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A B S T R A C T   

Lactic acid bacteria (LAB) comprise a widespread bacterial group, inhabiting the niches of fermented vegetables 
and capable of producing beneficial organic acids. In the present study, several bioinformatics approaches were 
used to perform whole-genome sequencing and comparative genomics of five LAB species, Lactobacillus planta-
rum PC1–1, Pediococcus pentosaceus PC2–1(F2), Weissella hellenica PC1A, Lactobacillus buchneri PC-C1, and 
Enterococcus sp. YC2–6, to enhance understanding of their different genetic functionalities and organic acid 
biosynthesis. The results revealed major carbohydrate-active enzymes, putative operons and unique mobile 
genetic elements, including plasmids, resistance genes, insertion sequences and composite transposons involved 
in organic acid biosynthesis. The metabolic pathways of organic acid biosynthesis emphasize the key genes 
encoding specific enzymes required for organic acid metabolism. The five genomes were found to contain various 
regions of secondary metabolite biosynthetic gene clusters, including the type III polyketide synthases (T3PKS) 
enriched with unique genes encoding a hydroxymethylglutaryl-CoA synthase, capable of exhibiting specific 
antimicrobial activity with biopreservative potential, and a cyclic AMP receptor protein (CRP) transcription 
factor acting as a glucose sensor in organic acid biosynthesis. This could enable the organisms to prevail in the 
fermentation process, suggesting potential industrial applications.   

1. Introduction 

Lactic acid bacteria (LAB) are a significant group of aerobic or 
facultative anaerobes, Gram-positive, catalase-negative microorganisms 
widely distributed in nature [1]. They comprise phylogenetically diverse 
genera, including Alkalibacterium, Bacillus, Lactobacillus, Enterococcus, 
Pediococcus, Carnobacterium, Leuconostoc, Oenococcus, Lactococcus, 
Staphylococcus, Weissella, Vagococcus, Streptococcus, and Tetragenococcus 
[2,3]. Based on their beneficial fermentative products, LAB species are 
broadly classified into homofermentative and heterofermentative types 
[4]. Homofermentative LAB yield only lactic acid, while the hetero-
fermentative LAB produce lactic acid and other organic acids [5,6]. 
Many LAB species are attaining recognition in terms of novel uses 

considering their useful attributes in distinct fermentation-related bio-
technologies, including rapid growth, acid tolerance, antimicrobial ac-
tivity, safety for human and animal consumption and industrial-scale 
fermentation. Due to their diverse functional properties, such as pro-
ducing various kinds of sugars, secondary metabolites, and beneficial 
organic acids, they are considered biopreservatives in fermentation in-
dustries [7–10]. 

Beneficial organic acids produced by LAB species comprise mono-, 
di-, and tri-carboxylic acids, i.e., acetic, lactic and propionic acids occur 
as the intermediaries in diverse biosynthetic metabolic pathways and 
amino acid metabolism [11,12]. They are commonly added to foods as 
flavorings, additives and preservatives since they prevent the growth of 
pathogens during fermentation. In addition, organic acid production 
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occurs in two facets: first, the industrial process approach, and second, 
the metabolic pathways involved in biosynthesis by LAB species [13]. 

Exploring LAB species in fermented foods may reveal novel strains 
with disparate functional properties [14]. Moreover, considering latter, 
LAB species are widely applied in industrial fermentation as starter 
cultures, probiotics, and biopreservatives [15]. However, the molecular 
mechanisms that underlie the different genomic attributes among LAB 
species remain unclear and recent technologies in next-generation 
sequencing could better reveal their various genomic features [16]. 
Since the advances in genome sequencing show intra-species genomic 
displacements and symbolic genetic diversity, knowledge of 
species-specific disparity with respect to genome functionalities and 
metabolic pathways is paramount [17]. Advances in whole-genome 
sequencing have also accelerated studies of the biochemistry, genetics, 
and molecular biology of LAB species [18]. 

In this study, five LAB species, namely Lactobacillus plantarum PC1–1, 
Pediococcus pentosaceus PC2–1(F2), Weissella hellenica PC1A, L. buchneri 
PC-C1, and Enterococcus sp. YC2–6, were isolated from fermented veg-
etables for analysis of their general genome characteristics, functional 
annotations, transcription factors, and secondary metabolites biosyn-
thetic gene clusters, to identify unique/shared genes with disparate 
functional properties. The organic acid biosynthesis metabolic pathways 
were also recosntructed to identify key genes and enzymes involved in 
lactic acid and other organic acids unique to or shared by these species. 

2. Materials and methods 

2.1. Bacterial strains and culture medium 

The LAB strains were isolated from the traditional fermented vege-
tables produced in Hunan, China, and stored at our laboratory. Their 
taxa were identified using 16S rDNA fragment sequencing. Five different 
species with a high-yield organic acid-producing ability were chosen for 
this study, consisting of L. plantarum PC1–1, Pediococcus pentosaceus 
PC2–1(F2), Weissella hellenica PC1A, L. buchneri PC-C1, and Enterococcus 
sp. YC2–6. The culture medium with 500 mL deMan Rogosa Sharpe 
(MRS) was used to produce the inoculum for the LAB strains. The cul-
tures were later stored at − 20 ◦C before further analysis. 

2.2. Genomic DNA extraction 

Overnight culture of the isolated LAB species in liquid MRS medium 
was enriched by centrifuging at 10,000 g for 10 min. According to the 
manufacturer’s instructions, extraction of genomic DNA was performed 
using a DNA extraction kit (Sangon Biotech Co. Ltd., Shanghai, China). 
The quality of the extracted DNA was assessed with a Qubit 3.0 Fluo-
rometer (Life Technologies, Carlsbad, CA, USA) and a NanoDrop One 
Spectrophotometer (NanoDrop Tech., Wilmington, DE, USA). 

2.3. Whole-genome sequencing and assembly 

A whole-genome assembly strategy for LAB strains using third- 
generation nanopore sequencing combined with the second-generation 
Illumina sequencing was carried out. For nanopore sequencing, the 
Oxford Nanopore Technology (ONT) library was constructed following 
the manufacturer’s protocols of a Ligation Sequencing Kit SQK-LSK109 
and a Native Barcoding Expansion Pack EXP-NBD104/114 (Oxford 
Nanopore Technologies, Oxford, UK). The prepared ONT library was 
loaded onto R9.4 flow cells of the PromethION sequencer (Oxford 
Nanopore Technologies) to sequence for 72 h. Illumina sequencing was 
conducted on an Illumina NovaSeq 5000 (Illumina Inc., San Diego, CA, 
USA) after ultrasonic fragmentation of the extracted genomic DNA. 
Then the library was constructed through DNA fragment purification, 
terminal repair, 3′ A-tailing, adapter ligation, and PCR amplification. 
Raw data filtering was performed using SOAPnuke software (version 
2.1.2) [19,20]. Assembly of the filtered reads was performed using 

Unicycler software (version 0.4.9) incorporated with SPAdes software 
(version 3.14.1) [21,22]. Both Nanopore and Illumina sequencings were 
completed at Wuhan Benagen Tech Solutions Co., Ltd., Wuhan, China. 

2.4. Gene prediction and functional annotation 

Coding gene prediction was performed by encoding the assembled 
genome in combination with Prokka software (version 1.1.2) and the 
NCBI prokaryotic genome annotation pipeline. The various predicted 
genetic components, including Clustered Regular Interspaced Short 
Palindromic Repeats (CRISPRs) (https://crispr.i2bc.paris-saclay.fr/), 
prophages (http://phaster.ca/), and genetic islands (GIs) (http://www. 
pathogenomics.sfu.ca/islandviewer/) were aggregated and initially an-
notated [23,24]. The sequences were annotated and searched against 
the functional databases, including the Gene Ontology (GO), the Cluster 
of Orthologous Groups of proteins (COG) and the Kyoto Encyclopedia of 
Genes and Genomes (KEGG), and NCBI non-redundant protein (Nr) 
databases, Swiss-Prot, Refseq (https://www.ncbi.nlm.nih.gov/refseq/), 
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi), Pfam (https://pfam. 
xfam.org/) and TIGRFAMs databases (http://tigrfams.jcvi.org/cgi-bi-
n/index.cgi) [25]. Furthermore, the protein sequences were annotated 
in the Carbohydrate-Active enzymes (CAZymes) database using HMMER 
(version 3.2.1) [26]. 

2.5. Phylogenetic tree construction 

The complete genome sequences from 15 LAB strains were used for 
phylogenetic analysis. Briefly, the sequences were aligned, and the an-
alyses of evolutionary history were performed using the MEGA X soft-
ware (https://www.megasoftware.net/). The initial trees used for the 
heuristic search were retrieved spontaneously by applying Neighbor- 
Join and BioNJ algorithms to a matrix of pairwise distances estimated 
using the Maximum Composite Likelihood (MCL) application [27]. 

2.6. Comparative genomics analysis 

Comparative genome analysis was performed using the KEGG data-
base, including identifying strain-specific genes, identifying and classi-
fying orthologous genes and protein functions, and calculating the pan 
and core genomes (https://github.com/CJ-Chen/TBtools/releases) 
[28]. Mobile genetic elements associated with the species were analyzed 
using a newly developed web tool, MobileElementFinder (version 1.0.2) 
[29]. A webserver was used for precise operon identification in the 
species genomes [30]. Multiple genome alignments analysis was per-
formed using the progressiveMauve software (version 20150226) to 
further analyze evolutionary relationships among the species [31]. 

2.7. Analysis of secondary metabolites biosynthetic genes and 
transcription factors 

The prediction of unique and shared gene clusters of secondary 
metabolites present in the LAB and other related species were detected 
using Antibiotics and Secondary Metabolite Analysis Shell antiSMASH 
(version 6.0) program [32]. Gene contents that are > 80% and < 20% 
similar were regarded as shared and unique gene clusters, respectively 
[33]. The predicted gene clusters were checked for all available 
biosynthetic gene clusters for functional identification in the Minimum 
Information about a Biosynthetic Gene cluster (MIBiG) directory [34, 
35]. Additionally, EMBOSS protein plugin with Geneious prime software 
(version 8.0) was used to predict transcription factors and Match soft-
ware (public version 1.0) was used to identify the transcription factor 
binding sites (TFBS) in DNA sequences based on a weight matrix pro-
gram from TRANSFAC® (version 6.0) [36]. 
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3. Results and discussion 

3.1. General genomic characteristics 

The general genomic features among the five LAB species are listed 
in Table 1. Their respective genome sizes were 1804,035 bp 
(P. pentosaceus PC2–1(F2)), 1947,106 bp (W. hellenica PC1A), 2467,816 
bp (L. buchneri PC-C1), 3096,889 bp (Enterococcus sp. YC2–6) and 
3200,572 bp (L. plantarum PC1–1). Prophages were absent in 
L. plantarum PC1–1 and Enterococcus sp. YC2–6. The presence of pro-
phages may improve adhesion, enhance environmental adaptability and 
antibiotic resistance, and possibly promote the acquisition of pathogenic 
traits in some bacterial species. The predicted CRISPR sequences were 
present only in W. hellenica PC1A and L. buchneri PC-C1. Current 
research suggested that CRISPRs could provide some kind of acquired 
immunity to the host [37]. The five LAB species contained three families 
of carbohydrate-active enzymes (CAZymes), including glycoside hy-
drolase (GH), glycosyl transferase (GT), and carbohydrate esterase (CE). 
The most abundant CAZy genes among the LAB species belonged to the 
GH family, and only W. hellenica PC1A contained the CE gene (Table 2). 
The GHs are crucial for carbohydrate metabolism, prompting glycosidic 
bond hydrolysis. Also, CEs cause the removal of esters from substituted 
saccharides and are extensively adopted in industrial biotechnological 
applications [38,39]. The whole-genome alignment-based phylogenetic 
relationships of the five LAB species with other related species obtained 
from the NCBI database were analyzed using the MEGA X software. The 
resulting phylogenetic tree revealed the relationship among the various 
LAB species majorly rooted at the branches with bootstrap frequency 
50% or greater (Fig. 1). 

3.2. Comparison of gene functions and homologous classification of gene 
products 

Fig. 2a and b show the number of orthologous gene clusters and gene 
functions/ classifications of unique and shared genes among the five 
LAB species. Overall, 27 orthologous genes and 28 gene functions were 
shared among the species. The highest number of genes was designated 
to carbohydrate metabolism, followed by amino acid metabolism for 
L. plantarum PC1–1, L. buchneri PC-C1 and Enterococcus sp. YC2–6 and 
nucleotide metabolism for P. pentosaceus PC2–1(F2) and W. hellenica 
PC1A. Conversely, others [40] reported amino acid metabolism genes as 
higher than carbohydrate metabolism genes in the Enterococcus faecalis 
V583 and L. plantarum WCFS1 genomes. The ability of LAB species to 
metabolize carbohydrates is an essential index of gene functionality and 
requires further exploitation of beneficial strains for use in industrial 
fermentations [41,42]. LAB species are regarded as a group of organisms 
exhibiting variations in nutrient metabolism. In addition, the physio-
logical performances of LAB with diverse amino acid metabolism have 
been attributed to the biopreservatives and flavor potential of these 
species in industrial fermentations [43,44]. 

The GO and COG annotations of the five LAB genomes showed 

diverse genes involved in organic acid biosynthesis, carbohydrate 
transport, and secondary metabolites biosynthesis (Suppl. Tables S1-S5). 
The L. plantarum PC1–1 genome contained the highest number of genes 
(205) for organic acid biosynthesis while Enterococcus sp. YC2–6 genome 
contained the highest number (287) involved in carbohydrate transport. 
The diversity of transporters in LAB is linked to an exceptional ability to 
utilize nutrient sources found in their environments. Likewise, LAB ge-
nomes are associated with a variety of transporters, primarily phos-
photransferase system (PTS), involved with their ability to metabolize a 
wide range of carbohydrates from various environments as well as 
regulate the functioning of metabolic pathways by transcription regu-
lation and activation of key enzymes [45]. In addition, organic acids and 
secondary metabolites are used as starting components in industrial 
applications, such as food and bio-based products. However, several LAB 
species have shown potential to replace synthetic-based technologies for 
production of organic acids due to their ability to utilize inexpensive and 
renewable feedstocks [46]. 

3.3. Genome collinearity and gene order conservation 

Comparisons between genomes reveal homologous genes and gene 
order that show their typical evolutionary ancestry and successive 
conservation through synteny mapping [31,47]. In this study, the pro-
gressiveMauve alignment revealed a synteny among the genomes of the 
five LAB species, L. plantarum PC1–1, L. buchneri PC-C1, W. hellenica 
PC1A, P. pentosaceus PC2–1(F2), and Enterococcus sp. YC2–6. Eight 
Locally Collinear Blocks (LCBs) of specific lengths with a minimal con-
servation weight of 1507 were identified, and sequences outside colored 
blocks do not have homologs in the other genomes (Fig. 3). The genomes 
of a bacterial species are supposed to be clusters of unique origin-specific 
segments shared with complimentary genomes [48]. The whole-genome 
alignments also revealed that the sum of inversions expanded with 
relative chromosomal rearrangements, primarily interchromosomal 
translocations in L. buchneri PC-C1, W. hellenica PC1A, P. pentosaceus 
PC2–1(F2), and Enterococcus sp. YC2–6. Moreover, L. plantarum PC1–1 
and L. buchneri PC-C1 have more pairwise phylogenetic matches than 
the other species. A sketchy disparity was apparent between L. plantarum 
PC1–1 and W. hellenica PC1A compared to other species since their 
genome evolution could be swift [49]. However, all the LAB species 
exhibited markedly different genome arrangements, further prompting 
their conservation within gene orders. 

3.4. Characterization of mobile genetic elements (MGEs) 

Microorganisms emerge through DNA mutations and the transfer of 
mobile genetic elements (MGEs), contributing to their adaptation and 
evolution [50]. MGEs often transfer various accessory genes that give 
their host cell a particular advantage, including unusual metabolic 
pathways, antibiotic resistance and virulence factors. Even though 
MGEs are the principal agents of horizontal gene transfer (HGT), 
comparably few have been sequenced, and analysis of their genomic 

Table 1 
Comparison of genomic features among five LAB species.  

Features L. plantarum PC1-1 P. pentosaceus PC2-1 (F2) W. hellenica PC1A L. buchneri PC-C1 Enterococcus sp.YC2-6 

Genome size (bp) 3,200,527 1,804,035 1,947,106 2,467,816 3,096,889 
G + C content (%) 44.4 37.2 37.0 44.2 40.6 
Number of genes 3291 1893 2048 2579 3128 
Predicted CDS 3145 1785 1902 2436 2997 
tRNA 66 56 76 64 61 
rRNA 16 15 28 15 15 
tmRNA 1 1 1 1 1 
Plasmid 6 2 3 2 2 
Prophage 0 1 1 1 0 
CRISPR number 0 0 1 1 0 
Gene island 11 2 5 7 10 
Repeat sequence 156 147 204 132 165  
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features is lacking [5]. In this study, a total of 34 MGEs among the five 
LAB species were predicted using the bioinformatics software Mobi-
leElementFinder, of which 27 were insertion sequences, and 7 were 
composite transposons (Table 3). Three plasmids, rep28, rep38 and 
repUS1 with accession numbers, CP005948, CP005943, and AM931300, 
were found only in three species, L. plantarum PC1–1, L. buchneri PC-C1, 
and Enterococcus sp. YC2–6, respectively and four unique conjugative 
transposons were detected in all LAB genomes except for W. hellenica 
PC1A. These composite transposons contained putative MGEs that could 
mobilize transposase-encoding genes, also found in other lactic acid 
bacteria capable of promoting genome plasticity and adaptation to their 
environment [51]. HGT is undoubtedly typical in LABs due to MGEs 
such as transposons, insertion sequences, and plasmids [52]. The 
insertion sequences, plasmids and transposons belonging to ISLpl1, 

ISP1, and ISP2 groups in L. plantarum PC1–1, ISLpl1 and ISII65 groups in 
L. buchneri PC-C1, ISLpl1 group in W. hellenica PC1A, ISEnfa1, ISLgar5, 
and ISEfa5 groups in Enterococcus sp. YC2–6 and ISS1W group in 
P. pentosaceus PC2–1(F2) are associated with carbohydrate metabolism, 
bacteriocin production, and antibiotic resistance [53]. In addition, novel 
resistance genes, CIpL and VanC1XY were found in L. plantarum PC1–1, 
L. buchneri PC-C1, and Enterococcus sp. YC2–6, respectively. The pres-
ence of these resistance genes could promote the motility of MGEs, 
allowing them to disperse throughout a bacterial community [29]. 

3.5. Organic acid biosynthesis metabolic pathways analysis of the LAB 
species 

In this study, the five LAB species, L. plantarum PC1–1, P. pentosaceus 

Table 2 
Enumeration of carbohydrate-active enzymes identified in the five LAB genomes.  

CAZymes L. plantarum PC1-1 P. pentosaceus PC2-1 (F2) W. hellenica PC1A L. buchneri PC-C1 Enterococcus sp.YC2-6 

Glycoside hydrolase 4 4  3 5 6 
Glycosyl transferase 2 2  2 1 – 
Carbohydrate esterase – –  1 – –  

Fig. 1. Phylogenetic relationship based on whole-genome- 
sequences of five LAB species (represented in colored la-
bels) with other closely related species. Evolutionary his-
tory was inferred with the Kimura 2-parameter model and 
the Maximum Likelihood method. Branches that were 
analogous to apportionments replicated below 50% boot-
strap were disbanded. The proportions of replicate phy-
logenies clustered with the related taxa in the bootstrap 
test are delineated in the adjoining branches. Tetrageno-
coccus halophilus CP020017.1 was used as an outgroup.   

Fig. 2. Venn diagrams showing (a) the number of clusters of orthologous genes (b) gene functions/ classifications of unique and shared genes among five 
LAB species. 
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PC2–1(F2), W. hellenica PC1A, L. buchneri PC-C1, and Enterococcus sp. 
YC2–6 utilized sugars primarily through homo- and hetero- 
fermentations, using the Embden-Meyerhof-Parnas (EMP), the pentose 
phosphate, and the pentose phosphoketolase (PK) pathways. Fig. 4 
shows the similarities and differences of corresponding genes and en-
zymes involved in organic acid biosynthesis of the five species. 

3.5.1. Similarities in organic acid biosynthesis of the five LAB species 
The five LAB genomes contain various similar genes, including alsD, 

budA, and aldC genes encoding alpha-acetolactate decarboxylase, part of 
the subpathway synthesizing (R, R)-butane-2, 3-diol for NAD+ conver-
sion by the production of acetoin or diacetyl from pyruvate. These me-
tabolites serve as leavening agents during the fermentation process and 
have been suggested for many industrial applications because of their 
organoleptic properties and reduced fermentation costs [54,55]. Other 
similar genes present in the organic acid metabolic pathways of the five 
genomes include zwf, rpiA, pyk, lacZ, Ldh, gapA, ackA, acpP, and rpe. 
Their presence suggests that these species carry out beneficial organic 
acid biosynthesis via the conversion of sugars [55–58]. Notably, genes 
encoding L-lactate dehydrogenase (EC: 1.1.1.27) and acetate kinase (EC: 
2.7.2.1) are crucial in fermenting waste plant and biomass material to 
generate lactic acid, acetic acid, pyruvic acid, etc. In recent years, the 
demand for these organic acids produced from microbial fermentation 
has increased due to their varied applications as probiotics and food 
additives [58,59]. The five genomes also contain several genes encoding 
peptidases, including pepX, which encodes aminopeptidases. These 

genes promote the adaptation of LAB species to nutritionally rich en-
vironments [60]. Because microbial aminopeptidases differ from other 
sources, they are widely utilized as debittering agents in synthesis of 
protein hydrolysates with a wide range of applications in the food in-
dustry [61]. 

3.5.2. Differences in organic acid biosynthesis of the five LAB species 
Different carbohydrate transport mechanisms, including permeases 

and PTS and the corresponding genes involved in utilizing hexoses, were 
found in the LAB genomes. However, the absence of fruA and fruB, that 
produce mannitol by encoding fructose-specific permease and 
phosphoenolpyruvate-dependent PTS (EC: 2.7.1.202), in W. hellenica 
PC1A could be associated with the inability of the strain to carry out 
catalysis of sugar substrates phosphorylation simultaneously with their 
translocation beyond the cell membrane. Mannitol produced by LAB 
offers several biopreservative properties in industrial applications by 
preventing oxidative damage from oxygen radicals, leading to fer-
mented food products with improved nutritional value. However, 
Weissella species lack the metabolic pathway that produces mannitol 
from fructose [62,63]. L. plantarum PC1–1 and Enterococcus sp. YC2–6 
genomes contain the dxs and pflA, pflC, pflE genes. The presence of the 
latter could be attributed to their ability to encode pyruvate formate 
lyase (PFL) activating enzyme (EC: 1.97.1.4) which catalyzes the con-
version of acetyl-CoA and formate from pyruvate and also an alternative 
pathway for the formate, ethanol and acetate production. PFL has been 
reported as the only source of acetyl CoA for the citric acid cycle during 

Fig. 3. Synteny map showing the gene order conservation among five LAB species. The progressiveMauve algorithm revealed 8 Locally Collinear Blocks (LCBs). The 
block sizes are analogous to the genomic amplification of LCBs. Each genome was linked across homologous blocks expressed as identically colored regions, and 
heights of vertical bars within LCBs indicate relative genome conservation. LCBs below the centerline of a genome indicate inversions proportionate to the refer-
ence genome. 

Table 3 
Mobile genetic elements for the genomes of five LAB species.  

Genomes Contig family Resistance genes Plasmid No. of MGEs No. of composite transposons No. of insertion sequences 

L. plantarum PC1–1 IS1182, IS30, ISL3 CIpL rep28 (CP005948)  17 3  14 
P. pentosaceus PC2–1(F2) IS6 NA NA  2 1  1 
W. hellenica PC1A IS30 NA NA  1 NA  1 
L. buchneri PC-C1 IS1182, IS30, ISL3 CIpL rep38 (CP005943)  6 2  4 
Enterococcus sp. YC2–6 IS256, IS6 VanC1XY repUS1 (AM931300)  8 1  7 

NA, not available. 
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bacterial fermentation [64]. However, the absence of this essential 
metabolic enzyme could facilitate the build-up of surplus NADH during 
the metabolism of fumarate-independent anaerobic glycerol in LAB 
[65]. The gene (pfkA) involved in the complete PK and EMP pathways 
was present in three species, L. plantarum PC1–1, P. pentosaceus PC2–1 
(F2), and Enterococcus sp. YC2–6. It encodes 6-phosphofructokinase (EC: 
2.7.1.11) involved in glycolysis. However, the absence of this enzyme, 
which breaks down fructose 1,6-bisphosphate in W. hellenica PC1A and 
L. buchneri PC-C1, makes them unable to perform the initial stage of 
glycolysis due to their obligate heterofermentative nature [66]. 

Additionally, L. plantarum PC1–1 and L. buchneri PC-C1 genomes 
contain fum and aspA involved in the TCA cycle and alternative path-
ways for aspartate catabolism, respectively. Although these genomes 
could not cover the entire citrate acid cycle (TCA), various enzymes in 
this pathway seem to be present [67]. This amino acid conversion 
pathway contributes to NAD+ regeneration and, as a result, allows an 
efficient breakdown of sugars during the fermentation process [62]. The 
gene encoding aldehyde dehydrogenase (EC: 1.2.1.3), concerned with 
the oxidation of aldehydes to carboxylic acids, was absent in all the LAB 
genomes. However, L. plantarum PC1–1 and W. hellenica PC1A genomes 
contain DLAT (aceF, pdhC) and Adh genes encoding pyruvate dehydro-
genase E2 component (EC: 2.3.1.12) and alcohol dehydrogenase (EC: 
1.1.1.1), respectively. They serve as alternative pathways for carboxylic 
acid synthesis by catalyzing the complete breakdown of pyruvate to 
acetyl-CoA and CO, linking the glycolytic pathway to the TCA cycle and 
regenerating NAD+. Carboxylic acids are small organic acids with one or 
more carboxylic acid groups usually produced from carbohydrate 
metabolism during fermentation. Their applications as natural food in-
gredients derived from the increasing demand for safe and renewable 
resources using bioprocesses [68]. The absence of butA encoding 
diacetyl reductase (EC: 1.1.1.304), which catalyzes the permanent 

reduction to (S)-acetoin from 2, 3-butanediol and NADH, in L. plantarum 
PC1–1 could indicate that acetoin is the only metabolite to be formed 
from pyruvate by this organism [62,69]. Acetoin synthesis maintains pH 
during potential pyruvate production or by accumulating acidic 
fermentation products such as lactate and acetate in Lactobacillus [70]. 

L. plantarum PC1–1 genome also contains Pta and sdaC encoding 
phosphate acetyltransferase (EC: 2.3.1.8) and L-serine dehydratase (EC: 
4.3.1.17), respectively, which perform a vital function in the bio-
preservative performance of LAB by catalyzing the production of 
beneficial metabolites. However, their absence in the other LAB ge-
nomes could possibly alter the amino acid transmembrane activity by 
reducing the adaptation of LAB to glucose limitation during prolonged 
fermentation [71]. Thus, the L. plantarum PC1–1 genome was shown to 
contain various genes involved in beneficial organic acid biosynthesis. 
L. plantarum species are found in diverse environments and have many 
phenotypic traits, metabolic capacities and industrial applications. 
Moreover, their varied applications in industrial fermentations have 
uncovered their niche-specific genetic evolution as biopreservatives 
compared to other LAB species [72,73]. 

3.6. Prediction of putative operons associated with organic acid 
biosynthesis 

One of the significant benefits of operon prediction in novel bacterial 
species is linking hypothetical genes to more well-characterized loci and 
understanding the function and regulation of the uncharacterized genes 
[30]. In this study, the operon predictions depended on the intergenic 
intervals of adjoining genes and the functional linkages of their 
protein-coding outputs. The five LAB species contained a varied number 
of genes and transcription units where the likelihood that the genes 
belong to the same operon is up to 99%, indicating that these gene pairs 

Fig. 4. Organic acid biosynthesis metabolic pathways of five LAB species. The genes present in all genomes are in dark blue; those in PC1–1, PC2–1(F2), and YC2–6 
are in yellow; those in PC1–1 and YC2–6 are in light yellow; those in PC1–1 and PC1A are in dark red; those in PC1–1 and PC-C1 are in pinkthose in PC1–1 are in sky 
blue; those found in all genomes except PCIA are in black; those found in all genomes except PC1–1 are in green; GAP, glyceraldehyde 3-phosphate; G3P, glycerol-3- 
phosphate dehydrogenase; R5P, ribose 5-phosphate; X5P, xylulose 5-phosphate; DHAP, dihydroxyacetone phosphate; pentose phosphoketolase pathway; hetero-
fermentative metabolism; EMP, Embden-Meyerhof-Parnas pathway; pentose phosphate pathway; homofermentative metabolism. 
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possibly represent 375, 416, 530, 631 and 640 operons found in 
P. pentosaceus PC2–1(F2), W. hellenica PC1A, L. buchneri PC-C1, 
L. plantarum PC1–1, and Enterococcus sp. YC2–6, respectively 
(Table 4). Of those, nineteen putative operons were further identified in 
the sequences of the genomes, associated with organic acid biosynthesis. 
An operon containing gene encoding putative glycosyl/glycer-
ophosphate transferase and co-transcribed with alcohol dehydrogenase 
(EC: 1.1.1.103) responsible for catalyzing the interconversion of alco-
hols, aldehydes, and ketones was found in all the LAB species. Also, an 
operon encoding D-ribose pyranase (EC: 5.4.99.62) gene concerned with 
the subpathway synthesizing D-ribose 5-phosphate from beta--
D-ribopyranose was found in all except for W. hellenica PC1A. This 
operon was co-transcribed with genes encoding putative glucose uptake 
permease along with ABC-type ribose transport system and transcrip-
tional regulator /sugar kinase for P. pentosaceus PC2–1(F2) and 
L. plantarum PC1–1, respectively. Most LAB genes are co-transcribed 
with particular or extended genes as a component of a multigene 
operon, and genes within the same operon usually have similar func-
tional properties, including participation in likewise metabolic path-
ways [74]. 

An operon that metabolizes L-xylulose-5-phosphate 3-epimerase, 
genes UlaE and SgaU, involved in carbohydrate metabolism, and a 
transcriptional regulator were present in W. hellenica PC1A. L. plantarum 
PC1–1 contained an operon synthesizing D-fructose 6-phosphate from 
the N-acetylneuraminate pathway involved in amino-sugar metabolism 
and amino-acid aminotransferase (EC: 2.6.1.57). The metabolism of 
amino acids is linked to the synthesis of various beneficial secondary 
metabolites in LAB [75,76]. L. plantarum PC1–1, L. buchneri PC-C1, and 
P. pentosaceus PC2–1(F2) contained two co-transcribed operons encod-
ing the signal transduction histidine kinase that regulates the meta-
bolism of citrate/malate and the LytR family transcriptional regulatory 
protein. Previous studies have considered two-component systems as 
universal signal transduction pathways mainly associated with organic 
acid biosynthesis, production of bacteriocins, and other physiological 
processes, such as resistance to antimicrobial peptides, control of ni-
trogen metabolism, and response to stress [77]. 

3.7. Prediction of transcription factors involved in organic acid 
biosynthesis of the LAB species 

Transcription is part of the critical processes of gene expression for 
secondary metabolism in LAB, regulation of which promotes their 
ability to adapt to varying environmental settings [78,79]. Distinct 
transcription factors regulating the genes needed for organic acid 
metabolism have been identified recently in diverse LAB species [80]. 
Several were identified in this study, with a unique transcription factor 
known as cyclic AMP receptor protein (CRP), shared by the five LAB 
genomes (Fig. 5a). CRP acts as a glucose sensor by activating tran-
scription of the lactose operon when the glucose level is low [81]. 

Overall, the CRP comprised 16, 13, 15, 15 and 19 binding sites for 
L. plantarum PC1–1, P. pentosaceus PC2–1(F2), W. hellenica PC1A, 
L. buchneri PC-C1, and Enterococcus sp. YC2–6, respectively. Transcrip-
tion factors binding to specific sites are a central mechanism of tran-
scriptional regulation [82,83]. For instance, the nucleotide position 
frequency and sequence logo (SeqLogo) for the CRP binding sites are 
presented (Fig. 5b). The SeqLogo construction of the operator sequences 
exhibited highly conserved motifs specific to the various CRP tran-
scription binding sites of the five LAB species. These consensus sequence 
motifs are indicated at the top, making it easy to compare binding sites 
among the LAB species regardless of strand orientation. The CRP binding 
sites regulate over 500 genes through activation or repression and are 
typically involved in organic acid biosynthesis metabolic pathways, 
such as the PTS, citrate metabolism, and galactose metabolism [84]. The 
ascertained improvement of these pathways through regulation has 
revealed the cascading effects on intracellular ATP and NADH genera-
tion and effective glucose transport and tolerance to inhibitors during 
the exponential growth phase in industrial fermentation [85]. 

L. plantarum PC1–1 genome was also found to contain putative DeoR- 
type transcriptional repressors with novel genes (srlR and ydjF) that 
encode for the sugar-PTS system to regulate sugar catabolism and 
nucleoside metabolic systems. Central sugar metabolism requires regu-
lation during industrial fermentation to prevent the accumulation of 
harmful intermediates such as phosphorylated sugars. Deletion of these 
genes could significantly affect the growth of bacteria in culture media 
containing different carbon sources. Also, an activating transcription 
factor 1 (ATF-1) was found in the L. plantarum PC1–1 genome. This 
transcription factor family is required to regulate cellulase and xylanase 
production. However, specific carbon sources in different environments 
influence the transcriptional regulation of cellulolytic and xylolytic 
genes that regulate the expression of lignocellulose-degrading enzymes. 
These regulatory genes affect organic acid metabolism and abundance in 
bacteria during industrial fermentation [86]. Moreover, L. plantarum 
species are frequently found in fermented foods, including fermented 
vegetables, containing various extracellular hydrolytic enzymes. The 
regulation of biotransformation through solid-state fermentation by 
these species is a potential biotechnology approach for production of 
valuable compounds from agricultural biomass, including enzymes, 
ethanol and biofuels [87]. 

3.8. Secondary metabolite biosynthetic gene clusters 

Secondary metabolites are small organic molecules with diverse and 
potent biological functions identified through genome mining [32,88]. 
In this study, the five LAB genomes expressed the potential to produce 
putative metabolites organized as biosynthetic gene clusters (BGCs), 
which can be explored for industrial applications. Seven secondary 
metabolite BGCs, including non-ribosomal peptide (NRPS), type III 
polyketide synthases (T3PKS), ribosomally synthesized and 
post-translationally modified peptides (RiPP-like), 
cyclic-lactone-autoinducer, lanthipeptide-class IV, terpene, and lasso 
peptide containing several putative genes were predicted (Table S6). 
The five genomes contained the T3PKS with unique core biosynthetic 
gene mvaS encoding hydroxymethylglutaryl-CoA synthase (EC: 
2.3.3.10), a monomeric unit of consistent integration of secondary me-
tabolites (Fig. 6). This enzyme is sensitive to feedback substrate inhi-
bition by acetoacetyl-CoA, built up from pyruvate in the concluding 
steps of glycolysis. Hydroxymethylglutaryl-CoA is also a metabolite 
from the catabolism of fatty acid with the potential to block the growth 
of pathogenic microorganisms in food fermentation [89]. The LAB ge-
nomes also contain additional biosynthetic genes encoding putative 
glycosyltransferase, HAD-hydrolase and D-lactate/D-glycerate dehy-
drogenase involved in pyruvate metabolism. These enzymes are found in 
a wide range of microorganisms and play a role in NAD+ regeneration 
during lactic acid fermentation [90]. They are also involved in diverse 
biological functions, including phage absorption and adhesion, and have 

Table 4 
Operon predictions for the genomes of five LAB species.  

Genome No. of 
predicted 
genes 

No. of 
transcription 
units 

No. of 
predicted 
operons 

No. of putative 
operons 
associated with 
organic acid 
biosynthesis 

L. plantarum 
PC1–1  

3067  1741  631  13 

P. pentosaceus 
PC2–1(F2)  

1793  882  375  9 

W. hellenica 
PC1A  

1882  924  416  6 

L. buchneri PC- 
C1  

2465  1342  530  10 

Enterococcus 
sp.YC2–6  

2954  1568  640  6  
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also been proposed as safe additives for application in food fermentation 
[35,91]. The glycosyltransferases form glycosidic bonds by transferring 
carbohydrate molecules from stimulated sugar donors to acceptor mol-
ecules [16]. In addition, L. plantarum PC1–1 and L. buchneri PC-C1 ge-
nomes contain the RiPP-like BGCs with unique LagD and YcaC genes. 
LagD encodes Lactococcin G-processing and transport ATP-binding 
protein, a bacteriocin capable of exhibiting specific antimicrobial ac-
tivity [92]. Several LAB strains belonging to the Lactobacillus genera are 
suggested for food preservation due to the presence of antimicrobial 

metabolites [93]. Moreover, secondary metabolites such as antimicro-
bial RiPPs are bacteriocins that have been post-translationally modified, 
having a multiformity of systems and biological functions, including 
antibacterial activities and performances in signaling as co-factors [94]. 
Their BGCs have several characteristics in common and have garnered 
much attention as a source of novel therapeutics in the food and agri-
culture sector, especially as alternatives to conventional antibiotics in 
drive-over-resistant pathogenic bacteria. Because of their heat stability, 
pH tolerance, and proteolytic action, bacteriocins from LAB could be 

Fig. 5. (a) Venn diagram showing the number of transcription factors in the five LAB genomes, (b) Sequence logo showing several predicted CRP transcription factor 
binding sites among five LAB species. 

Fig. 6. Comparison of the T3PKS biosynthetic gene clusters of the five LAB genomes. Dark red depicts core biosynthetic genes; pink - other biosynthetic genes; blue 
-transport-related genes; green - regulatory genes; gray - other genes. 
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used as natural preservatives to prevent spoilage and growth of patho-
genic bacteria in food [95]. 

The lanthipeptide-class IV, comprising a significant family of RiPP 
with impressive functional characteristics and biological activities [96], 
was also found in the Enterococcus sp. YC2–6 genome. This BGC contains 
various putative genes involved in organic acid biosynthesis by encod-
ing 1,4-beta-mannosyl-N-acetylglucosamine phosphorylase, 
glutamine-fructose-6-phosphate aminotransferase, PTS system 
mannose-specific components, phosphoglucomutase, lactose transport 
system permease, putative formate transporter, and L-arabinose trans-
port system permease. Furthermore, L. plantarum PC1–1 and Entero-
coccus sp. YC2–6 contain transporter-related genes encoding 
bicarbonate transport system permease and inner membrane ABC 
transporter permease, respectively, while L. buchneri PC-C1, W. hellenica 
PC1A and Enterococcus sp. YC2–6 contain regulatory genes (Fig. 6). This 
supports the theory that the dynamic interaction of transporters and 
enzymes results in the formation of a functional membrane transport 
system conveying external substrates directly into cellular metabolism. 
Moreover, regulation of enzyme-transporter binding and mutual activity 
could control flux through transporters and substrate entrance into 
metabolic pathways [97]. 

4. Conclusion 

This study reports the whole-genome information of the different 
genetic functionalities and beneficial organic acid biosynthesis of five 
LAB species, L. plantarum PC1–1, P. pentosaceus PC2–1(F2), W. hellenica 
PC1A, L. buchneri PC-C1, and Enterococcus sp. YC2–6 isolated from fer-
mented vegetables. The organic acid biosynthesis metabolic pathways 
are enriched with unique and shared genes underlying different 
fermentative capabilities of the five species. In addition, the five ge-
nomes contain unique core secondary metabolite biosynthetic gene 
clusters with biopreservative potential and a CRP transcription factor 
with novel binding sites involved in organic acid metabolism. These 
findings thus suggest the potential development of these LAB species for 
industrial fermentations. 
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