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Pediococcus acidilactici is a reliable bacteriocin producer and
a promising probiotic species with wide application in the
food and health industry. However, the underlying genetic
features of this species have not been analyzed. In this study,
we performed a comprehensive comparative genomic analy-
sis of 41 P. acidilactici strains from various ecological niches.
The bacteriocin production of 41 strains were predicted and
three kinds of bacteriocin encoding genes were identified in
11 P. acidilactici strains, namely pediocin PA-1, enterolysin
A, and colicin-B. Moreover, whole-genome analysis showed
a high genetic diversity within the population, mainly related
to a large proportion of variable genomes, mobile elements,
and hypothetical genes obtained through horizontal gene
transfer. In addition, comparative genomics also facilitated
the genetic explanation of the adaptation for host environ-
ment, which specify the protection mechanism against the
invasion of foreign DNA (i.e. CRISPR/Cas locus), as well as
carbohydrate fermentation. The 41 strains of P. acidilactici
can metabolize a variety of carbon sources, which enhances
the adaptability of this species and survival in different envi-
ronments. This study evaluated the antibacterial ability, ge-
nome evolution, and ecological flexibility of P. acidilactici
from the perspective of genetics and provides strong support-
ing evidence for its industrial development and application.

Keywords: Pediococcus acidilactici, comparative genomics,
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Introduction

Pediococcus is a type of lactic acid bacteria (LAB), of which

the most prominent characteristics are acid-tolerance, in-
ability to synthesize porphyrins, and possessing of a strictly
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fermentative (homofermentative) and facultatively anaerobic
metabolism, with lactic acid as the major metabolic end-pro-
duct (Holzapfel et al., 2006). At present, 11 different species
of the genus Pediococcus have been found, including P. aci-
dilactici, P. argentinicus, P. cellicola, P. claussenii, P. damnosus,
P. ethanolidurans, P. inopinatus, P. parvulus, P. pentosaceus,
P. siamensis, and P. stilesii. Among these species, the species
Pediococcus acidilactici have drawn special attention, ow-
ing to its ability to produce antimicrobial agents (Porto et al.,
2017), such as pediocin PA-1, pediocin AcH, pediocin SA-1,
and pediocin L50 (Biswas et al., 1991; Henderson et al., 1992;
Cintas et al., 1995; Anastasiadou et al., 2008). For this rea-
son, many strains of P. acidilactici have been used for the
preservation and safety assurance of food and beverage dur-
ing storage by inhibiting pathogenic and spoilage bacteria
(Porto et al., 2017), such as Listeria monocytogenes (Komora
et al., 2020) and Staphylococcus aureus (Cintas et al., 1998).
Moreover, some strains of this species were found to prevent
the colonization of pathogens such as Shigella spp., Salmo-
nella spp., Clostridium difficile, and Escherichia coli in the
small intestine. Therefore, it was assumed they could also be
used as a probiotic supplement (Feng et al., 2016). Indeed, it
has been found that some strains of P. acidilactici are able to
reduce serum cholesterol levels, improve antioxidant status,
and promote nutrient digestibility (Shah et al., 2018). It has
also been proved that some other strains can reduce serum
triglycerides by inhibiting fat absorption and enhance fat de-
gradation and metabolism simultaneously (Ueda et al., 2018).
All these properties make P. acidilactici a promising probiotic,
and not surprisingly more and more attention has been put
on this species.

Another property of the species P. acidilactici is broad eco-
logical distribution, including fermented food, plants, animal/
human gut, wine, and so on. This broad ecological distribu-
tion reflects metabolic flexibility that has fueled widespread
application of the species in the food and health industry.
For example, strains of this species are employed as acid-pro-
ducing starter cultures in milk fermentation, as adjunct cul-
tures to accelerate or intensify flavor development in bacte-
rial ripened cheeses, and as probiotics to enhance human or
animal health (Goldin and Gorbach, 1992; Stiles and Holzap-
fel, 1997; Mayra-Makinen and Bigret, 2004). Compared with
other fastidious probiotic strains, the widespread application
of P. acidilactici increases its potential to be exploited as pro-
biotic supplement (Abu-Taraboush et al., 1998; Olszewska
and Staniewski, 2012).

Despite their probiotic properties and promising applica-
tion in the food industry, the underlying genetic/genomics
features of this species have not been analyzed. In this study,
we performed a comprehensive comparative genomics an-
alysis on 41 P. acidilactici strains to investigate the genomic
biodiversity among the species, to explore their bacteriocin-
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producing ability as well as to analyze potential habitat adap-
tation, which will provide strong evidence for probiotic
properties in this species and enable its engineering.

Materials and Methods

Pan-genome calculation

For all genomes used in this study, the pan-genome and core-
genome calculation was performed using GET_HOMOLO-
GUES pipelines (Contreras-Moreira and Vinuesa, 2013), in
order to calculate the total gene repertoire and the degree of
overlap and diversity of the 41 P. acidilactici strains. Sequ-
ence comparisons at the protein level were performed using
an all-against-all, bi-directional BLAST alignment (Altschul
et al., 1990) with 75% match cutoff and value cutoff of 1le-5,
followed by clustering into protein families, named Clusters
of Orthologous genes (COGs). A presence/absence matrix
was built using a custom Perl scripts incorporated in GET_
HOMOLOGUES software, which including all identified
COGs in the analyzed genomes and allowing for identifica-
tion of core- and variable-genome. Then, All the COGs in the
core- and variable-genome were categorized in predicted
functional groups by COG and KEGG databases annotation
(Tatusov et al., 2000). Graphical depictions of P. acidilactici
pan- and core-genome data, were generated using a custom
script with several R packages built in the GET_HOMOLOGUES
pipelines.

Average nucleotide identity (ANI) values

ANI between any two genomes was calculated using a perl
script implemented in the GET_HOMOLOGUES pipelines
and the resulting matrix was clustered and visualized using
Pheatmap R packages (Kolde and Kolde, 2015).

Phylogenetic analysis

To analyze the phylogenetic relationships among 41 P. aci-
dilactici strains based on genomics data, the gene content
method was used to construct the phylogenetic tree, and a
gene content matrix obtained from pan-genome calculation
was parsed indicating the presence (1) or absence (0) of all
genes of 41 P. acidilactici genomes. The Jaccard distance (one
minus the Jaccard coefficient) between pairwise genomes was
calculated based on the gene content matrix and the calcu-
lation results were uploaded onto the iTOL online website
(Letunic and Bork, 2016) to reconstruct the gene content den-
drogram.

Functional genome distribution analysis

A Functional Genome Distribution (FGD) analysis (Alter-
mann, 2012) was performed using 41 P. acidilactici genome
sequences. GenBank files of 41 P. acidilactici genomes were
subjected to an FGD analysis and the calculated distance
matrix was imported into Molecular Evolutionary Genetics
Analysis version 4 (MEGA4) (Tamura et al., 2007). The func-
tional distribution was visualized using the unweighted pair
group method with arithmetic mean (UPGMA).

The prediction of the mobilome of P. acidilaciti species

Transposable Elements (TEs) were annotated using Repeat-
Masker software (Tarailo-Graovac and Chen, 2004) and the
identification of Prophage in 41 P. acidilactici genomes was
performed using PHASTER (Arndt et al., 2016).

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) locus, consisting of the CRISPR regions and CRISPR-
associated (Cas) proteins were identified using the CRISPR-
CasFinder (Couvin et al., 2018) with default settings, and the
CRISPR subtypes designation was based on the signature of
the Cas proteins (Makarova et al., 2015).

Prediction of horizontally acquired genes was performed by
COLOMBO v4.0 implemented with the program SIGIHMM
and SigiCRF (Waack et al., 2006).

The prediction of carbohydrate utilization

In silico evaluation of the carbohydrate utilization of P. aci-
dilactici was conducted using The Pathway Tools software
(Karp et al., 2016), and the role of specific genes associated
with carbohydrate unitization was annotated using the RAST
Server (Aziz et al., 2008). Carbohydrate-active enzymes were
identified based on similarity to the Carbohydrate-Active en-
zymes (CAZy) database entries (Cantarel et al., 2009).

Bacteriocin identification

All of the strains were assessed for the presence of bacter-
iocin operons by BAGEL4 (van Heel et al., 2018) and the
domains of bacteriocin were determined using BLASTP
analysis and distant homology annotation (https://www.ebi.
ac.uk/Tools/hmmer/search/jackhmmer).

Results

Genome feature of P. acidilactici

41 P. acidilactici genomes from the NCBI GenBank database
(https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokar-
yotes/2382/) were included in the study. As shown in Table 1,
the 41 P. acidilactici strains were isolated from different eco-
logical niches, including fermented food, human/animal gut,
plant, and wine, which meant a broad representation of ge-
netic, ecological, and geographical diversity in the species.
The genome size of all the 41 strains ranged from 1.88 Mb
for P. acidilactici JKY18 to 2.17 Mb for P. acidilactici BCCI1,
and the average genome size was 1.97 Mb, which was smaller
when compared with other bacteria (Burke and Moran, 2011).
The GC content of each genome varied slightly, ranging from
42% to 42.4%. The gene number of each genome ranged from
1854 for P. acidilactici AS1.2696 to 2135 for P. acidilactici
BCCI and the number of predicted CDS features in each ge-
nome ranged from 776 for P. acidilactici JKY18 to 1986, for
P. acidilactici BCC1, showing obvious plasticity among these
genomes.

Pan-genome analysis of P. acidilactici

To gain an overall approximation of the total gene pool of
P. acidilactici, the pan-genome was calculated based on the
41 genomes. A pan-genome with a total of 2733 COGs were



Table 1. General genome features of the 41 P. acidilactici strains
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Strains Source Genome size (Mb) GC (%) Gene number CDS features  Accession number
ZPAO17 pig feces 2.13 42.10 2057 1953 SAMNO04515708
BCCI broiler chick cecum 2.17 42.13 2135 1986 SAMNO06052263
JQII-5 fermented dairy 2.09 42.20 2025 1841 SAMNO07701376
PMC48 perilla leaf kimchi 2.04 42.20 2001 1812 SAMN14362951
CACC 537 canine feces 2.04 42.00 1945 1832 SAMNI13871425
SRCM101189 food 2.09 42.10 2059 1926 SAMNO07167785
SRCM100424 food 2.09 42.12 2044 1909 SAMNO07126147
SRCM100313 food 2.12 42.06 2079 1838 SAMNO07125954
SRCM102732 food 2.07 42.14 2038 1883 SAMNO08707607
SRCM102731 food 2.06 42.16 2025 1875 SAMNO08707606
ATCC 8042 plant Mash 2.01 42.10 1949 1840 SAMN10358339
SRCM103387 food 2.03 42.29 2018 1899 SAMN10743318
SRCM103444 food 1.97 42.10 1899 1785 SAMN10754287
PB22 Korean adult feces 1.96 42.20 1893 1792 SAMNO08180273
SRCM103367 food 1.96 42.26 1929 1770 SAMNI10743317
DSM 20284 human feces 1.94 42.20 1878 1794 SAMNO0116807
DSM 19927 ryegrass silage 2.04 42.10 2000 1895 SAMNO02797813
SRCM 103289 food 2.09 42.20 2065 1893 SAMN10737798
AGR20 sheep rumen 1.92 42.40 1904 1735 SAMNO02584994
JKY18 wine 1.88 42.30 1930 776 SAMNO05804765
FAM 18969 cheese 2.08 42.00 2075 1937 SAMNI11653951
S7 wine 2.02 42.10 1958 1860 SAMEA80353168
AS1.2696 food 1.93 42.10 1854 1773 SAMNO02797809
MA18/5M pasture gramineae 1.99 42.10 1915 1799 SAMNO02469945
UMNPBX20 Meleagris gallopavo ileum 2.03 42.20 1995 1892 SAMNO07702371
E24 Meles feces 2.02 42.20 1968 1870 SAMN10822530
F7 Meles feces 2.09 42.20 2061 1937 SAMNI10822531
L8-A bovine 1,95 42.20 1917 1747 SAMN10744163
L2-A bovine 1.95 42.20 1919 1747 SAMN10744156
El honey from beehive 2.01 42.20 1951 1852 SAMN11831832
132 Meles feces 2.03 42.30 1994 1886 SAMN10822532
SRCM100320 Doenjang 2.08 42.10 2060 1928 SAMNO05162513
D3 food 1.96 42.10 2015 1717 SAMNO01991044
NBRC 12231 food 1.94 42.20 1892 1734 SAMDO00097159
GS1 chicken feces 2.01 42.00 1985 1856 SAMNO09531784
L14-B bovine 1.94 42.30 1915 1746 SAMN10744148
WT chicken feces 2.02 42.00 2008 1863 SAMNO09604260
S1 raw rice wine 1.98 42.00 1961 1788 SAMNO04111307
LPBCl161 coffee plantation 1.98 42.20 1963 1812 SAMN10690227
M16 Meles feces 1.83 42.20 1922 1735 SAMN10822533
K3 Raw rice wine 1.99 42.10 1941 1548 SAMNO04011952

estimated. When plotted on a log-log scale as a function of
the number of analyzed genomes, the pan-genome curve dis-
played an asymptotic trend with a growth rate of an average
of 134 COGs in the first 2 iterations and decreasing to an
average of 10 COGs in the final addition. As the genome
continued to increase, new genes were still discovered, which
indicating the existence of an open pan-genome within the
P. acidilactici species (Fig. 1A).

The core-genome and variable-genome of P. acidilactici

The analysis of the core-genome of the 41 P. acidilactici
strains showed that the number of COGs shared in all strains
decreased as more genome sequences were added (Fig. 1B).

Eventually, a total of 677 shared COGs were determined as
the core-genome that was present in all the considered ge-
nomes, which accounted for about 25% of the entire pan-
genome. Simultaneously, a total of 2056 variable COGs were
identified and 856 of them were classified as unique (Sup-
plementary data Table S1). Among all the studied strains, it
was found that P. acidilactici M16 and P. acidilactici D3 con-
tained the most unique COGs, 124 and 103, respectively (Fig.
1C). Then, a functional characterization was performed by
assigning core and variable genes to the COG and KEGG
functional class, during this process, 643 and 831 COGs were
not included in the analysis due to lack of annotations, res-
pectively. The obtained data regarding the distributions of
the COG and KEGG functional classes in each section were
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shown in Supplementary data Fig. S1A and B. Most of the
genes in the core-genome were involved in basic physiological
functions, including metabolism, genetic information pro-
cessing and environmental information processing, which
further maps the necessity of the core genes for the survival
of the bacteria. As expected, the majority of genes of the vari-
able-genome were enriched in carbohydrate metabolism, re-
plication, recombination and repair, defense mechanisms
and membrane transport, indicating that the variable genome
were closely related to some metabolic pathways or environ-
mental adaptability of the strains, leading to different envi-
ronmental tolerance of the strains.

ANI and phylogenetic analysis

The average nucleotide identity (ANI) was calculated to quan-
titatively analyze the similarity between the 41 P. acidilactici
genomes. The results indicated that all the strains belonged
to P. acidilactici, as evidenced by the ANI value which was
above 96% (Fig. 2A).

To analyze the phylogenetic relationships among the P.
acidilactici isolates, a genome-relatedness or “pan-genome”
tree was generated based on gene content of the 41 genomes.
The pan-genome tree (Fig. 2B) shows the presence of seven
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Fig. 1. Pan-genome and core-genome of P. acidilactici. (A) Accumulated number
of new genes in the P. acidilactici pan-genome plotted against the number of added
genomes. (B) The accumulated number of genes attributed to the core-genome
plotted against the number of added genomes. The deduced mathematical func-
tions are also shown. (C) Venn diagram representing the core and unique gene
families of P. acidilactici obtained by MCL clustering algorithm analyses.

major groups A, B, C, D, E, F, and G. Group A and Group B
consisted of only one strain isolated from fermented food and
animal/human gut, respectively. Group E contained mainly
strains of animal/human gut, while group G contained mainly
strains of fermented food. Apart from this, the remaining
three groups contained strains of various origins and were not
correlated based on isolation source or sampling region.

There appears to be some correlation between the phylo-
genetic relatedness and origin of isolation (i.e. fermented
food, animal/human gut, etc.) of these strains, but much less
than we anticipated (Jiang et al., 2020).

FGD analysis of P. acidilactici

The availability of the genome sequences of 41 P. acidilac-
tici strains allowed a FGD tree to be constructed (Fig. 2C).
In contrast to an evolutionary phylogeny, FGD analyzes the
functional relationship between microbes based on their pre-
dicted ORFeomes. This type of approach takes genotype adap-
tations into account which might render organisms more
similar to each other than what their respective evolutionary
heritage would indicate (Kelly et al., 2016). The FGD tree is
largely different from the phylogenetic clusters identified in
the pan-genome tree, except for group G, in which five strains
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Fig. 2. Phylogenetic analysis of P. acidilactici.
(A) Heatmap showing Average Nucleotide
Identity (ANI) of P. acidilactici strains. Pro-
posed species cut-off boundary is 95%, show-
ing identity within these strains. (B) Phyloge-
netic pan-genome tree showing the relation-
ship among 41 P. acidilactici strains. All strains
are color-coded according to their isolation
source. The dots represent strains that contained
the operon of bacteriocins. Specifically, red dots
represent pediocin PA-1, yellow dots enterolysin
A, and purple dots colicin-B. (C) Functional
genome distribution of the P. acidilactici spe-
cies. All strains were color-coded according to
their isolation source.
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also formed a tight cluster in the FGD tree (P. acidilactici
S7 and P. acidilactici SRCM 100320 not included).

In silico prediction of P. acidilactici carbohydrate utilization

In order to access possible correlations between the genomic
content of the analyzed P. acidilactici strains and particular
phenotypic abilities, we predicted the carbohydrate metabolic
capabilities of each strain using the Pathway Tools. All the 41
strains were predicted to be able to ferment D-ribose, D-
mannose, fructose, and cellobiose. In contrast, fermentation
capabilities for the other sugars such as D-xylose, lactose,
D-galactose, L-arabinose, fucose, D-arabinose, L-rhamnose,

A CACCS:

" BOC)

animal/human gut
fermented food

wine

plant

D-trehalose, melibiose, and sucrose, were shown to be vari-
able among the tested strains (Fig. 3A).

In order to validate the observed metabolic differences of
the P. acidilactici species, we predicted the glycosyl hydro-
lase (GH) enzymes using the CAZy database, which are the
key enzymes that metabolize carbohydrates. A total of 32
glycosyl hydrolases were annotated in all 41 strains (Fig. 3B),
of which eight glycosyl hydrolases were present in almost all
of the strains, including GH1, GH73, GH25, GH2, GH31,
GH78, GH29, and GH43_26. Furthermore, some glycoside
hydrolases were unique to certain strains, consisting of GH-
154 and GH70 for P. acidilactici ZPA017, and GH42 and
GH5_22 for P. acidilactici DSM 19927. Additionally, the last

577
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Table 2. Mobile genetic elements of the P. acidilactici genomes

Strain Transposable elements Prophage Plasmid CRISPR

ZPAO17 123 3 (0intact) 0 1
BCCI 133 4 (0 intact) 2 1
JQIL-5 125 3 (lintact) 0 1

PMC48 126 3 (1 intact) 0 1

CACC 537 96 1 (1 intact) 0 1
SRCM101189 133 2 (2 intact) 2 1
SRCM100424 134 2 (2 intact) 2 1
SRCM100313 129 2 (2 intact) 2 1
SRCM102732 117 3 (2 intact) 1 0
SRCM102731 119 3 (2 intact) 1 0

ATCC 8042 104 1 (1lintact) 0 1
SRCM103387 124 3 (3 intact) 1 1
SRCM103444 113 5 (0 intact) 0 1

PB22 929 1 (1 intact) 0 1
SRCM103367 116 1 (1 intact) 2 1

DSM 20284 95 1 (1 intact) 0 1

DSM 19927 127 1 (0 intact) 0 1
SRCM 103289 125 2 (2 intact) 0 1

AGR20 120 4(lintact) 0 1

JKY18 122 7 (2 intact) 0 0

FAM 18969 123 3 (1 intact) 0 1
S7 104 1 (1 intact) 0 1
AS1.2696 92 1(lintact) 0 0
MA18/5M 93 1 (1 intact) 0 1
UMNPBX20 108 2 (lintact) 0 1
E24 123 2 (2 intact) 0 1

F7 128 3 (2intact) 0 1
L8-A 121 3 (0 intact) 0 0
12-A 118 2 (lintact) 0 1

El 128 2 (2 intact) 0 1

132 130 2 (2intact) 0 1
SRCM100320 111 2 (2 intact) 0 1
D3 138 1 (1intact) 0 1
NBRC 12231 117 1 (1 intact) 0 0
GS1 98 1 (1 intact) 0 1
L14-B 131 2 (0 intact) 0 1
WT 98 1 (1 intact) 0 1

S1 91 2 (1 intact) 0 1
LPBC161 114 6 (0intact) 0 0
Mil6 116 1 (1 intact) 0 0

K3 106 1(1intact) 0 0

twenty glycosyl hydrolases showed a diverse presence in all
of the 41 strains. This analysis essentially confirmed a great
abundance of members of the GH family 1, of which the num-
ber of members can be as high as 8 in some strains.
Generally, genes involved in the utilization of a given car-
bohydrate are frequently organized in gene clusters or sugar
operons, consisting of genes that encode one or more specific
GHs, are associated with the transport system, and are fre-
quently being placed under the control of a transcriptional
regulator. For example, the 6-phospho-beta-glucosidase, a
member of the GH1 family, which was responsible for the
metabolism of cellobiose. All the strains contain 6-phospho-
beta-glucosidase, suggesting that they all were able to utilize
cellobiose, which is consistent with the predicted results (Fig.

3A). The cellobiose utilization gene cluster consists of the
PTS system, the cellobiose-specific IIC component (celB),
the 6-phospho-beta-glucosidase (bglA), and the GntR family
transcriptional regulator (ydhQ) (Supplementary data Fig. S2).

Beta-galactosidase [EC 3.2.1.23], belonging to the GH2
family, was responsible for the metabolism of D-galactose
and lactose. All the 39 strains containing GH2 were able to
utilize D-galactose and lactose (Fig. 3A and B). The lactose/
galactose operon included LacI (Lacl family of the transcrip-
tional regulator), lacZ (beta-galactosidase), lactose, and gal-
actose permease, galM (aldose 1-epimerase), galK (galacto-
kinase), galE (UDP-glucose 4-epimerase), and galT (galactose-
1-phosphate uridylyltransferase) (Supplementary data Fig.
$2).

Another correlation existed between the presence of the
GH13_29 family and D-trehalose utilization, with three ex-
ceptions among all the 41 strains, including P. acidilactici
JQII-5, P. acidilactici PMC48, and P. acidilactici L8-A (Fig.
3A and B). The trehalose operon consisted of treP (PTS sys-
tem trehalose-specific EIIBC component), treC (trehalose-6-
phosphate hydrolase), and treR (Trehalose operon transcrip-
tional repressor) (Supplementary data Fig. S2).

The pentose sugars arabinose and xylose represented the
monosaccharides that are found in many plants derived
polysaccharides. The GH3 family, representing beta-gluco-
sidases and xylosidases (Rohman et al., 2019), and the GH43
family consisting of GH43_11 and GH43_26, representing
xylosidases (Rohman et al., 2019) and arabinosidases (Yang
et al., 2014) were involved in the metabolism of xylose- and
arabinose-containing glycans. All the strains, except AGR20,
were able to utilize the xylose (Fig. 3A). This xylose locus in-
cluded xylose isomerase (xylA), xylulokinase (xylB), D-xy-
lose proton-symporter (xylT), xyloside transporter (xynT),
and xylose-responsive transcription regulator (xylR) (Supple-
mentary data Fig. S2).

All the 41 strains, except SRCM103387 and JKY18, were
able to utilize the arabinose (Fig. 3A). 13 strains were only
able to utilize L-arabinose, and 4 strains were only able to uti-
lize D-arabinose. Notably, 22 strains were able to metabo-
lize both L-arabinose and D-arabinose. 35 strains containing
the araA gene, which encodes L-arabinose isomerase, were
able to utilize L-arabinose. The L-arabinose operon was com-
posed of the L-arabinose isomerase (araA), ribulokinase (araB),
L-ribulose-5-phosphate 4-epimerase (araD), and arabinose-
proton symporter (araE) (Supplementary data Fig. S2).

Prediction of pediocin and other bacteriocins

In total, three kinds of bacteriocin were identified in the 41
strains, namely pediocin PA-1, enterolysin A, and colicin-B,
and the results showed that not all the 41 strains could syn-
thesize bacteriocin (Fig. 2B).

Pediocin PA-1 was predicted in four strains, P. acidilactici
D3, P. acidilactici L2-A, P. acidilactici L8-A, and P. acidilactici
NBRC 12231. The gene clusters for pediocin PA-1 consisted
of four contiguous genes (Supplementary data Fig. S3), namely
pedD, pedC, pedB, and pedA, which encode pediocin PA-1
transport/processing ATP-binding protein, leucocin-A im-
munity protein, putative immunity protein, and a highly con-
served precursor of pediocin PA-1, respectively.

Enterolysin A was also found in six strains, namely P. aci-
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Fig. 3. Analysis of carbohydrate metabolism of P. acidilactici. (A) Heatmap of carbohydrate utilization by P. acidilactici strains. The horizontal axis represents
the genomes tested in this study which were clustered according to the phylogenetic tree. The vertical axis represents the 14 carbohydrates used in this test.
The color scales represent the degree of P. acidilactici utilizing carbohydrates with white squares (as in blank) representing the inability and red squares
representing the ability of strains to metabolize the corresponding sugar. (B) Heatmap showing the distribution of GH families in the 41 P. acidilactici
strains. The vertical axis represents the genomes that harbor GH families which was clustered according to the phylogenetic tree. The horizontal axis rep-
resents the GH families predicted in P. acidilactici. The color scales represent the number of GH families within each genome with white dots (as in blank)
representing the absence of matches and red squares representing the highest number of GH families.

dilactici BCC1, P. acidilactici DSM 19927, P. acidilactici
UMNPBX20, P. acidilactici FAM 18969, P. acidilactici SRCM-
103387, and P. acidilactici ZPA017. And it was annotated as
peptidase M23 in this study (Supplementary data Fig. S3).
According to the distant homology annotation, these genes
were all related to prophage genomes. In addition, by com-

parison with the phage database, gene clusters related to
enterolysin A were homologous to one hypothetical protein
predicted in the Lactobacillus prophage 1j928 (NC_005354).

Moreover, colicin-B was identified in P. acidilactici 132.
The gene clusters for colicin-B consisted of cba (colicin-B
activity protein), cbi (colicin-B immunity protein), and lysis
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protein (Supplementary data Fig. S3). Colicin-B was usually
associated with recombinases (e.g., xerD, tyrosine recombi-
nase) and transposases (Cameron et al., 2019). In this study,
by comparison with the NCBI nr database, it was found that
the contigs containing colicin-B had the highest identity with
plasmids either in Klebsiella pneumoniae or in Salmonella
enterica. Thus, the contig sequences containing colicin-B de-
scribed here are likely plasmid-borne and recombined into
the P. acidilactici 132 genome.

The predicted mobilome of P. acidilaciti species

All 41 P. acidilaciti genome sequences were investigated for
the presence of mobile genetic elements such as transposable
elements, prophage, plasmid, and CRISPR locus.

The analysis of transposable elements, using the Repeat-
Masker software, revealed that these elements accounted for
less than 1% of each P. acidilaciti genome. Among them, the
P. acidilaciti D3 genome encompassed the largest number
(i.e. 138) of such mobile elements (Table 2). By classifying the
transposon elements in 41 P. acidilactici genomes, it was
found that LTR elements accounted for the highest propor-
tion, followed by DNA transposon, LINEs and SINEs (Sup-
plementary data Fig. S4).

The 41 P. acidilaciti genomes were also examined for the
presence of prophages and plasmids. Notably, our analysis
identified 90 prophage-like elements, of which 50 prophage-
like elements that appeared to be complete (Table 2), while
the following five strains only had incomplete prophage-
like elements, P. acidilaciti SRCM 103444, P. acidilaciti DSM
19927, P. acidilaciti L8-A, P. acidilaciti L14-B, and P. acidi-
laciti LPBC161. In addition, the results also showed that
only eight complete P. acidilaciti genomes consisted of in-
tegrated plasmids (Table 2).

Interestingly, all 41 P. acidilaciti genomes were predicted
to possess the CRISPR locus, which can make bacteria re-
sistant to infection by foreign DNA such as prophages and
plasmids (Horvath and Barrangou, 2010). However, in the
prediction process of CRISPRCasFinder, CRISPR varied in
evidence level, and only those whose evidence level was above
one were considered in this study (Couvin et al., 2018). In
total, 32 strains contained complete CRISPR/CAS systems
and all of those systems belonged to Type II-A, as they con-
tained Casl, Cas2, Cas9, and Csn2 (Supplementary data Fig.
S5C), while the remaining nine strains were unable to silence
foreign DNA, due to the absence of Cas protein (Table 2).

The Direct Repeats (DR) sequence in the CRISPR locus
has a palindrome sequence, which is highly conserved, can
be transcribed, and form a stem-loop structure. To confirm
which CRISPR repeat family the DR sequences in P. acid-
ilaciti belong to, multiple sequence alignments were performed
for DR sequences from P. acidilaciti, the results showed that
all the DR sequences from P. acidilaciti belonged to the Lsall
family. In addition, the bioinformatics method was used to
genetically analyze the DR sequence of the CRISPR region,
the results indicated that all the DR sequences within the
32 CRISPR locus showed high similarity (Supplementary
data Fig. S5D). By predicting the secondary structure of the
DR RNA sequences, it was found that all the DR sequences
were divided into two groups, non-circular and circular, re-
spectively (Supplementary data Fig. S5A and B). The secon-

dary structure of circular DR sequences was a large loop
without a stem. On the other hand, RNA secondary struc-
tures of non-circular DR sequences contained two rings at
both ends with a stem in the middle, of which the MFEs were
-0.78 kcal/mol and was larger than the MFE of circular DR
sequences (Supplementary data Table S2). Noticeably, on
the stem, RNA secondary structures of non-circular DR se-
quences also had a small loop and G:U base pairs, which is
typical of conserved RNA secondary structures and is cru-
cial to the stem-loop in the repeats for the functionality of
CRISPRs.

Evolutionary gene gain and loss analysis

In order to identify genes that may have been acquired by ho-
rizontal genes transfer (HGT), the genomes of the 41 P. acidi-
laciti strains were analyzed with the software suite COLOMBO
v4.0 (Waack et al., 2006). Each P. acidilaciti genome consisted
of a different proportion of alien genes, ranging from 20%
in P. acidilaciti M16 to 1.5% in P. acidilaciti S1. Interestingly,
as can be seen from Fig. 1C, P. acidilaciti M16 had the most
unique genes, this phenomenon indicated that HGT event
was an important driving force for the evolution of P. acidi-
laciti species, which could make P. acidilactici species rapidly
adapt to the ecological environment. In addition, these genes
were annotated using the COG database and the results in-
dicated that 18% of the genes that may have been acquired
by HGT were predicted to be involved in carbohydrate me-
tabolism and 11% were predicted to be involved in transcrip-
tional regulation. In addition, 6% of the genes were involved
in replication, recombination, and repair (Supplementary
data Fig. S6).

Discussion

Pediococcus acidilactici, as a reliable bacteriocin producer,
has gained much interest and can prevent the growth of pa-
thogenic and spoilage bacteria during food fermentation and
preservation (Parada et al., 2007). In this study, 41 strains of
P. acidilactici, previously isolated from different ecological
niches, were analyzed using a comparative genomics appro-
ach to reveal genomic diversity and evolutionary relation-
ship in this species.

It has been reported that various strains of P. acidilactici
can produce bacteriocins. In this study, three kinds of bac-
teriocins were found in these strains, namely pediocin PA-1,
enterolysin A, and colicin-B. P. acidilactici can produce pe-
diocin PA-1, which has been reported countless times (Hen-
derson et al., 1992; Chikindas et al., 1993; Nieto-Lozano et
al., 2010; Ueda et al., 2018). Pediocin PA-1 is a 44 amino
acid peptide with no posttranslational modifications (Hen-
derson et al., 1992; Lozano et al., 1992). Its N-terminal re-
gion is particularly well conserved and contains a conserved
“pediocin box” motif (YGNGVXCXK) (Nissen-Meyer and
Nes, 1997) and its C-terminal disulfide bridge is a major de-
terminant of the antimicrobial spectrum, which shows par-
ticularly strong activity against Listeria monocytogenes (Da-
bour et al., 2009), a foodborne pathogen of special concern
among food industries. It is worth mentioning that enteroly-
sin A and colicin-B have not been reported in P. acidilactici



species before. The genes encoding enterolysin A were ho-
mologous with predicted prophage associated genes and the
genes encoding colicin-B had the highest identity with plas-
mids in other strains. Therefore, it is possible that P. acidi-
lactici seized the ability to produce enterolysin A and col-
icin-B from other species by the HGT event. This provides a
new perspective for the study of evolutionary relationships
among species.

Pan-genome analysis showed that P. acidilactici species had
an open genome, which lead to its functional diversity. Ge-
nerally speaking, the more widely distributed species usually
have open pan-genomes that allow them to continuously ac-
quire genetic material from the environment and adapt to
harsh surrounding environments, such as E. coli (Fu and
Qin, 2012), B. cereus and S. pneumoniae (Tettelin et al., 2008;
Bazinet, 2017). Meanwhile, comparative genomics analysis
also identified variable genes in the P. acidilactici pan-ge-
nome, representing approximately 75% of the total gene
content within the P. acidilactici species, which indicates a
comparatively high level of diversity of this species (Medini
et al., 2005; Arboleya et al., 2018). In addition, the number
of predicted CDS features in each genome ranged from 776
to 1986 and this clear variability of gene content was evident
in comparison across strains of the same species. It once again
implied that there is an obvious genomic plasticity among
P. acidilactici, living in different habits and possessing di-
verse properties (Marri et al., 2006).

Functional annotation comparison analysis revealed that
the variable genes of this species mostly encoded functions
involved in carbohydrate transport and metabolism, defense
mechanisms (i.e. CRISPER/Cas system), and replication, re-
combination and repair, which indicating these genes play
an important role in adapting to different niches of P. acidi-
lactici. In addition, some variable genes were functionally
unknown. Such genes could be new genes with no homology
in the distant homology databases, or pseudogenes with se-
veral primary amino acid sequence disruptions. Indeed, it
has been argued that pseudogenes are pervasively distributed
in prokaryotes and that a great portion of them derives from
“failed” HGT events (Liu et al., 2004). Genes acquired through
HGT events may provide no advantage (due to non-efficient
expression), or even be detrimental to the host (i.e. ORFs from
infectious genetic elements such as a virus), and represent
a minor force in the evolution of genomes of the P. acidilaciti
species.

In the evolutionary analysis of P. acidilactici, Pan-genome
tree is clustered based on the gene content of each genome,
which shows the evolutionary relationship of P. acidilactici.
While FGD tree does not attempt to represent the evolu-
tionary path a genome has taken, since different genes will
have been acquired by different routes. Instead, FGD tree
investigates the level of collinearity between microbial ge-
nomes based on amino-acid sequences of the predicted com-
plete ORFeomes. In our study, FGD tree was largely different
from the phylogenetic clusters identified in the pan-genome
tree, which indicating that a large number of gene rearrange-
ment events occurred in the genome of P. acidilactici.

The predicted mobilome of P. acidilactici highlights a cer-
tain proportion of genetic elements, such as transposon ele-
ments, prophage-like elements and plasmids. Although these
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genetic elements only occupy a small part of the bacterial ge-
nome, their occasional transposition to other sites on the ge-
nome, sometimes coupled with major DNA rearrangements
such as DNA inversion, deletion formation, partial duplica-
tion, and replicon fusion, represents an important contribu-
tion to genetic plasticity and bacterial evolution (Arber, 1991).
Such foreign DNA also appears to explain the presence of
the CRISPR-Cas system in variable regions of the P. acidi-
lactici. CRISPR in combination with Cas constitutes CRISPR-
Cas systems, which provides adaptive immunity against in-
vasive elements in bacteria (Barrangou et al., 2007). We ob-
served that 32 strains of all the 41 strains contained type II-A
CRISPR/Cas. The DR sequences in the CRISPR locus showed
high similarity and they all belonged to the Lsall family, which
suggests that there is a close relationship between Pediococcus
and Lactobacillus, corresponding to the view that horizontal
transfer dominates the evolution of the CRISPR/Cas locus
(Horvath et al., 2009; Makarova et al., 2015).

The comparative genomics approach used in this study also
facilitated the explanation of certain differences previously
observed in the carbon sources utilization of P. acidilactici
members. The carbohydrate utilization ability of bacteria is an
important indicator of strain functionality and lays a found-
ation for further cultivation and selection of the strain (Drissi
et al., 2014). For this reason, the prediction of carbohydrate
utilization was performed. The results showed that all 41
strains could ferment fructose, D-cellobiose, D-mannose, and
D-ribose. Additionally, each strain showed a great abundance
of GH families and contained different types and numbers
of GH families, of which the GH1 family were included in
all 41 strains.

In this study, most strains could utilize plant-derived poly-
saccharides, such as cellobiose, D-xylose, and arabinose, which
implied that P. acidilactici can be used as an intestinal pro-
biotic supplement to digest dietary polysaccharides that are
not degraded by the host (Flint ef al., 2008). In addition, 39
strains containing beta-galactosidase were able to utilize lac-
tose and galactose, except for P. acidilactici L8-A and P. aci-
dilactici NBRC 12231, which is contradictory to the view that
lactose-positive strains within the naturally occurring Pedio-
coccus genus are absent (Semjonovs and Zikmanis, 2008).
Hence, those strains might be acceptable starters for dairy
fermentation. In the current study, five putative operons re-
lated to the utilization of lactose/galactose, trehalose, D-cel-
lobiose, L-arabinose, and D-xylose were analyzed, in which
three glycosyl hydrolases and two isomerases were identi-
fied to be the key enzymes in the corresponding operons
(O’Donnell et al., 2011). Moreover, the degradation of D-ara-
binose and L-fucose have very close correlations in our study,
due to the sharing of the same enzymes in the process of de-
gradation. Such a phenomenon has been reported before in
Escherichia coli K-12 and Escherichia coli B (LeBlanc and
Mortlock, 1971; Elsinghorst and Mortlock, 1988). This sug-
gests that bacteria often recruit the enzymes of the L-fucose
pathway by a regulatory mutation to metabolize the uncom-
mon pentose D-arabinose (Elsinghorst and Mortlock, 1994).

Overall, in this study, the genomes of 41 P. acidilactici were
analyzed through a comparative genomics approach. The re-
sults showed that P. acidilactici is a non-niche-specific species.
P. acidilactici species showed a high level of genetic diver-
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sity, which was mainly due to an open pan-genome, hori-
zontal transfer events and mobile elements. Furthermore, in
the process of adaptation to the ecological environment, the
carbohydrate metabolic capacity and immune protection me-
chanism (CRISPR/Cas locus) of P. acidilactici species gradu-
ally had certain differences. The comprehensive genetic an-
alyses conducted in this study allow for a deeper understan-
ding of the evolutionary relationship and genetic diversity
of P. acidilactici, facilitating its biotechnological potential for
the dairy industry and therapeutics for microbiota-related
diseases.
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