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Introduction

Lactobacillus plantarum, a gram-positive and acid-tolerant

bacterium, is an economically interesting member of the

lactic acid bacteria family [1, 2]. This is because L. plantarum

strains have been found in a wider variety of habitats

compared with other lactobacilli. Representative habitats

of L. plantarum include the gastrointestinal tracts (GITs) of

insects and animals, as well as various fermented food

products such as dairy products, fermented beverages,

meat products, pickles, and kimchi [1, 2]. Since L. plantarum

can survive in the GIT and has excellent long-term fixability,

they have become increasingly significant in maintaining

intestinal health [3, 4]. Indeed, certain L. plantarum strains

have been commercialized as probiotics owing to their

health benefits [5, 6].

There have been several genotypic and phenotypic

comparative studies on L. plantarum strains over the past 10

years. Molenaar et al. [7] investigated the gene categories of

20 L. plantarum strains. They found that genes involved in

the synthesis or degradation of proteins and lipids were

largely conserved, but the genes involved in sugar

transport and catabolism were highly variable between

strains. In another study, 24 phenotypes in 185 L. plantarum

strains were evaluated for their fermentation and growth

characteristics [8]. However, the genotypic associations

with such phenotypes were not fully considered and

investigated. A recent phylogenetic analysis of the core

genome revealed the absence of habitat-related phylogenetic

groups [9].

Despite such comparative studies, much about L. plantarum

remains unclear. Firstly, the number of genomes that was

analyzed was not sufficient. Recently, pan-genomic analyses

of Enterococcus faecium substantially increased the number of
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Lactobacillus plantarum is a lactic acid bacterium that promotes animal intestinal health as a

probiotic and is found in a wide variety of habitats. Here, we investigated the genomic

features of different clusters of L. plantarum strains via pan-genomic analysis. We compared

the genomes of 108 L. plantarum strains that were available from the NCBI GenBank database.

These genomes were 2.9-3.7 Mbp in size and 44-45% in G+C content. A total of 8,847

orthologs were collected, and 1,709 genes were identified to be shared as core genes by all the

strains analyzed. On the basis of SNPs from the core genes, 108 strains were clustered into five

major groups (G1–G5) that are different from previous reports and are not clearly associated

with habitats. Analysis of group-specific enriched or depleted genes revealed that G1 and G2

were rich in genes for carbohydrate utilization (L-arabinose, L-rhamnose, and fructo-

oligosaccharides) and that G3, G4, and G5 possessed more genes for the restriction-

modification system and MazEF toxin-antitoxin. These results indicate that there are critical

differences in gene content and survival strategies among genetically clustered L. plantarum

strains, regardless of habitats.
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strains studied, thereby improving the general understanding

about the organism and providing new insights [10-13].

As the number of L. plantarum genomes has increased in

the National Center for Biotechnology Information (NCBI)

GenBank database, it has become necessary to subdivide

the population into new clusters and obtain information

based on the new divisions. Secondly, the previous

phylogenetic analysis was mainly based on amino acid

sequences of the core genes or on the absence or presence

of genes, and thus failed to account for single nucleotide

polymorphisms (SNPs), which are known to increase the

resolution in phylogeny. Finally, it was previously described

that L. plantarum has a nomadic lifestyle [9]; however, this

conclusion was drawn using only 54 strains and the study

focused only on habitat associations without considering

the genomic features of each cluster.

In this study, we compared the genomes of 108

L. plantarum strains for phylogenetic clustering based on

SNPs and focused on the genomic features of phylogenetic

clusters, rather than habitat-associated groups, to determine

whether each phylogenetic cluster possesses cluster-specific

genomic features that may be independent of habitats.

Materials and Methods

Genomes and Strains Used in This Study

The genomes of 108 L. plantarum strains used in this study were

obtained from the NCBI database. Complete and incomplete

genomes were retrieved in August 2016 (Table S1). Habitat

classification information is added as a footnote to the table.

Collection of L. plantarum Orthologous CDS

Genomes were re-annotated by using the RAST server [14] with

default options for bacteria. To obtain orthologs, we extracted

protein-coding sequences (CDSs) from re-annotated GenBank

files. Such CDSs were mutually aligned using GASSST [15] with

parameters of ≥95% sequence identity and a sensitivity level of 5

(maximum). Each collection of clustered CDS was assembled to

make a consensus orthologous CDS.

Defining Gene Presence and Absence

The contigs for each genome were fragmented into 50-bp

sequences by 7-bp intervals. Each fragment was aligned onto

L. plantarum orthologous CDSs by using GASSST with parameters

of ≥95% sequence identity and a sensitivity level of 5 (maximum).

If a gene was covered by fragments greater than 90% of the CDS

length, it was recognized and recorded to be present in a

particular genome. In this way, all orthologous genes were

evaluated for their presence/absence in each genome. Genes that

are commonly shared by all genomes are regarded as core genes.

This process allowed for the identification of a number of genes in

each phylogenetic group. The significance of different gene

frequencies by group was evaluated by Fisher’s exact test.

Nonsignificant genes were omitted (p > 0.05) and the odds ratios

were calculated to determine group-specific enriched or depleted

genes (Table S2).

Phylogenetic Analysis

To analyze phylogenetic similarities among the 108 L. plantarum

strains, we used SNP data found in the core genes. We defined

1,709 genes that are commonly found in all genomes as core

genes. Among the 1,709 core genes, only 1,430 genes were used

for SNP analysis because of incomplete genome assemblies, and

the other 279 genes were excluded. To collect core gene sequences

from each genome, the ortholog sequences were aligned to each

genome using GASSST under the 90% sequence similarity option.

The aligned regions in each genome were used for SNP selection.

The collected core gene sequences from each genome were

aligned among the 108 strains using the alignment tool MUSCLE

[16]. On the basis of the core gene alignment, we were able to

detect SNPs. Polymorphic sites were detected and collected for

construction of a phylogenetic tree using MEGA7 [17].

Evolutionary trajectories were inferred by the neighbor-joining

method [18] based on 1,000 bootstrap replicates [19]. The

evolutionary distances between strains were computed using the

maximum composite likelihood method [20] and were used to

infer phylogenetic trees.

Comparison of Gene Composition

After re-annotation by the RAST server, we downloaded a gene

functional information file called subsystems provided by the

RAST server. The number of genes for each subsystem category

was counted using in-house Perl scripts. We generated one table

by counting the number of subsystem genes for each strain.

Student’s t-test was performed to determine the differences in the

number of genes between the groups.

Results

Pan-Genomic Statistics of 108 L. plantarum Strains

We analyzed the genomes of 108 L. plantarum strains

obtained from the NCBI GenBank database. Strains of

animal (n = 57), plant (n = 38), gut (n = 27, a subset of animal

strains), dairy product and breast (shortly dairy, n = 16, a

subset of animal strains), meat product (n = 7, a subset of

animal strains), and unknown (n = 13) origins were included

(Tables S1 and S3). We identified 8,847 orthologous CDSs

(Table S4) and found that 1,709 core genes (Tables S4 and

S5) were shared by all strains. The number of core genes

was not critically biased to any specific strain when we

subsampled different numbers of strains (Fig. S1). The

average genome size and G+C content of the 108

L. plantarum strains were 3.3 ± 0.1 Mbp and 44.4 ± 0.2%,
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respectively. The number of CDSs per genome ranged from

2,711 to 3,595 (3,103 ± 163).

Genomic Statistics of SNP-Based Phylogenetic Groups

Unlike previous studies, we accounted for SNPs during

the phylogenetic tree construction to provide more

comprehensive and informative phylogenetic relationships

among the 108 strains. A total of 85,270 SNPs were

identified from the 1,430 core genes. On average, SNPs

were found 67 times per kilobase pair per gene (66.6 ± 31.7,

Table S5). The SNPs were further used for the construction

of a phylogenetic tree (Fig. 1). Five major groups (G1–G5)

and two subgroups within G1 were identified. As the G1A

and G1B subgroups had similar genomic contents when

their RAST annotation profiles were compared (data not

shown), they were merged into the major group G1.

Genomic parameters (genome size, number of CDSs, and

G+C content) among the five groups were compared

(Table 1). A significant difference was found in the G+C

content of accessory genes in all groups (p < 0.001). No

statistical differences were found in the genome size and in

the number of CDSs among the five groups.

Habitat Association with L. plantarum Groups

In a recent study [9], no association between habitats and

phylogenetic groups of L. plantarum was observed.

However, specific statistics were not reported to support

this. As we observed new phylogenetic groups by

employing a different method based on SNPs in this study,

we examined the association of the clusters with isolation

origins (Table S6). Strains from meat products and plants

were slightly enriched in G2 at p = 0.19 and in G3 at p = 0.27,

respectively. Strains from meat products were not found in

the G3, G4, and G5 groups. We were not able to find any

clear statistical evidence for environmental association

with new phylogenetic clusters. We also analyzed genomic

parameters such as genome size, number of CDSs, and

G+C content (%) among the five origins (Table S3) and

Fig. 1. Evolutionary relationships of 108 Lactobacillus plantarum strains based on 85,270 SNPs from 1,430 core genes. 

The evolutionary history was inferred using the neighbor-joining method. The bootstrap consensus tree inferred from 1,000 replicates was taken

to represent the evolutionary history of the taxa analyzed. The percentage of replicate trees in which the associated taxa clustered together in the

bootstrap test (1,000 replicates) are shown next to the branches. Evolutionary analyses were conducted using MEGA7. Each strain origin is

displayed by circles of different colors. ● Animal-derived strains; ● plant; ● dairy; ● gut; ● meat.

Table 1. Genomic comparisons by each group.

Groups No. of strains
Genome size

(kbp)
No. of CDSs

G+C content(%)

in core genes

G+C content(%)

in accessory genes

G1 38 3,299±92 3,118±163 46.0±3.2 41.6±5.3c

G2 18 3,299±165 3,108±216 46.0±3.2 42.0±5.3b

G3 11 3,246±85 3,066±121 46.0±3.2 42.7±5.4a

G4 8 3,187±144 3,053±126 46.0±3.2 42.9±5.0a

G5 23 3,250±97 3,094±135 46.0±3.2 42.2±5.2b

p Values Not applicable 0.0684 0.788 Not applicable ***

*Data are presented as the mean ± standard deviation. p values were calculated by ANOVA test.
a-cValues of the G+C content in accessory genes with different superscripts are significantly different (p < 0.05). ***p < 0.001. 
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found no statistically significant differences. In addition,

we tried to identify any genes that were differentially

enriched or depleted in any of the origins at p < 0.05

(Table S7). A total of 77 and 13 genes were identified to be

habitat-enriched (21, 7, and 40 genes from gut, dairy, and

meat origins, respectively) and habitat-depleted (4 and 6

genes from plant and gut origins, respectively) genes,

respectively. Owing to the limited number of meat-derived

strains, most of the enriched genes were from the meat

origin. Any animal-specific enriched or depleted genes

were not found. We also found phage-associated genes, 19

(5 from gut and 2 from dairy origins) of which were

enriched and two were depleted. Among the 13 depleted

genes, four fructose-related PTS genes were identified and

they were all of gut origin.

Group-Specific Enriched or Depleted Gene Categories

As habitat-association was not clear, we focused on the

characterization of the five newly clustered major

phylogenetic groups (G1-G5). The RAST Annotation

Server supports a classification for gene categories called

subsystems. The subsystems were compared among the

five groups. Genes belonging to 28 subsystems were

differentially enriched or depleted (Table 2, Fig. 2). Both G1

and G2 were enriched for the genes associated with

carbohydrate utilization when compared with the expected

average for all strains. However, G3, G4, and G5 had less

genes than expected. G1 was the only group that had genes

related to xylose utilization. G2 had the highest number of

genes for inositol catabolism (p < 0.05), whereas G5 had the

least number of genes for carbohydrate utilization.

On the other hand, both G1 and G2 were poor in genes

related to the MazEF toxin-antitoxin and toxin-antitoxin

replicon stabilization systems. Such genes were relatively

more abundant in G3 and G5. In addition, the number of

genes for restriction-modification systems, as well as

cadmium, mercury, and arsenic resistance systems, were

significantly elevated in G3 and G5. G2 was the most

abundant in the two nitrogen metabolism subsystems, but

was poor in the two sulfur metabolism subsystems. The

results from the individual gene analysis agreed with these

observations (Fig. 3). Six genes associated with carbohydrate

utilization were enriched in G1. The restriction-modification

system, which is a bacterial defense mechanism, and MazF,

which prompts cell death, were found predominantly in

G5. G1 and G5 were inverse to each other in terms of

Fig. 2. Heatmap for gene abundance of functional categories among L. plantarum groups. 

The number of genes in each cell was scaled on the horizontal axis to allow for group comparisons. Red indicates groups with more genes than

average values in each row, whereas blue indicates those with less. An asterisk (*) is displayed on subsystems that show significant differences by

group.
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enrichment of genes for carbohydrate utilization and cell

self-defense and death, respectively.

Group-Specific Enriched or Depleted Genes and Gene

Ontology

Group-specific genes (Tables 3 and S2) were further

analyzed by their gene ontology categories (Table S9). All

the group-specific genes were accessory genes. Many genes

were enriched in one group and depleted in another. We

identified 1,534 genes that were either enriched or depleted

in one of the five groups (Table 3). Unfortunately, only a

limited number of genes were classified by gene ontology.

G3 had the highest number of enriched genes, whereas G5

had the lowest number of depleted genes. Gene ontology

analysis showed that certain gene categories were enriched

(Table S9). G1-specific genes were enriched in categories

such as transport of organic or amino acids and chitinase

activity. Categories such as nitrate reductase activity and

carbohydrate transmembrane transporter activity were

depleted in G1-specific genes, but were enriched in G2-

specific genes. Twelve G3-specific genes were also found in

the kinase activity category.

Discussion

In this study, we analyzed L. plantarum genomes to show

major differences among five newly defined phylogenetic

clusters. Each group had distinct genomic contents,

Fig. 3. Enriched and depleted genes in the G1 and G5 groups. 

(A) Six genes associated with carbohydrate metabolism were enriched in G1. (B) Eight genes related to the MazEF toxin-antitoxin system and

restriction-modification system were enriched in G5. * The probability that the gene exists in G1 and G5.

Table 3. Number of group-specific enriched or depleted genes.

Origins G1 G2 G3 G4 G5

Enriched genes

Total

Gene with GO ID

141

18

105

27

621

114

215

28

104

7

Depleted genes

Total

Gene with GO ID

212

27

36

1

85

10

56

11

253

27

Significance was examined at p < 0.05 by Fisher’s exact test when compared with

the gene frequencies in all strains. Gene ontology (GO) ID was assigned by the

RAST annotation server. Refer to Table S2 and Table S9 for more details.
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including group-specific genes and gene categories. A

recent study showed a lack of habitat association, reflecting

the nomadic lifestyle of L. plantarum [9]. However, we

identified that certain origins were weakly associated with

two SNP-based groups (meat with G2 and plant with G3,

Table S6). Moreover, each origin had origin-specific genes

and gene categories.

The SNP ratios of genes associated with either cell

membrane component or transport activity were high,

whereas the SNPs associated with either ribosomes or RNA

polymerases were low (Table S5). We found that there was

no correlation between SNP frequency and gene length

(R = 0.14, p < 0.001). Ribosomes are essential in living

organisms, and it has been well established that genes for

ribosomal proteins are conserved in bacterial genera. In

contrast, cell membrane components or transporters are

important for adaptation to the surrounding environments

[21]. Thus, we think that our phylogenetic tree reflects

variations in environmental factors rather than other

factors shared among L. plantarum strains.

For the five phylogenetic clusters, we were unable to find

any critical differences in genome size, number of CDSs,

and G+C content (Table 1). However, we found that

genome contents were different among the five groups.

The strains in G1 and G2 appeared to have opposite

tendencies to strains in G4 and G5. G1 and G2 had a higher

capacity to metabolize various carbohydrates such as

glucose, fructose, galactose, and lactose, but the genes

related to these processes were rare in G4 and G5 (Table 2

and Fig. 2). In contrast, the MazEF toxin-antitoxin system,

which is involved in apoptosis, was deficient in G1 and G2

but was identified significantly more frequently in G5 than

in the other groups (Odds Ratio > 4.0). MazE is antitoxic

and MazF is toxic, and these two are co-expressed and

interact with each other. The activity of MazF is neutralized

by the antitoxic effects of MazE. [22, 23]. In starved and

stressed bacteria, suicide mechanisms may be triggered at

high cell densities in order to enable the use of dead cells as

alternative and emergency sources of nutrients [24].

Another notable feature of strains in G4 and G5 is that they

were rich in genes related to type 1 restriction-modification

systems (Odds Ratio > 10 and Odds Ratio > 3.5, respectively),

which are systems that allow bacteria to distinguish and

destroy foreign DNA entering the cell, such as those from

bacteriophages. There are two enzymes involved in this

process: a restriction endonuclease that cleaves foreign

DNA, and a modification methyltransferase that protects

the host DNA [25, 26]. Although most L. plantarum strains

are capable of growth using a wide variety of carbohydrate

sources [27], strains in G4 and G5 unusually lacked genes

for carbohydrate transport and degradation. It can be

problematic for microorganisms in these groups to obtain

sufficient quantities of nutrients, which thus results in cell

mortality; however, this allows surviving cells to use dead

cells as metabolite sources [24]. In addition, these groups

may also be able to create a defense mechanism to protect

themselves by distinguishing endogenous DNA from

foreign DNA [25, 26]. Such protective strains may lose

chances to obtain foreign genes that may be beneficial to

the host. To test this hypothesis, more studies are required.

From our pan-genomic analysis, we identified that

certain genes and ontology categories were either group-

specifically or origin-specifically enriched or depleted.

However, we were unable to fully understand why such

variations happened and what was beneficial to each

strain. For a better understanding, we need to further

validate the association between such categories/genes

and phenotypes/origins. Such efforts will be helpful to

obtain genetic makers for better probiotic or commensal

L. plantarum strains.
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