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Introduction

Changes to the intestinal microbiota of a host have been

shown to impact their phenotype and health. The presence

of pathogenic bacteria is associated with the accumulation

of toxins or harmful waste, such as ammonia and fatty

substances, which are generated by the catabolism of

carbon and nitrogen sources that enhance their growth or

virulence [1]. For the typical inflammatory bowel patient

with an increased population of sulfate-reducing bacteria,

damage to tissue as well as DNA often occurs owing to the

increased microbial production of toxic substances [2].

Moreover, pathogen proliferation may affect the immune

system and disease progression by changing the intestinal

environment [1, 3, 4]. The importance of research on pathogen

proliferation has led to a growing interest in probiotics that

can function as antibiotics and antitoxins. Probiotics provide

benefits to the host through adhesion, the generation of

metabolites, and immune system regulation; through these

processes, they are able to effectively improve overall

digestion as well as treat and prevent disease [5-7].

As probiotics can easily be consumed through the intake

of fermented foods, numerous studies have been actively

conducted on probiotics present in food. The Lactobacillus

species of probiotics can be found in fermented foods, as

well as naturally occurring in the human gastrointestinal
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As probiotics play an important role in maintaining a healthy gut flora environment through

antitoxin activity and inhibition of pathogen colonization, they have been of interest to the

medical research community for quite some time now. Probiotic bacteria such as Lactobacillus

plantarum, which can be found in fermented food, are of particular interest given their easy

accessibility. We performed whole-genome sequencing and genomic analysis on a GB-LP1

strain of L. plantarum isolated from Korean traditional fermented food; this strain is well

known for its functions in immune response, suppression of pathogen growth, and antitoxin

effects. The complete genome sequence of GB-LP1 is a single chromosome of 3,040,388 bp with

2,899 predicted open reading frames. Genomic analysis of GB-LP1 revealed two CRISPR

regions and genes showing accelerated evolution, which may have antibiotic and antitoxin

functions. The aim of the present study was to predict strain specific-genomic characteristics

and assess the potential of this new strain as lactic acid bacteria at the genomic level using in

silico analysis. These results provide insight into the L. plantarum species as well as confirm

the possibility of its utility as a candidate probiotic.
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tract. In particular, L. plantarum is able to survive under

extreme conditions, acts as an effective probiotic that

supresses growth of pathogenic bacteria, and has antitoxin

functions [8]. This probiotic microorganism is wellknown

for its health-promoting effects and nonpathogenic presence

in the human gastrointestinal tract [9]. 

Although often beneficial, candidate probiotics may also

cause adverse effects, particularly those with uncharacterized

genomes and gene expression profiles. For example, horizontal

gene transfer (HGT), which occurs frequently among

microorganisms, may be associated with virulence and

anti-resistance [10, 11]. Therefore, even if these elements

are not expressed, they may play a protective role for

pathogens through the process of aggregation that suppresses

the adherence of probiotics and promotes the growth of

pathogens with anti-resistance effects [12]. Therefore,

determining the sequence of bacterial genomes is essential

for identification of potential phenotypes. Complete-genome

sequence analysis provides insight into aspects of function

and potential dangers through predicting bacterial genes

[13]. Moreover, genomic comparisons aimed at understanding

bacterial evolution help to rapidly assess the biology of

new species through evolutionarily conserved molecular

mechanisms among closely related species. Furthermore,

interest in the evaluation of new strains is also moving

towards in silico analysis of genome sequences as an

alternative to experimental verification [14-17]. 

Limited research has been performed on the specific

lactic acid bacteria present in Korean traditional fermented

foods. Here, we isolated a novel probiotic candidate,

L. plantarum GB-LP1, and we de novo assembled its complete

genome sequence in order to reveal the unique properties

of this novel strain. We also identified genomic content and

functional factors, as well as genes related to HGT, CRISPR,

and virulence in order to identify the potential effects of

external factors and potential pathogenic properties.

Additionally, we report the characterization of the bacterial

genome and molecular biological evidence related to

accelerated evolution of genes through comparative analysis

with 23 other genome sequences of L. plantarum strains.

The present study extends our understanding of L. plantarum

GB-LP1 and identifies its safety and primary effectiveness

as a probiotic supplement.

Materials and Methods

Strain Isolation and Whole-Genome Sequencing

Genomic DNA of L. plantarum strain GB-LP1, which was

isolated from Korean traditional fermented food, was extracted

and purified using an Ultra Clean Microbial DNA Isolation Kit

(MoBio, USA) according to manufacturer instructions. Assessment

of the concentration and purity of the extracted DNA was performed

using a NanoDrop spectrophotometer (Thermo Scientific, USA).

Approximately 5 µg of genomic DNA was fragmented through a

Hydroshear system (Digilab, USA) into an average size of 8–12 kb.

For SMRT sequencing, SMRTbell template libraries were prepared

with C4 chemistry on a PacBio RS II system (Pacific Biosciences,

USA). Libraries were cleaned up using 0.45 volume of AMPure XP

beads in order to remove short inserts of <1.5 kb. The size

distribution of the sheared DNA template was measured using an

Agilent 12000 DNA Kit (Applied Biosystems, USA), and the

concentration of the template was determined using Qubit

(Invitrogen, USA). Next, we appended DNA polymerase enzyme

C4 as recommended by the manufacturer for small-scale libraries

after the sequencing primers were annealed to the templates at a

final concentration of 5 nM template DNA. The enzyme template-

complexes were loaded with a DNA/Polymerase Binding Kit P6

(Pacific Biosciences) and libraries onto 75,000 zero-mode waveguides.

The DNA Sequencing Reagent 2.0 Kit (Pacific Biosciences) was

used to sequence SMRT cells using a 120-min sequence capture

protocol for maximizing the subread length with PacBio RS II. 

Genome Assembly and Annotation 

Raw sequence data were filtered and assembled using the

“RS_HGAP_assembly.3” algorithm included within the PacBio

SMRT portal system ver. 2.3.0 [18]. The genome size parameter

was set to 3,300,000 bp using the Compute Minimum Seed Read

Length option. Other parameters were set at the default. For

further analysis, assembled contigs were restricted to a length

above 20,000 bp and coverage of over 50×. In order to improve the

accuracy of the pre-assembled GB-LP1 genome sequence, an

iterative polishing process was executed until no genomic variants

were identified. Genome annotation was performed via the RAST

annotation server [19] with default options. We also identified

function based on Cluster of Orthologous Groups (COG) categories

using COGNIZER [20], and the comprehensive result from

annotation was expressed using DNA Plotter [21].

Comparative Genomic Analysis 

In order to perform comparative genomic analysis, genome

sequences above the chromosome level of 23 Lactobacillus plantarum

strains were obtained from the NCBI database (https://www.ncbi.

nlm.nih.gov/genome/genomes/1108). Information about these

genome sequences is provided in Table S1. First, we identified

average nucleotide identity (ANI) values for all 24 strains using

JSpecies ver. 1.2.1 [22]. An orthologous gene set was formed using

MESTORTHO [23] and multiple sequence alignment of each

orthologous gene was performed using PRANK [24]. After

removing poorly aligned sites using the GBlocks program [25], we

reconstructed a phylogenetic tree based on orthologous sequences

concatenated into one sequence. Phylogenetic analysis was

conducted within MEGA6 [26] using the neighbor-joining method.

Additionally, one-to-one comparison of sequences was performed

against the closest-related strains, JDM1 and DOMLa, in order to
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identify the unmatched DNA regions of GB-LP1, and was detected

using ACT [27]. Regarding each ortholog gene, the dN (rate of

non-synonymous substitution) and dS (rate of synonymous

substitution) values were calculated using codeml of PAML4 with

the maximum-likelihood method [28]. Evolutionarily accelerated

genes were estimated using the branch-site model. We ascertained

genomic islands related to horizontal transfer using the multiple

prediction methods within the IslandViewer3 package. CRISPR

regions and structures were confirmed using CRISPRFinder [29].

Strain Deposition and Complete Genome Sequence Accession

Number

The complete genome sequence of L. plantarum strain GB-LP1

was deposited in the NCBI database under number PRJNA379903.

Results

General Features of L. plantarum GB-LP1

The single circular DNA chromosome of L. plantarum GB-

LP1 is 3,040,388 bp nucleotides with a 44.9% GC content.

The GB-LP1 genome consists of 2,899 open reading frames

(ORFs) and 79 structural RNAs (Fig. 1 and Table 1). From

the total of 2,899 OFSs, 2,327 genes (80.3%) were annotated

as functional genes, while the remaining 572 genes were

predicted as hypothetical and functionally unknown genes.

Fig. 1. Genome map of L. plantarum GB-LP1.

Genomic structure of L. plantarum GB-LP1. From outside towards the interior circles, circles indicate (i) the distribution of functional gene by COG

annotation, (ii) CDS in the lagging strain, (iii) CDS in the leading strain, (iv) tRNA, (v) rRNA, and (vi) G+C content (%) of the genome.

Evolutionarily accelerated genes; green, and putative CRISPRs; purple, are expressed around the outer circle.
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The distribution of predicted ORFs resulting from COG

functional categorization and SEED subsystem categorization

is presented in Fig. 2. Among the 2,327 genes, 1,817 ORFs

were divided into 25 SEED subsystem categories. A total of

358 ORFs were assigned to Carbohydrates, which had

the highest proportion of categories. Amino Acids and

Derivatives (218 ORFs), Protein Metabolism (185 ORFs),

Cofactors, Vitamins, Prosthetic Groups, Pigments (137

ORFs), and Cell Wall and Capsule (122 ORFs) were upper

Fig. 2. Functional categorization of all predicted ORFs in the L. plantarum GB-LP1 genome based on (A) SEED and (B) COG databased.

Table 1. Comparison of chromosomal properties of L. plantarum

strains.

Strain GB-LP1 Zhang-LL DOMLa JDM1

Genome size (bp) 3,040,388 2,952,220 3,210,110 3,197,759

GC content 44.9 44.9 44.67 44.7

Open reading frames 2,899 2,761 2,981 2,961

Annotated gene 2,327 2,600 2,835 2,815

tRNA 63 65 65 61

rRNA 16 16 16 16
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categories. According to COG functional categorization,

1998 ORFs (approximately half of all the predicted ORFs)

belonged to five major categories; 538 ORFs in category R

(General function prediction only), 432 ORFs in category E

(amino acid transport and metabolism), 396 ORFs in

category G (carbohydrate transport and metabolism), 338

ORFs in category K (transcription), and 294 ORFs in

category L (replication, recombination, and repair).

Genomic Island and CRISPR Genes

In order to better understand the influence of the external

environment, CRISPR regions and genomic islands (GI)

were detected and visualized in Figs. 1 and 3, respectively.

First, CRISPR regions were found to be related with one

hypothetical protein and one functional protein. The

CRISPR region predicted coding sequence was included in

the cell wall anchor protein, and had two spacers of 31 bp

length each. The total CRISPR region was 130 bp long and

the start position was 2,669,898 bp. As a result of GI analysis,

nine putative GIs were identified using three methods:

IslandPick, SIGI-HMM, and IslandPath-DIMOB. Among

these methods, the GI detected using IslandPick was

related with integrase/recombinase and putative type II

restriction enzyme methylase subunit via SEED annotation.

Additionally, a diversity of prophage and prophage-

associated genes were found to be genomic island-like

regions. These putative external genes, such as mobile genetic

elements, could have an important impact on genetic trait

and bacterial fitness. 

Comparative Phylogenetic Tree Analysis

In order to compare phylogenetic relationships, ANI

trees and a phylogenetic tree were constructed among the

L. plantarum species. The trees were built using ANI values

and the orthologous gene set between GB-LP1 and 23 other

genome sequences that are available within the NCBI

database (Figs. 4A and 4B). All ANI values were high, with

some above 98.00%. The topology of the ANI tree revealed

that GB-LP1 belongs to the closest monophyletic group I

consisting of three strains: Zhang-LL, DOMLa, and JDM1.

Within group I, the closest neighbor of LP1 was Zhang-LL,

but it was not congruent with the phylogenetic tree using

orthologous genes. In the constructed phylogenetic tree,

created using the neighbor-joining method and bootstrapping

1,000 times, GB-LP1 was found to show a sister group

relationship with DOMLa and JDM1, excluding Zhang-LL.

Observing the difference between the whole genome and

the orthologous gene set allows us to identify the patterns

of lineage-specific gain and loss of genes [30]. Additionally,

we performed a whole-genome sequence comparison

between the closest-related strains, JDM1, DOMLa, and

Zhang-LL. As aggregated results, there was overlap of

unmatched regions in LP1. Among the overlap, two regions

where prophage-like elements and enzyme-coding genes

such as integrase were located were congruent with those

of GI results (Fig. 5). 

Comparative Genomics Using dN/dS Analysis 

Analysis of comparative nucleotide substitution was

conducted on the orthologous gene set in order to identify

the specific gene-related effects of the GB-LP1 strain of

L. plantarum. One hypothetical gene and two enzyme-

related genes were determined as significant evolutionarily

accelerated genes through dNdS analysis based on the

branch site (Table 2). One of the functional genes was

shown to be substituted from histidine to tyrosine, when

comparing with the sequences of other L. plantarum strains.

These molecular changes indicate that positively charged R

groups were replaced by aromatic R groups causing changes

in cofactor-binding affinity or enzyme activity. The gene was

annotated as glyoxylate reductase (E.C. 1.1.1.79, E.C. 1.1.1.26)

that catalyzes the reduction of glyoxylate to glycolate, and

Fig. 3. The genomic islands (GI) in L. plantarum GB-LP1 genomes.

The GI regions were detected using IslandViewer3 by three approach.

the approaches are shown each color as follows : the entire detected

regions in red, IslandPath-DIMOB in Blue, IslandPick in green, and

SIGI-HMM in yellow. 
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considered as either hydroxypyruvate reductase (E.C. 1.1.1.81)

or glyoxylate reductase/hydroxypyruvate reductase (GRHPR).

Although both proline and leucine are nonpolar and

aliphatic R groups, analysis of L. plantarum GB-LP1 showed

substitution of proline to leucine for protein TldD, which

belongs to the TldE/TldD proteolytic complex. We

hypothesize that the substitution of proline results in

structural modification of post-translational proteins and

their interaction with other proteins.

Discussion

In this study, we de novo constructed the complete genome

sequence of L. plantarum GB-LP1, a novel strain isolated

from Korea traditional fermented food. Genetic relatedness

between GB-LP1 and known complete sequences of

L. plantarum was calculated through different phylogenetic

analyses. As a result of phylogenetic analysis using

orthologous genes, GB-LP1 was grouped together with

DOMLa and JDM1, although it showed the highest

sequence similarity with Zhang-LL. JDM1 has been proven

safe, and is a commonly used probiotic for humans and

various animals such as pigs [31]. These findings suggest

GB-LP1 for use as a probiotic supplement, although further

research is needed to identify bacterial traits or the impact

on the host at the genomic level. We performed genomic

Fig. 4. Comparative tree analyses of 24 L. plantarum strains.

(A) ANI tree was constructed based on similarity of genome. (B) Phylogenetic tree using orthologue genes between 24 stains.

Table 2. Evolutionarily accelerated genes in L. plantarum GB-LP1 (p < 0.05, BEB >0.95).

GeneID Function Mutation p-Value

LP1_593 Glyoxylate reductase (E.C. 1.1.1.79),

Glyoxylate reductase (E.C. 1.1.1.26),

Hydroxypyruvate reductase (E.C. 1.1.1.81)

His(H)166 → Tyr(Y) 0.00043

Lp1_1055 Hypothetical protein Gly(G)142 → Glu(D) 0.02956

LP1_2487 TldD protein, part of TldE/TldD proteolytic complex Pro(P)399 → Leu(L) 0.00153
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analysis using different bioinformatics approaches based

on evolutionary history in order to judge GB-LP1’s

suitability as a probiotic bacterium.

Genetic elements that have horizontally transferred from

other species can play a significant role in the enhancement

of bacterial fitness, genomic stability, and strain-specific

effect [32]. However, they may also be harmful to the host,

either directly or indirectly [33]. CRISPR regions, which are

also transferred, can cause the host to obtain new biological

functions [34]. Therefore, we conducted analysis of GIs,

where horizontally transferred genes were predicted to be

located, and CRISPR regions for the complete genome. We

ascertained nine GIs and two CRISPR regions that were

predicted to be foreign bacterial elements. There were no

GI results regarding the transfer of virulence factors and

resistance genes. The identified regions were related to

various functional protein-coding genes from prophage-

like protein to transcriptional regulation and enzymes.

Two regions of the GI prediction results also matched the

specific region of GB-LP1 shown in the comparison with

the nearest strains in the phylogenetic relationship. It

allowed that the region was transmitted from outside and

has been strain-specific regions. Through the CRISPR

region prediction, we detected it in part of the conserved

domains on cell wall anchor protein in L. plantarum. This

suggests that the region may have been evolutionarily

conserved and could have functions relating to the immune

system and mucus-binding.

In order to identify more specific potential effects of GB-

LP1 if used as a probiotic, we searched for evolutionarily

accelerated genes in L. plantarum at the species level.

Firstly, GB-LP1 showed signature of positive selection on

amino-acid changes in TldD protein. This metalloprotease

protein is part of the TldE/TldD proteolytic complex and

may be involved in microcin B17 processing and regulation

of the Ccd system [35, 36]. Another sign that suggests

positive selection was the identification of GRHPR, which

is involved in glyoxylate metabolism. GRHPR is considered

Fig. 5. Two non-homologous regions between L. plantarum GB-LP1 and the closely related strains.

As aggregated comparative genome sequence analysis, two non-homologous regions was revealed in common. The arrows indicate the position

and the size of predicted ORFs.
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a sign of a healthy microbial community [37]. Deficiency of

GHRPR leads to glyoxylate accumulation, which is highly

toxic. Glyoxylate is a reactive dicarboxylic acid molecule,

and considered as a toxic intermediate. Increased level of

glyoxylate inhibits the substrate interaction of xylulose 5-

phosphate/fructose 6-phosphate phosphoketolase (Xfp),

which has a vital role in carbohydrate metabolism, in

L. plantarum [38]. In humans, GHRPR has been negatively

correlated with tumor proliferation [39]. Moreover, an

absence of this enzyme is the cause of primary hyperoxaluria

type 2 and results in increased oxalate level in urine [40].

Increased oxalate synthesis is linked to kidney stones, renal

disease, and the development of idiopathic calcium oxalate

stone disease [41]. However, oxalate levels can be reduced

through oxalate degradation by intestinal microorganisms.

In this regard, Lactobacillus species are considered one of

the optimal species that perform oxalate degradation [42].

Evolutionary selection of GB-LP1 may provide advantage

for survival and reproduction in the aforementioned

circumstance. At the molecular level, GB-LP1 has evolved

with a variety of genes that may improve its antibacterial

effect and the health of the host.

Through this comparative analysis, it was also possible

to verify the new lactic acid bacterium in a variety of ways.

Consequently, our results support GB-LP1, a newly identified

strain, as a suitable probiotic bacterium given its latent

effectiveness and lack of direct risk factors. These results

expand our understanding of the L. plantarum species and

provide insights that will be extremely valuable for industrial

use.
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