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ABSTRACT

Streptococcus thermophilus is a bacterial species widely used in the food industry for producing
dairy fermented foods as well as probiotics. In this study, the whole genome of the S.
thermophilus CKDBO027 strain used in probiotic products was sequenced, and the genetic
features related to its safety and functionality were determined. The CKDBO027 strain has a
single circular chromosome of approximately 1.88 Mb with 39.0% GC content. The genome
study has shown the absence of antibiotic resistance and virulence related genes. To identify
the unique genetic features of CKDB027, genomic comparisons with other 18 S. thermophilus
used in probiotic industry were conducted. The results showed that the CKDB027 strain
shared a common ancestor with several strains isolated from milk or yogurt. The CKDB027
strain possesses genes related to lactose catabolism, proteolysis, stress resistance, defense
system, and adherence that are major function of probiotics. In addition, a gene cluster
producing exopolysaccharides was detected. These findings indicate that the S. thermophilus
CKDBO027 strain is genetically safe and has beneficial genetic features for human health to
use in dairy industry and health functional foods.

Keywords: Probiotics; Streptococcus thermophilus; Whole genome sequencing;
Comparative genomic analysis; Safety assessment

INTRODUCTION

Probiotics are live microorganisms with beneficial effects on human health, such as
enhancing digestive functions, increasing the proportion of beneficial intestinal bacteria,
and inhibiting harmful bacterial growth.! In addition, they have various effects on human
diseases, including improvement in immune diseases, such as atopic dermatitis and asthma,
and reduction in blood cholesterol and body fat.? In line with the reports of such efficacy, the
probiotics industry has shown rapid annual growth and active research and development of
probiotics with new functionality. Recently, numerous studies have also applied probiotics to
the prevention of coronavirus disease 2019 disease.>
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Nevertheless, problems related to safety and side effects have been pointed out after

the consumption of probiotics. For example, certain strains of Enterococcus faecium may
exhibit antibiotic resistance (AR) or cause opportunistic infections; therefore, they are

not prescribed to patients or older adults with low immunity.* The AR gene (ARG) may be
transmitted to a pathogenic species in the body through mobile genetic elements, such as a
bacteriophage, plasmid, or transposon.® Therefore, the presence of virulence genes or ARGs
should be rigorously tested via genomic analysis. The US Food and Drug Administration
(FDA) and the European Food Safety Authority (EFSA) apply the evaluation system of
Generally Recognized as Safe (GRAS) and Qualified Presumption of Safety (QPS) for the
safety management of microorganisms used in probiotics.

In the screening of a novel probiotic strains, the use of strains with ARGs or virulence

genes in probiotics is prohibited by the EFSA and hence excluded. Thus, the analysis of the
genetic characteristics related to virulence and AR is an essential process in the selection

of beneficial strains. In addition, through whole-genome sequencing, the bioactivity and
health benefits can be predicted at the genetic level. For example, the possibility of producing
exopolysaccharides (EPSs) that contribute to enhancing food texture as well as various
bioactive functions including lowering cholesterol, anti-oxidation, anti-virus, and enhancing
immune system can be determined in advance.®

Streptococcus thermophilus is a species of lactic acid bacteria, most frequently used as a starter in
fermented dairy products, such as yogurt and cheese. S. thermophilus rapidly converts lactose
to lactic acid to create the refreshing acidic flavor while preventing the growth of acid-
susceptible pathogens and harmful microorganisms.” S. thermophilus has a high functional
resemblance to Lactococcus lactis used in probiotics, but it is phylogenetically far closer to the
species Streptococcus pneumoniae, Streptococcus pyogenes, and Streptococcus agalactiae, which are
harmful to human health.® However, with the accumulation of numerous studies proving the
safety of the species, S. thermophilus is accepted as satisfying the GRAS and QPS status by the
FDA and EFSA, respectively.’

Through whole-genome analysis, the safety and functionality of S. thermophilus have been
evaluated. Studies comparing the genome of S. thermophilus against the streptococcal
pathogens have shown that pathogenic determinants are absent or inactivated as
pseudogenes.!® ARGs were not detected in most strains. Although recent studies have
reported certain strains with resistance, analysis of their genetic characteristics showed that
the possibility of transmission is extremely low."

In this study, the whole genome of the S. thermophilus CKDB027 strain used in commercial
probiotic products was sequenced to analyze the general genomic features of the strain.
Safety was verified by genome annotation to identify the presence of AR or virulence, and
the genes related to functionality were identified. Furthermore, comparing with various S.
thermophilus used in probiotic products revealed phylogenetic similarities and functional
differences. The whole-genome sequencing results showed that the CKDB027 strain is
genetically safe and has several beneficial functional genes. The results indicated that the
S. thermophilus CKDBO27 strain can be used in the food industry as probiotic products with
verified safety.
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METHODS

Strain isolation, growth, and identification

The CKDBO027 strain was isolated from raw milk by applying the methods described in a
previous study.”? After isolation from the sample, the bacterial cells were cultured in sterile
deMan Rogosa Sharpe (Becton Dickinson Co., Sparks, MD, USA) at 37°C for 24 hours. For
accurate identification of the isolated strain, the 16S rRNA gene sequence was analyzed. The
preparation of genomic DNA, polymerase chain reaction (PCR) amplification of 16S rRNA
gene sequence, and sequencing were carried out following Macrogen Identification Service
(Macrogen Inc., Seoul, Korea). The genomic DNA for PCR analysis was prepared using a
DNA extraction kit (Bioneer Corp., Daejeon, Korea). For the PCR amplification of the full
length (V1-V9) 16S rRNA gene sequence, the universal bacterial primer sets 27F 5’ (AGA
GTT TGA TCM TGG CTC AG) 3" and 1492R 5' (TAC GGY TAC CTT GTT ACG ACT T) 3' were
used and sequencing was performed by ABI PRISM 3730XL DNA Analyzer and BigDye™
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA).
The strain identification was confirmed by total regions (V1-V9) of 16S rRNA gene sequence
using EzBioCloud (https://www.ezbiocloud.net/) database.”

Genome sequencing and assembly

The whole genome of the CKDBO027 strain was sequenced using the Pacific Biosciences (PacBio)
RS II (Pacific Biosciences Inc., Menlo Park, CA, USA) and Illumina iSeq 100 system (Illumina,
Inc., San Diego, CA, USA). The data collected from the PacBio RS II instrument was assembled
based on the Canu v1.6 protocol.* In addition, for the completion of more accurate whole
genome sequencing, lllumina iSeq 100 was used in the resequencing of the CKDB027 genomic
data. After mapping 150 base pairs (bps) paired-end reads from the iSeq 100 system based on the
BWA-MEM algorithm," the single base errors were corrected using the GATK haplotypecaller.’

Gene annotation

The assembled genome was annotated using the Rapid Annotation using Subsystem
Technology.” In addition, the EzBioCloud platfrom (https://www.ezbiocloud.net/) was used
in the genomic mapping and the analysis of function based on the Cluster of Orthologous
Groups (COG) category.” Using PHASTER, the prophage sequence was predicted, and
CRISPRCasFinder was used to confirm the clustered regularly interspaced short palindromic
repeats (CRISPR) region.’ The genomic islands (GIs) were predicted using IslandViewer 4.
Comprehensive Antibiotic Resistance Database was used to detect the ARGs (cut-off value:
identity 70%, coverage 60%), and the virulence genes were detected based on the Streptococcus
virulence factors using the Virulence Factor Database.” The predicted genes for bacteriocin
and cluster for secondary metabolite biosynthesis were identified using BAGEL4.?2 The
assignment of protein function for the open reading frames (ORFs) was performed manually
using blastp (https://blast.ncbi.nlm.nih.gov/).?

Comparative genomic analysis

Based on the National Center for Biotechnology Information (NCBI) genome database
(https://www.ncbi.nlm.nih.gov/genome/), the complete genomes were selected for the 18

S. thermophilus strains used in probiotic products.®* The average nucleotide identity (ANI)
was calculated using JSpecies.” Based on the ANI value, the phylogenetic tree was built and
visualized using MEGA-X software.?® The Pan-genome Orthologous Groups analysis was
performed using the EzBioCloud Comparative Genomics Database (https://www.ezbiocloud.
net/) at a cut-off value of 90%.3
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RESULTS

General features

We obtained entire sequence of 16S rRNA gene amplicon including full fragments of VI-V9
with 1,512 bps. As a result of 16S rRNA gene sequence analysis, the CKDB027 strain showed
99.9% similarity to the type strain, S. thermophilus ATCC 19258". The phylogenetic tree based
on the 16S rRNA gene sequence showed that CKDB027 strain is close to S. thermophilus species
(Supplementary Fig. 1).

The draft genome of the CKDB027 strain was obtained by de novo assembly of reads from
PacBio RS II, and Illumina iSeq 100 system. The reads from the shotgun whole genome
sequencing were aligned to draft genome, and the mean coverage was 229.4x with all regions
mapped. The final genome was completed by error correcting with the shotgun whole genome
sequencing reads. Whole-genome sequencing showed that the CKDB027 strain has a single,
circular chromosome with a genome size 0f1,884,450 bps and 39.0% GC content (Fig. 1). Gene
annotation predicted 2,126 coding sequences, which included 384 uncharacterized sequences.
In addition, 74 RNA sequences, containing 59 tRNA and 15 rRNA, were identified (Table 1).

The COG functional categorization of a total of 1,841 ORFs revealed the following 3 major categories,
excluding 439 ORFs in category S with unknown functions: 254 ORFs in category L (replication,
recombination, and repair), 200 ORFs in category E (amino acid transport and metabolism), and 148
ORFs in category] (translation, ribosomal structure, and biogenesis) (Table 2).

Table 1. General genomic features of S. thermophilus CKDB027 strain

Features CKDB027
Genome size (bps) 1,884,450
Contig number 1
GC content (%) 39.0
Total No. of genes 2,200
No. of CDS 2,126
Hypothetical protein (%) 25.6
tRNA genes 59
rRNA genes 15

bp = base pair, CDS = coding sequences.

COG functional categories

Fig. 1. Circular genome map of S. thermophilus CKDB027. From outside to inner of the circle: CDS on forward
strand colored by COG category assignment, CDS on reverse strand colored by COG category assignment, RNA,

GC skewness, and GC ratio.

CDS = coding sequences, COG = Cluster of Orthologous Groups.
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Table 2. Number of genes associated with COG functional categories of S. thermophilus CKDB0O27 strain

COG Function Count Percentage (%)
S Function unknown 439 23.8
L Replication, recombination and repair 254 13.8
E Amino acid transport and metabolism 200 10.9
J Translation, ribosomal structure and biogenesis 148 8.0
M Cell wall/membrane/envelope biogenesis 99 5.4
K Transcription 96 5.2
G Carbohydrate transport and metabolism 95 5.2
P Inorganic ion transport and metabolism 87 4.7
F Nucleotide transport and metabolism 74 4.0
0 Posttranslational modification, protein turnover, chaperones 63 3.4
\Y Defense mechanisms 59 3.2
H Coenzyme transport and metabolism 44 2.4
c Energy production and conversion 42 2.3
T Signal transduction mechanisms 42 2.3
| Lipid transport and metabolism 32 1.7
u Intracellular trafficking, secretion, and vesicular transport 29 1.6
D Cell cycle control, cell division, chromosome partitioning 17 0.9
Q Secondary metabolites biosynthesis 15 0.8
N Cell motility 5 0.3
z Cytoskeleton 1 0.1

COG = Cluster of Orthologous Groups.

In the single chromosome of the CKDB027 strain, one complete and 3 incomplete prophage
regions were identified (Supplementary Table 1). In one complete prophage region (region
4), 25 phage-related genes were found, which were thus encoded as the attachment sites (attL
and attR), integrase, and 7 putative transposase genes of the prophage genome. From the 3
incomplete phage regions, we identified a total of 46 phage-related genes, including tail, attL,
attR, and 7 putative transposase genes.

Safety properties: ARGs, virulence factors and Gls

The complete genome of the S. thermophilus CKDB027 strain did not show any genes encoding
the AR proteins: penicillin, glycopeptide, aminoglycoside, macrolide, lincosamides,
tetracycline, and chloramphenicol. In addition, no virulence genes related to cytolysin (cylA,
cylB, cylD, cylE, cylF, cylG, cyll, cyl], cylK, cylX, and cylZ), aggregation substance (asal and aspl),
hyaluronidase (hyl), or gelatinase (gelE) were detected, and other virulence genes, namely,
spyA, aspC, cfa, cfb, ply, and slo, were also absent.

To examine the transduction ability through horizontal gene transfer, GIs were identified,
and total 25 GIs, including 11 GIs based on the SIGI-HMM algorithm and 14 GIs based on
the IslandPath-DIMOB algorithm, were detected (Supplementary Fig. 2). However, neither
virulence genes nor ARGs were detected in the GIs. These results confirmed that the S.
thermophilus CKDB027 genome did not have ARGs or virulence genes.

Comparison with other S. thermophilus strains

From the NCBI database, 18 complete genomes of S. thermophilus strains applied in the food
industry were obtained for the analysis of the phylogenetic relationship with the CKDB027
strain. The genomic data of the 18 collected strains are summarized in Table 3. All 18 S.
thermophilus strains were confirmed to exhibit > 99% similarity to the CKDBO027 strain based
on the ANIvalues (Fig. 2). The highest similarity was observed with the LMD-9 (99.94%) and
SMQ-301 (99.95%) strains, and the CKDBO027 strain shared 1,742 and 1,737 genes with the

2 strains, respectively. The results also indicated 87 unique genes that were not shared with
other strains (COG category; 17 category L [replication and recombination], 16 category S

https://doi.org/10.52361/fsbh.2021.1.e28 5/16
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Table 3. General genomic features of 19 S. thermophilus strains

Strain Origin Length (bps) CDS tRNA rRNA  Hypothetical Assigned GC (%) Reference
protein (%) function (%)
CKDBO27 Raw milk 1,884,450 2,126 59 15 25.6 74.4 39.0 -
APC151 Fish intestine 1,839,134 2,072 67 18 19.0 81.0 38.3 Linaresetal.”
ASCC 1275 Milk 1,845,495 2,073 55 15 18.0 82.0 391 Wuetal®
ATCC 19258 Milk 2,102,268 2,385 56 15 23.0 71.0 39.0 Choetal.®
CNRZ1066 Commercial yogurt 1,796,226 2,016 67 18 17.9 82.1 39.1 Bolotin et al.”
DGCC 7710 Dairy culture 1,851,207 2,072 56 15 18.2 81.8 39.0 Hatmaker et al.*
JIM 8232 Raw milk 1,929,905 2,128 67 18 20.1 79.9 38.9 Delrome etal.”
KLDS 3.1003 Traditional yogurt 1,899,956 2,121 68 18 19.5 80.5 38.9 Evivieetal.”
KLDS SM Traditional yogurt 1,856,787 2,074 67 18 18.2 81.8 39.1 Lietal.®
LMD-9 Yogurt 1,856,368 2,087 67 18 18.3 81.7 39.1 Markarova et al.*
LMG 18311 Commercial yogurt 1,796,846 2,021 67 18 18.1 81.9 39.1 Bolotin et al.”
MN-BM-AO01 Traditional yogurt block 1,876,516 2,146 67 18 18.1 81.9 39.1 Bai et al.*
MN-BM-A02 Dairy fan 1,850,434 2,074 57 15 18.1 81.9 39.0 Shietal.®*
MN-ZLW-002 Traditional yogurt block 1,848,520 2,078 57 15 18.5 81.5 39.1 Kangetal.”
NCTC12958 Milk 2,102,271 2,388 56 15 22.9 771 39.0 Choetal.®
NDO3 Naturally fermented yak milk 1,831,949 2,065 57 15 19.0 81.0 39.0 Sunetal.®
SMQ-301 Milk 1,861,792 2,076 67 18 18.1 81.9 39.1 Labrie et al.*®
ST106 Milk 1,856,083 2,165 67 18 17.8 82.2 39.3 Renyeetal.*
ST109 Milk 1,788,866 2,016 67 18 18.0 82.0 39.2 Renyeetal.*

bp = base pair, CDS = coding sequences
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o001 NDO3 (CPOD2340.1)

0.0000
0.0000 APC151 (CP019935.1)
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Fig. 2. Genome-based phylogenetic tree of CKDB027 with related S. thermophilus strains. The phylogenetic tree
was built based on the average nucleotide identity values of 19 S. thermophilus strains.

[function unknown], 6 category M [cell wall/membrane/envelope biogenesis], 5 category
J [translation, ribosomal structure, and biogenesis], 5 category E [amino acid transport
and metabolism], 3 category O [post-translational modification, protein turnover, and
chaperones], 2 category T [signal transduction mechanisms], 1 category G [carbohydrate
transport and metabolism], 1 category K [transcription], 1 category P [inorganic ion
transport and metabolism], and 1 category V [defense mechanisms]) (Fig. 3A).

The pan- and core-genome analysis involving 19 S. thermophilus strains, including CKDB027,
showed that the pan-genome contained 1,513 core genomes with 2,866 genes in total (Fig. 3B).
In addition, from the 16 strains, a total of 318 unique genes (singletons) were found and no
unique gene was found in other 3 strains. Based on the result, the b-value of the power-law
regression model was calculated as 0.15, indicating that the pan-genome of S. thermophilus species
is an open genome.*
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LMG 18311
CNRZ1066
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KLDS.3.1003
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APC151

NDO3

ST109
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LMD-9
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DGCC 7710
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ASCC1275

JIM8232 B Gene presence
NCTC12958

aTcCc19258 M Gene absence

Fig. 3. Comparison of functional genes of S. thermophilus strains. (A) Venn Diagram analysis of 3 S. thermophilus strains LMD-9, SMQ-301 and CKDBO027 strain.
(B) Pan- and core-genome analysis of S. thermophilus strains. (C) Heat-map illustrating the presence and absence of the genes in each genome of the 19 S.
thermophilus strains.

Carbohydrate utilization, proteolytic system, and amino acid synthesis

The carbohydrate utilization and proteolytic systems were examined based on gene
annotation and comparative genomic analysis. An intact lactose-galactose operon
comprising galR, galK, galT, galE, galM, lacS, and lacZ was found in the CKDB027 strain, and
compared with other S. thermophilus strains, a high level of conservation was observed in this
strain (Fig. 4). The result predicted a lactose degradation ability of the CKDB027 strain.

Strain CKDB027 was shown to have all 12 cytoplasmic peptidase genes: pepA, pepC, pepF,
pepM, pepN, pepO, pepP, pepQ, pepS, pepT, pepV, and pepX. In addition, the following genes of
the amino acid transporter family that belong to the ATP-binding cassette (ABC) superfamily
were found: oligopeptide ABC transporter, branched-chain amino acid ABC transporter,
glutamine ABC transporter, spermidine/putrescine ABC transporter, and methionine ABC
transporter (Supplementary Fig. 3). Interestingly, 9 of the 18 strains of the S. thermophilus
strains lack prtSbut exists in the CKDB027 (Fig. 4), sharing over 95% conserved with
Streptococcus suis (data not shown).

In CKDBO027, genes encoding 20 amino acid synthesis were also detected (Fig. 4,
Supplementary Fig. 4), but the lack of dapF for lysine biosynthesis suggested that lysine
biosynthesis is likely to be incomplete in CKDB027. The strain is thus predicted that
providing deficient amino acids is depended on other bacteria or the culture media.
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Gene  Product

Property

Streptococcus thermophilus strains

hisF Imidazole glycero phosphate synthase

hisB Inidanlglycerokhosphte dehytase

it Acetolcatesyntase large subuit

Vs

N Acetolctate synthase small subunit

ivC Ketol-acid reductoisomerase

Carbohydrate utilization

galR Transcriptional regulator
calK Galactokinase

galT UDP-glucose uridylyliransferase:
galE UDP-glucose 4-cpimerase
galM  Galactose I-epimerase

lacS Lactose permease

lacZ  Bew-galactosidase

Gallae metabolism

Gallae metabolism

Gallac metabolism

Gallac metabolism

Gallac metabolism

Gallac metabolism

Gallac metabolism

Proteolytic system
pepA Aminopeptidase A

pepC Aminopepiidase C

pepF Oligoendopeptidase F

pepM Methionine aminopeptidase
pepN Aminopeptidase N

PpepO  Endopeptidase

pepP Aminopeptidase P family protein
PpepQ  Prolidase / Dipeptidase
pepS Aminopepiidase PepS

pepT Peptidase T (tripeptidase)
pepV Dipeptidase PepV

pepX  Xaa-Pro dipeptidyl-peptidase
priS Serine protease

‘Amino acids biosysthesis

serd  3-phosphoglycerate dehydrogenase

serC 3-phosphoserine transaminase
serB Phosphoserine phosphatase SerB
hisA midazole-4-carboxamide isomerase

hisH  Imidazole glycerolphosphate synthase

Proteolysis
Proteolysis
Proteolysis
Proteolysis
Proteolysis
Protcolysis
Proteolysis
Proteolysis
Proteolysis
Proteolysis
Proteolysis
Proteolysis

Proteolysis

Serine biosynthesis
Serine biosynthesis
Serine biosynthesis
Hisidine biosynthesis

Histidine biosynthesis

D Diydroxy-acid dehydratase
dapEE Sy diaminapinelate desciylee

dapF Diaminopimelate epimerase

Histidine biosynthess
Histidine biosynthess
(1) eine biosyesis
(Is)esine biosyesis
(Is)eusine biosytesis
(1s)eine biosyatesis.
Lysine biosynthesis

Lysine biosynthsis

Stress response
@rpE Class I heat shock protein
dnak  Class I heat shock protein
dnaJ  Class I heat shock protein
oS Class I heat shock protein

grol. Class I heat shock protein

red Heatinducble ranseipion epressor
elpP Class 11T heat shock protein
etsR  Heatinducible wansciption repressor
espA Cold shock protein

espG  Cold shock protein

sod2  Superoxide dismutase

gor Glutathione-disulfide reductase
B Thioredoxin-dislfide reducase
msrd  Sulfoxide reductase

dps DNA roeton dring stanaton rtin

ured Urease subunit gamma
ureB Urease subunit beta

ureC Urease subunit alpha

urel Urease accessory protein UreE:
el Urease accessory protein UreF
ureG  Urease accessory protin UreG

ureD  Urease aceessory protein UreD

diid  D-alanine-phosphoribitol ligase

Heat resistance

Heal resistance

Heal resistance

Heal resistance

Heat resistance

Heat resistance

Heat resistance

Heal resistance

Cold resistance

Cold resistance

Oxidative stress

Oxidative stress

Oxidative stress

Oxidative stress

Bile resistance

Acid resistance

Urea metabolism

Urea metabolism

Urea metabolism

Urea metabolism

Urea metabolism

Urea metabolism

Urea metabolism

Cell adherence
srtd Sortase A, LPXTG specific
sasd  SasA, LPXTG motif

foad Fructose-bisphosphate aldolase
fopA  ATP-binding protein FbpC
sepA Segregationand condensation protein
sepB. Seggegationand condensation protein
Exopolysaccharide synthesis

sQ  Permase

epsP Phosphoglycerate mutase.
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Fig. 4. Probiotic property genes in CKDB027 and other S. thermophilus strains. Heat map of genes with probiotic functionality among 19 S. thermophilus strains
used in fermented products and CKDB027. Each color shows the similarity between CKDB027 and other strains.
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Stress resistance

The ability of the bacteria to adapt to low pH, change in osmotic pressure or temperature,
and oxidative stress is essential for survival in the human intestine or under industrial
process. For the CKDBO27 strain, GroELS and grpE-dnaK-dnaj encoding the class I heat shock
proteins and a negative regulator hrcA were detected (Fig. 4). The other heat-shock genes
included the class IIT heat shock gene, clpP, and its transcription repressor, ctsR, along with
the cold-shock genes, cspA, and cspG. The genes related to oxidative stress such as superoxide
dismutase, glutathione-disulfide reductase, thioredoxin-disulfide reductase, and sulfoxide
reductase were found in CKDB027. In the CKDB027 genome, the genes related to bile
resistance and acid resistance were dps and dltA, respectively, and the genes related to urea
metabolism, ureA, ureB, ureC, ureE, ureF, ureG, and ureD were also detected (Fig. 4). The presence
of various genes in association with stress resistance predicted a high level of survival in the
human body or under industrial production environment.

Defense system

The most well-known prokaryotic defense mechanisms include the CRISPR-Cas system,
restriction-modification (R-M) system, and bacteriocin production. The whole genome of
CKDBO027 showed 2 CRISPR-Cas locus clusters (Fig. 5): one was the CRISPR-Cas type II-C
system with 14 spacers and the other was the CRISPR-Cas type II-A system with 23 spacers. In
addition, 1 and 3 spacers were found in different regions, and the gene cluster encoding the
components of the type I R-M system was detected. Lastly, the gene cluster producing a type
of bacteriocin, the ribosomally synthesized and post-translationally modified peptides (RiPP;
streptide, bovicin, and sactipeptides), was also detected (Supplementary Fig. 5). The results
imply that the CKDB027 strain has an antimicrobial activity with defense system against
competing microorganisms in addition to the mechanisms to degrade foreign DNA.
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Cas-Typell-C (position: 877,270-882,048 bp)
Cas9 Casl Cas2 CRISPR1 array: 17 spacers (1,155 bp)

DR consensus (36 bp): GTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAC

Cas-Typell-A (position: 1,630,039-1,637,940 bp)
CRISPRS5 array: 23 spacers (1,555 bp) Csn2 Csn2 Casl Cas9

DR consensus (36 bp): GTTTTGGAACCATTCGAAACAACACAGCTCTAAAAC

CRISPR2 array: 1 spacers (148 bp)

_'],_

DR consensus (52 bp): CTCAGAAAGTCCCGTAGCCGAGGAGTTGGTTGACACTTCTGTGGAGGCTACC

CRISPR3 array: 3 spacers (251 bp)

_Im_

DR consensus (36 bp): GATATAAACCTAATTACCTCGAGAGGGGACGGAAAC

Fig. 5. Structure of CRISPR/Cas loci in S. thermophilus CKDB027. Four different DRs are blue color-coded and
spacers are other color-coded. The consensus sequence and size of each DRs are shown at bottom of each locus.
The size of each Cas protein in the locus is indicated in each pentagon.

DR = direct repeat, bp = base pair.

Cell adherence (host adhesion and interaction)

The CKDB027 genome was shown to contain the genes required for attaching to host
epithelial cells. srt4 and sasA which encoding sortase, the most well-known adherence protein
found in Gram-positive bacteria, were detected in CKDB027 genome. In addition, the genes
encoding fibronectin-binding proteins, fbaA, fbpA, and scpAB which anchor to the host cell
through binding to fibronectin on the cell surface, were detected, predicting their assistive
role in intestinal adhesion (Fig. 4).

EPS biosynthesis gene clusters

The CKDBO027 genome contained the EPS biosynthesis gene cluster related to the production
of EPS with a physiological role in enhancing food texture and various bioactivity like host
immunity (Fig. 6). At the end of the gene cluster, deoD-epsABCD and epsOPQ were detected,
sharing over 95% conserved regions with other strains, whereas the other parts were

unique in their composition (Fig. 4). The EPS biosynthesis gene cluster of CKDB027 strain
also contained 5 glycosyltransferase genes, 1 rhamnosyltransferase gene, 2 chain-length
determination gene, 1 UDP-galactopyranose mutase gene, 2 polymerization protein genes,
and 2 transposases, predicting a high level of EPS production by the strain.

DISCUSSION

In this study, whole-genome sequencing and comparative genomic analysis of S. thermophilus
CKDBO027 were performed to identify the phylogenetic position and to validate the safety and
probiotic functionality. To perform strain-level identification, we obtained full-length 16S rRNA
gene by capillary electrophoresis sequencing (CES) to obtain long-read with low base-calling
errors (ABI PRISM 3730XL Analyzer). We performed the BLAST using 16S rRNA gene sequence
and identified the CKDB027 strain is similar to S. thermophilus species. We conducted whole
genome sequencing of CKDB027 strain using PacBio long read sequencer and Illumina short
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deaD  epsd  epsB epsC epsD  epsE 1420 1479 1418 1417 1476 1415 1414 1413 epst  T4IT 1410 1409 1408 1407 1406 1405 epsO epsP epsQ

deoD  epsA  epsE epsC epsD  epsE 1066 1065 1064 1063 1062 1061 1060 1059 1058 epsl 1056 1055 epsO  apsP epsQ

LMD-9 (21 048 bp)

deol epsd  epsB epsC epsD epsE 1080 7079 1078 1077 1076 1075 1074 1073 1072 1071 1070 1068 1058 epsi 1065 1064  epsl 1061 1058 epsO epsP  epsQ

SMQ 301 (27 948 bp)

O Permase I Transposase W Rhamnosyltransferase

B Phosphoglycerate mutase [ Hypothetical protein O Chain-length determination and export
B Phosphatase (hydrolase) @ UDP-galactopyranose mutase B Regulation

B Glycosyltransferase B Purine nucleoside phosphorylase @ Polymerization and translocation

Fig. 6. Comparison of EPS gene cluster among S. thermophilus CKDB027 and the closely related 4 strains. ORFs were color-coded according to predicted
functions indicated at the lower bottom panel. Regions sharing similar sequences among the EPS gene clusters are shown in blue boxes. The size of each gene in
the locus is indicated in each pentagon.

EPS = exopolysaccharide, ORF = open reading frame.

read sequencer. We performed completing draft genome through de novo assembly with long
reads (10-20kb), followed by correcting minor single nucleotide variation and indels with short
reads from Illumina shotgun sequencing. We confirmed sufficient coverage with all regions
mapped and minor error through resequencing, so we could assure accuracy of whole genome
sequencing. To support accuracy, we also confirmed that the sequence obtained by 16S rRNA
sequencing from CES method is identical to the 16S rRNA region sequence from assembled
whole genome. These data showed that the CKDB027 strain is identified to S. thermophilus. The
CKDBO027 strain showed similar genomic features to other 18 S. thermophilus strains used in dairy
products, in terms of genome size and GC content. We identified the genome of CKDB027
strain was similar over 99% with them. The phylogenetic tree through of ANI value showed

that the CKDBO027 strain was positioned closely to other strains used in fermented products

of the S. thermophilus. In addition, no genes associated with AR or virulence were detected. The
results thus confirmed the CKDB027 strain as a probiotic strain with verified safety. The genetic
features of CKDBO027 concerning lactose metabolism specialized system, proteolysis system,
various stress response and defense mechanisms were similar to those of other related strains.
Furthermore, the presence of the EPS gene cluster indicated the possibility of EPS production.

The ANI analysis for the whole genome of the CKDB027 strain and 18 S. thermophilus strains
used in fermented foods showed that they all shared a common ancestor. Moreover, 87 unique
genes that were not shared with other strains were found in the CKDB027 strain; among them,
17 genes were of the COG major category: replication, recombination, and repair.

The pan- and core-genome analysis for 19 S. thermophilus strains, including CKDB027 showed
that the CKDBO27 strain shared 71.2% core genes (n = 1,513) with 18 S. thermophilus strains
(Fig. 3B). By calculating the b-value in the power-law regression model, the pan-genome of
the S. thermophilus species was identified as an open genome.*
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The key probiotic property of S. thermophilus is lactose fermentation. Through the Leloir
pathway, S. thermophilus preferentially ferments lactose over glucose, with an outstanding
ability to catabolize lactose.?* The CKDB027 strain contained galR, galK, galT, galE, galM, lacS,
and lacZwith a highly conserved lactose-galactose operon as in other S. thermophilus strains,
which predicts to include lactose catabolism pathway.* Another key probiotic property is

the presence of a proteolytic system. Casein is hydrolyzed in milk by S. thermophilus to obtain
amino acids and peptides necessary for growth.*> One of the core genes in the proteolytic
system is prtSrelated in the initiation of the proteolytic cascade and is thus required for the
rapid growth of the bacteria in milk.** Almost half of the S. thermophilus strains lack prtS;
therefore, a protocooperation with Lactobacillus delbrueckii subsp. bulgaricus is necessary to
induce the proteolytic system.* However, the prtS gene showing 95% conservation with S. suis
was found in the CKDBO027 strain, suggesting possible growth in milk. The deficient amino
acids that could not be obtained through proteolysis should be acquired through amino acid
biosynthesis, and in case of CKDB027, among the 20 genes for amino acid synthesis, the dapF
gene for lysine biosynthesis was missing. This phenomenon is commonly observed across all
S. thermophilus strains, and the biosynthesis of the missing amino acid is expected to depend
on symbiosis with other lactic acid bacteria present in milk.*

For the use of lactic acid bacteria in the production of fermented products, such as yogurt
and cheese, the ability to survive in the starter culture with unfavorable growth conditions

is essential. Moreover, for providing beneficial effect to humans as probiotics, the ability to
survive in the gut environment is crucial.”® Such harsh conditions include low pH, change

in osmotic pressure or temperature, and oxidative stress. The CKDB027 strain was shown

to have the class I heat shock protein genes (grpE-dnaK-dnaJ and GroELS) and their negative
regulator, hrc. In addition, the class III heat shock gene (clpP) and its transcription repressor,
ctsR, were found. The presence of the cold-shock genes (¢cspA and cspG) also predicts the

heat and cold resistance properties of CKDB027. Based on the detection of genes related

to oxidative stress (superoxide dismutase, glutathione-disulfide reductase, thioredoxin-
disulfide reductase, and sulfoxide reductase), CKDB027 is also predicted to be able to survive
in an acidic environment during fermentation. The presence of the bile resistance gene dps
and acid resistance gene dltA led to the conclusion that survival may be increased in the gut
environment.* CKDBO027 has urea metabolism genes (ureA, ureB, ureC, ureE, ureF, ureG, and
ureD) to catabolite urea and produce ammonia to increase the pH which affects adversely the
acidification rate during fermentation. Such properties are known to be appeared only in
the S. thermophilus among the genus Streptococcus, as an important stress response mechanism
harnessed in an acidic environment.*

Probiotics are known to be susceptible to phage infection in the process of fermentation or
in the intestinal environment,** therefore, an effective defense mechanism is required. The
CRISPR-Cas system is one of defense system that is widely distributed across prokaryotes

to provide resistance against foreign factors of a virus or plasmid.* We found 2 types of
CRISPR-Cas systems (CRISPR-Cas type II-C and CRISPR-Cas type II-A, each containing 14
and 23 spacers, respectively) with complete cluster form, and expected that CKDB027 has
potential resistance to phage infection.

Another defense system is the R-M system.* The R-M system can also remove foreign DNA,
and work complementary to the CRISPR-Cas system. A gene encoding a component of the
type I R-M system was found in CKDBO027, indicating potential effective defense against
foreign DNA. In addition, the gene clusters producing RiPPs, such as streptide, bovicin, and
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sactipeptides, were found. RiPPs play a major role in the antimicrobial activity as well as in
the formation of bacterial colonies. Hence, the defense mechanism against foreign agents
predicts the competitive superiority of CKDB027 in diverse bacterial communities.

Successful colonization in gut environment is an important property of probiotics.* In
CKDBO027, the genes encoding sortase, srtA and sasA, were found. These genes produce the
representative adherence proteins in Gram-positive bacteria that contain the LPXTG motif
(leucine, proline, X, threonine, and glycine, where X is any amino acid) adhered to the cell
surface,* which allows the bacteria to stably adhere to the intestinal epithelial cells or the
mucosa. CKDB027 genome was also found to contain the genes encoding fibronectin-
binding proteins, fbad, fbpA, and scpAB, that bind to the cell surface fibronectin to allow
anchoring to the host cell, which predicts continuous interaction with epithelial cells.®

EPS are carbohydrate polymers present on the cell surface, whose main function is
protection against various environmental stresses. But in fermented foods, such as

yogurt, EPS may enhance food texture thus playing a critical role in the dairy industry.*

EPS is also highlighted as a probiotic functionality by improving human health through
various functions, such as by reducing cholesterol levels, enhancing immune system, and
exhibiting antiviral and antioxidation effects.® In S. thermophilus, EPS primarily consist

of heterosaccharides, such as galactose, glucose, and rhamnose, which form a gene

cluster containing various genes related to glycosyltransferase, acetyltransferase, and
polymerization for EPS synthesis.® deoD-epsABCD and epsOPQ of CKDB027 showed over 95%
conserved sequence with those of other strains, with variations in other components. In
CKDBO027 genome, 5 glycosyltransferase genes, 1 rhamnosyltransferase gene, 2 chain-length
determination gene, 1 UDP-galactopyranose mutase gene, 2 polymerization protein gene,
and 2 transposases were additionally found. All genes related to the production of EPS, such
as transferase and polymerization proteins, were found which indicates that CKDB027 have
the potential to provide various bioactive functions through the production of EPS.

The results collectively suggest that CKDBO027 is a safe lactic acid bacterial strain and does not
contain any genes related to AR or virulence. The possibility of various metabolic functions
as well as enhanced bioactivities was also demonstrated. These findings indicate that the S.

thermophilus CKDB027 strain is likely to prove useful in various probiotic industries, including
for the manufacturing of fermented products.

SUPPLEMENTARY MATERIALS

Supplementary Table 1
Identification of prophage regions in S. thermophilus CKDB0O27 genome

Click here to view

Supplementary Fig. 1
Phylogenetic tree constructed based on the 16S rRNA gene sequences.

Click here to view
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Supplementary Fig. 2

Genomic islands in S. thermophilus CKDB027 genome. From inner to outside of the circle 11
GIs found by SIGI-HMM algorithm (yellow), 14 GIs found by IslandPath-DIMOB algorithm
(blue), and all integrated 25 GIs (red).

Click here to view

Supplementary Fig. 3
Genes encoding amino acid transporter involved in ABC superfamily in 19 S. thermophilus strains.

Click here to view

Supplementary Fig. 4
Genes encoding amino acid biosynthesis in 19 S. thermophilus strains.

Click here to view

Supplementary Fig. 5
Predicted bacteriocin related genes.

Click here to view
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