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1. 27 BRFEHGEERE BY ANI (A) K TNI (B)45 R
Figure 1. Heatmap of ANI (A) and TNI (B) based on the sequences of 27 S. thermophilus.
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2. FEAEIKEAILLMESN

Figure 2. Synteny analysis of S. thermophilus using the genome of strain JIM8232 as the reference.
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B 3. FEASIKEIRGE S LS

Figure 3.

Analysis of genetic diversity of S. thermophilus. A: The trend chart of the set of core-pan genes; B:

Annotations of core gene, accessory gene and unique gene based on the COG database. COG category: A: RNA
processing and modification; J: translation, ribosomal structure and biogenesis; K: transcription; L: replication,
recombination and repair; C: energy production and conversion; G: carbohydrate transport and metabolism; E:
amino acid transport and metabolism; F: nucleotide transport and metabolism; H: coenzyme transport and
metabolism; I: lipid transport and metabolism; P: inorganic ion transport and metabolism; Q: secondary metabolites
biosynthesis, transport and catabolism; D: cell cycle control, cell division, chromosome partitioning; M: cell
wall/membrane/envelope biogenesis; O: posttranslational modification, protein turnover, chaperones; T: signal
transduction mechanisms; U: intracellular trafficking, secretion, and vesicular transport; V: defense mechanisms; R:
general function prediction only; S: function unknown; N: cell motility; Z: cytoskeleton.
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Figure 4. Phylogenetic tree constructed based on core
genome of 27 S. thermophilus strains.
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Table 2.

=2

AR ZHPEREIKE B R B R 2

Pathway annotation of genes specific to S. thermophilus strains from two clades

Pathway number

Pathway annotation

No. of unique enzyme in

No. of unique enzyme

Clade 1 in Clade 2
ko01100 Metabolic pathways 14 1
ko01110 Biosynthesis of secondary metabolites 12 0
ko01130 Biosynthesis of antibiotics 2 0
ko01230 Biosynthesis of amino acids 13 0
ko01120 Microbial metabolism in diverse environments 1 0
ko02010 ABC transporters 2 2
ko01200 Carbon metabolism 1 0
ko00270 Cysteine and methionine metabolism 2 0
ko02020 Two-component system 1 1
ko00400 Phenylalanine, tyrosine and tryptophan biosynthesis 1 0
ko00260 Glycine, serine and threonine metabolism 1 0
ko00300 Lysine biosynthesis 1 0
ko00030 Pentose phosphate pathway 1 0
ko03060 Protein export 1 0
ko03070 Bacterial secretion system 1 0
ko00450 Selenocompound metabolism 1 0
ko00350 Tyrosine metabolism 1 0
ko00401 Novobiocin biosynthesis 1 0
ko00960 Tropane, piperidine and pyridine alkaloid biosynthesis 1 0
ko00340 Histidine metabolism 9 0
ko00730 Thiamine metabolism 0 1
ko04122 Sulfur relay system 0 1
™0 s P s
0.9F -m-MN-BM-A01 ' e
0.8F --NDO07 0.8f  —A-NDO7
0.7 0.7¢
£0.6 g0.6r
Q05 Q 0.5r
0.4 0.4r
0.3 0.3
0.2 0.2+
010346 € 1012 14 16 18 20 22 24 O 04 ¢ € 1012 14 16 18 20 22 24
t/h t/h
5. FERBEIKEEARRE COM GRIN/AFNASER) R E K 2%
Figure 5. Growth curve of S. thermophilus in different CDM (with/without addition of histidine). A: Strains

cultured in complete CDM medium; B: Strains cultured in the CDM medium lacking histidine.

http://journals.im.ac.cn/actamicrocn



932

Yu Wang et al. | Acta Microbiologica Sinica, 2020, 60(5)

(A) cas9

casl cas2 _cas6 casl0

CRISPR2-Cas

csn2 cas2 casl

CRISPR3-Cas

cas2 casl  cas6 cas5 cas’

CRISPR4-Cas

(B)

60 ® CRISPR1
. m CRISPR2
. 4 CRISPR3
2 40+ + CRISPR4
2
et o7
S :
& 201 " :
R
< %Q@ &S
S & & &

CRISPR-Cas system

& 6.

casl cas2 csn2

CRISPR1-Cas

cas9

csm2csm3 _csmé csmS csm6
cse2 csel cas3
© 5~
skokk
Eaf
S
g
23r
A
3
8t 1
5 1
[
2
S
0 |
Clade 1 Clade 2
Groups

EMSETKE A CRISPR-Cas &%t

Figure 6. CRISPR-Cas system of S. thermophilus. A: Structural diagram of CRISPR-Cas system of S. thermophilus;
B: Number of S. thermophilus CRISPR spacers; C: Correlation analysis of two clades of CRISPR-Cas System.

. P<0.001.
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LA SerB; CRISPR2 M4t SL A & — A 3L
TR ERE B AL, TR gmid LR 2L
FRA%AT S'-WEmR iR ; 1M CRISPR3 FI CRISPR4
T U A A R DR 3 R AR

S. thermophilus NDO7,DGCC-7710 ,KLDS-SM ,
MN-BM-A02 Fl ASCC-1275 41 & 4 3% U #p
CRISPR-Cas 4%, KU EATEA I i b e
98 7, TEFL Ak KT AT DL G A HR AR I TR A G
> CRISPR-Cas FRGLTEA IR &k - &R 314 A1 7]
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TR IFIN cas FEH, X 3B HHRHTE 41
B A0 AIL T A [R] — Py A b R B AR LAY o SR,
CRISPR-Cas 4t Hr (1 [H] b v 51 By 22284k, [A] bR
JEHIRECE AT LA — @ PR I et CRISPR 3
PR A2 () 36 R . Unf&] 6-B Ffzs, CRISPRI Fhd]
B P 50 5 B 0 B RAB R PS4 fesy , Ui g
PEEEKTAH CRISPR1 oMK, CRISPR3 IR,
CRISPR2 (1 V- S (E S5 I, 158 ) g P 5% BR 7R op
CRISPR2 M Ak

WA, TE 27 BRIEPVEE BRI R Hh RS 5 G
T 2 A il ) R DR, 3 BB L IR A B iR S B AR
CRISPR-Cas % 4t ) %% & W 2 1F AH O¢ (P<0.05 ,
r=0.43) o i3 XA R 53 3 ik P e & 19 CRISPR-Cas
ARG T IR 6-C), KPS 1 HPEitkm
CRISPR-Cas ZGAHIN 3 = T332 2, #4332
1 AR AT B ELA SR AN B A5 QL i e
2.6 [RHIBHRE ST

W 27 RRIEREEER TR 1 JE R 41751 5 REBASE
Bl PEFATIVAS, WEPVEEIRAEEN A S R-M 2S¢
MRPFEHRFE MR 3 Frn. S thermophilus
ACA-DC-2, CNRZ1066, JIM8232 #11 LMG 18311
WEET 4 f RM RS, HMEE 12 Fff
CRISPR-Cas R4, HIULHIEEMT CRISPR-cas £
SRR TG E T Ll R-M RGOk TR, (H)2
CRISPR-cas LN R-M RGHBAT B B A AH 1

REPABERR A LR ZH A5 4 B R-M REE, BR 1
B R-M RGe56, HAx 3 Fl R-M REAESEHF A 1)
BRI E . T8 R-M RGE0E HRTC A2 4%
f—Fh2ERY, i DNA FILEERS R (HsdM) . BRI
N YT (HsdR) FVRE 5% e 41 9 7 THU31) 7. 5 (HisdS)
VER— ARG AL THEBR S -E D RERY . A
53X S. thermophilus B59671 A % ARG, AW

PRARAL S 1-3 o221 R-M R GE, SR mE#R
HEBRE AT 14 R-M RGE R A 14 8 2 LR
RAFGIEAR M LI REIETE . 1T B R-M REAE
TE IR, AR 19 BRIE S S 11 5
R-M RS H5EH, S. thermophilus JIM8232 , KLDS
3.1003 Fl NCTC12958 {Uf£1£ DNA H B4

AHRERER 11 8 R-M RS, HARME QS
1-3 584 11 A R-M 2%, 115 R-M RS04
TR F= 00 TBOE 2 | i 2R 3% 48 . UDP-N-
L TRATHEING 2-22 0] AL G . HOBE-1,6- — WERRIE 4
FRZIR V) HIRGRTIT . AR P IE 17 BREEA ihd

3. BERAMIKEET R-M REREELY
Table 3.
the S. thermophilus strains

Number of genes in R-M systems found in

Strains
APCI151
ASCCI1275
DGCC7710
GABA
IDCC2201
JIM8232
KLDS SM
LMD-9
MN-BM-A01
MN-BM-A02
MN-ZLW-002
N4L

NDO03

NDO7
SMQ-301
ST109

ST3

ST106
ACA-DC-2
EPS

KLDS 3.1003
LMG 18311
S9

B59671
CNRZ1066
CS8
NCTC12958

Typel  Typell Type III

0

Type IV

AN XD WA WLWANW AN RO UNO AN O WO 0 W
N B WD R =, NDDNDONO RO AN BRARO NSO NS KN O
N NN~ DN O NN O OO O = O N~ @—= OO =Nk Do —
S OO O == O O R = O = OO0 0~ O O = ==O == O
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11 %Y R-M RGEHYFE A, Ho 1 mod &K 4 fith 1) DNA
H LGRS BRI res S5 DR 2t B i 44 P9 D) it A4
B, BEEAEAETRITA Wk, MEHTE 6 R 2
BRACHY, BIIX 6 MRS — DU L SRR L
FEEAT SERE ) T R-M R S5 LA, S. thermophilus
EPS. S9, KLDS SM #il ASCC 1275 #1f) DNA H
SRR A RS, TCSEPR ) ReG k. I Y
R-M F 45 1Y 2 i 1 PR IRTEBOE 2R L A 2Tk
JHE 7K A TR 2 TR0 ST O A 13 BRI TV AR
R-M Z %, HEmS3EH I _F e & & DNA RS
SR ECE DNA FERCE S A K I =
iR, TR RS CE R EED, A
S. thermophilus ST3 . ST109 1 IDCC2201 iX 3 ¥k
B TR R W . S, thermophilus NDO7 k&
AABIL, FLRAS LR L iR i AR , TR U2 DNA
Wl EEN.

4k, 5 CRISPR-Cas ZRGEAA, FWikH R-M
RYGENHICRE S i 2 A il s TR 1 5 A S 3 £ A
K(P<0.01, r=—0.59). i 3L XF ARl 3 S bk e
1) R-M RGEE AT I AL (B 6-C), KPR~ 73 3L
) R-M REER T EME2E R, BRI 5 g
PR BRI B R 9 56 R B A RE ) R B [F]

3 Wi

S (R LI A7 B T 5 DR 2 4 3 o 8 A
DI FP 41, DT AR A5 S oo AR TR A ) i P 4 0
BefR R o MEIREEBR TR 9K I 7L Hh 1) S B 1R
B, AR R RE AL B b ol e £ 5 il
(14 BB BR AT A I ) B T B

RGER B T HTEs Sk 27 bEvE PEERRTA R 43
2 A0 32, N PN STARTRE ) 25 5 10 He s K
B, 4r32 1 MIGrSE 2 RIARAE SR 2 2R IR
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T RE ) REOHF, (H2EH ARG MR A &S
TR A6 A G A JE (R 7 T AF R BOR 22 5+
I3 2 BRI iR G i 2H SRR ik A4 22 R %) i [
T TCI A A 2 R L A 5 AT R AP T i 4
Rl . Fontaine %5V 3k XF S. thermophilus
LMD-9 Fl LMG18311 i A sl 5k 20 2 B A= M) 45 1l
LA TR, (4 AR AR — 3 A KA
BUARALL, T AE A R AN AEAERT S, thermophilus
LMG18311 kK W] @ 2% 18 . Pastink %5 BV %
S. thermophilus LMGI18311 {2 F & FE R Sl i 7Y
IR, ZERUEZ HEA RN AR K, Jf
HIEHR M EERF R S, thermophilus TMG18311
LT R ARSI A BB A W) & T 5 T )
Gt LN o B ST AR USIN BAN TR 0 2H 2R 1 B0
T X4 1 W R S thermophilus NDO7 |
MN-BM-AO01 F153 32 2 R#E S. thermophilus EPS [
e RKAF BT TI E , KL S. thermophilus EPS FEH
Z MR BT R B A K R
S. thermophilus EPS FILMG18311 fit) £H 22 % e a3
B 45 R S RE D A WO 4 2R — 2, iR 32
2 TERAEZH SRR RE 1 07 Tl BT — S Y SR FE 1
N AhE G PrtS nl LML a8 )7 AR IR A ad ik
R, [ rEHEE BRI e Do A KB, (A AEAE T
DRRRR . ARTES 27 ARIEAEERR A 14 B
PRGN 3 L A0 2 T PreS Y g AS EEDA, X
14 BRIEYIE T 032 1, Wl e 7352 1 witkre
A AAERE Ty I AT R LA H .

27 PRWEPEEBRIARIZ LN RS 4139 NIk
W, HAARAEE 1192 MZLLEEN | 1734 AN E 2R
1213 MR o BEE TR 480 e, v&
BRI SRR R L BT e, BB mE A
FEBR I B AL ) R IR, TR 15 B A
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FERK T B B 0L 2Rk . b, RSk
T P 5 1 5 R 2 P B T Ak R v R R 1Y
EABEE SE X0 | BfHE A SR I R
#EAT COG TReiERs, AL L K<, HEAFE
S AR B v AR, IX AT BB A e T A
B shisi (e B, 78 27 kg HEEER B B bR
TR TR B R d G A O Y R LA, 3k S R I )
H 5B Pkh CRISPR-Cas RS O% & 1EA &
(P<0.05, r=0.43), ViHIEEERR A S H Z 70 By
RGN T IE& R shist tL ootk G 5 b A iG
IR LR SE A MR

I PR BR B E 1Ml A= 77 r 10 FH R 75 2 T X0 5
AR (KRR . iR A PRI, g AT
Y Tl AR T i W MER . — . TEABSR
CRISPR1-Cas % 4t 75 Mg FE R 1 Ak DX 2H o 3t ok £
fE, #EN CRISPR1-Cas ZR4¢n] RETENE HEEEK B
T B —Fh 322 H A S0 W B A B AL . kA,
CRISPR1-Cas %4t H [a] b 17 ) %4 H %) fe KA
YIE M HcE , HRJE CRISPR3-Cas, Hit 25T
AU[R]I P74 AT BEAEIX 2 /1> CRISPR-Cas RGEH N
B EHAE A, 1 H.24 CRISPR1-Cas Fl1 CRISPR3-Cas
() 2 DR GAAF T R — IR AL, 3650 T g AEE
B A 0 I A AR YL A B DO, Hidalgo-Cantabrana
5PN 66 HA< DU FT B (1) CRISPR-Cas Z R 1S
3T, RBAFAE THROBUB AT ) CRISPR-Cas
g VE NI R 3 B YL T H., A CRISPR-Cas
RGN MRS 538 1Y 4 2E TS , X SERRAR AL
REXGR T TE ARG TP RIS RE D), IR RESG s Xt
AP A T TR,

R-M RGAEAETEIL 90% i 28 17 1 vty 240 1
Hr, JRBIFSE f T A3 BRI B BRI A Y, R R

HEEEKTE T R-M RGP AR . Aot il
SR 1B R-M R GEAE G IEE BR T rp Tl A7 1
HT BE 2 W8 S ER T TP RS P R R R e R
. R-M RGAEN—Fh L BN, AS{LAE
Bii 1L PN DNA FEfif, iR RERH 1EAME DNA Q¥ e
T AT W R AR UR S A] RS Bl st AL o
AR, 5 CRISPR-Cas REEA, BikkH R-M
F G0 R B 5 o e B e e DR A B i i 2 A
K(P<0.01, r=0.59), ¥l R-M FR&:a] fgid it BH
1AM DNA B9 Az, TR R4 g P ER T A &
WAL TR HVE

4 %@

AR N 4 J DR 2 AT ol i AR BR AT A 35t 1%
ZAEVEET TIFT 45 I R Bl o 3 DR 4 B 1 3
T, AR R B 110 2 5 PR AT S BB B
VEIZ YRR N B B s s e 2R . T
O SR AP SR Y R 8 K B 3L A 43
3, AN[F 3 SCOVEREE BR TR B PR 0 = LR 5 RE
FEAAAN, (U3 2 FEkkGkZ ZF0 gt 2 R A
P& B R, RIS 2 TRk 2R
TR RE 1 5 IR B — 8 MR o 38 o % i PR
BRIA LR A 5P EE B AH G Y CRISPR-Cas
GiF R-M RGEHAT04T, KBLFZEAI CRISPR
(LU R-M O ZR G0 7 3 B 21 v s 0 0 49 58 A X
5E o ILAh, 433 1 Rk CRISPR-Cas R G
BT 2 (P<0.001), HEWIASE 1 EEkET e
HA B U AR5 Y i BE ST T R-M R &
ok # 25, UL [R) 43 S e PR BRTE TR R 1 5
KBt RE ) KB
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Comparative genomics of genetic diversity and defense system
in Streptococcus thermophilus

Yu Wang, Jie Zhao, Zhihong Sun, Tiansong Sun, Heping Zhang"

Key Laboratory of Dairy Biotechnology and Engineering, Ministry of Education, Key Laboratory of Dairy Products Processing,
Ministry of Agriculture, Inner Mongolia Agricultural University, Hohhot 010018, Inner Mongolia Autonomous Region, China

Abstract: [Objective] Streptococcus thermophilus is one of the most commonly used strains in fermented dairy
industry. Therefore, it is important to screen S. thermophilus with good fermentation properties. [Methods] The
genetic diversity and defense systems of 27 S. thermophilus genomes were analyzed using comparative genomics.
[Results] The genetic diversity of S. thermophilus was high based on whole genome analysis. The phylogenetic tree
built based on the core genes was divided into two clades, and the strains in Clade 2 were lack of the complete
histidine synthesis pathway, thus could not grow normally in the medium lacking histidine. The analysis of defense
systems of S. thermophilus reveals the same type of CRISPR locus and restriction modification system was fixed in
the genome relatively. The numbers of CRISPR-Cas (P<0.05, »=0.43) and restriction modification systems
(P<0.01, =-0.59) correlated significantly with the number of genes encoding transposases, indicating
S. thermophilus has evolved multiple defense systems to protect its genetic integrity by preventing the invasion of
exogenous DNA. In addition, the number of CRISPR-Cas system of the Clade 1 strains was significantly
(P<0.001) higher than the Clade 2 strains, whereas there was no significant difference in restriction modification
systems. These results suggest that the Clade 1 strains had stronger capacity in resistance to phages. [Conclusion]
The phylogenetic analysis based on the core genes was divided into two clades. There were some differences in
histidine metabolism and defense system between the different clades, providing a new method for the rapid

screening of S. thermophilus starters with excellent fermentation characteristics.

Keywords: Streptococcus thermophilus, comparative genomics, genetic diversity, CRISPR-Cas system, restriction

modification system
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