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ATEAE A B AR B RE TIMP 6 & 4 & ik B BRI 454, 4 R B 7 . COG GO B AR KA A 4 7 VLB 12 B K I CSI.
13 A5 R B AR A 35 3 KA S R R 4535 | 5 4 R B A A+ % KEGG 8 R HL CS1.13 & A % % 49 TTMP
AR —— AR R A, B AR BT LI, LB T2h EREAAILR S LA FH I E 53.63,8.28 glke,
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e SRR R BB ST B R AR BEBR R B BR K 2,3-T = BF A BUKGR L BT A T 3 Ababk (TTMP.2,5-= W bk & 2,3,
S—ZFAME)VHARE, i SRR A AT T 0 R MR R I R AR o 88 22 SR 3T TTMP 89 4 5 B
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2R R R IR S R L RUE Y . AR
He , Zha 0 T R P v R R il PR R 1 Ak
i W5 28 AT B (Bacillus  subtilis YXZ1124 , 2241k
HTTMP 1 2483k 4.08 /L, S AR S0 w5 56
BTk 3 BREA R 289 R REE )
T Bk, & B0 0L ST 28 I AT T (B, velezensis) & hY,
TTMP (R J1 ek . T LA Y, 28 BT 18 0 & B
i TTMP (R R B R dEE R DSk f
ZEMIAT BT JUAR AR K I B P i e R B LA
TTMP B2 0 7 09 B Ff | H A 3 il 1) SR el
Tt U7 My B LA B TR A R VR L SR,
DU 3T 2E MO AT B 2 2016 45 A 3545 Fh G A28, Xof
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WA, BELAS T A I £ it v 1 35 B A L B
FIPHEARM K, Fe D2 A 00 58 5 0 2 ) g 3



38 hoE g

T

2024 4F55 10 14

D] 2 =4 BIF 5% 7 2% 3 TR D 2 8 e 10O T R AR iE
2 B IR BLE R AR T AR R T S R R
PRI 2852 T R4 A B8 FE At . Chandrima %621
ok X RIS ZE M FF B (Bacillus  aryabhattai
AB211) WyAFEBAM T | RS, B0
AB211 (B4 FR G BE 77 A5 BN B0UE , 3 uhd B DL 3§
2R R BR R L L Bk T8 S TTMP (044
RCELAT Al AT, AR5 X 1k v R A A I Y
DUSERT ZE AT T8 CS1.13 JF 3L [ 4l 24 1F 9%, T B
WA B TIMP A OE3E 25 & Kk Bk 5 5 B
TTMP 196 BGE F& e 5 e HAR B2 0 DG Ha) Jo  3 i
T AR U 3 % b %) SC B A 6 TTMP AR 22 S5 it 314
T, AT R T A T A 1 6 A XU 398 3 B T
A B9 FE A

1 #RFEE

1.1 iR

L1 GRS OB Rl DSk T 2F AT
(Bacillus velezensis)CS1.13, 738 H i rg I d& i |
(e Eh W A HE RS, el W R A T R R B AR R
WF5E PO CRUD BT 70 bt ) PRI, JEURE 72838
A R NEE () W )

112 EZGRGEA 2-WHE-3-5El (A
4li), /8 [F Dr. Ehrenstorfer 24 7 ;TTMP(98% ), I~
g 2 SO A LR A R A W) 5 A8 I (Acetoin,
ACT)(97%), g sa kAR R A 52,
5- " HI kB (2, 5-Dimethylpyrazine, 2,5-DMP)
(98%) , Lifg e e AU RHEAT IR A W) 52,3,5-=
FH 3L L2 (2,3, 5-Trimethylpyrazine, 2,3,5-TMP)
(99%) , 11 A2 e kA AL BHE AT IR A ) 52,3-T —
B (3Pl ) V9% RS TARA A ;2,3-T =
i (BT ) (98% ), L1t A2 su Ak A= AL BB AT BR 2
A SR (TG ) )T AR T AR A
Al (A ali ) , )0 B A B b BB AT FR 2
Al N R (98% ), i 22 Se kA AL RO R &
Al SR (M el gk ), b R 05 Ak 27 1R A7 PR 2
A5 HE 2 5 R K O A Ml 2 [ 24 4R T Ak
WA PR A A

113 WiREE Mrigedk. 0K 10 gL
H 3 ¢/L.NaCl 5 ¢/L,pH 7.0~7.2,121 CK B 20

min;

BRI, ZRAB TR0 4Z KL 10:5:4
Jr i IR 2T 5 B30 g 3 A 250 mL #EJE R, AR
pH, 121 *CK & 20 min,
12 MUER5EF

436GC/EVOQ TQ/PAL < M o 3% — it 3% B¢
i, 2% F Bruker Daltonics 23 &l ; DB-5MS 1%, 3%+ |
[ Agilent 23 7] ;PE28 pH i1, [ AR #— 4T A
ZALE AT BR 2 7] 550/30 wm DVB/CAR/PDMS [#
AHGLAE B, 52 [ Supelco 28 Al ;ZWY-2102C 18 i
Weo Ki A0, R 3 A B A ) 3 A PR A D
LRH-250 B4 {3 724f, bl —tHRHEARA
A ;SW-CT-2F BUTCHRAE &, b iR SOl A R
NS
1.3 REH*
1.3.1 JERVER DI 28 M AT i CS1.13 JE A
J¥ 5 B E & & NCBI SRA % ¥ /% (SRR
23959637) , % Glimmer XF 5 [K 20 v (1) 4t 5 17 51)
(CDS)#EA7F0M . % ] BLAST .Diamond . hmmscan
EBAEXT Glimmer FUI 45 5 £17 GO (Gene ontol-
ogy) i B .COG (Clusters of orthologous groups of
proteins ) £ [ KEGG (Kyoto encyclopedia of genes
and genomes) IE B 1 ik K b & W 06 M
(CAZyme)FEFE
1.3.2 FpFiige KRB UL 28 I AT & CS1.
13 RIS AT 5 42 2 R 7 15 32 B rp )37 °CL 180 1/
min 5538 14 h, FIJC B 2B BER /K 520 6 4 TR A 3
U, il A FE A 108 CFU/mL B R 183, 451 .
1.3.3  TTMP [EIZS KB 8 il 55 4 09 Fl 7200 LA
8% ) A EE A TTMP & B2 1% 37 36 v 40 ClE G
KWE T2 h, o BIEUES 3% 8,16,24,32,40,48,56,
64,72 h (1 K& EREDN 2 FLAE Wit pH (6 J5BE |
SRR EUERR A R i X TTMP R B,
1.3.4 KEERAEIKLE KRG TIMP & B 5
I R 8% ) Fh 2 W, TE A2 IR 43 90 Vs Jin &
SEYI . TR R 0,2,4,6,8,10 mg/g 1995 A
f%;0,0.2,0.4,0.6,0.8,1.0 mg/g AYBEER . PR AR AN
0,0.4,0.8,1.2,1.6,2.0 mg/g i 2,3-T ", F 40
CHEE LR 720, BUT72 h ZEEAE, M9 X
TTMP £ 96 i 18 i OGB4 R W o 3 1
1.4 HWFHZE
1.4.1 CSLI3 AWl A9 I e R H il
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N E B FAFE CS1.13 44 % TTMP 48 % & B 547 & A & #iR 45 39

FEAR AL S8R 1.00 g BE A, A= BEER K86
i ke, HEPEAIE MG BRI 1.00 mL T JC - ML
o B ARLE S A E1 & 45 CHY LR I B IR 97
3, IRAWE), RS T37 CH IR 5 B 5557
24 h, 5, S5 9 DL CFU/g RS (F ) T
142  KBER:FR5E pH I E B 1.00 g # 5
JA 30 mL 2% B F /KBS | 785 21 )5 e pHIE .
1.4.3 KRR FREIL TR S8 AR S A S
BRI 2 3 ISR . 2 Rl s R D )
(GB 5009.7-2016) ¥ FL 3 & 5P BbE . 2% K
SAFRAY 35— S KA R R A 5 SR A A
SR (B EERARIE)(GB 5009.235—
2016) Ity F B o8 1% 5 R . S IR (B T P R R A
AR EY(GB 5009.235-2016) A A AL &
P R gk B (TR I,
1.4.4 TTMP JOCHEHE RV B i) I A& (APbRizs)

1) FERALIR MERR AR 1.00 g [ 25 K BEFE
F 50 mL B0 T IUKFE R 16 £5  RG IR A
4 000 r/min .0 10 min, B [ 2 mL F 20 mL T
23N P A BT i 4 80K 30% 1 NaCl, i Jm B
5 L R E R 0.816 we/wl (1) 2-H 33— JE i
YERNBRD)

2) FEf P SR A SPME-GC-MS J7 i ]
FE ., RS IR G AR IR 50 °C, B AR
10 min, W% Fft #£ B 20 min, f# 1 5 min; ©53% 2517 .
ERE TR 250 °C, & f 4R IR 250 °C, MR 46 ik
G 40 °C, (£ 4F 4 min, A 5 C/min FHE %= 120
°C, %45 2 min, #-LA 15 °C/min THE = 230 C, 114
4 min, A N EHALEA, WE 1.0 mL/min, TT3 0 o
B 5 LR, HFREE 70 eV, K STH T 200
WA, B TR IR B 250 °C, 5 536 V8 [l (m/z)30~
500,

3) wdEM % LUK [F MR EE TTMP . 2,3,5-
TMP .2,5-DMP ACT.2,3-1 ¢ X Z Bt e d
A JE S B A A R A IR S AR 2-H
o —3— i ] ) W T A 22 EU SR DN A A 22 ol A o R 28
15 20 b5l fh Ze i [ A 75 #2300 O TTMP .y =
0.9323x + 1.8649 (R?>=0.9993);2,3,5-TMP;y =
0.925x + 1.7342 (R*>=0.9991);2,5-DMP.y =
1.1176x + 1.8329(R>=0.9990) ; ACT:y = 0.9123x -
0.8568 (R>=0.9987);2,3-T "M .y = 0.9381x -

1.3055(R*=0.9982) ; XL Z, Fift .y = 0.8483x + 0.1314
(R*=0.9984) , 25 LA mg/kg & (TR )T,
1.5 HIEHH

K H Origin 2022 25 &l 44 PR W) o % & B0 aie
ZHRUEAL AL ER | FH TBtools 42 il #4 1&T

2 H#HRE5HH

2.1 CS113mANRBIBENREH TTMP HHXE
& 4 #7

2.1.1  CSLI3 U RE I 2N dl~= 00 TTMP 2
T2 IRA T RIS IMEE Y, HAYE
B B AR A B R SRR . X DS T 2 AT TR
CS1.13 AT 2 W1 H BAT B4 A0 D by A 1
JoT ) 7K i RE U Sk TTMP (9 & LA HE T 4 & 1
INGF TR IR SRR itk — 20 & i K TTMP 9 1
R, K COG R K GO 1R KL PR 2 K F
XF H AT Ok A ACERE S BE oY SR W 1 A
K2,

i & 1 AT, COG ds A 3 i3 B3] 3 004 4>
FEPAL, 7 T BE RSB 72.19% , Fids COG 4k
PRI 8 T D) BB A R A e PR B i, 0T R A B PR R A
Urnesr2e R CS1.13 2 57 A M iz
(Amino acid transport and metabolish) [ 4H 3¢
292 14, WAKAL A WA K FE 32 (Carbohydrate
transport and metabolish) [ 4H 3¢ 3& K 224 4~ | %
sk (Transcription ) A5G 236 4>, [ oK F1 2 g 2k
RIS, bk 3 28 2 M 2 AE Ak R T R 5 P
MHT =, 48005 12.98%,9.96% ,10.49% , #* W
CS1.13 HA B8 38 i K A& ) B @ B A ik
7, e et 7 2 i IR A AU, 2 TTMP £ 9
B Y HE A e

H L 2 0], GO Bidl PR 3L e 31 2 765 4~k
PRI, ok 0000 e PR BB 66.45%  HL IR 28k Y
AR }ﬁ(lntegral component of membrane) ATP
454 (ATP binding) . & 1k —i& Ji i #2 (Oxidation—
reduction process) . 4 ifd i (Cytoplasm) .DNA %5 &
(DNA binding) F1 4fl Jf1 i f% (Plasma membrane) ¥
SRR Z, 4l 837,322,302,280,262,
196 AHED o VR L D AR 72.19%,7.74%
7.26% ,6.73% ,6.30% ,4.71% , 15 W CS1.13 £ 4 i
EBs . RPN S S RS EA B R
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Fig.1 COG annotation classification statistics chart
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FHT= HE 82 B /N4 -tk R M AR fg
W, A TTMP A= 46 BUR LR
2.1.2 CS1.13 kK AL W i P g 56 DX 24 2% 3B
CAZy B4 FE 2 00 T & Bl o i 52 22 oK AL & )
MBEL S — BB, TR TR
LS 28 AT 18 CS1.13 FRRR K Ak & W I i Rig
FIHH CAZy Bl BEXT CS1.13 4 ik /K A4 40 3%
P L R AT R A5 SR DL 1, CS1.13 Fafthfik 7K
A& YE EmE L P A 122 A4S, Horb g A K R
il e DR B i e R, LU W L A B Il R B K Ak
A%Eﬁﬂiﬁ X3 FhEE R 430 o R K Ab A T T
R EE T 36.07%,31.15% ,23.77% . H+ 7K it il
Vﬁﬁﬁﬂ%kﬂc%%zmﬁ%%ﬁ%, ¥R+ 20
KA ANy TS, A CS1.13 $RBE AT & Bl A,

LA 3 A

enzyme annotation

P AR /A
5 B B AL R B 7
B IR A Bt 4 S B B 1
B IKAL B 4y B Bl 29
e K B 44
¥ KA B 38
% ¥R o 3
A3t 122
17 54 R 5 TTMP 194 1

2.1.3 CS1.13 48 TTMP @ &4 KEGG %t ¥
JE R E SR B B TR S uJ(%TﬁE CSl1.
13 & W TTMP A1 536 N py A= 9= Thig . i H Di-
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amond HLXFEREXT CS1.13 45 % TTMP i 5% AH ¢ 5
PRLE A7 % bl T R, 65 SR L &1 3 (O HE P9y R PR T
1Y TTMP £ BLAH G % ), I 3 AT LLE
CS1.13 1y T A g 12 vh il 1 B 21 58 8 ) TTMP
KEEEY——ACT R AR % o 24 AL 2
ST A, 455 ACT & W H M 1 2B
1% 4 B 5L ) (T B) M1 S Ik FLIR R il SL A (ALsD)
DL R AR S B rT RERZ i ACT F= 2 i T 2
UL /L 2 T 38 SR g 5L B (BweB) . 33 KEGG
TR AT DL D13 3t 28 MOAF 7 CST.13ACT Ay AL
TR AR 2 o R A O R AR SO R R, P eh O
MG M4 A GO EERLRR , et LR

I T e
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R B T ARLEAE T 45 A ACT JE B TTMP 42
HET YRR BRULAE BRI BR R E 2,3,
5-TMP % 2,5-DMP ) Hif 44 ot 2 35 73 i 1) & A
W, NE 3 LA L9582 R 4 5 & BRI AU
N L-2-F I LWL TR , L-2- R FE £ B £ TR 8 it
A Bl 52 AT B e A BTN L 3X Ol CS1.13 &
i 2,3,5-TMP J 2,5-DMP 42 {4t 7 ¥ g 3 ml . 78
CSL.13 FERE BNy L-75 2 R 1Q 01 38 B% Hh ik & B 75
SRR , L5 A R 48 5 2 18 Mo 22 it 26 AR o T
TR, FF 7 TIMP & 00T 75 2209 &4, UF B 2 L R
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Fig.3 ACT biosynthetic pathway of KEGG annotation in strain CS1.13

22 CS11I3XEBUESHTLE TTMP 5K IE
R

TTMP 2R AI G, HoA iU 258 2 10 ik
VR, AR CS1.13 BA RAFI Bk &R
AE 1 S TTMP 4 B3 Al i) 32 PR 1 BRI, 148 &
T AR R ORI B 5 VE R I /N ZE AR R JURE X B
Pk CS1.13 #E47T TTMP & BEWFSY | H A Wit 72 28
A4k K TTMP YR R LK 4 FEL 5,

& 4 A, R EE0~16 h AR By ek T
A 1.48%10" CFU/g; & 16~32 h i, B9
it PR AL pH B A TF IR 11 6.69 [ & 5.92 #E

ATREERYEABEAA T CS1.13 K Kl 32~
72 h B, pH B4 H /N 4EFETE 5.80 A4, R4k
FRTE 107 CFU/g Zi A o RAR & A8 AN e B FE vp
FReg by AN ORI &8 43 B U8, i B3 % pH (B %
K. R AF] T TIMP #9A A%, 5ok &
FE O 0 U R A AR B BRI i AR R R
YEFR = A B Z BE o TTMP /9 A 4= 3 7 &, X
LT ER AT RRYEM T, G R U i R rPOR L
(G HLER T 20 pH BT BT R 09 A R 52 e, DT O/
HEF R CS1.13 LR =Y & A e

& Sa AT%N, KW 0~16 h BF, 38 JFURE A
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12.16 g/kg P T+ 22 fc i fH 141.99 g/kg, 43 17 Jit K]
JE CSL.13 PR gE , 2k Kt iy H S Ve ¥y 1, £2
PEVERY Y 53 it 3 2 E 16~72 h F | 38 JFURE IT 86 % 2
I THRGE, X FEZIE W T30 J5ORE 4 £E BRI 6
IR BN B AT A A5 R s OB A0 R BT AR
) 528.90 g/kg [ % 416.99 g/kg, Ui CS1.13 ¥ 5
HE I TE K A R R & TR B O R R AT %
B, CS1.13 B AL 38 15 S TTMP & 4 it 1

SRHEEA ]I E S B R A5 AR . Bl SbonT
HLEBEO~T2h, AEAMERAGH—-H LT &M
ik 11.87 glkg, WA R AR A TIMP 1Y
Az BARAL T A3 SR A A IRt R Ao R e TTMP
IbFHPLE R BORAS 72 h B R RS, A 159.86
mg/kg, T LA H,CS1.13 i &0 BE J1 %t TTMP
TSR R AW SRR, GIF 5236 R e v /A
FRIE
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Fig4 The changes of biomass, pH and total acid during fermentation
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Fig.5 The changes of reducing sugar, total sugar, amino acid nitrogen and TTMP content during fermentation

2.3 CS1.13 TTMP £ ¥ & R I & B2 R

RAE KEGG H B2/ TTMP & Al i (W&
3), "TLLER IR @R AL E 2,5-DMP & 2,3,5-
TMP & B 1) 44— & A T 11 22 pib A 4

17 L I8 20 ] LA i 5 22 R B 2 i TTMP B4
2, MR HE TTMP 196 %, A SCEk RGBT ACT 14
HE—25 R Az B Schiff s (2056 0 ) 1Y 2 A8 7 2
TFHHAZS 5 AT LR R UL BT (R ——RS 2 |
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Fig.6 Effects of key substances addition on the biomass and yield of substances in TTMP biosynthesis pathway
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Analysis of TTMP Biosynthesis Relation Genes in Bacillus velezensis CS1.13
and Its Fermentation Regulation

Bai Lijun', Lan Qingsong', Zhang Xuxu', Lu Ziyao', Fang Haiyu', Liu Jun'?, Yu Yanchun®?, Jiang Xuewei'?

(School of Food Science and Bioengineering, Changsha University of Science & Technology, Changsha 410114
*Hunan Provincial Engineering Technology Research Center for Condiment Fermentation, Changsha 410600
Jigjia Food Group Co. Ltd., Changsha 410600)
Abstract In order to characterize the biosynthetic pathway of 2,3,5,6-Tetramethylpyrazine (TTMP) in Bacillus spp.,

the whole—genome information of Bacillus velezensis CS1.13 screened from high—salt liquid—state moromi was annotated,
and its TTMP biosynthetic pathway and regulatory characteristics were studied in combination with solid—state fermenta-
tion. The results show that CSI.13 is rich in genes involved in amino acid metabolism and transport, carbohydrate
metabolism and transport and coding glycoside hydrolase by COG, GO and carbohydrate active enzyme annotations. And
KEGG annotation reveals that CS1.13 has a complete metabolic pathway of Acetoin, a key substrate of TTMP. The sol-
id—state fermentation process revealed that the reducing sugar and amino acid nitrogen contents increased by 53.63 g/kg
and 8.28 g/kg, respectively, and TTMP accumulated 159.86 mg/kg at 72 h of fermentation, which proved that CS1.13
has good carbon and nitrogen metabolism ability and TTMP synthesis potential. According to the TTMP synthesis path-
way, the key substances such as threonine, acetic acid, pyruvic acid and 2,3 -butanediol were selected to study the
regulation of TTMP biosynthesis. The maximum accumulation of TTMP was achieved when threonine 2 mg/g, acetic acid
0.2 mg/g, pyruvic acid 0.2 mg/g and 2,3 -butanediol 0.8 mg/g were added respectively, which increased 32.82%,
10.30%, 222.46% and 160.93% compared with the control sample. The accumulation of TTMP decreased as the content
of the above additive increased. In addition to the amino donor threonine, the accumulation of the three pyrazines
(TTMP, 2,5-dimethylpyrazine and 2,3,5-trimethylpyrazine) was favored by the lower concentrations of carbon skeleton
donors acetate, pyruvic acid or 2,3-butanediol, and the accumulation of butanedione family compounds was favored by
excessive carbon skeleton donors instead, suggesting that the synthesis of TTMP was regulated by the amino donor and
carbon skeleton donor. The analysis of TTMP biosynthesis relation genes combined with fermentation regulation explored a
feasible and effective way for Bacillus velezensis CS1.13 to accumulate TTMP efficiently, which will also lay the founda-
tion for its application in rapid aroma enhancement in Jiang—flavor foods.

Keywords Bacillus velezensis; tetramethylpyrazine; gene annotation; fermentation regulation



