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Abstract: The spacers in clustered regularly interspaced short palindromic repeats (CRISPR) loci can provide specific immunity to
invasive elements that carry the same or a similar sequence. In the present study, the protospacers of three S. thermophilus strains were predicted
to provide a foundation for exploring the phage resistance mechanism. The CRISPR sequences of three S. thermophilus strains were determined,
the activity of CRISPR loci in several S. thermophilus strains was predicted, and a phylogenetic tree for repeated sequences was constructed. In
addition, repeat or spacer homology was analyzed. The results showed that the tested bacterium SO contained three CRISPR loci, S4 only had
one CRISPR locus, and strain 79 had four CRISPR loci. We hypothesized that the highest and lowest activities would be observed in CRISPR1
and CRISPR2, respectively. The repeated sequences and corresponding repeated sequences in the standard strain were highly conserved, and
different CRISPR spacer sequences were highly dynamic in terms of content and number. Most original spacer sequences were derived from
bacteriophages, whereas a few were derived from plasmid or chromosomal sequences. The CRISPR sequence of strain 79 was highly consistent
with the four CRISPR sequences of S. thermophilus MN-BM-A02 and S. thermophilus ASCC 1275, suggesting that the strains are highly
homologous. The results suggest that the spacer sequences were acquired from invasion of the host by the bacteriophage and other exogenous
genetic elements.
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Fig.1 Amplification results of CRISPR sequence
J£: B la. 1b. lc#= 1d £°51% CRISPRI. CRISPR2. CRISPR3 #= CRISPR4 /57| @A . M: DNA Marker; Lane 1: SO; lane
2: S4; lane3: 79.

# 1 CRISPR FFFIRYH 154
Table 1 Amplification primers of CRISPR sequences

Primer name Primer sequence(5°—3”) Annealing temperature/'C

F: TGCTGAGACAACCTAGTCTCTC
CRISPR1 56
R: TAAACAGAGCCTCCCTATCC

F: TTAGCCCCTACCATAGTGCTG
CRISPR2 55

R: TTAGTCTAACACTTTCTGGAAGC

F: AGTTCTAAGAGATGTCAACCGA
CRISPR3 56

R: AGCTGAAGTCATGCTGAGATTA

F: GCTTACAACGGCAATACTTA

CRISPRG R: GAGATATGTCAAGGATGAGAAG 36
3R 2 WEIRHETKE CRISPR KR
Table 2 General information of Streptococcus thermophilus CRISPR
CRISPR Numberof
DR Length/bp DR
Length /bp Spacer
SO
CRISPR1 2409 36 36 GTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAC
CRISPR2 101 1 30 GATATAAACCTAATTACCTCGAGAGGGGAC
CRISPR3 1292 20 36 GTTTTGGAACCATTCGAAACAACACAGCTCTAAAAC
S4
CRISPR1 2744 41 36 GTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAC
79
CRISPR1 2146 32 36 GTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAC
CRISPR2 258 3 36 GATATAAACCTAATTACCTCGAGAGGGGACGGAAAC
CRISPR3 827 12 36 GTTTTGGAACCATTCGAAACAACACAGCTCTAAAAC
CRISPR4 762 12 28 GGATCACCCCCGCGTGTGCGGGAAAAAC

7£: DR AEAA7.
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Fig.2 Distribution of the number of CRISPR spacer sequences
in Streptococcus thermophilus

2.3 CRISPR #t [ Ji 7& 4 247

9 PRARHERE AR B % 3 AR B R %4 CRISPR
5 TR R B 1 ke 1) B 7 41 20 H O B 1 2
CRISPRI FE[H e ]G 51 e %2 42 A, 1342 32 4
CRISPR2 JE[A| A1k 7 8 22 8 17 A, ABFHARA
it 5 Ay, P29 4 A4S, CRISPR3 JEK] ] B 551
W®EZ N 261, FHIZ) 16 1 3 4> CRISPR4 FE[X] )
(IR 751309 12 A

AR I (IR 51 A2 AR B AR R A

CHnZIPERGE AR . BRa Fkiss) FRERagm, Rk—A

CRISPR it P] i pdufs (] b 72 471 () 8 H T #E— @ R P2 |
S LZ CRISPR BE[A B2 [R)VE A FRFE . H I 2 W LLE H,
CRISPR1  JE K] i v ] b 77 51450 B B e KAB A T34
Bt R HED e HEER T o CRISPR1 3 A Jé £
J9i%ER, CRISPR3 ZE[AIEEZ o 1] CRISPR2 A
Hrla] R T A E T EESAR, HER 1 4> CRISPR2
BRI RS 17 ANEIRG A58, HAbI AN 5 A4S, Bkt
HEMREHEEER T o CRISPR2 3[R J&vE 1 £ 1K

24 EEFIIFEFEMELHN

BHEA IR E R 745 NCBI H AT R#R S
FERIATHIP) 9 PRIE ABEEKEH CRISPR H & 7415
KREMINE 3, Hrd DR1. DR2. DR3. DR4 7} 5%}
. CRISPR1. CRISPR2. CRISPR3. CRISPR4 [JE &
ol ZREWEEQS 4 M3, 3 BRERR DRI
5 9 BRASERE PRI DRI AL TR —23 30, il mwtk Sin
HER AR DR2 AT [R]— 24332, it B [RIR 14 5, SO
79 #J DR3 ShrifEEPE St LMD-9. St ND03. St
MN-ZLW-002 J% St ASCC 1275. St MN-BM-A02. St
SMQ-301 ) DR3 i T[A—4> F, 79 5 St ASCC
1275, St MN-BM-AO02 [£] DR4 £ F[d]—43 3, i3
R REY].

Streptococcus thermophiles NDO3(CP002340.1)DR1

79DR1

Streptococcus thermophiles JIM 8232(FR875178)DR1
Streptococcus thermophiles SMQ-301(CP011217.1)DR1
Streptococcus thermophiles ASCC 1275(CP006819.1)DR 1
91|SODR1

Streptococcus thermophiles MN-BM-A02-2(CP010999.1)DR 1

Streptococcus thermophiles LMD-9(CP000419.1)DR1
S4DR1

Streptococcus thermophiles LMG 18311(CP000023.1)DR1
Streptococcus thermophiles MN-ZLW-002(CP003499.1)DR 1
Streptococcus thermophiles CNRZ1066(CP000024.1)DR1

Streptococcus thermophiles ASCC 1275(CP006819.1)DR3
Streptococcus thermophiles SMQ-301(CPO11217.1)DR3
Streptococcus thermophiles LMD-9(CP000419.1)DR3

Streptococcus thermophiles MN-ZLW-002(CP003499.1)DR3
66 SODR3

Streptococcus thermophiles MN-BM-A02-2(CP010999.1)DR3

79DR3

Streptococcus thermophiles ND03(CP002340.1)DR3
Streptococcus thermophiles JIM 8232(FR875178.1)DR2
Streptococcus thermophiles ASCC 1275(CP006819.1)DR2
79DR2
Streptococcus thermophiles ND0O3(CP002340.1)DR2
79 |Streptococcus thermophiles LMG 18311(CP000023.1)DR2
SODR2

Streptococcus thermophiles LMD-9(CP000419.1)DR2
Streptococcus thermophiles MN-ZLW-002(CP003499.1)DR2

77 Streptococcus thermophiles SMQ-301(CP011217.1)DR2
Streptococcus thermophiles MN-BM-A02-2(CP010999.1)DR2

‘79DR4

89‘ s )philes MN-BM-A02-2(CP010999.1)DR4
Streptococcus thermophiles ASCC 1275(CP006819.1)DR4

E 3 EEFIIAGLEN
Fig.3 Phylogenetic tree of direct repeats
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Table 3 Features of protospacers

SO0 CRISPR1 Strains Activity Identities
Spacer8 Streptococcus phage Abc2 major capsid protein 100% (30/30)
Spacer29 Streptococcus thermophilus bacteriophage 7201 MPL-7201 100% (30/30)
Lactococcus lactis subsp. lactis KLDS 4.0325(977275-977304) terminase 100% (30/30)
Spacer32 Lactococcus lactis subsp. lactis KLDS 4.0325(1733989-1734018) terminase 100% (30/30)
Lactococcus phage P335 large terminase subunit 100% (30/30)

S0 CRISPR3 Strains Activity Identities
Spacer3 Streptococcus phage TP-778L unnamed protein 100% (31/31)
Spacer$ Streptococcus phage ALQ13.2 receptor-binding protein 100% (30/30)
Streptococcus thermophilus bacteriophage 2972 antireceptor 100% (30/30)

S4 CRISPR1 Strains Activity Identities
Spacers Streptococcus phage TP-J34 minor structural protein 100% (30/30)
Streptococcus thermophilus bacteriophage Sfill minor structural protein 100% (30/30)
Streptococcus phage pC2S4 tail-host specificity 100% (30/30)

Spacer20 protein
Streptococcus thermophilus bacteriophage Sfill putative anti-receptor 100% (30/30)
Spacer25 Streptococcus thermophilus bacteriophage Sfi21 phage anti-receptor 100% (30/30)
Spacer29 Streptococcus thermophilus bacteriophage Sfill putative anti-receptor 100% (30/30)
Spacer30 Streptococcus thermophilus bacteriophage Sfill minor structural protein 100% (30/30)
Spacer38 Streptococcus thermophilus plasmid pND103, p2992, p2980, pt38, heat shock protein 100% (30/30)
pt39

79 CRISPR1 Strains Activity Identities
Spacer8 Streptococcus phage 20617 complete prophage genome putative excisionase 100% (30/30)
Spacer10 Streptococcus phage 20617 complete prophage genome hypothetical protein 100% (30/30)
Streptococcus phage 20617 complete prophage genome helicase 100% (30/30)
Spacer13 Streptococcus phage TP-J34 complete genome hypothetical protein 100% (30/30)
Streptococcus phage 5093 DnaC-like protein 100% (30/30)
Spacer14 Streptococcus thermophilus bacteriophage kappa3 putative primase 100% (29/29)
TR
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HER
Streptococcus thermophilus bacteriophage DT1 putative primase 100% (29/29)
Spacer23 Streptococcus parauberis KCTC 11537 tape measure protein 100% (30/30)
Spacer24 Streptococcus phage 20617 complete prophage genome hypothetical protein 100% (30/30)
Streptococcus phage 5093 hypothetical protein 100% (30/30)
Spacer29 Streptococcus thermophilus partial repA gene replication protein 100% (30/30)
79CRISPR3 Strains ORF/Activity Identities
Spacer2 Streptococcus phage 20617 complete prophage genome hypothetical protein 100% (30/30)
Streptococcus phage ALQ13.2 primase 100% (30/30)
Streptococcus thermophilus bacteriophage kappa3 putative primase 100% (30/30)
Spacers Streptococcus thermophilus bacteriophage 2972 primase 100% (30/30)
Streptococcus thermophilus bacteriophage Sfill putative primase 100% (30/30)
Streptococcus thermophilus bacteriophage DT1 putative primase 100% (30/30)
Streptococcus thermophilus bacteriophage SFil8 lysin 100% (30/30)
Spacer9 Streptococcus phage 20617 complete prophage genome hypothetical protein 100% (30/30)
Spacerl1 Streptococcus phage 20617 complete prophage genome phage lysin 100% (30/30)
79 CRISPR4 Strains Activity Identities
Streptococcus thermophilus temperate phage and flanking sequences,
unnamed protein 100% (33/33)
isolate DSM20617
Spacer10 Streptococcus thermophilus temperate phage and flanking sequences, unnamed protein 100% (33/33)
isolate SK778
Streptococcus phage 20617 complete prophage genome hypothetical protein 100% (33/33)
Streptococcus phage TP-778L complete genome unnamed protein 100% (33/33)
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