacteria that are crucial players in majority of food 
fermentation ecosystems (Bourdichon et al., 2012). It 
has already been confirmed that some LAB are probiot-
ics that are beneficial for the host’s health (Yang et al., 
2019; Ren et al., 2020). Furthermore, fermentation with 
probiotics is one of the potential ways of improving 
the nutritional content of some foods (Melini et al., 
2019). For example, soy powder milk fermented with 
Lactobacillus plantarum P1201 contains more conju-
gated linoleic acid and isoflavone aglycones when com-
pared with unfermented material (Xie et al., 2017). It 
is also known that L. plantarum, L. sakei, and L. coryni-
formis strains isolated from traditional Japanese 
fermented sushi and pickles could convert daidzin to 
daidzein when used as starters in the fermentation of 
soymilk (Tsuda and Shibata, 2017).

 LAB inhabit a variety of ecological niches such 
as meat products, fruits, fermented and dairy products, 
as well as the gastrointestinal tract of humans and 
animals (Klaenhammer et al., 2002; 2005; Horvath et 
al., 2009) due to their ability to metabolise carbohy-
drates and proteins. The biochemical and genetic prop-
erties of the LAB proteolytic system in bovine milk 
have been extensively studied in recent years (Savijoki 
et al., 2006; Griffiths and Tellez, 2013). Generally, this 
proteolytic system comprises three major components. 
First, the cell wall-bound proteinases initiate the degra-
dation of extracellular casein into oligopeptides. 
Second, transporters take up the peptides into cells. 
Finally, intracellular peptidases degrade the peptides 
into shorter peptides and amino acids (Savijoki et al., 
2006; Liu et al., 2010; De Angelis et al., 2016). Howev-
er, very little is known about the function of LAB in 
soybean. Some lactobacilli strains have reportedly been 
able to hydrolyse α- and α′-subunits of β-conglycinin; 
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moreover, the strains show different proteolytic speci-
ficity in soy proteins (Aguirre et al., 2008; 2014). Thus, 
a comparative genomic profile can provide evidence 
of the diversity of the proteolytic system in various 
LAB strains. For instance, the L. acidophilus group, 
including L. acidophilus, L. johnsonii, L. gasseri, L. 
delbrueckii subsp. bulgaricus, and L. helveticus 
strains, has been described as proteolytic system 
owners. The corresponding genes in these strains that 
encode for the transporters and enzymes have offered 
a wealth of information to further understand a novel 
LAB, the properties, and metabolic functions of its 
genome (Ramachandran et al., 2013).
 In the present work, the complete genome 
sequence of a novel LAB strain, L. curieae CCTCC 
M2011381 is presented, which was initially isolated 
from stinky tofu brine (Lei et al., 2013), and could be 
used as starter for plant foods (Liu et al., 2020). A com-
parative genome analysis was performed which 
included the profiles of evolution and physiological 
properties among L. curieae M2011381 and the other 
four non-starter dairy strains, which had a high genome 
similarity to the strain. Then, genetic information 
about the proteolytic system and the amino acid 
synthetic system of the strain were surveyed to study 
the specific characteristics of L. curieae M2011381 
and its adaptation in soy niche.

Materials and methods

Strain and medium 
 Lactobacillus curieae CCTCC M2011381T 
(M2011381) was originally isolated from stinky tofu 
brine and deposited in China Centre for Type Culture 
Collection (CCTCC, collection number M2011381). 
The strain was stored at -80°C in MRS medium supple-
mented with 20% (v/v) glycerol. The strain was aerobi-
cally cultured in MRS medium at 37°C under static 
conditions, or on MRS plates supplemented with 1.5% 
agar. Soy milk with 2.5% (w/w) protein content was 
purchased from Qingmei Green Food Co. Ltd. (Shang-
hai, China). Reconstituted skim milk which contained 
3.0% protein was made by adding 10 g of the powder 
(Canpac Int. Ltd., New Zealand) into 100 mL water. 
All the cultures were maintained at 37°C. The cell 
count was determined by plating the culture sampled 
in different fermentation periods on the MRS plates. 
The pH of the culture was also recorded.

SDS-PAGE
 The supernatants of milk and soymilk in 
different fermentation periods were obtained by 
centrifugation at 4°C, 8,000 g for 10 min. Protein 
degradation was analysed by SDS-PAGE using 8% 

stacking gel and 12.5% separating gels according to 
the PAGE Gel Fast Preparation Kit (EpiZyme Biotech-
nology Co. Ltd., Shanghai, China). Gel electrophoresis 
was alternately performed at 80 and 120 V. Gels were 
stained with 0.1% (w/v) Coomassie Brilliant Blue 
(R‐250), and de-stained with a de-staining buffer (acet-
ic acid:methanol:water = 2:1:17, v/v). An image of the 
gel was captured by Tanon 1600/1600R Gel Imaging 
System (Tanon Science and Technology Co. Ltd., 
Shanghai, China).

Genome sequencing and annotation
 The whole genomic DNA was extracted from 
the strain M2011381 using Wizard Genomic DNA 
Purification Kit (Promega, Biotech Co., Ltd., Beijing, 
China) according to the manufacturer’s protocol. The 
harvested DNA was detected by agarose gel electro-
phoresis and quantified by Qubit (Thermo Fisher 
Scientific, Waltham, MA). The whole genome 
sequence was obtained through large-scale sequencing 
using Illumina HiSeq 4000 and PacBio RSII by Beijing 
Genomics Institute (BGI, Shenzhen, China). The clean 
data was assembled by SOAP de novo software. 
GLIMMER 3.02 was applied to predict the gene 
sequence. Genes were functionally classified by COGs 
(https://www.ncbi.nlm.nih.gov/COG/). Other 
genome sequences used for comparative genome 
analysis were obtained from the NCBI microbial 
genome database, including L. brevis ATCC 367 
(Accession No. CP000416), P. pentosaceus ATCC 
25745 (Accession No. CP000422), L. plantarum 
WCFS1 (Accession No. AL935263), and L. reuteri 
JCM 1112 (Accession No. AP007281). All these 
genomes were rapidly annotated using the subsystem 
technology (RAST) annotation sever (http://rast.nmp-
dr.org/) for automated analysis. 

Genome comparison and analysis
 The KEGG (http://www.kegg.jp/) database 
and RAST annotation server were used for genome 
comparison (Kanehisa et al., 2006; Aziz et al., 2008). 
The proteinases were obtained from the non-redundant 
protein database UniProt (http://www.uniprot.org/) 
(Bairoch et al., 2005); and they have been confirmed 
as members of the proteolytic system by experiments. 
A whole genome BLAST search against microbial 
proteins (E-value less than 1e-6, minimal alignment 
length percentage larger than 40%) was performed. 
The functional proteinases were found using the BlastP 
program (Altschul et al., 1990). The phylogenetic 
analysis was conducted in MEGA5 with neigh-
bour-joining (NJ) method (Tamura et al., 2011). The 
genomic context was visualised using the Circos 
software (Krzywinski et al., 2009). PHASTER 
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(PHAge Search Tool Enhanced Release, http://phast-
er.ca) was used for the rapid identification and annota-
tion of prophage sequences within the genome (Zhou 
et al., 2011; Arndt et al., 2016). Orthologous genes 
were analysed by orthoMCL. The coding sequence 
(CDS) Venn diagram and COG frequency heat map 
with double hierarchical clustering were generated 
using RStudio, and the packages “pheatmap” and 
“VennDiagram”. COG analysis was based on the 
phylogenetic classification of proteins encoded in the 
complete genomes (NCBI, www.ncbi.nlm.nih.gov-
/COG/) project. To obtain singletons among the five 
strains, the whole protein sequence database was 
analysed by BlastP using the entire database, and was 
mapped and annotated with the eggNOG database. 
Statistically variable functions of different proteins 
were analysed by Fisher’s exact test in BlastP (Jensen 
et al., 2008).
 
Data availability
 The complete genome sequence of L. curieae 
CCTCC M2011381 was deposited at the DDBJ/EM-
BL/GenBank database as sequencing project 
PRJNA266911, Accession No. CP018906.

Results and discussion

Growth properties of the strain M2011381
 The growth properties of the strain M2011381 
were monitored in three media: soymilk, MRS broth, 
and milk by testing the changes in viable cell numbers 
and pH during fermentation (Figure 1a). The strain 
could vigorously grow in soymilk. The cell count 
increased from log 7.1 to 12.7 CFU/mL during 24 h. 
Simultaneously, the pH of soymilk significantly 
decreased from 6.7 to 4.5. However, both the curves 
of cell count and pH in bovine milk were placid. The 
cell count changed from log 7.1 to 7.9 CFU/mL, and 
the pH declined from 6.3 to 5.9. MRS medium is suita-
ble for most LAB; hence, the strain grew and reached 
the highest cell density of log 11.5 CFU/mL at 12 h 
in the medium. After that, the growth became station-
ary, and began to drop slightly. The pH of the MRS 
broth rapidly dropped from 6.5 to 4.6 during the first 
12 h of the cell growth. However, the pH descent 
became slight at 24 h. Soymilk was thus concluded to 
be the optimal medium for strain growth. The composi-
tion of soymilk is different from milk. The utilisation 
of these two substrates needs different metabolic path-
ways and enzymes, which indicated that the genetic 
and metabolic properties of the strain M2011381 was 
more adapted to soy material than to milk. Moreover, 
there was higher cell growth in soymilk than in the 
other two substances, which indicated that this strain 

was expected to be the starter for soy food 
fermentation.
 The proteolysis of soymilk and milk protein 
by the strain M2011381 during fermentation is 
displayed by SDS-PAGE (Figure 1b and 1c). Figure 
1b shows that most soymilk proteins above 45 kDa 
were hydrolysed during the first 4 h of fermentation. 
The bands near 35 and 20 kDa are the acidic and basic 
subunits of glycinin, respectively, which are darker in 
the lane of unfermented soy milk. After the first 4 h, 
the bands of both subunits became extremely light, 
indicating that the glycinin was also hydrolysed by the 
strain. Peptides below 16 kDa accumulated at 4 h, 
which might be the hydrolysates of proteins in soymilk. 
However, milk proteins hardly changed during 
fermentation (Figure 1c). The results implied that the 
strain M2011381 possesses a strong proteolytic system 
in soy rather than milk protein.

Genome profile of the strain M2011381
 The complete genome of L. curieae 
M2011381 was sequenced and annotated. The profile 
of the complete genome is shown in Table 1. The 
assembled genome comprised of one circular 
chromosome (2,095,860 bp) without any plasmid. 
This genome represents a typical size of lactobacilli 
(Makarova et al., 2006). The average GC content of 
the complete genome was 39.8%. The complete 
genome contained 1,973 predicted coding sequences, 
15 rRNA operons, and 62 tRNA-coding genes. The 
draft genome assembled into 29 contigs was 
previously sequenced and reported (Wang et al., 
2015). Most of the basic information about the genome 
is the same. The draft genome with a larger size also 
displayed more genes. However, the complete genome 
enveloped more predicted coding sequences, rRNA 
operons, and tRNA-coding genes when compared 
with the draft, which indicates that some of the 
non-repetitive sequences between the two genomes 
may hide in the gaps of the draft genome. PHASTER 
identified three regions that encoded for prophages in 
the genome of L. curieae M2011381, which were 
predicted by the program to be “incomplete” regions. 
Phage 1 (1,599,352 – 1,608,570 bp) contains 11 CDSs; 
phage 2 (1,676,604 – 1,685,668 bp) contains 7 CDSs; 
and phage 3 (1,829,246 – 1,860,778 bp) contains 14 
CDSs.

Comparative genomics of the five strains
 Using the complete genome of the strain 
M2011381 as a template, genomes of 24 LAB strains 
were chosen from GenBank by RAST analysis. 
Although the strains L. brevis subsp. gravesensis 
ATCC 27305, L. hilgardii ATCC 8290, and 
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L. buchneri ATCC 11577 exhibited higher RAST 
scores, their genomes have not been assembled yet. 
Therefore, L. brevis ATCC 367, P. pentosaceus ATCC 
25745, L. plantarum WCFS1, and L. reuteri JCM 1112 
were selected for the comparison due to their 
well-assembled genomes. Moreover, these strains are 
non-starters in dairy (Kleerebezem et al., 2003; Diep 
et al., 2006; Morita et al., 2008; Guo et al., 2017). The 
general features of these four model bacteria are 
summarised in Table 1. The 16S rDNA sequences 
from 20 different lactobacilli strains were selected to 
construct a phylogenetic tree. The strain M2011381 
was close to L. brevis ATCC 367, P. pentosaceus 
ATCC 25745, and L. plantarum WCFS1, and far from 
L. reuteri JCM 1112 in the phylogenetic tree. 
Differences of the RAST score were similar to the 
ranks of the phylogenetic evolution tree of the four 
strains, indicating that the selected model strains were 
suitable for further comparative analysis.
 Among the five genomes, P. pentosaceus 
ATCC 25745 had the smallest genome and the fewest 
protein-coding genes. Some reported genomes of 
pediococci are approximately at the same level 
(Snauwaert et al., 2015). L. plantarum strains usually 
have genomes above 3.0 Mb, probably due to their 
wide adaptability in a variety of foods as well as in the 
human gastrointestinal tract (Botta et al., 2017). The 
strain M2011381 possessed a relatively small genome 
as compared to the others. Although these genomes 
were small, they exhibited abundant functional areas, 
and the proportion of such niches even accounted for 
more than 90% of the genome size. For the GC content 
of the strain M2011381, 39.8% fell into the range of 
the GC content of lactobacilli. The GC content may 
be regulated by the difference in species and the 
existence of plasmids. Most reported L. plantarum 
strains have higher GC content of about 44 - 45% 
(Illeghems et al., 2015; Jeon et al., 2017). A strain of 
L. fermentum was even reported to have a GC content 

as high as 52% (Illeghems et al., 2015).
 Analysis with RStudio 3.5 revealed that the 
five strains consisted of 840 genes that belonged to 
the core genome (Figure 2a). The number of single-
tons carried by the four strains except for L. plantar-
um WCFS1 were only estimates. L. plantarum 
WCFS1 carried the highest numbers of singletons (n 
= 871). The strain M2011381 represented 336 single-
tons. The distribution of predicted proteins into the 
COG functional categories of the five strains is 
shown in a heat map (Figure 2b). The five genomes 
all included more predicted proteins in categories G 
(carbohydrate transport and metabolism), K (tran-
scription), E (amino acid transport and metabolism), 
M (cell wall/membrane/envelope biogenesis), J 
(translation, ribosomal structure, and biogenesis), 
and L (replication, recombination, and repair). Such 
frequencies were also observed in some L. acidipis-
cis, L. salivarius, and L. ruminis strains (Kazou et al., 
2018) because most of them relate to central cellular 
mechanisms. The L. plantarum WCFS1 chromosome 
contained more predicted proteins than the other four 
strains in the G and K categories. This strain is 
suggested to have a strong capacity for carbohydrate 
transport and metabolism, and transcription which 
may support the survival of L. plantarum strains in a 
range of environmental niches. The strain M2011381 
possessed predicted protein frequencies approximat-
ing those of L. brevis ATCC 367, which was the 
closest neighbour of the four reference strains. How-
ever, the strain M2011381 was more adapted for 
amino acid transport and metabolism than L. brevis 
ATCC 367 due to the higher distribution in the E 
COG category. The results of the distribution of 
proteins into the COG functional categories of the 
five strains coincide with that of the phylogenetic 
analysis. COG functional classification of the single-
tons is shown in Figure 3. L. plantarum still displays 
more proteins than the other four because it had the 

  

 

L. curieae 
CCTCC 

M2011381 
(draft) 

L. curieae 
CCTCC 

M2011381 
(complete) 

L. brevis 
ATCC 

367 

L. 
plantarum 
WCFS1 

L. 
reuteri 
JCM 
1112 

P. 
pentosaceus 

ATCC 25745 

Size (Mb) 2.19 2.10 2.29 3.31 2.04 1.83 
No. of plasmids 0 0 2 3 0 0 
GC content (%) 39.6 39.8 46.2 44.5 38.9 37.4 
No. of proteins 1957 1973 2141 3013 1932 1710 
No. of genes 2143 1994 2259 3124 2050 1797 
tRNA genes 56 62 63 70 65 55 

rRNA operons 6 15 15 15 18 15 
Contigs 29 1 3 4 1 1 

Table 1. General genome features of L. curieae M2011381 and selected species.
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(a) (b)

Figure 2. (a) CDS Venn diagram of the five strains. In the intersection of five strains are total core-genome. At the 
intersection of each pair of strains present the corresponding core-genome. The presented singleton of each strain was 
calculated with orthoMCL. (b) COG frequency heat map based on a two-dimensional hierarchical clustering. The 
horizontal axis shows the five strains, and the vertical axis shows the percentage frequency of proteins involved in each 
functional COG category. The letters represent the following: (G) = Carbohydrate transport and metabolism; (K) = 
Transcription; (E) = Amino acid transport and metabolism; (M) = Cell wall/membrane/envelope biogenesis; (J) = 
Translation, ribosomal structure and biogenesis; (L) = Replication, recombination, and repair; (F) = Nucleotide transport 
and metabolism; (C) = Energy production and conversion; (P) = Inorganic ion transport and metabolism; (Q) = Secondary 
metabolites biosynthesis, transport, and catabolism; (D) = Cell cycle control, cell division, and chromosome partitioning; 
(U) = Intracellular trafficking, secretion, and vesicular transport; (I) = Lipid transport and metabolism; (V) = Defence 
mechanisms; (H) = Coenzyme transport and metabolism; (O) = Posttranslational modification, protein turnover, and 
chaperones; and (T) = Signal transduction mechanisms.
 

Figure 3. Distribution of singletons in COG functional categories of the five strains. The letters represent the following: 
(S) = Function unknown; (K) = Transcription; (G) = Carbohydrate transport and metabolism; (P) = Inorganic ion transport 
and metabolism; (M) = Cell wall/membrane/envelope biogenesis; (C) = Energy production and conversion; (E) = Amino 
acid transport and metabolism; (L) = Replication, recombination and repair; (V) = Defence mechanisms; (I) = Lipid 
transport and metabolism; (T) = Signal transduction mechanisms; (H) = Coenzyme transport and metabolism; (F) = 
Nucleotide transport and metabolism; (J) = Translation, ribosomal structure, and biogenesis; (Q) = Secondary metabolites 
biosynthesis, transport, and catabolism; (U) = Intracellular trafficking, secretion, and vesicular transport; (D) = Cell cycle 
control, cell division, and chromosome partitioning; (N) = Cell motility; and (R) = General function prediction only.
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largest number of singletons among the five. The 
protein with majority of the five strains were K, G, P 
(inorganic ion transport and metabolism), and M. 
The superiority of proteins in the K and G COG 
categories appeared not only in the whole genome 
but also in singletons. The singletons of the strain 
M2011381 were distributed in most categories 
except H (coenzyme transport and metabolism), J, U 
(intracellular trafficking, secretion, and vesicular 
transport), D (cell cycle control, cell division, and 
chromosome partitioning), and N (cell motility), but 
the E COG category held advantageous position.
 
Proteolytic system
 An overview of the components of the proteo-
lytic system identified in the strain M2011381 and the 
four reference strains is given in Table 2. All the five 
strains lacked cell envelope proteinase (CEP). CEP is 
a serine protease with a large multi-domain structure 
that belongs to the subtilisin family. It is anchored to 
the cell wall, and initiates the casein utilisation of 
LAB by the extracellular degradation of casein into 
oligopeptides (Liu et al., 2010). The deficiency of 
such an enzyme in the five strains coincided with their 
non-starter nature in bovine milk. PrtM, a mem-
brane-bound lipoprotein, was shown to be essential 
for autocatalytic maturation of PrtP in L. lactis and L. 
paracasei (Haandrikman et al., 1991; Liu et al., 
2010). Ancestral gene loss and metabolic simplifica-
tion are central trends in the evolution of LAB. Major 
gene loss already occurs at the stage of the common 
ancestor of lactobacilli, which indicates its adaptation 
to nutritionally rich environments (Makarova et al., 
2006). The strain M2011381 might have lost this 
protease due to its adaptation in soy material, a nutri-
tious niche. This genetic loss may interpret the 
extremely weak growth and proteolysis of the strain 
M2011381 in cow milk, as indicated in Figure 1c. 

 The second step in casein utilisation is the 
transportation of oligopeptides generated by CEP 
into the cell by the action of the oligopeptide trans-
porter (Opp) system (Doeven et al., 2005). The Opp 
proteins belong to a superfamily of highly conserved 
ATP-binding cassette (ABC) transporters that medi-
ate the uptake of casein-derived oligopeptides. The 
Opp system is composed of five proteins: an oligo-
peptide-binding protein (OppA), two integral mem-
brane proteins (OppB and OppC), and two nucleo-
tide-binding proteins (OppD and OppF) (Higgins, 
1992). A proton motive force (PMF)-driven dipep-
tide/tripeptide transporter system, DtpT, is a second-
ary transporter that belongs to the PTR family of 
peptide transporters. DtpT prefers more hydrophilic 
and charged di- and tripeptides (Tynkkynen et al., 
1993). The third system which is dependent on ATP 
or the energy-rich phosphorylated intermediate, Dpp 
(previously referred to as DtpP), transports di-, tri-, 
and tetrapeptides containing relatively hydrophobic 
branched-chain amino acids and displays the highest 
affinity for tripeptides. The strain M2011381 
possessed both Opp and DtpT systems. Notably, the 
Opp system comprises all kinds of proteins which 
indicates that this strain specialises in transporting 
oligopeptides. However, the missing Dpp system 
implies its weaker ability in transporting hydropho-
bic oligopeptides, implying that the strain needs to 
synthesise hydrophobic amino acids for its growth. 
Only L. brevis ATCC 367 had all three known 
peptide transport systems, meanwhile L. reuteri JCM 
1112 only contained DtpT. All five strains owned 
DtpT, indicating that this transporter is a basic need 
for LAB metabolism.
 After the peptides are taken up into cells, 
they are degraded by peptidases with differing and 
partly overlapping specificities (Sanz et al., 2001). 
The peptidases genetically characterised in LAB 

Figure 1. L. curieae M2011381 grows in bovine milk, soymilk, and MRS broth. (a) The cell count and pH change 
during the fermentation of bovine milk, soymilk, and MRS broth, respectively. (b) SDS-PAGE patterns of soymilk 
hydrolysates during the fermentation. (c) SDS-PAGE patterns of bovine milk hydrolysates during the fermentation. 
Lane 1 = molecular mass markers (M); and Lanes 2 - 7 = proteolytic activity at different times during the 
fermentation, respectively.

(a) (b) (c)



include aminopeptidase, unique aminopeptidase, 
endopeptidase, tripeptidase, dipeptidase, and 
proline-specific peptidase (Savijoki et al., 2006; Liu 
et al., 2010). Every strain of the five contained at 
least one enzyme of each type of the peptidases, 
which may be due to the hydrolysis of oligopeptides 
that is required for cells to get amino acids for their 
needs. The strain M2011381 has the same PepC, 
PepN, and X-prolyl dipeptidyl aminopeptidase 
(PepX) as the other four. Although PepC and PepN 
were reported as general aminopeptidases, together 
with PepX as the first enzymes to act on casein-de-
rived oligopeptides (Savijoki et al., 2006), their 
presence in all five strains indicates their importance 
in general protein metabolism. PepM, a methionyl 
aminopeptidase cleaving N-terminal methionine 
from proteins (Savijoki et al., 2006) was also includ-
ed in the strain M2011381. However, PepA or 
glutamyl aminopeptidase that liberates N-terminal 
acidic residues from 3- to 9- residue-long peptides 

(Liu et al., 2010) was not found in the strain. PepA in 
L. lactis has been investigated for its function in milk, 
and it results in acidification (I'Anson et al., 1995). 
Accordingly, defective PepA leads to the non-starter 
characteristic of the five strains.
 The strain M2011381 had all types of endo-
peptidases, and PepE/PepG were the most abundant. 
The rich endopeptidase content and the reservation of 
di/tri-peptidases of the strain M2011381 can remedy 
its deficiency of the Dpp system. PepO with cleavage 
specificity on αs1-casein f1-23 and on post-proline 
residues of β-casein f203-209 was previously found 
in a non-starter strains, while PepO2 was reported 
from starter strains (Kunji et al., 1996). The strain 
M2011381 and the four reference strains all had one 
PepO instead of PepO2, which confirms their 
non-starter property. PepF cleaves oligopeptides 
from 7- to 17-residue-long. It was found to be impor-
tant for protein turnover under conditions of nitrogen 
starvation in L. lactis (Chen et al., 2003). Except for 
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Table 2. Potential peptidases of proteolytic system in the genome of five 
subject LAB strains.

 

Peptidase 
L. curieae 
CCTCC 

M2011381 

P. 
pentosaceus 

ATCC 
25745 

L. 
reuteri 
JCM 
1112 

L. 
plantarum 
WCFS1 

L. 
brevis 
ATCC 

367 
Aminopeptidase 

PepC 1 1 1 1 1 
PepN 1 1 1 1 1 

Unique aminopeptidase 
PepM 1 1 1 1 2 
PepA 0 0 0 0 0 
Pcp 0 0 0 0 1 

Endopeptidase 
PepE/Pe
pG 4 0 1 1 1 

PepO 1 1 1 1 1 
PepF 1 1 0 2 2 

Dipeptidase 
PepD 2 4 5 4 5 
PepV 1 1 2 1 2 

Tripeptidase 
PepT 1 1 1 1 1 

Proline peptidase 
PepX 1 1 1 1 1 
PepI 0 0 1 1 1 
PepR 0 1 1 1 1 
PepL 0 0 0 1 0 
PepP 0 0 1 1 1 
PepQ 1 1 1 1 1 
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L. reuteri JCM 1112, PepF was present in all the 
other strains.
 Many of the peptidases seem to be essential 
for bacterial growth or survival as they were encoded 
in all LAB genomes. For instance, aminopeptidases 
PepC, PepN, and PepM, and proline peptidases PepX 
and PepQ were present in all genomes, usually with 
the frequency of one gene per genome (Haandrikman 
et al., 1991). However, the strain M2011381 had 
very few proline peptidases probably because of the 
absence of the CEP system, which results in no 
peptides comprising proline derived from casein 
(β-casein contains about 15.2% proline) to be trans-
ported into cell. PepP, PepI, PepL, and PepR are not 
essential for the growth of LAB (Liu et al., 2010). 
Therefore, less proline content in soy protein may 
result in some proline peptidases to be gradually 
deleted during evolution in the soy environment.
 Although the strain M2011381 is a non-start-
er in bovine milk, it has a strong capacity of ferment-
ing plant foods such as soymilk, soy protein isolate 
beverage, and ginkgo nut beverage. Furthermore, the 
fermented materials show potent inhibitory activity 
of 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase and angiotensin-I-converting enzyme because of 
the peptides generated during the fermentation (Liu 
et al., 2020). These results verified that the strain 
possessed a specific proteolytic system due to its 
evolutionary environment and could play a role in 
fermentation of plant foods such as soymilk.
 
Biosynthesis pathway of amino acids
 Amino acids are precursors of compounds 
for their characteristic flavour for food products, as 
well as precursors of compounds such as biogenic 
amines that have the potential to affect the health of 
consumers. The biosynthesis of amino acids repre-
sents an essential resource for LAB. The amino acids 
play a number of physiological roles such as intracel-
lular pH control, generation of metabolic energy or 
redox power, and resistance to stress. Most amino 
acids originate from proteolysis and some are biosyn-
thetically generated by lactobacilli themselves (De 
Angelis et al., 2016). The strain M2011381 
possessed the most abundant biosynthetic pathways 
of 12 kinds of amino acids as L. plantarum WCFS1. 
L. plantarum is usually recognised for its biosyn-
thetic capacity, and contains almost all of the amino 
acids, thus indicating that it can survive well in many 
environments (Makarova et al., 2006). In the present 
work, L. plantarum WCFS1 was found to carry a 
relatively large chromosome genome, approximately 
3.3 Mb, whereas the strain M2011381 had a smaller 
genome but with all the necessary amino acids, thus 

suggesting that the genes involved in amino acid 
synthesis are essential for the survival in the stinky 
tofu brine. 

Conclusion

 We introduced the complete sequence of the 
strain L. curieae M2011381 based on comparative 
genomics. The strain was revealed to have a number 
of genetic adaptations in the soy environment 
through acquired peptidases and amino acids 
synthetic pathways. However, the gene decay of 
casein utilisation was observed in M2011381 which 
verified that the strain is a non-starter of dairy materi-
al. The present work provides insight into the evolu-
tion of a novel LAB strain in soy environment, and 
indicates its use in the fermentation of soy material.
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