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Abstract

Clustered regularly interspaced short palindromic repeats (CRISPR) consists of a series of regular repeat-spacer sequences. It
can not only act as a natural immune system in most prokaryotes, but also be utilized as the tool of newly developed genome
modification and evolutionary researches. Streptococcus thermophilus is an important model organism for the study and
application of CRISPR systems. In present study, the occurrence and diversity of CRISPR—Cas systems in the genomes of
S. thermophilus were investigated including 4 new sequenced strains CS5, CS9, CS18, CS20, and other 23 strains down-
loaded from NCBI website. 66 CRISPR/Cas systems were identified among these 27 strains and could divided into four
subsystems according to the arrangement of Cas proteins, notably I-E, II-A, II-C and III-A. Overall, 26 type II-C systems,
18 type II-A systems, 13 type III-A systems, 9 type I-E systems were identified. It was mentioned that CS20 contained two
type II-C systems which had not been identified in the other 26 S. thermophilus strains. Overall, 1,080 spacers were analyzed
and blasted. Sequence identity searches of spacers implied that most spacers derived from partial sequences of exogenous
DNA, including various bacteriophages and plasmids. Of note, a large number of novel spacers were found in this study,
indicating the unique phage environment they have undergone, especially CS20 strain. In addition, the analysis of the cas/
and cas9 genes revealed the genetic relationship among CRISPR-Cas system in these strains. Furthermore, the analysis of
CRISPR spacers also indicated protospacer adjacent motif (PAM) sequences. Summary of PAM sequences could lay the
foundations for the application of S. thermophilus CRISPR—Cas system. Our results suggested CS5 and CS18 can be used
as model strains in the research of CRISPR—Cas system, and CS20 might have greater application potential in gene editing.
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Introduction

Streptococcus thermophilus is the only species regarded as
food-grade microorganism among the genus Streptococ-
cus. It is also wildly recognized as a probiotic which has
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a positive effect to maintain the balance of the human gas-
trointestinal flora, improves lactose intolerance as well as
immunity (Cui et al. 2016; Fernandez et al. 2017; Freitas
2017; Uriot et al. 2017).

As the dairy starter and probiotic strain, S. thermophilus
faces the challenge of virus infection from different envi-
ronments, including the fermented milk and human gas-
trointestinal tract. Especially, the latter represents a huge
environmental challenge for probiotic bacteria because of
containing various phages (Stern et al. 2012). The phage
infection causes the failure of milk fermentation and the loss
of the probiotic ability of strain (Mills et al. 2010).

Clustered regularly interspaced short palindromic repeats-
CRISPR associated proteins (CRISPR—-Cas) locus, which
constitutes the adaptive immune system, is an important
mechanism against exogenous elements infection in bacteria
and archaea (Barrangou et al. 2007). CRISPR—Cas system is
very important for both dairy and starter culture industries
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to guard against phage infection. CRISPR—Cas system is
hypervariable among distinct prokaryotes, reflecting the
diversity of these immune systems (van der Oost et al. 2009;
Marraffini and Sontheimer 2010; Hidalgo-Cantabrana et al.
2017).

CRISPRs, a series of regular sequences, consist of the
conserved short repeat sequences (24-37 bp) and various
spacers with similar lengths (Grissa et al. 2007a). After the
long-term immune and evolution process, CRISPR/Cas loci
in S. thermophilus present rich diversities (Horvath et al.
2008; Horvath and Barrangou 2010; Deng and Huo 2013).
Four types of CRISPR/Cas loci were found in some S. ther-
mophilus strains, named as CRISPR1, CRISPR2, CRISPR3
and CRISPR4 (Wu et al. 2014). Of note, the distributions of
these four CRISPR modules in different strains are diverse,
of which CRISPRI1 is the most prevalent while CRISPR4
only exists in strains containing all four CRISPR loci (Carte
et al. 2014). Researchers have analyzed three CRISPRs,
including CRISPR1, CRSPR2 and CRISPR3, in eight S.
thermophilus strains and the results indicated CRISPR4 was
rare (Deng and Huo 2013).

What’s more, every CRISPR locus owns its specific set of
Cas proteins and cas genes is located directly near the corre-
sponding CRISPR loci, present both conservations and poly-
morphisms (Haft et al. 2005; Godde and Bickerton 2006).
The diversity and functions of Cas proteins correspond to
the functional diversity of the CRISPR systems.

At least 45 different protein families associated with the
CRISPR system have been identified in the bacterial and
archaeal genomes (Koo et al. 2012). Moreover, Casl is
regarded as the core protein of Cas protein family and exists
in all CRISPR-containing prokaryotes as well as Cas2 (He
et al. 2013). It has been demonstrated that increased expres-
sion of cas! and cas2 gene was indicative of higher activity
in S. thermophilus LMD-9 during bacteriophage response
(Goh et al. 2011). Therefore, the distribution of cas! or cas2
gene in four CRISPR/Cas loci may confer their active roles
in the defense system.

The CRISPR/Cas systems could be divided into three
subtypes based on the type and homology of the Cas pro-
teins, which are characterized by different effector com-
plexes that mediate the binding of crRNA to target DNA
or RNA. The signature protein of subtype I is Cas3; Cas9
for subtype II and Cas10 for subtype III (Hrle et al. 2014).
They are the most common systems detected in S. thermo-
philus strains. Furthermore, according to the composition
and structure of the Cas protein, the three most common
subtypes of the CRISPR/Cas system were further divided
into I-A, I-B, I-C, I-D, I-E, I-F, I-U; II-A, II-B, II-C; and
III-A, III-B, III-C, III-D (Hrle et al. 2014).

In general, lactic acid bacteria (LAB) own a series of
mechanisms to defend invasions of various phages and
plasmids, including phage-abortive infection, restriction
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modification and adsorption barriers systems (Allison and
Klaenhammer 1998; Chopin et al. 2005). However, there
are few foregoing resistance mechanisms found in S. ther-
mophilus (Ali et al. 2014). Instead, S. thermophilus develops
various types of CRISPR/Cas systems. To provide immu-
nity for the host cell, CRISPR/Cas system is able to cut-
off exogenous DNA through spacer recognition (Stranges
et al. 2013). So the spacer sequences are highly identical to
exogenous genes, especially diverse Streptococcus species
and S. thermophilus bacteriophages. Its immune ability is
positively correlated to the ease of spacer acquisition. It has
been found that new spacer integration was only detected in
CRISPR1 and CRISPR3 when upon the infection of foreign
DNA (Paezespino et al. 2015).

In our previous study, 22 S. thermophilus strains were
isolated from traditional fermented products in China (Hu
et al. 2018). CS5, CS9, CS18 and CS20 strains with excel-
lent technological performances and application potential
were used in this study and their genomes were identified.
The occurrence and diversity of CRISPR loci in 27 S. ther-
mophilus strains were analyzed.

Materials and methods
Bacterial strains

Streptococcus thermophilus CS5, CS9, CS18, and CS20
were obtained from traditional fermented milk in our previ-
ous study (Hu et al. 2018). The nucleotide sequences of CS5,
CS9, CS18, and CS20 genomes were submitted to GenBank
and assigned accession numbers CP028896, CP030927,
CP030928, and CP030250.

CRISPR detection and identification

The 23 §. thermophilus genomes (Supplementary Table S1)
in the GenBank database (NCBI) as of August 2018 and
four new genomes (CS5, CS9, CS18 and CS20) were used
to characterize the occurrence and diversity of CRISPR—Cas
systems in S. thermophilus strains according to Bolotin et al.
(2005) and Barrangou et al. (2007). The CRISPR Finder
was used to find the repeats sequences (Grissa et al. 2007a,
b). In addition, secondary structures were predicted through
RNAfold web server (https://rna.tbi.univie.ac.at/cgi-bin/
RNAfold.cgi) with the minimum free energy (MFE) cal-
culated (Hofacker et al. 1994). The CLC sequence viewer 6
was used to compare the different DRs of the tested strains
with the standard strains. Sequence logos were a graphical
representation of a nucleic acid multiple sequence alignment
developed by WebLogo (https://weblogo.berkeley.edu/logo.
cgi, Crooks et al. 2004).
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Then, the Cas proteins were predicted by the
CRISPR-Cas-Finder (https://crispr.u-psud.fr/crispr/)
(Grissa et al. 2007a, b). The CRISPR subtypes designation
was performed according to the signature Cas proteins as
previously reported (Makarova et al. 2011, 2015; Koonin
et al. 2017). Phylogenetic trees based on alignments of cas/
and cas9 sequences in distinct S. thermophilus strains were
constructed by the method of Maximum Likelihood using
MEGA 7.0 (Kumar et al. 2016).

Spacers’ analyses

CRISPR spacers were analyzed using a custom Excel Macro
tool (Horvath et al. 2008) to identify similarity among
strains and their divergent evolution under DNA selective
pressure. Additional studies were carried out to detect simi-
larity among the CRISPR spacers detected in S. thermophi-
lus strains, plasmids and prophages sequences present in
S. thermophilus chromosomes, using BLASTn analyses at
GenBank database (NCBI) (Altschul et al. 1997). The soft-
ware HEMI Illustrator 1.0 was used to depict the heatmaps
(Deng et al. 2014).

For the similarity BLAST of spacers, the query coverage
and percent identity were both required to be greater than
90%, while the cutoff E-value was 1e-03. But to determine
the prophage, the spacers needed to completely match the
partial phase sequences, which means the query coverage
and identity were both 100%, while the E-value was lower
than 1e-06.

Protospacers and PAM (Deveau et al. 2008; Horvath et al.
2008; Mojica et al. 2009) were predicted based on the analy-
sis of CRISPR spacers, and WebLogo server online was used
to represent the PAM sequences based on a frequency chart
were the height of each nucleotide represents the conserva-
tion of that nucleotide at each position (Crooks et al. 2004).

Results and discussion

CRISPR Loci characterization on S. thermophilus
strains

The 27 S. thermophilus strains with complete genome
sequences were analyzed for the occurrence and diversity of
CRISPR-Cas systems by bioinformatics analysis (Table 1,
Fig. 1). Among the 27 genomes analyzed, we observed a
high rate of occurrence of CRISPR—Cas systems in the
species S. thermophilus (96.3%) except strain ACA-DC2.
Most strains lack at least one type of CRSIPR, especially
CRISPR4. Moreover, four CRISPR loci have different spacer
numbers and four different consensus sequences of direct
repeats (DRs).

The GC content of the CRISPR loci was analyzed for
each strain and presented in Table 1. While different S. ther-
mophilus strains genomes present a GC content of 39.0%
in average, CRISPR loci have GC content between 33
and 35.9% in CRIPSRI1 locus, between 38.4 and 40.2% in
CRIPSR2 locus, between 36.4 and 39.6% in CRIPSR3 locus,
and between 49.3 and 55.2% in CRIPSR4 locus.

Interestingly, CS5, CS18, ASCC 1275, KLDS SM,
MN-BM-A 02, and DGCC 7710 strains possessed all four
CRISPR loci and 22 CRISPR-associated protein (cas)
genes (Table 1, Fig. 1). The diverse CRISPR/Cas loci in
these strains suggest that they may have a better adaptive
immunity against different bacteriophages compared with
those in other sequenced S. thermophilus. This is important
for industrial manufacturing of dairy products that use this
organism. At the same time, it may well be that these strains
have been exposed to more phages. Therefore, S. thermophi-
lus CS5 and CS18, containing all CRISPR loci, can be used
as model strains for the study of CRISPR diversity.

CRISPRI is the most common CRISPR locus in 78% of
known sequenced strains of S. thermophilus, except strains
CS9, ND 07, ACA-DC 2, EPS, CS8 and S9. In particular,
CRISPRI1 locus has the highest numbers of DRs and spac-
ers when compared with other three loci. This suggests
CRISPRI is the oldest CRISPR locus in S. thermophilus and
a possible effective defense mechanism to integrate novel
spacers in CRISPR1 when S. thermophilus is exposed to
bacteriophages. At the same time, CRISPR1 is an ideal tool
for gene editing because it can form a gRNA—Cas9 complex
system (Hao et al. 2018). S. thermophilus CS20 contains
two CRISPRI1 loci, therefore the strain might have greater
application potential for the evolution and transformation
study of S. thermophilus (Fig. 1).

In general, CRISPR1, CRISPR3 and CRISPR4 are all
located downstream of the cas gene, while CRISPR2 locus
is located between the cas genes, separating casl, cas2 from
other cas genes, which may be related to its specific mecha-
nism when facing exogenous DNA invasions. This is con-
sistent with the previous study (Wu et al. 2014).

Diversity of CRISPR in S. thermophilus

The CRISPR subtypes designation was performed based on
the signature cas genes and associated ones as previously
reported for CRISPR/Cas systems classification (Makarova
et al. 2011, 2015; Koonin et al. 2017). Except the strain
ACA DC-2 without any CRISPR—Cas system, the type II-C
was detected in the other 26 S. thermophilus strains, while
type I-E systems were represented in only 9 strains (Table 1,
Fig. 1). At the same time, 18 type II-A systems and 13 type
III-A systems were identified. While two type II-C systems
were detected in strain CS20, and this was not found in any
other strains. Generally, CRISPR1 belongs to type II-C,

@ Springer


https://crispr.u-psud.fr/crispr/

Archives of Microbiology (2020) 202:695-710

698

ODLVOLODOODDOOOVIVOOIIDLLLLLD @_

A X €l 1 8¢ 8¢S a1 - 1-L0 AN L0 AN
X A LE 9¢ 9¢ OVVIOVIOLOVVLOVVLLLYVOVVOLOLOVIOLLLLLD Tdd  S'v¢ oI TAdSTID €0 AN
X A 1T 0¢ 9¢  DVVVVIDLODVOVIVVOVVVOILLVOIVVOOLLLLD €dd 08¢ v-1I €AdSIAD [-€0 AN €0 AN
X X 1€ 0¢ 9¢ OVVIOVIOLOVVLOVVLLLVOVVOLOILOVIOLLLLLD Tdd  0°¢E ol TIdSTID  T-200-MTZ-NIN
X A LT 9¢ 9¢  DVVVVLIILOOVOVOVVIVVVOILLVOIVVODLLLIO €dd  t+'6¢ V-1 CAdSIID  T-700-MTZ-NIN  T00-MTZ-NIN
A A 81 L1 9¢  DVVVDDDIVOODOVOVOILIOOVLLVVIDIVVVLVLYVD Tdd  $'8¢ V-11I TAdSTEID CT-TET IS
A X w 4% 9¢ DOVVIVIOLOVVLOVVLLLVOVVOLOIOVIOLLLLLD Tdd  6'¢E ol T4dSTEID 1-T€T8 INII TETS NI
X X ¥ € 9¢  DVVVDDIVHODOHVOVOILOIVLLVVLIOIVVVIVLVO Tdd  6'6¢ V-1II TIASTID  #-70 V-INA-NIN
X A €€ [43 9¢ DVVIOVIOLOVVLIOVVLLLYOVVOLOLOVIOLLLLLO 1dd  I'v¢ ol [4dSIID  €-20 V-INE-NIA
A A €l [t 9¢  DVVVVIDLIODVOVIVVIOVVVOILLVOIVVOOLLLLD €dd  ¥'LE V-1I CAdSTID  T-20 V-INI-NIA
X X €l [ 8¢ DVVVVVOODIDLOLOIDIIIIIVILVOD #dd 8¢S a1 PIASTID  1-20 V-INI-NIN 2O V-INI-NIN
X A 1€ 0¢ 9¢ DVVIOVIOLOVVLOVVLLLYVOVVOLOLOVIOLLLLLD Tdd  0°¢E ol TIdSTID  T°10 V-INA-NIN
A A LT 9T 9¢  DVVVVIIDLIODVOVIOVVIOVVVOILLVOIVVOOLLLLD €dd  ¥'6¢ v-1I CIdSIID  [-10 V-INA-NIN - 10 V-ING-NIN
X X 14 € 9¢  DVVVDDIOVOHODOHVOVOILOIVLLVVIOIVVVIVIVO Tdd  6'6¢ V-1 TIdSTEID 7-INS SATA
X X €€ [43 9¢ OVVIOVIOLOVVLOVVLLLVOVVOLOIDVIOLLLLLD Tdd  T'v¢ ol TIdSTID €S SATA
X A €l 4! 9¢  DVVVVLILOOVOVOVVIVVVOILLVOIVVOOLLLIO €A t'LE V- €4dSTIID TINS SaT™
A A €l Cl 8¢ JVVVVVODODIDLOLOIOIIIIIVILVOD vdd 8¢S a1 7IdSTID I-INS SATX NS SATX
X X 11 o1 9¢  DVVVDDIVOHDOHVVOVOILOIVLLVVIOIVVVIVLVO 2dd  TO0V V-1II TIASTID  €-€001°¢ SATA
X A ST 4! 9¢ DVVIOVIOLOVVIOVVLLLVOVVOLOILOVIOLLLLLD Tdd  6'7¢ oI TIdSTID  2-€001°€ SATI
X A 4! I 9¢  DVVVVLILOOVOVOVVIVVVOILLVOIVVOOLLLLIO €A §'8¢ V- CAdSIID  1-€001°€ SATM  €001°€ SATI
A A 54 oy 9¢ OVVVVVIOVIOVOVOLILDLVVVLIOVLIOVOVIOLID dd  §T¢ ol - 1-8SD 8SD
A X 14 € 9¢  DVVVDDIVHOHDHOHVOVOILOIVLLVVILOIVVVIVLVO Tdd  6'6¢ V-1II CIddSTID ¥-SLTT DOSV
A A €€ [43 9¢ OVVOVIOLOVVLOVVLLLYVOVVOLOILOVIOLLLLLD 1dd  I'¥¢ o1 [4dSIID €-SLT1 DOSV
X X €l Tl 9¢  DOVVVVIDLOOVOVOVVIVVVOILLVOIVVODLLLID €dd  V'LE v €AdSIID T-SLTI DOSV
X X €l [ 8¢ DVVVVVOODIDLOLODOIDIIIVILVOD #Id 8¢S a1 7IdSTID 1-SLTT DOSV SLTT DOSV
A A ¥ € 9¢  DVVVDDIVHOHDOHVOVOILIOIVLLVVLOIVVVILVLYVO Tdd  6'6¢ V-1II C4dSIEID ¥-0CSO
A A 9T Y4 9¢ OVVIOVIOLOVVLOVVLLLYVOVVOIDLOVIOLLLLLD 1A 6'%¢ NIt [4dSTID €-0CSO
X X €e [43 9¢ OVVIOVIOLOVVLOVVLLLVOVVOLOILOVIOLLLLLD T4d  T'v¢ ol T4dSTID 0TSO
X X 9t 94 8¢ JVVVVVOODIDLOLODIDIIIIDVILVOD #Id  TSS a1 PIdSTID 1-02SD 0TSO
X A 14 € 9¢  DVVVDDIVHOHDHOHVOVOILOIVLLVVILOIVVVLVLYVO Tdd  6'6¢ V-II C4dSIID $-81SD
A X 23 [43 9¢ OVVIOVIOLOVVLOVVLLLYVOVVOIDLOVIOLLLLLD 1A I'¥¢ ot AdSTEID €-81SD
X X €l [ 9¢  DVVVVIDLOOVOVOVVIVVVOILLVOIVVODLLLIOD €dd  t'LE V-1 £4dSTID T8ISD
X A €l [t 8¢ DVVVVVOODIDLOLODIDIDIIIVILVOD #Id 8¢S a1 PAdSTID 1-81SD 81SD
A A 14 € 9¢  DVVVDDIVOODVVOVOILOOVLLVVIDIVVVLVLVD dd  ¥'8¢ V-11I TISTEID £-6SO
X X €l ! 9¢ OVVVVVIOVIOVOVOLIDLVVVLLIOVLIOVOVIOLID dd  0°¢E ol - 768D
X X 61 81 9¢  DVVVVIDLOOVOVOVVIVVVOILLVOIVVODLLLIOD €dd  §9¢ V-1 €4dSTIID 1-6SD 6SD
A A 14 € 9¢  DVVVDDIVHOHOHOHVOVOILOIVLLVVILOIVVVLVLYVO Tdd  6'6¢ V-II T4dSTIID $-6SO
A A €€ [43 9¢ OVVOVIOLOVVLOVVLLLYVOVVOIDLOVIOLLLLLD 1A I'¥¢ oyt 1AdSTEID £€-6SO
X X €l 1! 9¢  DVVVVIDLOOVOVOVVIVVVOILLVOIVVODLLLID €dd  t'LE V-1 £4dSTID ¢SO
A A €l 4! 8¢ JVVVVVOOOIDLOLOIDIDIIIVILVOD #Id 8¢S a1 PAdSTID 1-6SD $SO
0[5P2 6SPO  €SDD [sp>  syeador-oN s1ooeds foN  iSuof jeadoy douanbas jeadar YJSTID %00 snoo[ YdSTAD adfigng adAp, AASTID ureng

surens snjydoutsay) sn220203dais ur swasAs seD IJSHID L 3|qel

pringer

fH's



699

X X 81 L1 9¢ DOVVIOVIOLOVVLOVVLLLVOVVOLOILOVIOLLLLLD Tdd  T'S¢ ol TIdSTID e LS
A A 14 €C 9¢  DVVVVIDLODVOVIVVIOVVVOILLVOIVVOOLLLLD €dd  9'6¢ V-1 €AdSIID [-€ LS € LS
A X 9¢ 33 9¢ OVVIOVIDLOVVLOVVLLLVOVVOLOIDVIOLLLLLD Tdd  #'¢¢ ol T4dSTID T-866CT DIN
X X €C (44 9¢  DVVVVIDLOOVOVOVVIVVVOILLVOIVVOOLLLIO €dd  t'6¢ v €4dSTIID 1-8S6CT DN 8S6TI DIN
A S 14 9¢  DVVVDDIVHOHOHOHVOVOILOIVLLVVILOIVVVILVLVO Tdd  §'8¢ V-1 C4ddSIID C11€81 ON'T
X A 143 €€ 9¢ OVVOVIOLOVVLOVVLLLYVOVVOIDLOVIOLLLLLD 19d  8'¢e Nt 1AdSTID I-11€81 OIN'T IT€8T DN'T
X 14! €l 9¢  DVVVDDIVOHODOHVOVOILOIVLLVVIOIVVVIVLVO Tdd  6'6¢ V-1II TIdSTID £€-60 AN'T
X A L1 91 9¢ OVVIOVIOLOVVIOVVLLLVOVVOLOLOVIOLLLLLD Tdd  #'¥¢ ol TAdSTID 7-60 AN'T
A A 6 8 9¢  DVVVVIDLODVOVIOVVOVVVOILLVOIVVOOLLLLD €4d  T'LE v-1I €4dSTIID [-60 AN'T 60 AN'T
A X 184 oy 9¢ OVVIOVIOLOVVLOVVLLLVOVVOLOILOVIOLLLLLD T4d  9'%¢ ol 14dSTID Tvavo
X X 91 ST 9¢  DVVVVIDLOOVOVOVVIVVVOILLVOIVVODLLLIO €dd €8¢ V-1 €4dSTIID I-vavo vavo
X A 11 (1)1 9¢ OVVVVVIOVIOVOVOLLDLVVVLLIOVLIOVOVIOLIO dd  T'¢¢ ol - [-Sdd Sdd
A 14 € 9¢  DVVVDDIVOHODOHVOVOILOIVLLVVIIOIVVVIVIVO Tdd  6'6¢ V-1II TIdSTEID 7-01LL DDDA
X X €€ [43 9¢ OVVIOVIOLOVVLOVVLLLVOVVOLOILDVIOLLLLLD Tdd  T'v¢ ol TIdSTID €-0TLL DDODA
A A €l 1! 9¢  DVVVVLILOOVOVOVVIVVVOILLVOIVVOOLLLIO €A t'LE v €4dSTIID C-0ILL DDDHA
A €l Cl 8¢ JVVVVVODODIDLOLOIODIIIIIVILVOD vdd 8¢S a1 7IdSTEID [-0ILLD0Dd  0ILLDDHA
A X [44 4% 9¢ OVVIOVIOLOVVLOVVLLLVOVVOLOIDVIOLLLLLD Tdd  6'¢E ol T4dSTID 1-990T ZIND 9901 ZIND
A S 14 8¢ JVVVVVOHODIDLOLOIDIDDIDVILVOD #Id  €'6v a1 PIdSTID 1-1L6954 1L6959
A LE 9¢ 9¢ JVVIOVIOLOVVIOVVLLLYVOVVOLOLOVIOLLLLLO 1dd  Sv¢ ol [4dSTID T'IST DdV
X A 0T 61 9¢  DVVVVIDLODVOVIVVOVVVOILLVOIVVOOLLLLD €4d  6'LE V-1I €AdSTID I-1S1 DdV IST DdV
X X 4! €l 9¢ OVVVVVIOVIOVOVOLIDLVVVLLIOVLIOVOVIOLIOD dd  §T¢ ol - 1-6S 6S
A ¥ € 9¢  DVVVDDIVHOHOHVVOVOILOIVLLVVLOIVVVIVLVO Tdd  6°6¢ V-1 CIddSTIID €-10¢ OIS
A A Ll 91 9¢ OVVOVIOLOVVLOVVLLLYVOVVOIDLOVIOLLLLLD 1A 6'S¢ o1 [AdSIID 7-10€ ONS
A X 91 ST 9¢  DOVVVVIDLOOVOVOVVIVVVOILLVOIVVODLLLIO €dd  +'9¢ v €4dSTID 1-10€ ONS 10€ OINS
X X [43 13 9¢ OVVVVVIOVIOVOVOLLDLVVVLLIOVLIOVOVIOLIO dd  IT'v¢ ol - €-L0 AN
X A €l 4t 9¢ OVVVVIDLIOOLVVOILLLOLIOIOLOOVOVLLLIO A t'LE V- - L0 AN
syeador "oN  s1ooeds ‘oN  pSuop jeadoy oouanbas jeadar Y4SRAD %00 snool YdSTAD adfiqng adA1, A4SRID ureng

Archives of Microbiology (2020) 202:695-710

(ponunuoo) | sjqey

pringer

a's



700 Archives of Microbiology (2020) 202:695-710

Fig.1 CRISPR loci in S. thermophilus. The CRISPR locus of each » A
strain was annotated and depicted with cas genes in different colors.
CRISPR repeats are represented in brackets of each locus (spacers
are not represented). Numbers above CRISPR—Cas systems represent
their position in the genome (or contig), the comments on right top of
the repeat sequences and the number of spacers, respectively (a). Per-
centage of each subtypes located in all 66 S. thermophilus CRISPR/
Cas systems (b)

CRISPR?2 only appear in type III-A, CRISPR3 is included
in type II-A while CRISPR4 exists in type I-E.

It was known Cas1 was the core protein which is wide-
spread among the CRISPR/Cas systems. All of the 66
CRISPR/Cas systems detected in the 27 S. thermophilus
strains harbored cas/ gene (Table 1, Fig. 1). The Cas9 also
displayed high rate of the occurrence in S. thermophilus
strains. Furthermore, the phylogenetic analyses performed
with Cas1 and Cas9 protein are shown in Fig. 2a, b, respec-
tively. Two clusters from Casl proteins (Fig. 2a) and Cas9
proteins (Fig. 2b) were not independent. The phylogenetic
analysis based on Cas9 proteins indicated that Cas9 pro-
teins from different strains had been divided into two groups,
including group II-A and group II-C. The Cas9 proteins of
the group II-A are from the CRISPR3 locus, while those of
group II-C from CRISPR1 locus. Similarly, the Casl pro-
teins from the CRISPR3 locus were clustered in group II-A,
and the Casl proteins from the CRISPR1 locus were clus-
tered in group II-C. The results indicated that Casl as core
protein in all CRISPR loci, it was a partner of Cas9, which
is a signature protein of subtypes II-A and II-C, and they are
co-evolving. Furthermore, it was found that Cas1 evolved
with Cas3 and Cas10 (data not shown).

The results confirmed the co-evolutionary trends
observed in CRISPR immune systems that the components
of these systems co-evolve (Makarova et al. 2011; Chylinski
et al. 2014). Interestingly, it could be found that part of the
type II-C and I-E evolved from the same branch, while ND
07-2 CRISPR/Cas system is located in the same branch with
I-E but belong to type II-A.

— 1A

— 11

/— A

Secondary structure prediction and diversity
analysis of DR sequences

As its name implies, an important feature of CRISPR DR
sequences is the palindromic signature, which is demon-
strated to be related to their functional RNA secondary
structures. Experiment has indicated that DR sequences act
through intermediate messenger RNAs (Tang et al. 2002).
According to the summary of CRISPR repeats in LAB, DR
sequences are rather various among these species, in both
sequences (29-37 bp) and secondary structures (Horvath
et al. 2008).

Four common repeat sequences (DR1, DR2, DR3, and
DR4) and three non-common repeat sequences (DR*, DR,
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Fig.2 CRISPR phylogenetic analyses in S. thermophilus. Phylo-
genetic tree based on the Casl (a) and Cas9 (b) of S. thermophilus
strains. The evolutionary history was inferred using the Maximum
Likelihood method by MEGA 7.0. The bootstrap consensus tree
inferred from 1000 replicates is taken to represent the evolutionary

and @) were found in different S. thermophilus strains
(Table 1, Fig. 3). The repeat sequences displaying in type
II-C could be classified into two kinds, most are DR1,
while DR* only existed in strains CS9, CS8, S9, EPS and
ND 07. DR2 could be detected in almost all type III-A
systems. The repeat sequences locating in type I-E and

history of the taxa analyzed. Branches corresponding to partitions
reproduced in less than 50% bootstrap replicates are collapsed. The
percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) is shown next to the
branches

II-A of almost all strains were DR4 and DR3, respectively,
except NDO7 strain. It has been known that the most com-
mon repeat sequences locating in CRISPR/Cas systems are
DR1, DR2, DR3 and DR4, which revealed that the appear-
ance of other types of DR might be caused by mutation or
metastasis of genes.
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Fig.3 The centroid secondary structure prediction and the corre-
sponding MFE values (a). Every single circle represented one base
and MFE value below implied stabilities of these structures. The
left color bar denoted dot plot containing the base pair probabilities.
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DRs present both diversities and conservations. Except
DR4 and with 28 bp length, other types of DRs are all
36 bp lengths. First, the typical stem-loop secondary struc-
tures exist in all types of DR with distinct sizes of stem and
loop (structured and unstructured regions) as well as differ-
ent stability (Fig. 3a). The unstructured regions contribute a
lot to the combination between target DNA and relevant Cas
proteins together with partial recognition (Cusack 1999),
which is an important embodiment of CRISPR functionality.
In particular, the common conserved 3’ termini of (C/G)
AAC in all DR clusters can further highlight this opinion
(Godde and Bickerton 2006; Kunin et al. 2007).

However, the structured stem regions are responsible for
stabilities of RNA secondary structures. It can be concluded
that MFEs among all DR types are different (Fig. 3a). It is
getting lower from DR1 to DR4, which implies a more stable
structure. This is closely related to its stem length and G-C
base pair amount in stem part. As G-C base pair could form
more stable combination, the more G-C base pairs are
included in the stem structure, the more stable DR structure
can be (Fig. 3a). It can be calculated that the GC percentages
of four types of DRs are 30.6%, 44.4%, 38.9% and 64.2%,
respectively. Among them, there are less G-C base pairs but
longer stem in DR3, thus it is more stable than DR2. Of note,
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Atypical DR sequences in four types of CRISPRs and their frequency
(b). The multiple alignment results are shown in upper half of every
CRISPR part, and the sequence frequency logo are shown in lower
half

compensatory G-U base pairs, the typical characteristic of
RNA secondary structures, can be noticed in DR3 stem
structure. In addition, CRISPR repeats tend to form more
stable stem-loop structures than the random sequences
(Kunin et al. 2007). This finding implies the importance of
repeat stabilities in CRISPR/Cas system functioning. Com-
pared with common repeat sequences (DR1, DR2, DR3, and
DR4), three non-common repeat sequences (DR, DR, and
@) contain longer stem and additional loop.

What’s more, there are a few atypical repeats (Fig. 3b),
which are associated with repeat degeneracy, existing in ter-
mini of CRISPR loci, for DR1 and DR2, in the 3’ region,
while for DR4 and DR*, in 5' region. And the appearance of
partial 5" atypical repeats may result from seizing nucleotide
from PAM or new spacers (Datsenko et al. 2012). Normally,
the atypical repeats are diverse and highly homologous to
typical repeats with only one or two nucleotide missing,
while atypical repeats and typical repeat (DR2) of CRISPR2
are less similar with lower 83.8% homology (Fig. 3b). In
general, trifling repeat degeneracies are observed in DR1
and DR4, while the ratio of atypical repeats in DR2 is rela-
tively high, which is consistent with the result of Horvath
et al. (Horvath et al. 2008). At the same time, there are no
atypical repeats in DR3.
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Fig.4 Number of CRISPR spacers in strains. The x axis represents the number of CRISPR spacer. The y axis represents the number of strains
containing the corresponding spacers. a CRISPR1 spacers, b CRISPR2 spacers, ¢ CRISPR3 spacers, and d CRISPR4 spacers

CRISPR Spacers’ analyses

It can be concluded that spacer amounts in different CRISPR
types or strains are diverse while spacer lengths with
33-35 bp are rather conservative (Fig. 4). Spacer number
in CRISPR1 is the most diverse from 14 to 41, while 32
spacers are common in 7 strains. Strains CNRZ1066 and
JIM8232 possessed the largest number of spacers (41). On
the contrary, KLDS 3.1003 contained the least number of
spacers (14).

Similarly, spacer amount in CRISPR2 locus ranged from
3 to 17 and there were 3 spacers in most strains of CRISPR2
locus. Surprisingly, the large number of spacers was in the
CRISPR2 loci of KLDS 3.1003 and JIM 8232. Especially,
with the developed CRISPR2-Cas but degraded CRISPR3-
Cas9 system, KLDS 3.1003 is worthy to be studied further.
Likewise, spacer amount in CRISPR3 locus ranged from 3 to
26, and 12 spacers were most common. Eventually, spacers

in CRISPR4 locus ranged from 4 to 25, and the general
amount of spacers in CRISPR4 locus was 12.

To sum up, spacer distributions in CRISPR loci present
diversity. CRISPR1 includes the largest quantities of spac-
ers, and the spacer numbers in CRISPR3 and CRISPR4 are
similar, whereas there are only a few spacers in CRISPR2.
The vitro experiments have demonstrated that spacers are
inclined to integrate into CRISPR1 and CRISPR3 (both
belonging to type II-A system), while spacer deletions
tend to happen in CRISPR2 more frequently (Achigar et al.
2017). It is likely that CRISPR2 locus may have limited
contribution to bacteriophage response because of a less
numbers of spacers. As for CRISPR4, there was no novel
spacer obtained but a significant increase in expression of
Cas7 protein, implying an active immune process, during
phage invasion (Sinkunas et al. 2013; Young et al. 2012).

Each unique spacer sequence is obtained from an invad-
ing foreign gene element, so the number of unique spacer
sequences in CRISPR locus can reflect the activity of the
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CRISPR locus. The number of spacer in four CRISPR
loci in different strains is shown in Fig. 4. Compared with
other CRISPR loci, both maximum and average numbers
of spacer sequences in the CRISPR1 locus are highest.
Among four CRISPR loci, the average number of spacers
in the CRISPR2 locus was the lowest, and the number of
spacers in the majority of strains in the CRISPR2 locus was
only three. Therefore it is speculated that the CRISPR1 locus
is the most active in S. thermophilus strains as well as the
activity of the CRISPR2 locus was the lowest.

At the same time, the number of spacers can reflect the
ability of bacterial challenges against invasive foreign DNA
(Hidalgo-Cantabrana et al. 2017). The number of spacers
is higher, the ability is stronger. A high number of spac-
ers may reflect higher bacterial challenges against invasive
DNA, and these strains have been exposed to more phages.
The lower number of spacers is detected in the CRISPR2 of
most strains, and high number of spacers is detected in the
CRISPRI1 of strains CNRZ1066 and JIM8232.

The spacer arrangements of each CRISPR locus were dis-
played in Fig. 5. The spacer arrangements of CRISPR1 locus
could be divided into 13 types. Strain CS5, CS18, CS20-1,
ASCC1275, DGCC 7710, KLDS SM and MW-BM-A02
had the same 32 spacer sequences. LMD-09 and SMQ301
belong to the same group. The spacer 6 to the spacer 15 of
LMD-09 matched the spacer 7 to the spacer 16 of SMQ301.
Moreover, NDO3 and APC151, MN-ZLW-002 and MN-BM-
A01 owned the same spacer representation with the spacer
number of 36 and 30, respectively.
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Fig.5 CRISPR spacers arrangement comparison in four CRISPR
loci of S. thermophilus. The CRISPR spacer representation was per-
formed based on the length and nucleotide sequence of each spacer.
The spacers are represented by a square, different numbers present
different group, and each unique spacer sequence is indicated as
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Similarly, the spacer arrangement of CRISPR3 in S. ther-
mophilus CRISPR-Cas System was various and presented
13 different types. These six strains, CS5, CS18, ASCC1275,
DGCC 7710, KLDS SM and MW-BM-AQ2 also had the
consistent spacer arrangement. MN-ZL.W-002 and MN-BM-
AO01 contained the same spacer sequences and arrangements
with 26 spacers. Interestingly, strain JIM8232 had the short-
est spacer arrangement with three spacers. This might be due
to gene deletion during the long evolution.

Spacer arrangements in the CRISPR2 and CRISPR4 of
S. thermophilus strains showed higher conservation. They
might be from the common ancestor, despite the individual,
spatial, and temporal differences in sampling, illustrating
how stable these loci are (Hidalgo-Cantabrana et al. 2017).

Noteworthy, CRISPR spacer arrangements in CS5,
CS18, KLDS SM, MN-BM-A02, ASCC1275, and DGCC
7710 are entirely the same. The results indicated that these
strains had a close relationship. These strains all isolated
from fermented milk, the first four strains from China, and
the last two strains from the United States and Australia,
respectively (Hatmaker et al. 2018; Li et al. 2017; Shi et al.
2015; Wu et al. 2014). They had similar genome size, and
numbers of proteins. It was speculated that these strains
exposed to similar phages environment and formed the same
CRISPR-Cas system.
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spacer order. S. thermophilus strains names were displayed on the left
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CRISPR Spacers homology to phage and plasmid
sequences in S. thermophilus strains

CRISPR/Cas systems in bacteria were used against the
infection of foreign DNA and RNA of phages and plasmids
(Barrangou and Doudna 2016). In other words, the spacer
is a trace of foreign genes’ infestation. The characteristics
of the spacers may affect the ability of the strains to resist
the infection by different bacterial phages (Barrangou and
Horvath 2017).

To determine the origin of each spacer, the spacer
sequences were blasted to find the similarity and identity
with Streptococcus phages and plasmids, especially S.
thermophilus strains. Sequences above 90%, both in query
coverage and percent identity, as well as having an E-value
at or below 1le—03, were picked. A total of 1080 spacers
were blasted, including 635, 71, 274 and 100 spacers for
CRISPRI1 (type II-C), CRISPR2 (type III-A), CRISPR3
(type II-A) and CRISPR4 (type I-E), respectively.

In general, spacers between DR1 belonging to CRISPR1
locus showed the largest number of spacers targeted phages
and plasmids DNA, accounting for 58.80% of the total
spacers. CRISPR1 locus is the most widespread type in S.
thermophilus strains and owns the largest number of spac-
ers followed by CRISPR3. The spacers were obtained by
means of host randomly integrate invader’s DNA fragment
through homologous recombination and horizontal gene
transfer (Deveau et al. 2008). Accordingly, after exposure
to phage invasion, host and phages would undergo coevolu-
tion (Sapranauskas et al. 2011). It seems that CRISPR1 and
CRISPR3 have more chances to realize the “co-revolution”
with foreign plasmids and phages DNA during the long pro-
cess of defense (Bolotin et al. 2005). Among the 274 spac-
ers of CRISPR3, 125 spacers (45.62%) showed similarity to
prophage sequences. The numbers of the spacers matched

Fig.6 The number of spacers
matched phages and plasmids.
Block color from red to blue
represented the number value
from large to small. Color gray
indicates that the strain did not
have this type of CRISPR gene

ASCC1275

Ccs5

Ccs9
Cs18
DGCC771

OTHER

KLDS SM

foreign DNA in CRISPR2 and CRISPR4 were 14 (19.72%)
and 36 (36%), respectively.

The number of spacer-matched phages and plasmids of
each strain were represented by Fig. 6. The CRISPR—Cas
systems of the strains CS20 and GABA showed the higher
number of spacer-targeting phages and plasmid DNA. The
results revealed that the new sequenced strain CS20 might
have the higher chance of surviving during infection of
prophages. Conversely, strains EPS and S9 presented the
lower number of spacers that matched foreign DNA. Note-
worthy, the strains CS5, CS18, ASCC1275, DGCC 7710,
KLDS SM and MN-BM-002 presented the same 31 spacers
matching the phages and plasmids.

Results of homology comparison of spacers are listed
in Table 2 and Supplementary Table S2. There are several
conclusions that can be drawn from the statistical results.
First of all, most spacers are homologous with the phage
genomes. There are some common phages acting as spacer
donators, such as S. thermophilus bacteriophages 20617,
7201, Sfi 19, Sfi 21, and Sfi 11. Especially, the bacterio-
phage 20617 genome is the most targeted prophage for S.
thermophilus spacers. A total of 83 spacers distributed in
different types of CRISPR loci had completely matched with
20617 (Table 2 and Supplementary Table S2). These spacers
matched with some crucial function regions of the prophage
20617, such as the portal protein and the HNH endonuclease
related to the major capsid protein and in the DNA packag-
ing machinery components. The HNH endonuclease is an
important component of the terminase packaging reaction
(Kala et al. 2014) and the portal protein is a vital character
in head assembly, genome packaging, tail attachment, and
genome injection (Sun et al. 2015). Thus, the cleavage and
insertion of these prophage critical components through
CRISPR/Cas immune systems will prevent prophage rep-
lication. These S. thermophilus strains will then acquire
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Table 2 No. of spacers matched S. thermophilus phages and plasmids

Phage/plasmid* Type I-E Type II-A Type II-C Type III-A Total

Sfi 19 8 17 21 0 46
Sfi21 7 15 14 0 36
Sfill 0 13 20 0 33
SFi 18 0 12 0 0 12
7201 9 20 41 0 70
DT1 1 8 15 0 24
01205 0 9 2 0 11
CHPC926 0 2 16 0 18
CHPC1151 0 4 8 0 12
CHPC577 0 1 13 0 14
TP-778L 8 5 4 1 18
TP-134 0 0 17 0 17
53 0 3 12 0 15
73 0 2 4 0 6
20617 8 26 49 0 83
Abc2 1 2 4 0 7
ALQ13.2 1 4 5 0 10
2972 0 11 3 0 14
128 3 7 11 0 21
P7954 7 3 11 0 21
vB SthS vA460 0 2 1 0 3
P7602 2 2 2 0 6
D4276 0 6 0 0 6
P4761 0 0 7 0 7
pSt08* 0 1 0 0 1
pSMQ316* 0 1 0 0 1
pNDO3* 0 1 0 0 1
pND103* 0 0 1 0 1
pt38* 0 0 1 7 8
Total 55 177 282 8 522

*Represents plasmid

immunity and survive during the infection process. But for
CRISPR loci in S9, NTC 12958, JIM 8232, EPS, LMD-9
and SMQ-301, there is no spacer homologous to bacterio-
phage 20617 although their homologies with other phages
are relatively high.

Remarkably, spacers of CRISPR2, with a few amounts,
are also less homologous to foreign DNA. Among the 26
tested strains, these homologous exogenous genes belong
to several specific phages including bacteriophages DT1,
7201, TP-778L, TP-J34, and 53. Especially, bacterio-
phage DT1 seems like a CRISPR2-specific phage, which
is rarely found in other types, whereas, in several other
strains named KLDS 3.1003, JIM 8232, LMG 18311 and
CS9, this specificity of bacteriophage DT1 was visibly
weakened. It can be concluded resulting from their varied
evolutionary environment. Besides, bacteriophage DT1
had a limited host range (Tremblay and Moineau 1999).

@ Springer

Thus, this may lead to the fact that information about its
infection history is mostly retained in the degenerated
CRISPR2 locus.

What’s more, almost only spacers in CRISPR1 are
homologous with several different plasmids, notably pStO8,
pt38, pND103, and pNDO3 (Table 2 and Supplementary
Table S2). Intriguingly, they all belong to the same pC19/
pUB1104 rolling-circle family even though their hosts are
diverse S. thermophilus strains (Turgeon et al. 2004). This
result is in accordance with the research carried out by Gar-
neau (Garneau et al. 2010).

Specifically, it was found that the first spacer at 3’ end
(tail end) spacers in SMQ-301 CRISPR3 locus presents
high homologies with pSt08 and pND103 plasmid genomes
along with several replication protein genes. We hypoth-
esized that the ancestor of strain SMQ-301 was presumably
an important host for many plasmids, although it is a host of
the model cos-type phage DT1 now and can be infected by
phages 73 (Achigar et al. 2017; Labrie et al. 2015).

Remarkably, there are many unique spacers distributed
in four CRISPR loci of our 26 tested strains. In particular, a
large number of spacers in CRISPR4 (64) have no homology
to any known S. thermophilus strains, which depends heav-
ily on the lack of CRISPR4 in genomes of S. thermophilus
strains available in the public databases. At the same time,
some unique spacers were found in the CRISPR2 (57).

In addition, it seems that strain CS20 is pretty special
with two CRISPR1 loci, and all of its spacers belonging to
the second CRISPR1 locus (CS20-3 CRISPR) are unique.
Thus, there is a putative conclusion that it presents a more
different phage environment together with the more distant
relationship with the other S. thermophilus strains.

Leader and PAM mediate CRISPR adaptation

Among bacteria CRISPR systems, PAM as the undertaker
of specificity identification, is critical to both adaptation
and interference procedures. These short sequences exist in
intrusion DNA rather than CRISPR system, and are located
immediately adjacent to the protospacers, typically at the 5’
end for type I systems, and at the 3’ end for type II systems
(Gasiunas et al. 2014). In S. thermophilus strains, CRISPR/
Cas type II system is the most common model system, its
gRNA-Cas9 complex is a traditional gene editing tool which
could integrate the foreign DNA into the host’s CRISPR by
recognizing the PAM during the adaption phase. Detecting
the PAM of type II could make better use of the CRISPR/
Cas9 system. Compared to Streptococcus pyogenes, PAMs
of S. thermophilus (Sth-PAM) seem longer and more restric-
tive. In addition, they can only be used for double-strand
rather than single-strand cutting like S. pyogenes PAMs
(Gasiunas et al. 2012; Jinek et al. 2012).
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Fig.7 PAM predictions for subtype II-A (a) and II-C (b). The figure
on the left shows the protospacer sequence of the prophage 20617
matched by each spacer (underlined) located on the new sequenced S.
thermophilus strains and the downstream region containing the Proto-

In this analysis, different PAM sequences were identified
for each CRISPR type II subtypes present in S. thermophi-
lus strains CS5 and CS20 (Fig. 7). For type II-A, the PAM
was identified as 5'-NNAGAAW-3' is located immediately
downstream of the protospacer which was consistent with
the previous study (Fujii et al. 2016). Whereas the PAM for
type II-C was defined as 5-GGNG-3', located in one nucleo-
tide downstream of the protospacer just as the description
by Horvath which also reveals that each subtype contains a
unique PAM that can serve as a sequence recognition pat-
tern, specific to a particular Cas enzymatic machinery (Hor-
vath et al. 2008).

In terms of spacer adaptation of CRISPR—Cas systems
in S. thermophilus, their chief undertaker can be described
as the leader-repeat junction (Wei et al. 2015). As for lead-
ers, the 100-500 bp sequences upstream the CRISPR arrays,
their adaptation control functions are revealed in regulating
new spacer integration through sequence information direct-
ing, especially the nearest conservative sequences of leader-
repeat spanning region. These sequences rich in extremely
conserved ATTTGA are essential for spacer nick formation
during the adaptation process, while the distal region is
influence-free for adaptation. In addition, partial core pro-
moter sequences in leaders can also contribute to crRNA
transcripts and CRISPR loci expression. In summary, leaders

AAGGGTTTAAGTCCTTCATAGAGTGGAAAACTAGAAACAGAT

spacer Adjacent Motif (PAM) colored red, whereas right displayed
the consensus PAM represented with the frequency plot of WebLogo
server

are essential for CRISPR system to recognize and memorize
exogenous invasion DNA.

Discussion

CRISPR/Cas systems in four new sequenced S. thermophilus
strains, CS5, CS, CS18 and CS20 were analyzed together
with other 23 S. thermophilus strains from NCBI. There are
several traits of these typical CRISPRs including diversities
and conservations.

The distribution of CRISPR loci in S. thermophilus
strains are various and different. Among 27 strains, only
six strains have four types of CRISPR loci, two of them
are strains CS5 and CS18. At the same time, CRISPR/Cas
systems can be classified as different subtypes based on the
arrangement of Cas protein (Hrle et al. 2014). Four differ-
ent subtypes, type I-E, type II-A, type II-C and type III-A
were identified in S. thermophilus strains among which the
type II-C is the most extensive system among these strains.
Interestingly, two type II-C systems were detected in S. ther-
mophilus CS20. However, strain 20 does not have CRISPR3
locus, which is common in other strains. Phylogenetic analy-
ses performed with Casl and Cas9 proteins revealed that
the co-evolutionary trends in CRISPR immune systems in
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S. thermophilus strains. The results were consistent with
the previous studies (Makarova et al. 2011; Chylinski et al.
2014).

When it comes to secondary structures of CRISPR
repeats, the specific stem-loop structures not only act as
bridges between Cas and the target fragment, but also are
responsible for maintaining the stability of the structure.
Moreover, better stability in these structures will be in favor
of the foreign DNA resistance functions. It is the partial
palindromic property of repeats and their transcribed single-
strand fragments that mainly determine their special struc-
tures (Lillestgl et al. 2006; Kunin et al. 2007). In addition,
there are great possibilities for interacted repeats to form
stable secondary structures end to end (Horvath et al. 2008).
Three non-common repeat sequences (DR, DR, and @)
contain longer stem and additional loop. Interestingly, all
repeat sequences in CRISPR loci of strain ND 07 are non-
common. Therefore ND 07 can be used as the model strain
for the research of structure and function of DR.

Some obvious atypical repeats, closely related to
sequence degeneracy and novel spacer acquisition, are
observed from the terminal base sequences among four
types of CRISPRs loci. The atypical repeats and typical
repeat (DR2) of CRISPR?2 are less similar with lower 83.8%
homology. Based on the particularity of atypical CRISPR2
repeats, further conclusions can be drawn that CRISPR2 has
undergone more degeneracy than others. This is confirmed
by higher ratio of its atypical repeats.

Spacers, with 33-35 bp similar lengths, have relatively
conservative amounts in distinct CRISPR loci. A total of
1080 spacers were identified in 27 strains, including 635,
71,274 and 100 spacers for CRISPR1, CRISPR2, CRISPR3
and CRISPR4, respectively. CRISPR1 and CRISPR3 loci
own high number of spacers. It suggests that these two types
of CRISPR systems possessed the higher activity and can
largely complete the gene exchange with foreign plasmids
and phages DNA to fight against the threatening conditions.

The spacer arrangements of CRISPR1 and CRISPR3
presented diverse, and they could be divided into 13 types.
Spacer arrangement in CRISPR2 is the most conservative.
It is worth mentioning that CRISPR spacer arrangements in
strains CS5, CS18, ASCC1275, DGCC 7710, KLDS SM and
MN-BM-AO02 are entirely the same. It was concluded that
these strains exposed to similar surroundings for a long time
and they have quite relative evolution relationship.

Spacers sequences in CRISPR loci are quite diverse but
rules-based with great identity with phages genomes of S.
thermophilus, including bacteriophages 20617, 7201, Sfi 19,
Sfi 21, and Sfi 11. Further, spacers at the 5’ end appear to be
more homologous with exogenous DNA and hypervariable.
In fact, it has been reported that new spacer integrations
are inclined to happen at this end, although novel spacers
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integrating into the CRISPR middle array were noticed
after undergoing a phage challenge assay (Achigar et al.
2017; Hynes et al. 2016a). The latter phenomenon has been
described as ectopic spacer integration (Hynes et al. 2016b;
McGinn and Marraffini 2016). Remarkably, many unique
spacers were found in four CRISPR loci of our 26 tested
strains in this study. In particular, a large number of spacers
in CRISPR2 (57) and CRISPR4 (64) have no homology to
any known S. thermophilus strains.

It seems that strain CS20 is unique in both CRISPR dis-
tribution and sequence among these 26 strains, especially in
spacers. Although no CRISPR3 locus was found in CS20, it
contains two CRISPR1 loci. The strain CS20 own the high-
est number of spacers (85) and all of its spacers belonging
to the second CRISPR1 locus are unique among 26 strains.
Therefore it was speculated that CS20 exposed to surround-
ings with more phages.

Ultimately, the PAM sequence types and the irreplaceable
role of leaders in S. thermophilus are also discussed in this
paper, which will benefit a lot for the application and mecha-
nism researches about S. thermophilus CRISPRs.

Furthermore, studies about selected CRISPR distributions
in different strains will provide references for several impor-
tant applications of this system, including searches for their
evolution background and process, further advance of their
anti-phage abilities, selection of another outstanding model
CRISPR system together with both the genome modification
in these strains using CRISPR/Cas system and utilization
of selected CRISPR—Cas system in extensive gene editing.
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