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Abstract: The genome of Lactobacillus acidophilus PNW3 was assessed for probiotic and safety
potentials. The genome was completely sequenced, assembled using SPAdes, and thereafter
annotated with NCBI prokaryotic genome annotation pipeline (PGAP) and rapid annotation using
subsystem technology (RAST). Further downstream assessment was determined using appropriate
bioinformatics tools. The production of biogenic amines was confirmed through HPLC analysis and
the evolutionary trend of the strain was determined through the Codon Tree pipeline. The strain
was predicted as a non-human pathogen. A plethora of encoding genes for lactic acids and bioactive
peptides production, adhesion molecules, resistance to the harsh gut environmental conditions, and
improvement of the host metabolism, which are putative for important probiotic functionalities,
were located at different loci within the genome. A bacteriocin predicted to be helveticin ] was
identified as one of the secondary metabolites. The maximum zone of inhibition exhibited by the
crude bacteriocin against STEC E. coli O177 was 21.7 + 0.58 mm and 24.3 + 1.15 mm after partial
purification (250 ug/mL). Three coding sequences were identified for insertion sequences and one
for the CRISPR-Cas fragment. The protein-encoding sequence for Ornithine decarboxylase was
found within the genome. L. acidophilus PNW3 presents important features categorizing it as a viable
and safe probiotic candidate, though further safety investigations are necessary. The application of
probiotics in livestock-keeping would ensure improved public health and food security.

Keywords: bioactive peptide; ornithine decarboxylase; phylogeny; insertion sequence; CRISPR-Cas

1. Introduction

Lactic acid bacteria (LAB) are widely used as probiotics across host species [1]. Lactobacillus
acidophilus is a lactic acid bacterium commonly used in dairy industries as a starter culture in
the production of high-quality health functional foods, such as yoghurt, cheese and beverages [2].
Complete genome sequences have contributed a great deal in the elucidation of the probiotic potentials
of lactic acid bacteria [3]. Several strains of L. acidophilus have been extensively characterized and their
probiotic features have been judiciously documented [4]. Studies have indicated that the bioactive
secondary metabolites produced by many probiotic agents affect bacterial community interactions and
potentially attenuate the disease symptoms caused by pathogens [5,6].
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Probiotic yoghurts containing L. acidophilus improve total cholesterol and low-density lipoprotein
cholesterol (LDL-C) concentrations in both male and female patients suffering from type 2 diabetes,
thus suggesting a great potential use in ameliorating risk factors associated with cardiovascular
diseases [7]. Surface layer proteins of the probiotic L. acidophilus NCFM were revealed to have a
potential to protect the intestinal epithelial barrier function against TNF-«-elicited inflammation through
the regulation of tight junction protein expression, the prevention of loose intestinal permeability,
the blockage of cell apoptosis and the obstruction of the nuclear factor kappa light chain enhancer
of the activated B cells (NF-«B) signaling pathway [8]. The presence of this promising bioactive
peptide supports the use of L. acidophilus NCFM in the development of functional foods, and as a
potential prophylactic agent for inflammatory bowel diseases. The surface layer protein extracted from
L. acidophilus NCFM also induces the formation of ROS, which, in turn, results in induced auto-phagic
death in HCT116 colon cancer cells through the suppression of the mammalian target of rapamycin
(mTOR) activity and activation of the c-Jun N-terminal kinase signaling pathway [9]. In a study
conducted by Guo et al. [10], using a rat model, it was also concluded that the administration of
L. acidophilus CICC6074 reduced levels of inflammatory cytokines TNF-o and IL-6, intestinal apoptosis,
and symptoms of Neonatal necrotizing enterocolitis.

The gut microbiota plays a crucial role in the wellbeing of the host and protection against
pathogens. The mutualism between host species and their gut microbial ecosystem begins at birth,
and stabilizes in humans around 3 years of age [11]. L. acidophilus has also been reported to be efficacious
in the readjustment of impaired microbiota and the inflammation induced in Th1- (C57BL/6) and Th2
(BALB/c)-biased mice after being challenged with Salmonella Typhimurium at infective dose levels [12].
The aim of this study was to assess the entire genome of L. acidophilus PNW3 in order to determine the
genome-based probiotics features which may be present in the strain.

2. Materials and Methods

Every procedure involved in this study complied with the relevant legislation regarding the
protection of animal welfare and was approved by the Agricultural Research Council, API Ethics
Committee with registration number APIEC13/008.

2.1. Genomic DNA Extraction and 16S rRNA Identification of the Isolate

The lactic acid bacteria strain was isolated from the gastrointestinal tracts of compassionately
sacrificed weaned piglet of the indigenous South African Windsnyer pig breed (APIEC13/008), and were
cultured in de Man—-Rogosa—Sharpe broth (Oxoid, Hampshire, UK), under strict anaerobic conditions.
A pure culture of the isolate in de Man-Rogosa—-Sharpe broth was washed in phosphate buffer saline
(pH 7) and the bacterial genomic DNA was extracted from the washed cells with a DNA extraction
kit (Zymo Research, Irvine, CA, USA). The purity and concentration of the extracted genomic DNA
were determined using a nanodrop spectrophotometer (NanoDrop 2000, ThermoFisher, Germiston,
South Africa). The identification of the isolate was confirmed through PCR amplification of the 16S
rRNA region [13], and the resultant PCR amplicon was sequenced. The partial sequenced data (1552 bp)
were, thereafter, submitted to the GenBank data base, and an accession number (MK123485) was
received (https://www.ncbi.nlm.nih.gov/nuccore/MK123485.1/).

2.2. Sequencing of the Entire Genome of the Isolate

Genomic DNA was prepared with an Illumina Nextera DNA flex library prep kit and the
reads library was sequenced on an Illumina MiSeq instrument at the ARC, Biotechnology Platform,
South Africa, to generate 3.05 GB of data. The library contains a total of 4,944,578 reads with read
lengths of 2 x 300 bp paired-end. Conditions for the run and the basic statistical features of the entire
genome assembly have been mentioned in our previous study [14].


https://www.ncbi.nlm.nih.gov/nuccore/MK123485.1/

Foods 2020, 9, 1840 3o0f15

2.3. Determination of Important Probiotic Genes

The genome of the isolate was assembled using SPAdes v. 3.12.0 [15] and was functionally annotated
with NCBI prokaryotic genome annotation pipeline (PGAP) v. 4.7 [16,17] and rapid annotations using
subsystems technology (RAST) with SEED viewer v. 2.0 [18]. The presence and location of the probiotic
important genes was manually searched through the genome functional annotations.

2.4. Determination and Extraction of Bioactive Secondary Metabolite

The rapid in silico analysis to determine the presence of secondary metabolite biosynthesis gene
clusters was performed using antiSMASH v. 5.0.0betal [19] and supported with a manual search
through functional annotations.

The identified bioactive peptide (bacteriocin) was extracted after the bacterial isolate was
sub-cultured into de Man-Rogosa-Sharpe (MRS) broth under complete anaerobic conditions and
incubated at 37 °C for 24 h under the influence of Microbiology Anaerocult A (Merk, Darmstadt,
Germany). Thereafter, the culture was centrifuged at 10,000 rpm for over 10 min and the pH of the
supernatant was adjusted to 6.5 before being filtered through a 0.22 um syringe filter (Millex syringe
filters, Sigma Aldrich, Darmstadt, Germany). One liter of the filtered supernatant (crude bacteriocin)
was partially purified via precipitation with 80% saturated ammonium sulphate and left overnight at
4 °C with regular stirring. The precipitates were collected and re-suspended in 0.1 M phosphate buffer
solution at pH 7 and subsequently extracted in a mixture of chloroform and methanol (2:1, v/v) [20,21].

2.5. Susceptibility Testing of the Bioactive Peptide

The agar well diffusion method was used to determine the antimicrobial potential of the bioactive
peptide produced by the probiotic bacterial isolates against pathogenic Shiga toxigenic E. coli (STEC)
Escherichia coli O177 [22]. The E. coli O177 strains were collected from the culture collection of the
Molecular Microbiology Research Laboratory, North-West University Mafikeng Campus, South Africa.
A 24 h old nutrient broth culture of each isolate was standardized (0.5 McFarland) and 100 uL of the
standard inoculums was inoculated into molten (50 °C) sterile Muller Hinton agar, gently mixed and
then plated. The seeded agar medium was allowed to set before the wells were bored into it, using a
cork borer (6 mm). The wells were carefully filled with the bacteriocin extract and incubated at 37 °C
for 24 h. Thereafter, the clear zones of inhibition were measured. The experiment was carried out in
three replicates.

2.6. Genomic Assessment of the Isolate for Safety

The entire genome of the Lactobacillus acidophilus PNW3 was assessed to evaluate how safe the
isolate were for a probiotic candidate. PathogenFinder v. 1.1 [23] was used to determine the pathogenicity
of L. acidophilus PNW3 towards human hosts. ResFinder v. 3.1 [24] and the Comprehensive Antibiotic
Resistance Database (CARD) v. RGI 5.1.0, CARD 3.0.7 [25] were employed for the presence of
antimicrobial resistance genes. The possibility of virulence determinant within the genome was
assessed using VirulenceFinder v. 2.0 [26] in combination with manual searches, through the annotation,
for protein-encoding sequences related to virulence in the isolate. The virulence determinants considered
during the search include sex pheromones, gelatinase, cytolysin, hyaluronidase, aggregation substance,
enterococcal surface protein, endocarditis antigen, adhesine of collagen and integration factors.

The rapid identification and annotation of prophage sequences within the genome of L. acidophilus
PNW3 was determined using the Phage Search Tool (PHAST) [27] and the Phage Search Tool Enhanced
Release (PHASTER) [28]. The genome was searched for insertion sequences (IS) using the ISfinder
search tool, Insertion Sequence Semi-Automatic Genome Annotation (ISsaga V. 2.0) [29] and the
Optimised Annotation System for Insertion Sequences (OASIS) [30]. Protein-encoding genes for
transposase were manually searched through the functional annotation data. Coding sequences for
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clustered regularly interspaced short palindromic repeats (CRISPR) and the associated Cas-genes were
identified using CRISPRCasFinder v. 1.1.2-12BC [31].

2.7. Determination of Possible Biosynthesis of Toxic Biochemical

Protein-encoding sequences putative for the production of biogenic amines, such as ornithine
decarboxylase, histidine decarboxylase, agmatine dehydrolase, L-lysine decarboxylase, tyrosine
decarboxylase and the agmatine deiminase pathway, were manually investigated through the functional
annotation. Other toxins that were considered in the search included haemolysin, cytotoxin K, fengygin,
surfactins and lychenisin.

2.8. Biochemical Extraction and Determination of Biogenic Amines

The isolate was sub-cultured in de Man—-Rogosa—Sharpe broth supplemented with amino acid
supplements, L-histidine mono-hydrochloride (2.5 g/L), L-tyrosine disodium salt (2.5 g/L), L-ornithine
mono-hydrochloride (2.5 g/L), L-lysine mono-hydrochloride (2.5 g/L) and agmatine sulfate salt (1 g/L)
(Sigma-Aldrich, Darmstadt, Germany). The culture was incubated, under strict anaerobic conditions
at 37 °C for 72 h without agitation [32,33]. Histamine, putrescine, agmatine, cadaverin and tyramine
were extracted and determined following the procedure as previously reported by Singracha et al. [34].
Exactly 50 mL of the bacterial culture was centrifuged at 10,000 rpm over a 10 min period at 10 °C.
Then, 5 mL of the supernatant thereof was extracted in 25 mL of 0.4 M perchloric acid before being
transferred into a screw-capped bottle. Thereafter, 1 mL of crude extract was added with 10 pL of
the internal standard (1, 7-diaminoheptane), 200 puL of 2M NaOH, 300 pL of saturated NaHCO3 and
1000 uL of dansyl chloride (10 mg/mL in acetone), and vortexed. The thoroughly mixed suspension
was incubated for 30 min at 70 °C. The excess dansyl chloride was then precipitated with 30% NH,OH
(100 uL). The resulting supernatant was adjusted to 50 mL with acetonitrile and filtered through a
0.45 um Polytetrafluoroethylene membrane filter, and kept at —28 °C before the HPLC analysis.

Determination of biogenic amines from the supernatant was carried out using advanced optical
detection with exceptional chromatographic and spectral sensitivity, and high-performance liquid
chromatography (PerkinElmer Altus, A-10 PDA Detector) with a C18 RP-HPLC column (Analytical
C18 Column 100 X 4.6 mm, 5 um particle size). The combination of acetonitrile and deionized water
was used as the gradient elution system, while 0.5 mL/min was set as the flow rate. The elution
gradient of 65% acetonitrile was set at 0 min, and was increased to 70% at 5 min and 100% at 20 min,
and then 65% at 25 min. Histamine, tyramine, cadaverine, putrescine and L-agmatine (Sigma-Aldrich,
Darmstadt, Germany) were used as standards.

2.9. Shared Protein-Based Phylogeny between L. acidophilus PNW3 and Other Strains Isolated from Different
Locations and Sources

The phylogeny was developed using the Codon Tree pipeline host on the PATRIC v3.6.6 [35].
The pipeline uses amino acids and nucleotide sequences from a defined number (500) of PATRIC's
global protein families (PGFams) [36]. These were randomly picked to build an alignment and then
generate a tree based on the differences among the selected coding sequences. The protein-encoding
sequences were aligned using MUSCLE [37], while the nucleotide coding gene sequences were aligned
using the codon align function of BioPython [38]. A concatenated alignment of all proteins and
nucleotides was written into a phylip-formatted file, and then we generated a partitions file for
RaxML [39]. The support values were generated using 100 rounds of the “Rapid” bootstrapping
option [40] of RaxML. The resulting newick file was downloaded and viewed in the FigTree [41].

3. Results

The sequenced set of reads and complete genome assembly of the Lactobacillus acidophilus PNW3
has been deposited in SRA and the DDBJ/ENA/GenBank under the accession numbers SRX5395058
and SMLT00000000, respectively. The entire genome, assembled in 25 contigs, contains 1776 coding
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sequences. Figure 1 shows a circular representation of the genome with the relative position of each of
the contigs.

Accession: SMLT00000000 NOf;ﬁ:f‘;;g‘mf“21275‘°“W4-”5119;'E3852143 W Contig
L _22_length_12729_cov_
Length: 1,857,655 bp, MODE._20_length_{4806T ¢ov_167.363722 I GC Skew+
NODE_10_length_151230_cov_215 460251 \\‘mw'\ NODE_3_length_242459_cov_251.537351 M GC Skew-
i SR / W ORF

[l GC Content
MODE_18_length_37936_cov_200.811473
“3v - NODE_21_length_13454_cov_250.231808
3 MODE_17_length_42073_cov_277.775810

NODE_7_length_157441_cov_180.361088

" —NODE_4_length_230557_cov_252.939857

NODE_2_length_675994_cov_165.027269 g T TP \NODEjJengthjE13937cm‘j€|5 936451

Figure 1. Circular genome mapping with position of each contig within the L. acidophilus PNW3
genome. The mapping was generated using CGView [42].

3.1. Important Probiotic Genes

The probiotic features determined within the genome include coding sequences putatively
involved in the following: production of lactic acids; production of bioactive peptides; production of
adhesion molecules; production of extracellular enzymes; development of stress resistance mechanism;
and stimulation of active metabolism in the host (Table 1). Three protein-encoding sequences were
determined for L-lactate dehydrogenase (EC 1.1.1.27), which functions in the fermentation of lactate
and mixed acids. Six different coding sequences putatively involved in the biosynthesis of bacteriocin
were identified within the genome of the L. acidophilus PNW3. One coding sequence was determined
encoding for FIG006988 (Lipase/Acylhydrolase with GDSL-like motif (390 bp)) and three were found
encoding for Esterase/Lipase, which are 795, 822 and 897 base-pairs long, respectively. Twelve protein-
encoding sequences were also found for different forms of extracellular protease, while none were
identified for both amylase and cellulase.
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Table 1. Protein-encoding sequences putative for important probiotic functions.

Important Probiotic Features Associated Functional Proteins/Peptides Gene Size (bp) CDS Contigs Identity

915 NODE_10_length_151230_cov_215.460261

Production of lactic acids L-lactate dehydrogenase (EC 1.1.1.27) 927 NODE_2_length_675994_cov_165.027269
972 NODE_4_length_230557_cov_252.939857
Bacteriocin helveticin J 978 NODE_10_length_151230_cov_215.460261

. S . - . 162 NODE_3_length_242459_cov_251.537351

B - f f hy — - — —
acteriocin pre-peptide/inducing factor for bacteriocin synthesis 192 NODE_3_length_242459_cov_251537351
Three-component quorum—sensmgbreg}llatory system, inducing peptide for 144 NODE_3_length_242459_cov_251.537351
. . . . bacteriocin biosynthesis
Production of bioactive peptides
. R 2163 NODE_3_length_242459_cov_251.537351
B. ABC- ATP- — - — —

acteriocin ABC-transporter, binding and permease component 591 NODE_3_length_242459_cov_251537351

. . . . . 474 NODE_2_length_675994_cov_165.027269

S-ribosylhomocysteine lyase (EC 4.4.1.21) @ Autoinducer-2 production protein LuxS 156 NODE_2_length_675994_cov_165.027269

Type 1 capsular polysaccharide biosynthesis protein (EC:2.4.1.-) 702 NODE_2_length_675994_cov_165.027269

Mannosyltransferase involved in polysaccharide biosynthesis 699 NODE_9_length_161393_cov_196.936481

Sortase A, LPXTG specific 690 NODE_2_length_675994_cov_165.027269

. . 609 NODE_2_length_675994_cov_165.027269
Cell surface protein, ErfK family 690 NODE_10_length_151230_cov_215.460261

Cell surface protein precursor 1932 NODE_10_length_151230_cov_215.460261

Cell surface protein 1020 NODE_7_length_167441_cov_180.361088

Fibronectin/fibrinogen-binding protein 1692 NODE_2_length_675994_cov_165.027266

) ) S-layer protein precursor 1500 NODE_9_length_161393_cov_196.936481
Production of adhesion molecules ATP synthase epsilon chain (EC 3.6.3.14) 441 NODE_2_length_675994_cov_165.027269
Tyrosine-protein kinase transmembrane modulator EpsC 876 NODE_3_length_242459_cov_251.537351

Tyrosine-protein kinase EpsD (EC 2.7.10.2) 783 NODE_3_length_242459_cov_251.537351

“COG1887: Putative glycosyl/glycerophosphate transferases involved in teichoic
acid biosynthesis TagF/TagB/Eps]/RodC/Putative
polyribitolphosphotransferase/CDP-ribitol:
poly (ribitol phosphate) ribitol phosphotransferase/CDP-glycerol: poly 1155 NODE_9_length_161393_cov_196.936481
(glycerophosphate) glycerophosphotransferase (EC 2.7.8.12)/CDP-glycerol:
N-acetyl-beta-D-mannosaminyl-1,4-N-acetyl-D-glucosaminyldiphosphoundecaprenyl
glycerophosphotransferase”
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Table 1. Cont.

7 of 15

Important Probiotic Features Associated Functional Proteins/Peptides Gene Size (bp) CDS Contigs Identity
1275 NODE_3_length_242459_cov_251.537351
Cell envelope-associated transcriptional attenuator LytR-CpsA-Psr, subfamily F2 1056 NODE_3_length_242459_cov_251.537351
1104 NODE_4_length_230557_cov_252.939857
Production of stress resistance molecules ATP-dependent Clp protease, ATP-binding subunit ClpE 2187 NODE_2_length_675994_cov_165.027269
ATP-dependent Clp protease, ATP-binding subunit ClpC 2478 NODE_4_length_230557_cov_252.939857
Peptide-methionine (R)-S-oxide reductase MsrB (EC 1.8.4.12) 438 NODE_7_length_167441_cov_180.361088
. . . . . 474 NODE_2_length_675994_cov_165.027269
S-ribosylhomocysteine lyase (EC 4.4.1.21) @ Autoinducer-2 production protein LuxS 156 NODE._2_length_675994_cov_165.027269
2-diacylglycerol and 3-glucosyltransferase (EC 2.4.1.337) 1164 NODE_20_length_14896_cov_167.363722
Poly (glycerol-phosphate) alpha-glucosyltransferase (EC 2.4.1.52) 1092 NODE_9_length_161393_cov_196.936481
Cellobiose phosphor transferase system celC 447 NODE_22_length_12729_cov_198.662143
Improving host metabolism PTS system, cellobiose-specific IIC component 1326 NODE_2_length_675994_cov_165.027269
PTS system, cellobiose-specific IIB component (EC 2.7.1.205) 336 NODE_2_length_675994_cov_165.027269
Outer surface protein of unknown function, cellobiose operon 1062 NODE_3_length_242459_cov_251.537351
Methionine synthase II (cobalamin-independent) 1119 NODE_2_length_675994_cov_165.027269
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3.2. Efficacy of the Bioactive Secondary Metabolites

Both the manual search through the functional annotation and the rapid in silico analysis for
secondary metabolite biosynthesis gene clusters revealed the presence CDS, predicted for bacteriocin
(Figure 2). The bacteriocin extracted from the Lactobacillus acidophilus PNW3 was partially purified and
tested against two different strains of Shiga toxin-producing E. coli O177. Both strains were susceptible
to the crude and partially purified bacteriocin with different ranges of zone of inhibition (Table 2).

batteriocin

—_——

T T T T T T T T
54,000 55,000 56,000 57,000 53,000 59,000 £0,000 81,000 62,000 £3,000 84,000 85,000 £8,000

Figure 2. Gene cluster showing the position of biosynthetic bacteriocin. The core biosynthetic
(bacteriocin) genes (M), other genes (M), and the locations of the gene clusters were mapped by
antiSMASH v5.0.0betal.

Table 2. Susceptibility test of crude and partially purified bacteriocin produced L. acidophilus PNW3.

Zone of Inhibitions (mm) **

Organisms
Crude Bacteriocin Partially Purified Bacteriocin (250 pg/mL)
E.coliC1 21.7 +0.58 243 +1.15
E. coli C2 19.3 £ 0.58 24.0 +1.00

Key: **—Mean values of three replicates.

3.3. Safety Assessment of the Strain

Both the ResFinder and CARD database for the genes encoding for acquired drug resistance
revealed the presence of Tetracycline-resistant ribosomal protection protein (tetW) and Lincosamide
nucleotidyltransferase (InuC), which confer resistance to Tetracycline and Lincosamide, respectively.
Manual searches through the functional annotation only indicate the presence of multidrug-resistant
proteins with assisting heterodimetric efflux ABC transporters (LmrC subunit of LmrCD). The strain
was predictably identified as a non-human pathogen by the PathogenFinder tool hosted by the Centre
for Genomic Epidemiology. The calculated Matched Pathogenic Families was 0, while the Matched
Not Pathogenic Families was 597, and the probability of being a human pathogen was calculated to be
0.2. There was no hit for virulence determinants using VirulenceFinder.

A handful of Mobile Genetic Elements were equally identified within the genome of the Lactobacillus
acidophilus PNW3. A single prophage region was identified within the entire genome, and the coding
sequence indicates incomplete prophage type. Five coding sequences were also predicted for insertion
sequences (IS), with three different identified IS distributed into three different families using the
Optimised Annotation System for Insertion Sequences search tool. The associated IS families were
S200-1S605, I1S30 and IS66, while on the other hand, 10 putative complete open reading frames
(ORF) putative for IS were identified using the ISsaga search tool and distributed into 10 different
families (Figure 3).

A search for the CRISPR-Cas sequence within the L. acidophilus PNW3 genome revealed only
one CDS putative for the CRISPR sequence with the associated cas gene. The fragment occurred
on Contig Identity NODE_10_length_151230_cov_215_460261_1 and occupied the region between
64,572 and 66,430 bp. The identified CRISPR sequence contained 30 spacer genes and a 28 bp repeat
consensus (GGATCACCTCCACATACGTGGAGAAAAT).
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15110: 5.88%
I5Lre2: 5.88%
I1SL3: 5.83%

[31182: 11.76%
IS66: £.88%

IS607: 5.88%

1530: 11.76%

15200_5605: 35.29%
153: 5.88%

1521 5.88%

Figure 3. Genome mapping of the L. acidophilus PNW3 showing the distribution of the roughly
predicted IS family within the genome using the ISsaga v2.0.

3.4. Detection of Biogenic Amines Produced by the Strain

Only one protein-encoding sequence related to the production of biogenic amines was found
within the entire genome of the L. acidophilus PNW3. The CDS is putative for Ornithine decarboxylase
(EC 4.1.1.17) and located on Contig Identity NODE_2_length_675994_cov_165.027269. The length of
the fragment measures 2094 bp and stretches between 368,158 and 370,251 bp along the forward DNA
strand (Figure 4). No hit was found for the enteroxins and lipopeptides within the genome. Analysis of
the HPLC carried out on the extracted biogenic amines produced by the isolate also revealed putrescine
as the only biogenic amine produced. The putrescine produced by the L. acidophilus PNW3 was
eluted within a 2.337 min retention time, while the putrescine used as the standard reference eluted at
2.436 min under the same flow rate of 0.5 mL/min.

12 1 g

PRSI et s agm— o Sl S S——0
) |:> i . 12 1 8 . .

L. gassert ATCC ) HH - -0 >

P. multocida su {:H :)-I hFD_l_E* :K H: H: l_{

Figure 4. Annotation diagram mapping out the location of Ornithine decarboxylase (EC 4.1.1.17)
(1-) found within the L acidophilus PNW3 genome.

3.5. Evolutionary Similarity between the L. acidophilus PNW3 and Other Strains

A total of seven genomes of different strains of L. acidophilus, including PNW3 and two genomes
of L. johnsonii, were used to generate a phylogenetic tree. L. acidophilus PNW3 (South Africa) and 30SC
(South Korea) were both isolated from Sus scrofa, while the ATCC 53,544 (USA), DSM 20,079 (France)
and DS1_1A (USA) were isolated from Homo sapiens. The strain YT1 (South Korea) was from Rattus
norvegicus and UBLA-34 (India) was from fermented food. The Lactobacillus johnsonii strains UMNL]114
(USA) and ZL]010 (China) were isolated from Meleagris gallopavo and Sus scrofa, respectively (Figure 5).
The tree was built on 500 single copy genes that included 200,641 amino acids and 601,842 nucleotides.
All the L. acidophilus appeared on the same clade, and likewise the two strains of the L. johnsonii had
a 100% support value for each clade. Among the L. acidophilus, only the 30SC does not cluster with
the others. The L. acidophilus PNW3 appears to have evolved around the same time as the other five
strains, regardless of the year of isolation, location and the source of the isolates. This is supported by
a 100% confidence level, except for the UBLA-34 and DS1_1A, which are 50% and 40%, respectively.
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40

50

100

100

100

Lactobacillus acidophilus strain DS1_1A

Lactobacillus acidophilus strain UBLA-34

Lactobacillus acidophilus strain PNW3

Lactobacillus acidophilus strain ATCC 53544

Lactobacillus acidophilus strain DSM 20079

10 of 15

100

Lactobacillus acidophilus strain YT1

Lactobacillus acidophilus 30SC

Lactobacillus johnsonii strain UMNLJ114
100|_

Lactobacillus johnsonii strain ZLJO10

0.05

Figure 5. Shared protein-based phylogeny between Lactobacillus acidophilus PNW3 and other strains.
4. Discussion

This study is an overhaul of the entire genome of Lactobacillus acidophilus PNW3 for important
probiotic features and the safety of the isolate. Functional annotation through the NCBI prokaryotic
genome annotation pipeline and rapid annotations using subsystems technology with SEED viewer
revealed several inherent protein-encoding sequences predictably in support of the health benefit of a
typical probiotic candidate.

Three protein-encoding genes were determined within the genome, putative for L-lactate
dehydrogenase (EC 1.1.1.27), an important enzyme required in the fermentation of lactate and
mixed acids. In the in vitro and in vivo studies conducted by Yang et al. [43], lactic acid was confirmed
as an inducer of the rapid de-phosphorylation of the epidermal growth factor receptor. It also exhibited
inhibitory effects on the production of IL-8 induced by IL-13, and colony formation by HT29 cells.
Furthermore, lactic acid commendably increased the rate of survival when administered through
the oral route to ApcMin mice (Apc/multiple intestinal neoplasia) with advanced stage malignant
tumor. In another independent study, L-lactate dehydrogenase was found to possess the ability to
stimulate the bioenergetics of the mitochondria in the heart, muscle and liver, just as effectively as
pyruvate. The enzyme L-lactate dehydrogenase was also confirmed to stimulate the production of
reactive oxygen species in the mitochondrion at the same rate as pyruvate induces the production of
hydrogen peroxide [44].

Moreover, among the probiotic important genes found within the genome of L. acidophilus PNW3
are genes putative for bioactive peptides. The coding sequences for the bacteriocin, Autoinducer-2
production protein, type 1 capsular polysaccharide biosynthesis protein and mannosyltransferase
involved in polysaccharide biosynthesis were found within the genome. Bioactive peptides, synthesized
as secondary metabolites by the lactic acid bacteria, provide a source of alternative bioactive compounds
of natural origin to synthetic antimicrobials. Several studies have revealed the potency of the active
compounds secreted by LAB against clinically important pathogens and malignant cells [45-47].

The effectiveness of a probiotic is largely enhanced by its ability to adhere and competitively
colonize gut epithelia cells. Sortase A, which is LPXTG-specific, identified with heme, hemin uptake
and utilization systems in Gram-positive Sortase, and is among the important adhesion players in
the L. acidophilus PNW3. Sortase A is an enzyme used by Gram-positive bacteria to coat the cell
surface with functional proteins and a pili assemblage that enables interactions between the cells and
their environment. The enzyme is highly important in the cell physiology and defense; it is made
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up of protein domains connected with the adhesion of cells to host cells and extracellular matrix
proteins [48,49]. Other important adhesive encoding genes identified include the following: cell surface
and S-layer proteins; fibronectin/fibrinogen-binding protein; and members of the EPS cluster such as
EpsC, EpsD, Eps] and ATP synthase epsilon chain.

The gut microbiota vested with diverse enzymatic potentials plays a crucial role in the improvement
of the host metabolism, the repression of pathogens, the contribution of additional nutrients and the
improvement of nutrient digestibility and absorption [50,51]. Extracellular enzymes, such as lipase,
protease and amylase, among others, produced by most lactic acid bacteria, play an important role
in the guts of animals and human beings, including infants [52]. Four coding sequences putative for
different kinds of lipases and twelve coding sequences putative for different proteases were among the
probiotic supportive genes located in the genome of L. acidophilus PNW3. This, therefore, supports the
envisaging potential of the isolate with regard to improving nutrient digestibility in the host as a
probiotic candidate. This may directly translate into growth performance improvement in the target
farm animal.

In addition, the functional annotation of the entire genome assembly also revealed a plethora
of coding genes putative for stress tolerance within the gut environment in relation to bile salts and
gastric pH. These include ATP synthase epsilon chain, PTS system, cellobiose-specific IIC component,
ATP-dependent Clp protease ATP-binding subunit, and L-lactate dehydrogenase, all of which are
responsible for the maintenance of acid stress resistance [3]. Autoinducer-2 production protein LuxS,
which is among the stress-resistant CDS identified in the genome, has been described as part of the
proteins involved in both acid and bile salt stress tolerance [53]. Another CDS identified along the
cell envelope subcategory is the cell envelope-associated transcriptional attenuator LytR-CpsA-Psr,
subfamily F2. The hydrophobic nature of the cell envelope of microorganism assists with the adhesion
of the organisms to the host epithelia cell, therefore conferring a competitive edge for colonization of
the gastrointestinal tract [54].

Quick searches through different databases and a manual search through functional annotation
revealed that L. acidophilus PNW3 harbors resistant genes against Lincosamide and Tetracycline.
Functional annotation also revealed the presence of the heterodimeric efflux ABC transporter,
and multidrug resistance. Although several heterodimeric ABC transporters have been reportedly
involved in multidrug efflux in Gram-positive organisms, it is worthy to note that most of the annotated
multidrug efflux transporters are not capable of transporting drugs, but rather get involved in other
physiological functions within the cell [55]. Moreover, the heterodimeric efflux ABC transporter is an
intrinsic form of resistance, which has little or no chance of being transferred to other bacteria [56].
The only prophage region found within the L. acidophilus PNW3 genome was designated as an
incomplete prophage type, an indication of its non-functionality. None of the identified transposase
and other insertion sequences flanked the resistance genes, thus further limiting the transferability of
these antimicrobial resistance genes.

Furthermore, the genome of the isolate harbors a fragment of clustered regularly interspaced short
palindromic repeats (CRISPR) with associated Cas-gene and spacer. The presence of a CRISPR region
within the microbial genome is expected to limit the spread of antimicrobial resistant genes through
the obstruction of multiple pathways of lateral gene transfer [57]. The CRISPR-Cas fragment equips
the host strain with a sequence-specific defense-line against the intrusion of extra-chromosomal DNA
molecules such as insertion sequences (IS), plasmids, transposons and phages [58,59]. The presence of
this therefore indicates the stability of the L. acidophilus PNW3 genome and the reduced possibility of
acquiring antimicrobial-resistant genes.

The CDS putative for ornithine decarboxylase (EC 4.1.1.17) was the only protein with the potential
for producing a biogenic amine compound in the L. acidophilus PNW3. The decarboxylation of amino
acid ornithine by the enzyme ornithine decarboxylase leads to the formation of putrescine, which is
a biochemical that has been confirmed to down-regulate the activities of macrophages in response
to injury due to microbial infection [60]. The production of putrescine by the L. acidophilus PNW3
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was practically confirmed through HPLC analysis. Ornithine decarboxylase also limits the rate of
polyamine biosynthesis, thus increasing the potential for oncogenesis [61]. The increased activity of
the enzyme has been reportedly observed in the rapid proliferation of normal and neoplastic cells.
Although the activity of Ornithine decarboxylase is under strict regulation at transcriptional and
post-translational stages, due to its impact on the cellular processes [62], Ornithine degradation is
regulated by a protein known as antizyme in response to the density of polyamine, and is also one of
the targets of the Myc/Max transcription factor [63].

5. Conclusions

The genome of L. acidophilus PNW3 is vested with enough protein-encoding genes in support of
its probiotic efficacy, and the organism appears safe at the genome level. Neither of the two identified
drug resistance genes were flanked by the insertion sequences, which thus reduces any potential risk
of the resistant gene transferring into the environment; this could also be prevented by the presence of
the CRISPR-Cas fragment. In general, L. acidophilus PNW3 is confirmed as a non-human pathogen,
though the strain is capable of producing putrescine, which is a biogenic amine. Further in vivo
assessment is required on the safety assurance of the strain as a viable probiotic agent. The application
of probiotics in livestock keeping would ensure improved public health and food security.
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Author Contributions: Conceptualization, O.A.A.; methodology, K.A.A.; validation, O.A.A. and C.N.A;
formal analysis, K.A.A.; investigation, K.A.A; resources, O.A.A. and C.N.A; data curation, K.A.A.; writing—
original draft preparation, K.A. A ; writing—review and editing, O.A.A. and C.N.A. All authors have read and
agreed to the published version of the manuscript.

Funding: The current research was funded by an Incentive Funding for Rated Researcher offered the National
Research Foundation, South Africa, awarded to O.A.A. and as well as research grant from the FNAS Research
Committee of the North-West University awarded to C.N.A. The APC was funded by FNAS Research Committee,
North-West University.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Dlamini, Z.C.; Langa, R.L.S.; Aiyegoro, O.A.; Okoh, A.I. Safety Evaluation and Colonisation Abilities of
Four Lactic Acid Bacteria as Future Probiotics. Probiot. Antimicrob. Proteins 2019, 11, 397-402. [CrossRef]
[PubMed]

2. Yang, L; Chen, Y; Li, Z; Shi, Y;; Li, Z.; Zhao, X. Complete Genome Sequence of Lactobacillus acidophilus
MN-BM-F01. Genome Announc. 2016, 4, €01699-15. [CrossRef] [PubMed]

3.  Oliveira, L.D.C.; Saraiva, T.D.L.; Silva, WM.; Pereira, U.P.; Campos, B.C.; Benevides, L.J.; Rocha, ES.;
Figueiredo, H.C.P; Azevedo, V.; Soares, S.C. Analyses of the probiotic property and stress resistance-related
genes of Lactococcus lactis subsp. lactis NCDO 2118 through comparative genomics and in vitro assays.
PLoS ONE 2017, 12, e0175116. [CrossRef] [PubMed]

4. Stahl, B.; Barrangou, R. Complete Genome Sequence of Probiotic Strain Lactobacillus acidophilus La-14.
Genome Announc. 2013, 1, e00376-13. [CrossRef]

5. Nordeste, R.; Tessema, A.; Sharma, S.; Kovac, Z.; Wang, C.; Morales, R.; Griffiths, M.W. Molecules produced
by probiotics prevent enteric colibacillosis in pigs. BMC Vet. Res. 2017, 13, 335. [CrossRef]

6. Chetwin, E.; Manhanzva, M.T.; Abrahams, A.G.; Froissart, R.; Gamieldien, H.; Jaspan, H.; Jaumdally, S.Z.;
Barnabas, S.L.; Dabee, S.; Happel, A.-U.; et al. Antimicrobial and inflammatory properties of South African
clinical Lactobacillus isolates and vaginal probiotics. Sci. Rep. 2019, 9, 1917. [CrossRef]

7.  Ejtahed, H.; Mohtadi-Nia, J.; Homayouni-Rad, A.; Niafar, M.; Asghari-Jafarabadi, M.; Mofid, V.;
Akbarian-Moghari, A. Effect of probiotic yogurt containing Lactobacillus acidophilus and Bifidobacterium
lactis on lipid profile in individuals with type 2 diabetes mellitus. J. Dairy Sci. 2011, 94, 3288-3294. [CrossRef]


repository.nwu.ac.za
http://dx.doi.org/10.1007/s12602-018-9430-y
http://www.ncbi.nlm.nih.gov/pubmed/29881953
http://dx.doi.org/10.1128/genomeA.01699-15
http://www.ncbi.nlm.nih.gov/pubmed/26868391
http://dx.doi.org/10.1371/journal.pone.0175116
http://www.ncbi.nlm.nih.gov/pubmed/28384209
http://dx.doi.org/10.1128/genomeA.00376-13
http://dx.doi.org/10.1186/s12917-017-1246-6
http://dx.doi.org/10.1038/s41598-018-38253-4
http://dx.doi.org/10.3168/jds.2010-4128

Foods 2020, 9, 1840 13 0f 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Wang, H.; Zhang, Q.; Niu, Y,; Zhang, X.; Lu, R. Surface-layer protein from Lactobacillus acidophilus
NCFM attenuates tumor necrosis factor-a-induced intestinal barrier dysfunction and inflammation. Int. J.
Biol. Macromol. 2019, 136, 27-34. [CrossRef]

Wang, H.; Cheng, X.; Zhang, L.; Xu, S.; Zhang, Q.; Lu, R.-R. A surface-layer protein from Lactobacillus
acidophilus NCFM induces autophagic death in HCT116 cells requiring ROS-mediated modulation of mTOR
and JNK signaling pathways. Food Funct. 2019, 10, 4102-4112. [CrossRef]

Guo, Y;; Jiang, X.; Yang, Y.; Zhang, J.; Pan, D.; Wu, Z; Sun, Y,; Pan, D. Prevention of necrotizing enterocolitis
through surface layer protein of Lactobacillus acidophilus CICC6074 reducing intestinal epithelial apoptosis.
J. Funct. Foods 2018, 47,91-99. [CrossRef]

Yatsunenko, T.; Rey, EE.; Manary, M.].; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.;
Hidalgo, G.; Baldassano, R.N.; Anokhin, A.P; et al. Human gut microbiome viewed across age and
geography. Nature 2012, 486, 222-227. [CrossRef] [PubMed]

Pradhan, B.; Guha, D.; Naik, A.K; Banerjee, A.; Tambat, S.; Chawla, S.; Senapati, S.; Aich, P. Probiotics L.
acidophilus and B. clausii Modulate Gut Microbiota in Thland Th2-Biased Mice to Ameliorate Salmonella
Typhimurium-Induced Diarrhea. Probiot. Antimicrob. Proteins 2019, 11, 887-904. [CrossRef] [PubMed]
Alayande, K.A ; Aiyegoro, O.A.; Nengwekhulu, T.M.; Katata-Seru, L.; Ateba, C.N. Integrated genome-based
probiotic relevance and safety evaluation of Lactobacillus reuteri PNW1. PLoS ONE 2020, 15, e0235873.
[CrossRef] [PubMed]

Alayande, K.A.; Aiyegoro, O.A.; Ateba, C.N. Whole-Genome Sequence of Lactobacillus acidophilus
PNW3, Isolated from Weaned Piglets of the Indigenous South African Windsnyer Pig Breed.
Microbiol. Resour. Announc. 2019, 8, €00362-19. [CrossRef] [PubMed]

Nurk, S.; Bankevich, A.; Antipov, D.; Gurevich, A.; Korobeynikov, A ; Lapidus, A.; Prjibelsky, A.; Pyshkin, A;
Sirotkin, A.; Sirotkin, Y.; et al. Assembling genomes and mini-metagenomes from highly chimeric reads.
In Research in Computational Molecular Biologyi; Lecture Notes in Computer Science; Deng, M., Jiang, R.,
Sun, F,, Zhang, X., Eds.; Springer: Berlin/Heidelberg, Germany, 2013; Volume 7821, pp. 158-170.

Tatusova, T.; DiCuccio, M.; Badretdin, A.; Chetvernin, V.; Nawrocki, P.; Zaslavsky, L.; Lomsadze, A.;
Pruitt, K.D.; Borodovsky, M.; Ostell, ]. NCBI prokaryotic genome annotation pipeline. Nucleic Acids Res.
2016, 44, 6614-6624. [CrossRef] [PubMed]

Haft, D.H.; DiCuccio, M.; Badretdin, A.; Brover, V.; Chetvernin, V.; O'Neill, K.; Li, W.; Chitsaz, F.,;
Derbyshire, M.K.; Gonzales, N.R.; et al. RefSeq: An update on prokaryotic genome annotation and curation.
Nucleic Acids Res. 2018, 46, D851-D860. [CrossRef] [PubMed]

Brettin, T.; Davis, ].J.; Disz, T.; Edwards, R.A.; Gerdes, S.; Olsen, G.J.; Olson, R.].; Overbeek, R.; Parrello, B.;
Pusch, G.D.; et al. RASTtk: A modular and extensible implementation of the RAST algorithm for building
custom annotation pipelines and annotating batches of genomes. Sci. Rep. 2015, 5, srep08365. [CrossRef]
Blin, K.; Wolf, T.; Chevrette, M.G.; Lu, X.; Schwalen, C.J.; Kautsar, S.A.; Duran, H.G.S.; Santos, E.L.C.D.L.;
Kim, H.U.; Nave, M.; et al. antiSMASH 4.0—Improvements in chemistry prediction and gene cluster
boundary identification. Nucleic Acids Res. 2017, 45, W36-W41. [CrossRef]

Wannun, P; Piwat, S.; Teanpaisan, R. Purification, Characterization, and Optimum Conditions of Fermencin
SD11, a Bacteriocin Produced by Human Orally Lactobacillus fermentum SD11. Appl. Biochem. Biotechnol. 2016,
179, 572-582. [CrossRef]

Zommiti, M.; Almohammed, H.; Ferchichi, M. Purification and Characterization of a Novel Anti-
Campylobacter Bacteriocin Produced by Lactobacillus curvatus DN317. Probiot. Antimicrob. Proteins
2016, 8, 191-201. [CrossRef]

Alayande, K.A.; Pohl, C.H.; Ashafa, A.O.T. Evaluations of biocidal potential of Euclea crispa stem bark
extract and ability to compromise the integrity of microbial cell membrane. J. Herb. Med. 2020, 21, 100304.
[CrossRef]

Cosentino, S.; Voldby, L.M.; Meller, A.F,; Lund, O. PathogenFinder—Distinguishing friend from foe using
bacterial whole genome sequence data. PLoS ONE 2013, 8, e77302. [CrossRef]

Zankari, E.; Hasman, H.; Cosentino, S.; Vestergaard, M.; Rasmussen, S.; Lund, O.; Aarestrup, EM.; Larsen, M.V.
Identification of acquired antimicrobial resistance genes. ]J. Antimicrob. Chemother. 2012, 67, 2640-2644.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ijbiomac.2019.06.041
http://dx.doi.org/10.1039/C9FO00109C
http://dx.doi.org/10.1016/j.jff.2018.05.045
http://dx.doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
http://dx.doi.org/10.1007/s12602-018-9436-5
http://www.ncbi.nlm.nih.gov/pubmed/29909486
http://dx.doi.org/10.1371/journal.pone.0235873
http://www.ncbi.nlm.nih.gov/pubmed/32687505
http://dx.doi.org/10.1128/MRA.00362-19
http://www.ncbi.nlm.nih.gov/pubmed/31221645
http://dx.doi.org/10.1093/nar/gkw569
http://www.ncbi.nlm.nih.gov/pubmed/27342282
http://dx.doi.org/10.1093/nar/gkx1068
http://www.ncbi.nlm.nih.gov/pubmed/29112715
http://dx.doi.org/10.1038/srep08365
http://dx.doi.org/10.1093/nar/gkx319
http://dx.doi.org/10.1007/s12010-016-2014-y
http://dx.doi.org/10.1007/s12602-016-9237-7
http://dx.doi.org/10.1016/j.hermed.2019.100304
http://dx.doi.org/10.1371/annotation/b84e1af7-c127-45c3-be22-76abd977600f
http://dx.doi.org/10.1093/jac/dks261
http://www.ncbi.nlm.nih.gov/pubmed/22782487

Foods 2020, 9, 1840 14 0f 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Alcock, B.P; Raphenya, A.R;; Lau, TTY.,, Tsang, KK.; Bouchard, M.; Edalatmand, A.; Huynh, W,;
Nguyen, A.-L.V,; Cheng, A.A,; Liu, S.; et al. CARD 2020: Antibiotic resistome surveillance with the
comprehensive antibiotic resistance database. Nucleic Acids Res. 2020, 48, D517-D525. [CrossRef] [PubMed]
Joensen, K.G.; Scheutz, F.; Lund, O.; Hasman, H.; Kaas, R.S.; Nielsen, EM.; Aarestrup, EM. Real-Time
Whole-Genome Sequencing for Routine Typing, Surveillance, and Outbreak Detection of Verotoxigenic
Escherichia coli. J. Clin. Microbiol. 2014, 52, 1501-1510. [CrossRef] [PubMed]

Zhou, Y.; Liang, Y.; Lynch, K.H.; Dennis, J.J.; Wishart, D.S. PHAST: A Fast Phage Search Tool. Nucleic Acids Res.
2011, 39, W347-W352. [CrossRef]

Arndt, D.; Grant, ].R.; Marcu, A.; Sajed, T.; Pon, A.; Liang, Y.; Wishart, D.S. PHASTER: A better, faster version
of the PHAST phage search tool. Nucleic Acids Res. 2016, 44, W16-W21. [CrossRef]

Siguier, P.; Perochon, ].; Lestrade, L.; Mahillon, J.; Chandler, M. ISfinder: The reference centre for bacterial
insertion sequences. Nucleic Acids Res. 2006, 34, D32-D36. [CrossRef]

Robinson, D.G.; Lee, M.-C.; Marx, C.J. OASIS: An automated program for global investigation of bacterial
and archaeal insertion sequences. Nucleic Acids Res. 2012, 40, e174. [CrossRef]

Grissa, I.; Vergnaud, G.; Pourcel, C. The CRISPRdb database and tools to display CRISPRs and to generate
dictionaries of spacers and repeats. BMC Bioinform. 2007, 8, 1-10. [CrossRef]

Salvetti, E.; Orru, L.; Capozzi, V.; Martina, A.; Lamontanara, A.; Keller, D.; Cash, H.; Felis, G.E.; Cattivelli, L.;
Torriani, S.; et al. Integrate genome-based assessment of safety for probiotic strains: Bacillus coagulans
GBI-30, 6086 as a case study. Appl. Microbiol. Biotechnol. 2016, 100, 4595-4605. [CrossRef] [PubMed]
Elsanhoty, R.; Ramadan, M.F. Genetic screening of biogenic amines production capacity from some lactic
acid bacteria strains. Food Control 2016, 68, 220-228. [CrossRef]

Singracha, P.; Niamsiri, N.; Visessanguan, W.; Lertsiri, S.; Assavanig, A. Application of lactic acid bacteria
and yeasts as starter cultures for reduced-salt soy sauce (moromi) fermentation. LWT Food Sci. Technol. 2017,
78, 181-188. [CrossRef]

Wattam, A.R.; Davis, ].J.; Assaf, R.; Boisvert, S.; Brettin, T.; Bun, C.; Conrad, N.; Dietrich, E.M.; Disz, T.;
Gabbard, J.L.; et al. Improvements to PATRIC, the all-bacterial Bioinformatics Database and Analysis
Resource Center. Nucleic Acids Res. 2017, 45, D535-D542. [CrossRef] [PubMed]

Davis, J.J.; Gerdes, S.; Olsen, G.J.; Olson, R.; Pusch, G.D.; Shukla, M.; Vonstein, V.; Wattam, A.R.; Yoo, H.
PATtyFams: Protein Families for the Microbial Genomes in the PATRIC Database. Front. Microbiol. 2016,
7,118. [CrossRef]

Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res.
2004, 32, 1792-1797. [CrossRef]

Cock, PJ.A.; Antao, T.; Chang, ].T.; Chapman, B.A.; Cox, C.J; Dalke, A,; Friedberg, I.; Hamelryck, T.; Kauff, F;
Wilczynski, B.; et al. Biopython: Freely available Python tools for computational molecular biology and
bioinformatics. Bioinformatics 2009, 25, 1422-1423. [CrossRef]

Stamatakis, A. RAXML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics 2014, 30, 1312-1313. [CrossRef]

Stamatakis, A.; Hoover, P.; Rougemont, J. A Rapid Bootstrap Algorithm for the RAXML Web Servers.
Syst. Biol. 2008, 57, 758-771. [CrossRef]

Rambaut, A. FigTree v1. 3.1: Tree Figure Drawing Tool; Institute of Evolutionary Biology, University of
Edinburgh: Edinburgh, UK, 2009.

Grant, J.R.,; Stothard, P. The CGView Server: A comparative genomics tool for circular genomes.
Nucleic Acids Res. 2008, 36, W181-W184. [CrossRef]

Yang, G.; Xu, H.; Kelly, C.P.; Chen, X. Lactic Acid Mediates Anti-Cancer Function of Probiotic Yeast (188).
Gastroenterology 2012, 142, 546. [CrossRef]

Young, A.; Oldford, C.; Mailloux, R.J. Lactate dehydrogenase supports lactate oxidation in mitochondria
isolated from different mouse tissues. Redox Biol. 2020, 28, 101339. [CrossRef] [PubMed]

Axel, C.; Brosnan, B.; Zannini, E.; Furey, A.; Coffey, A.; Arendt, E.K. Antifungal sourdough lactic acid bacteria
as biopreservation tool in quinoa and rice bread. Int. J. Food Microbiol. 2016, 239, 86-94. [CrossRef] [PubMed]
Wang, Y.; Wang, X.; Jiang, W.; Wang, K.; Luo, J.; Li, W,; Zhou, X.; Zhang, L. Antimicrobial peptide
GH12 suppresses cariogenic virulence factors ofStreptococcus mutans. J. Oral Microbiol. 2018, 10, 1442089.
[CrossRef] [PubMed]


http://dx.doi.org/10.1093/nar/gkz935
http://www.ncbi.nlm.nih.gov/pubmed/31665441
http://dx.doi.org/10.1128/JCM.03617-13
http://www.ncbi.nlm.nih.gov/pubmed/24574290
http://dx.doi.org/10.1093/nar/gkr485
http://dx.doi.org/10.1093/nar/gkw387
http://dx.doi.org/10.1093/nar/gkj014
http://dx.doi.org/10.1093/nar/gks778
http://dx.doi.org/10.1186/1471-2105-8-172
http://dx.doi.org/10.1007/s00253-016-7416-9
http://www.ncbi.nlm.nih.gov/pubmed/26952108
http://dx.doi.org/10.1016/j.foodcont.2016.04.002
http://dx.doi.org/10.1016/j.lwt.2016.12.019
http://dx.doi.org/10.1093/nar/gkw1017
http://www.ncbi.nlm.nih.gov/pubmed/27899627
http://dx.doi.org/10.3389/fmicb.2016.00118
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/bioinformatics/btp163
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.1080/10635150802429642
http://dx.doi.org/10.1093/nar/gkn179
http://dx.doi.org/10.1016/S0016-5085(12)60177-2
http://dx.doi.org/10.1016/j.redox.2019.101339
http://www.ncbi.nlm.nih.gov/pubmed/31610469
http://dx.doi.org/10.1016/j.ijfoodmicro.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27236463
http://dx.doi.org/10.1080/20002297.2018.1442089
http://www.ncbi.nlm.nih.gov/pubmed/29503706

Foods 2020, 9, 1840 15 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Muhialdin, B.J.; Algboory, H.L.; Kadum, H.; Mohammed, N.K.; Saari, N.; Hassan, Z.; Hussin, A.S.M.
Antifungal activity determination for the peptides generated by Lactobacillus plantarum TE10 against
Aspergillus flavus in maize seeds. Food Control 2020, 109, 106898. [CrossRef]

Jacobitz, A.W.; Kattke, M.D.; Wereszczynski, J.; Clubb, R.T. Sortase Transpeptidases: Structural Biology and
Catalytic Mechanism. Adv. Protein Chem. Struct. Biol. 2017, 109, 223-264. [CrossRef] [PubMed]
Stanborough, T.; Suryadinata, R.; Fegan, N.; Powell, SM.; Tamplin, M.; Nuttall, S.D.; Chandry, PS.
Characterisation of the Brochothrix thermosphacta sortase a enzyme. FEMS Microbiol. Lett. 2018, 365, 184.
[CrossRef]

Sumathi, C.; Priya, D.M.; Babu, V.D.; Sekaran, G. Microbial & biochemical technology analysis of enzyme
activities of the gut bacterial communities in Labeo rohita fed differentially. Treat. Anim. Fleshing Diets 2011,
3, 112-120.

Nora-Azirah, M.Z.; Marini, I.; Murni, K.; Harmin, S.A.; Ina-Salwany, M.Y. Extracellular Enzyme Production
of Probiotic Bacillus JAQ04 and Micrococcus JAQO7 isolated from tiger grouper (Epinephelus fuscoguttatus).
Int. J. Chem. Environ. Biol. Sci. 2016, 4, 2320-4087.

Padmavathi, T.; Bhargavi, R.; Priyanka, P.R.; Niranjan, N.R.; Pavitra, P.V. Screening of potential probiotic
lactic acid bacteria and production of amylase and its partial purification. J. Genet. Eng. Biotechnol. 2018, 16,
357-362. [CrossRef]

Jia, F-E; Zheng, H.-Q.; Sun, S.-R.; Pang, X.-H.; Liang, Y.; Shang, ].-C.; Zhu, Z.-T.; Meng, X.-C. Role of luxS
in Stress Tolerance and Adhesion Ability in Lactobacillus plantarum KLDS1.0391. BioMed Res. Int. 2018,
2018, 4506829. [CrossRef] [PubMed]

Vinderola, C.; Reinheimer, J. Lactic acid starter and probiotic bacteria: A comparative “in vitro” study of
probiotic characteristics and biological barrier resistance. Food Res. Int. 2003, 36, 895-904. [CrossRef]
Hiirlimann, L.M.; Corradi, V.; Hohl, M.; Bloemberg, G.V.; Tieleman, D.P,; Seeger, M.A. The Heterodimeric
ABC Transporter EfrCD Mediates Multidrug Efflux in Enterococcus faecalis. Antimicrob. Agents Chemother.
2016, 60, 5400-5411. [CrossRef] [PubMed]

Das, D.J.; Shankar, A.; Johnson, J.B.; Thomas, S. Critical insights into antibiotic resistance transferability in
probiotic Lactobacillus. Nutrition 2019, 69, 110567. [CrossRef]

Marraffini, L.A.; Sontheimer, E.]. CRISPR Interference Limits Horizontal Gene Transfer in Staphylococci by
Targeting DNA. Science 2008, 322, 1843-1845. [CrossRef]

Grissa, I.; Vergnaud, G.; Pourcel, C. CRISPRFinder: A web tool to identify clustered regularly interspaced
short palindromic repeats. Nucleic Acids Res. 2007, 35, W52-W57. [CrossRef]

Palmer, K.L.; Gilmore, M.S. Multidrug-Resistant Enterococci Lack CRISPR-cas. mBio 2010, 1, e00227-10.
[CrossRef]

Hardbower, D.M.; Asim, M.; Luis, P.B.; Singh, K.; Barry, D.P; Yang, C.; Steeves, M.A.; Cleveland, J.L.;
Schneider, C.; Piazuelo, M.B.; et al. Ornithine decarboxylase regulates M1 macrophage activation and
mucosal inflammation via histone modifications. Proc. Natl. Acad. Sci. USA 2017, 114, E751-E760. [CrossRef]
Shukla-Dave, A.; Castillo-Martin, M.; Chen, M.; Lobo, J.; Gladoun, N.; Collazo-Lorduy, A.; Khan, EM.;
Ponomarev, V.; Yi, Z.; Zhang, W.; et al. Ornithine Decarboxylase Is Sufficient for Prostate Tumorigenesis via
Androgen Receptor Signaling. Am. J. Pathol. 2016, 186, 3131-3145. [CrossRef]

Kaprio, T.; Rasila, T., Hagstrom, ]., Mustonen, H.; Lankila, P; Haglund, C.; Andersson, L.C.
Ornithine decarboxylase antizyme inhibitor 2 (AZIN2) is a signature of secretory phenotype and independent
predictor of adverse prognosis in colorectal cancer. PLoS ONE 2019, 14, €0211564. [CrossRef]

Pegg, A.E. Regulation of Ornithine Decarboxylase. |. Biol. Chem. 2006, 281, 14529-14532. [CrossRef]
[PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.foodcont.2019.106898
http://dx.doi.org/10.1016/bs.apcsb.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28683919
http://dx.doi.org/10.1093/femsle/fny184
http://dx.doi.org/10.1016/j.jgeb.2018.03.005
http://dx.doi.org/10.1155/2018/4506829
http://www.ncbi.nlm.nih.gov/pubmed/29651434
http://dx.doi.org/10.1016/S0963-9969(03)00098-X
http://dx.doi.org/10.1128/AAC.00661-16
http://www.ncbi.nlm.nih.gov/pubmed/27381387
http://dx.doi.org/10.1016/j.nut.2019.110567
http://dx.doi.org/10.1126/science.1165771
http://dx.doi.org/10.1093/nar/gkm360
http://dx.doi.org/10.1128/mBio.00227-10
http://dx.doi.org/10.1073/pnas.1614958114
http://dx.doi.org/10.1016/j.ajpath.2016.08.021
http://dx.doi.org/10.1371/journal.pone.0211564
http://dx.doi.org/10.1074/jbc.R500031200
http://www.ncbi.nlm.nih.gov/pubmed/16459331
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Genomic DNA Extraction and 16S rRNA Identification of the Isolate 
	Sequencing of the Entire Genome of the Isolate 
	Determination of Important Probiotic Genes 
	Determination and Extraction of Bioactive Secondary Metabolite 
	Susceptibility Testing of the Bioactive Peptide 
	Genomic Assessment of the Isolate for Safety 
	Determination of Possible Biosynthesis of Toxic Biochemical 
	Biochemical Extraction and Determination of Biogenic Amines 
	Shared Protein-Based Phylogeny between L. acidophilus PNW3 and Other Strains Isolated from Different Locations and Sources 

	Results 
	Important Probiotic Genes 
	Efficacy of the Bioactive Secondary Metabolites 
	Safety Assessment of the Strain 
	Detection of Biogenic Amines Produced by the Strain 
	Evolutionary Similarity between the L. acidophilus PNW3 and Other Strains 

	Discussion 
	Conclusions 
	References

