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Abstract: [Objective] Streptococcus thermophilus IMAU20246 is a strain with good
fermentation performance and high production of exopolysaccharides (EPS), while its gene
cluster and pathway for EPS synthesis remain unclear. Therefore, whole-genome sequencing and
bioinformatics tools can be employed to identify the gene cluster and decipher the mechanism of
EPS synthesis. [Methods] The whole genome of S. thermophilus IMAU20246 was sequenced
and bioinformatic analysis was performed to analyze the EPS biosynthesis-related gene clusters
and pathway. Further, quantitative real-time PCR (qRT-PCR) was carried out to determine the
expression levels of the EPS gene cluster at different time points. [Results] An EPS gene cluster
of 18.1 kb was identified in the genome of S. thermophilus IMAU20246, including 15 genes. The
strain synthesized 7 sugar nucleotides including UDP-glucose, dTDP-glucose, dTDP-rhamnose,
UDP-galactose, UDP-galactofuranose, UDP-N-acetylglucosamine and UDP-N-acetylgalactosamine
by transporting glucose, mannose, fructose and galactose, lactose, trehalose, cellobiose, and
sucrose, respectively. The results of qRT-PCR showed that the genes in the EPS gene cluster
were expressed during the cell growth. In particular, the glycosyltransferase genes epsE, epsF,
epsH, and epsJ reached the highest expression levels at the time point of 6 h, when the EPS yield
peaked. [Conclusion] In this study, the gene cluster and pathway for EPS synthesis in S.
thermophilus IMAU20246 were analyzed, which will provide a theoretical basis for further
utilization of the strain.
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B, fRORED A BR A F A0 EE 5L
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Kit, KMAEARH AL 5)H R A ; HiPure
Universal RNA Kitifi F % RNA $2 a5 &, 48
HME LAY/ vl ; HiScript Q RT SuperMix for
qPCR (+gDNA wiper) JZ ¥ st i ] & . 2xTaq
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AN
1.1.3 FEUFE

SX-700 I K H 4, HIRAYAMA 7
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WIEE R PCR AL, Applied Biosystems 23 Al
1.2 EHRIEF X DNA $2E
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Bacteria DNA Kit 4 £ [K 41 DNA $#2 B0 &
PRI PR 4H DNA
1.3 EFEEMFFIE R

PEMEN ] DNA 5 i e e BTt
DZE DNA WREE, i 0.6%3 g A6 e i Tk 25
ESR A, FF2K A Ilumina HiSeq 4000 X}
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%E o FIFH SOAP denovol & J i i X 3 R 4
WP e A A 72028, B scaffold £ /N . N50
FIN9O K Je GC 1t 5578 B N 1 A H i S5 4%¢
LI P AN TGS SOAP BiiF R AS 5 o
1.4 EREHEEFRF

¥ i RASTU'* (Rapid Annotation using

Subsystem Technology) Server-RAST Annotation
Server (http:/rast.nmpdr.org/)%5 4 COG (cluster

of orthologous groups of proteins)¥{#i/%E . GO
(gene ontology) %% #i& & 1 KEGG (Kyoto
encyclopedia of genes and genomes)fX; i} 18 %%
I PO 5 U REIAEEBR T IMAU20246 SEH 411
SURIURSRE Y 2
15 SMEESH
1L CGView (http:/stothard.afns.ualberta.
ca/cgview_server/) Bk {1 1) 4 1l wg $4 & BR 3
IMAU20246 H: A & . CGView fij 55 #r 2z il
) L AT DR s D R AR . R R
EPS JL[H#%, R NCBI ) BLAST 7E44H#T
(http://www.ncbi.nlm.nih.gov)!', 3 JE 17 #% &
F 50 AR L ME BB Bk K AR B W IS T
(carbohydrate active enzymes, CAZy, http://
www.cazy.org/) 585 B EA T EE (5 [V O 47
HLXT .
1.6 SERPIEEE PCR
1.6.1 RNA HIREUK R¥E % cDNA HI& AL
e PEEERTE IMAU20246 £:F0 T M17 i
REEFREE, 37 CHigR, 200fE 0. 6. 12,
18 1 24 h WAL HIfA, {1 ] RNAiso Plus a7
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IURE S B RNA, 1 %300 W B e H ik A )
RNA it ., B4 DNA BYERH cDNA H
& R Ad A B & HiScript Q RT SuperMix for
qPCR (+gDNA wiper)idfll & . FEF 4 DNA 1
EBRR SR 42 C 2 min, ¥ cDNA
G RN AE N 50 C 15 min, 85 C
2 min,
1.6.2 SERTSCYCEE PCR ¥ 15| ¥189i%
ARSI AT S 1Y R Primer SUSERRIR
it 51 H B AR A RAE A R,
gapdh" NS LN, Wk 1R
1.6.3 SRR ZE=E PCR
qRT-PCR X ik it /A S AR R a3k 2,
VAR K. 95 C Smin; 95 'C 30s, 55 C

30s, 47 35 PMEFR, S AE ABI7300 565G
R PCRAY Fgkfr, Wi 2744 it N
X R AR,

*1 KSRGS

Table 1 The primers used in this experiment
Gene Primer sequence (5'—3") Fragment  size
name (bp)
epsA-F TAGTTTAGATGGCGGAGA 19%4
epsA-R AGCCTGAATCAAGTTGTG
epsB-F GAAGCACTTTATCCAGAC 176
epsB-R ACATTACTAAGCCCACTA
epsC-F TTGCTTCAAAAAAAATCA 156
epsC-R CCAATACACCAACCACTG
epsD-F ATTTGCTAGTGTTGGGCT 208
epsD-R ACTTGTTGGATTAGGTGG
epsE-F ATGAGTCAAGGTGAAAAA 176
epsE-R CGAATAAGTGGATAAAGG
epsF-F GGTGGATTTGAGACCTTT 160
epsF-R ~ CCGTTAGGGAGTTCTTTT
epsH-F CTTGTTGATGATGGTTCT 274
epsH-R  TTATCTTTTTAGGTGTGA
epsJ-F CAGGGATTCTATTTGAGG 158
epsJ-R  AAGAGACATTTTTTGGGC
epsM-F  ACCGCAAGGAATACAACG 224
epsM-R TGAGGGAGAAACAGCAAA
gapdh-F TACGACACAACTCAAGGT 232

gapdh-R CAGGAGCAGTAATAACAA
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%2 qRI-PCR RN E
Table 2 The analysis system of qRT-PCR

Component Volume (uL)  Concentration
2xTaq Plus Master 10 2x

Mix

Primer F (5 pymol/L) 0.8 5 pmol/L
Primer R (5 pmol/L) 0.8 5 pmol/L
cDNA 1.0

ddH,0 7.4

Total 20

2 ZERE54

2.1 PERGETRE IMAU20246 EFBEAK
FFAE

HF Tlumina HiSeq AU L A X 1 #4
BEBRI IMAU20246 JEATRENAM T, 7
FH CGview A2 LR B E (] 1), W HGEBR
7 IMAU20246 FE[RI 214Kk 1 846 913 bp, GC
Sl 38.8%, scaffold NSO K JiJ2 48 259 bp,
scaffold N9O K J& /& 11 992 bp, F:gifdIkA K
FEHR 1535 199 bp, ALY 83.12%, 4t
LT 2 068 K, (RNA KEHEH N 351,
rRNA EHEH N 2 4, FFE e ek LA

" 1800kb -
O reooks  00KPT

400 kb -

)

- 1400 kb

: P 600 kb
i\ - 1200 kb -
. 1000kb 800kb .

\
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" '{/',,“ RN ) ) R
100 |

(Cac)
(A (o Ao -
Ql « .

1 RERSEERE IMAU20246 2 L [F 4 EL
Figure 1

R, HIER A 74 2 #38 £ GenBank 045
JiE, Bsk5 R JAKUKF000000000,
2.2 FEHGETKE IMAU20246 THaEE T
STREPEEBR B IMAU20246 K&K 40 )7 51
7 COG., GO Ml KEGG %4 & Hexd B . anfl
2A s, ik COG FEHF DEEFil 434, FE I
FEER P IMAU20246 JERILERES] 1 650 43
K, k2535, Hp S CRAITIRE). E (AR
E A . L (. EAMBERE). T (8
B BRI FIEY A ) . K (B )M ek
PRFT M (40 B / 5/ 55 A 4 B2 DR ) o5 98 i JL
i, A5 89 ML H BRI G (KL ED
Haa fCuht . FRE GO B EMENA
15124, Kl 2B flin, 40 k= R3E: Wit
g0 B 41 /7 (cellular
component) #1435 F I (molecular function), H:
H e AR ) 3 R ORI vh 43 3] A 1% (translation) |
20 i 43 24 (cell division) Al 8% 7K Ak & Wy 10 i i
#£ (carbohydrate metabolic process)H 3&[K & 4
B, fEAd] 5 K2 b AL S 43 (integral

(biological process) .

RNA processing and modification
Chromatin structure and dynamics
M Energy production and conversion
Cell cycle control, cell division, chromosome partitioning
B Amino acid transport and metabolism
M Nucleotide transport and metabolism
M Carbohydrate transport and metabolism
Coenzyme transport and metabolism
W Lipid transport and metabolism
Translation, ribosomal structure and biogenesis

s Transcription
= L Replication, recombination and repair

Cell wall/membrane/envelope biogenesis
% m Cell motility
Posttranslational modification, protein turnover, chaperones
M Inorganic ion transport and metabolism
- M Secondary metabolites biosynthesis, transport and catabolism
General function prediction only
¥ 1" Function unknown
Signal transduction mechanisms
Intracellular trafficking, secretion, and vesicular transport
Defense mechanisms
M Extracellular structures
W Nuclear structure
B Cytoskeleton
ECDS
EtRNA
ErRNA
H Other
BGC content
B GC skew+
B Ge skew—

el
W

o

i

The genome-wide map of Streptococcus thermophilus IMAU20246.
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component of membrane) . il fifl )i (cytoplasm)Fl P (human diseases) . A:¥) R 4t (organismal
J5i ¥ (plasma membrane) ¥ BR L R 45 & . 3L systems) Fl #f 5 {5 B A4b PR (environmental
1 395 ML FRS KEGG U gH, 4Kl information processing)dF. Hirp iR I 2 LR
2C i, BRI 6 KNI, nl et ReA 120 K, moKkbes R A
(metabolism) . il F2(cellular processes), it 107 PFER, BLzf b 99 AL, FRE2| PR
1£45 B AL P (genetic information processing). A [FEHE & 80 NMEH, BB b 68 NI

A COG function classification A: RNA processing and modification
400 - B: Chromatin structure and dynamics
367 I C: Energy production and conversion .
350 | 1 D: Cell cycle control, cell division, chromosome partitioning
B E: Amino acid transport and metabolism
B F: Nucleotide transport and metabolism
300 + B G: Carbohydrate transport and metabolism
1 H: Coenzyme transport and metabolism
W I: Lipid fransport and metabolism . .
o 250 M J: Translation, ribosomal structure and biogenesis
2 K: Transcription o .
S 200 - 194 L: Rerllcatlon, recombination and repair
= 165 M: Cell wall/membrane/envelope biogenesis
2 N: Cell motility . .
< 150 | 143 1 O: Posttranslational modification, protein turnover, chaperones
102 : QP: Isnorgaénc ion trabns ort t;:pd meﬁabpllsm A catibol;
: Secondary metabolites biosynthesis, transport and catabolism
100 | 7189 1 92 88 R: General %nctlon prediction only
59 61 S: Function unknown .
50 | 46 393, 42 = T: Signal transduction mechanisms )
20 27 U: Infracellular trafficking, secretion, and vesicular transport
0,01 I 4 2 0 [,0,0,0,0, ™ V:Defense mechanisms
O g SR NL RN NENR R NSRRI N R N RN RN B Il g | .W: Extracellular Structures
ABCDEFGHIJKLMNOPQRSTUVWY Z B Y: Nuclear structure
COG type B Z: Cytoskeleton
B 18+ Bar chart of GO M Biological process
16 M Cellular component 7 350
” M Molecular function | 3
2 12+ 41250 &
& 2
g 10+ 4200 5§
— G
o 8 - [}
= 4150 5
3 6r 2
3 - 100
£ 4L 2
2+ -4 50
0 40

Biological process Cellular component Molecular function
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2 EEMGETKE IMAU20246 B9 COG (A). GO (B)F1 KEGG (C)Ih&E 4 2 E
Figure 2 COG (A), GO (B) and KEGG (C) functional classification map of Streptococcus thermophilus

IMAU20246.

2.3 FEMGETKE IMAU20246 EPS £ [E 7%

Wil 7% EPS AR U e B IR 2
REXT EPS A2/ 2 OCH 2, AW 5T o 5L K 4
Mrgol, MEBERRTE IMAU20246 Yefoik 17
TE—Z58 810 EPS JENFE, 2K 18.1 kb, H
20 FFJ ] EHE (open reading frame, ORF)ZH
. HApFl EPS AR ARSCHY BRI 15 A4S, 4r
A EPS R4S epsA Fl epsB, g HEHk
epsC. epsD. eps2C J eps2D, WEILEEF N
epsE . epsF. epsG. epsH fl epsJ, FIZHILHR
A F L wzy . wzx Fl epsM, S UDP-£3,

WEAS A B epsN 55 o ILAMNAE EPS JE R 7% 5" L i
SR M T B R AL A IL . deoD, TS
SRAFRR YA A S, SRR 3
WL orf14.9, T E ALK G T A
RO L IEPEERRTE IMAU20246 5 RS HUEEER
P CNRZ1066., FEHEEERTE ASCC1275. W&k
HEEK T CS6 S Mg #EERK T ND-07 (1 EPS S [H 7%
PEAT HOXF 2B (181 3). il bR B, Mg
PBEER T IMAU20246 5 H Ath v8 $44% BR 1 19
EPS JE R FEARXS PR, AS[E B BE EPS JEH 2
[i) 55 B AE AL o
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deoD epsA  epsB epsC epsD epsE epsF epsG  epsH epsl epsJ epsK epsL epsM  orfl4.9 epsO epsX

Streptococcus thermophilus CNRZ1066

deoD epsA  epsB epsC epsD epsE epsF epsG epsH epsl epsJ 2C 2D epsK epsL epsM  epsN orf14.9 epsO epsP epsQ

I 55 = = S

Streptococcus thermophilus ASCC1275

deoD  t1 epsA epsB epsIC epsID epsE  epsF tl t3 epsG epsH  eps]  2C 2D eps) epsK  epsL  epsM 4  orfl4.9

CX )

Streptococcus thermophilus CS6

deoD epsA epsB epsC epsD  epskE epsF epsG 2C2D epsH  epsl eps.] orfl4.9

800N NSRNES SRS

Streptococcus thermophilus ND-07

deoD epsA epsB epsC epsD epsE  epsF epsG wzy epsH 2C 2D epsJ wzx epsM epsN  orfl4.9

..............

oS

By

Streptococcus thermophilus IMAU20246

Purine nucleside . Chain length X
phosphoryalse @ Reguizios determination \\ Glyoasyliansibmss
Polymerization and N : . %% UDP-calactopyranose mutase
D Transposase translocation ‘ Hypothetical protein s g Py’

- Orf14.9 . Phosphatase .Phosphoglycerate mutase Frrmeess

Acetyltransferase EPS biosynthesis protein

3 MEARGEIRE IMAU20246 5 HMIMERETRE 2 6] EPS EEFRRYELER

Figure 3 Comparison of EPS gene clusters between Streptococcus thermophilus IMAU20246 and other S.
thermophilus.

TEFE PEEBR T IMAU20246 1 wzx S i BHEE  Wazx/Wzy RBER 124 i EPS0,  [R] gy 4 ) g 44
g, wzy WIBRAM, 25 EPS HEFHITME SR IMAU20246 ., FE#HVEEEREH CNRZ1066 .
HEMEBAED, X 2 NN AIEEIREEERE  EIEEERE ASCC1275 FIREIEEERER CS6 11
ASCCI1275 W4t epsL FlepsM, TiFRELIC  EPS S MR EZAHMF . epsM i — Rl 55
IRE MG N, WIMEREIEEERE CNRZ1066 [, iR HEE HoLm i, 50 ek
Hh 4t epsJ Fll epsL, FEREIEEER T CS6 H 4 tid CNRZ1066 1] epsM J "EIEEEK T ND-07 1 eps]
epsK Fl epsL. AT wzx Al wzy JER MR VA . Zhou &P HGE R EPS =& Al B
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5 EPS BAH IR FEA e, Bt ity
PR LA EPS PR A AT B, TEE AEE
BRIA IMAU20246 EPS J& [H#% A 3 & Bl UDP-2
FLBEAEL G epsN, 1ZEEA]K UDP-RL G- FL b
Bl UDP-MEMGFZLBY, 52 EPS H&E HC
f 45 K A BB 2 B T AE B N BE R A
ASCCI1275 . WEIMEERK TR CS6 I I T 2K T4
ND-07 H4 K. Zeidan ZPHiE UDP-2
FUBEAE (7 i J LAB EPS LR # b iy WAEIN, &
Y5 EPS HIiAY) M T R AW B . ILAME
X 5 PRMEPVEEERTE EPS LN R IR AEAE R
fitg . fEE B L BRI R AR A Al LA R R
LUREILA, WX H WM S EPS W4
WG A T e SLR AR
24 fRIKUWEVEMEEES

Wik CAZy 7T T HEEEER T IMAU20246

B Glycoside hydrolases (GH)
B Carbohydrate esterases (CE)

WK G VTG HEREh RESL N, HEH 45 N5
WA S PSR SRR, TERER 4 KEHRoK
WA IS VERE, WE 4 s, S0 AR K g
fiff (glycoside hydrolases, GHs) . i 3t ¥ % if
(glycosyltransferases, GTs). fik /K 1k & ¥ ik il
(carbohydrate esterases, CEs)Flix /KL & 454
PR (carbohydrate-binding modules, CBMs). H:
H GHs KM GTs ZIGEF £ . GHs RKIRTE
KA 52 Fe KA W) 5 TR B AR KW 71,
NS SR G YA SCHERE, RERA
RO AR, T B B 2 R A2 1 R -
GHs #:54 22 A, CHI13 & GHs KikH ik
FPONGEIE, RSN . GTs 22
WO RS ML N, S5 16 B, Hip GT2,
GT4 1 GT8 MEUREZ, WHILFAS B (st
I LA T3 B R 8 1 2 AR o3 11567

B Glycosyl transferases (GT)
B Carbohydrate-binding modules (CBM)

4 CAZY FEREFRSETKE IMAU20246 B9 %

Figure 4 Distribution of CAZy in Streptococcus thermophilus IMAU20246.
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AL EPS YA Hoel0, i A IE K AL A Wi
PR AT LA LR 4 7K 43 B TR AR 1 K Ak &
YIGETT o B AKAL S DI ASAURT DL HLAAR B2 AL A i
GBI R BE R, T FLE S A0 P A s
R HEER R T, R AR 5 F A  AR AE
EIEAMZ Tt 7/
25 MERERSR

WAL WG 8 EPS B CHEE FR 1
HAIEARAGE M EPS B, 1 FLZEAS [F) A U5
AT B EPS TRy F45 1 . 1S vEA AL 1
JR AT WA R R 22 5. WEA 3 FibEiz
O 3 Bl R M I T I R - R R RS R &
(PEP-PTS) fil ABC FUMi ¥ iz R 55 K M % i&
fit°2, PEP-PTS J& H B fbiskiz =X, thmm
AR HPr, REERANG R EIDL S BESS &
B ELA BRI E BE B4 ; Bl ENA
EIIB 5 EIIC WA A Y, g 3 iR, mg#i
BEER T IMAU20246 F: R 4 54 8 B4 1k
HIEMEIERE & 2 MRBEmER, 252
PTS H & Bi%% iz {47 2 EIIAB ., EIIC FI EIIC,

PTS HBi%E o /KW 5L EITABC, PTS 214k — i
iKW EIIC, PTS WS IZ /K3 ETIABC,
PTS I #E A4 12 A7 3 EITABC 1 PTS 7 49 Wi%%
SR ENBC JeFUBE. ~EFLBRS & M A R
BB I, MIEDE )2 1 nT DL g 4
BFEEK T IMAU20246 ACFI FH B 5 A i 25 b |
HEEE. B0, erlvE. ZLBE. . it
J AT 4
2.6 EPSEHIEMIERE

YT EPS MG AL — A 4 Fh: (1)
Wzx/Wzy-fK#i & 72 ; (2) ABC 5% iz (R4 1%
75 3) AIEHKIS RS (4) A A REAH
B 2 (1 EA T A AN A & 2R HoPS B4 Al
it 335 4% R0 L A A 77 i 42 B B, HePS NI 322
1 Wzx/Wzy- i@ 42 F1 ABC ¥4 iz (ARl ik 42
A, BEREEER T IMAU20246 & i EPS X
Wzx/Wzy-iK i 4e, £ EPS [WAYA il 2
o, OBEAZ TR e B WL A R A8 A T4
IR 5 DAY A — R 28 R R 0 A TR I (CS5)
B EE AL, RIGH wax B AN 5
iz, M owzy & ATEL0 M R AP0,

x 3 REARBEDRE IMAU20246 KL AR A RS
Table 3 Carbohydrate utilization system of Streptococcus thermophilus IMAU20246

Encoded protein

Code base

Phosphotransferase system (PTS)
PTS mannose-specific EIIAB component
PTS mannose-specific EIIC component
PTS mannose-specific EIID component
PTS fructose-specific EIIABC component
PTS cellobiose-specific EIIC component
PTS sucrose-specific EIABC component
PTS trehalose-specific EIIABC component

PTS glucose-specific EIIBC component
Permease
Lactose and galactose permease

Rhamnose permease

fig|6666666.790943 .peg.40
fig|6666666.790943 peg.41
fig|6666666.790943 peg.42
fig|6666666.790943 peg.600
fig|6666666.790943 peg.1564
fig|6666666.790943 peg.1670
fig|6666666.790943 peg.1835
fig|6666666.790943 peg.1836
fig|6666666.790943 peg.2055

fig|6666666.790943 peg.1973
fig|6666666.790943 peg.828
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Synthesis of sugar nucleotides in Streptococcus thermophilus IMAU20246.
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Figure 6 Relative expression level of EPS synthesis related genes in different growth stages (A) and growth
curve and EPS yield of Streptococcus thermophilus IMAU20246 in M17 medium (B). Data epresent the
means of three biological replicates, and error bars represent the standard deviation.
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