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Effect of global redox-sensing transcriptional regulator Rex on
acetoin synthesis of Bacillus subtilis

HAN Ru-Meng LIU Xin-Yan LIN Wen-Xuan LI Xiang-Fei YANG Tao-Wei
XU Mei-Juan SHAO Ming-Long ZHANG Xian~ RAO Zhi-Ming"

Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University,
Wauxi, Jiangsu 214122, China

Abstract: [Background] The global redox-sensing transcriptional regulator Rex (encoded by the ydiH
gene) of Bacillus subtilis can regulate intracellular redox balance by sensing NADH/NAD® levels.
[Objective] To study the effect of Rex on the synthesis of acetoin through regulation of cofactor pools in
B. subtilis. [Methods] RNA-Seq was used to identify the transcriptional diversity of genes that were
involved in the bioprocess of reversible transformation between acetoin and 2,3-butanediol, and ydiH,
acuA (acetyl AcsA) and acoC (dihydrolipoamide acetyltransferase) were knocked out by Cre/lox gene
knockout technology. Subsequently, the transcriptional levels of acetoin-related genes in the knockout
strains was analyzed by real-time fluorescence quantitative PCR (RT-gPCR). [Results] Fermentation
results indicated that blocking of ydiH could inhibit biomass of B. subtilis to a certain extent, but acetoin
yield of unit cell and substrate conversion rate were significantly increased in early stage of fermentation.
However, knockout of acuA and acoC had little effect on acetoin synthesis, biomass and glucose
consumption rate. After knocking out ydiH, the transcriptional levels of alsR (positive transcriptional
regulator of alsSD), alsS (ua-acetolactate synthase), alsD (o-acetolactate decarboxylase) and bdhA
(2,3-butanediol dehydrogenase), involved in acetoin synthesis, were significantly up-regulated.
[Conclusion] Global redox-sensing transcriptional regulator Rex in B. subtilis affect the synthesis of
acetoin by down regulation of the transcription levels of acetoin synthesis related genes. This study first
reported the correlation between Rex and the synthesis of acetoin in B. subtilis, laying the foundation for
exploring how Rex affects intracellular redox balance by regulating the transcription of related genes, and
providing reference for improving the industrial production intensity and substrate conversion rate of B.
subtilis.

Keywords: Bacillus subtilis, Acetoin, Global redox-sensing transcriptional regulator, Fermentation regulation
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Figure 1 Acetoin biosynthetic pathway in Bacillus subtilis
“XTRINERER ;LUK R O SR A 25 RO S YRR

Note: “x” means knock out; Red genes are genes with significant tr.

genes involved in the degradation of acetoin.

R 1 FARBBIRERF R
Table 1 Strains and plasmids used in this study

WALk TR IR S AR AR AR AH S A LR

anscriptome differences; The genes indicated by the blue solid arrows are

PRIRRATTRL FEIE IR
Strains and plasmids Characteristics Source
Strains

Bacilus subtilis

B. subtilis 168 trpC2 Our lab

B. subtilis 168/AydiH ydiH knockout strain This study

B. subtilis 168/AacuA acuA knockout strain This study

B. subtilis 168/AacoC acoC knockout strain This study
Plasmids

p7Z6 pMD18-T containing lox71-zeo-lox66 cassette [13]

pTSC pTS containing Pspac-cre expression cassette [13]
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Table 2 Primers used in this study

GIL B4 51975

Primers name Primers sequence (5'—3')

P1(ydiH-L-F) CATACGAAAGCTGGCCTGCGATAATTTTAAGGAGCGTGGATTTTC

P2(ydiH-L-R) AATCATGGTCTTTTGGTCCTCCAAATTATACTCGGATAGTTCTCTTTTAAAGTCACCG
P3(ydiH-Z-F) CCGAGTATAATTTGGAGGACCAAAAGACCATGATTACGAATTCGAGCTCGGTACCCGG
P4(ydiH-Z-R) GCATATTTGGGCTCCTCCTTTCCCTTGTAAAACGACGGCCAGTGCCAAGCT
P5(ydiH-R-F) GGCACTGGCCGTCGTTTTACAAGGGAAAGGAGGAGCCCAAATATGCCGAT
P6(ydiH-R-F) AGCGTAAAATACGCATACTTTCTGATTTTCGCCAAGAACATCGGT

P7(acuA-L-F)

P8(acuA-L-R)

P9(acuA-Z-F)

P10(acuA-Z-R)
P11(acuA-R-F)
P12(acuA-R-F)
P13(acoC-L-F)
P14(acoC-L-R)
P15(acoC-Z-F)
P16(acoC-Z-R)
P17(acoC-R-F)
P18(acoC-R-F)

TATAGTGAAGCAGAAAGCCGTCTT
CGAGCTCGAATTCGTAATCATGGTCTAATTCACCGTCCCATCAATTCTTATCA
TAAGAATTGATGGGACGGTGAATTAGACCATGATTACGAATTCGAGCTC
ATTTTTTCCCCTTTGTCAGTGTCAGTGTAAAACGACGGCCAGTGC
GCTTGGCACTGGCCGTCGTTTTACACTGACACTGACAAAGGGGAAA
AAGGGATGCTCCTGATGAAACATATAGG
ATCAACCGGTTTGAGACCGATTG
CGAGCTCGAATTCGTAATCATGGTCTTGTGTCCCCCCTTTAATTCAATGC
GCATTGAATTAAAGGGGGGACACAAGACCATGATTACGAATTCGAGCTC
GTCATGTCGTTTTCACCTGCTTTTCTGTAAAACGACGGCCAGTGC
GCTTGGCACTGGCCGTCGTTTTACAGAAAAGCAGGTGAAAACGACATGAC
CACATAATCGGCCTTCGTTTTAAACTC

12 EERAFIFMULFRIEFE 13 REZTSHEREIESHEL

Foh/ it il s RG0 & . BUIBEEERE DNA (a1
WA B AN LK 20 DNA B R BOR A &, FiE
PR A TRA R W ; 2xPhanta Max Master
Mix . FastPure Cell/Tissue Total RNA Isolation Kit,
HiScript Q Setect RT SuperMix for gPCR #1 ChamQ
Universal SYBR gqPCR Master Mix, B 5t igMERE
WA IR A A RIREER, A TAY TR RE)
e AR 7] 5 TR R R (Zeo'), LRt ERERHY
ARRAR]; TR, A TROGE) AR
Al 5 WG R R U 7 h 25N e AR R B A
PR 58 . LR 98Ok i PCR X, Applied
Biosystems /A Fl .

TR LB 3575k RIAHT B FIRS B 24T T 1Y
TEALRE RIS R e R A s ARG R0
SN 20 /L BRAE M IR LB R AE

RIS (g/L): BEEHRE 5.0, JREK 2.0, &
K3 6.0, #i%HE 100.0.

i R 2 0L AT TR SR A2 75 A B 1 i £ R R Ak ik
SIS0 [14]
1.4 FHFRENFHEARRNA-seq)

FEHL B. subtilis 168 P-4l F LG, AT
10 mL LB $53: 5L, 37 °C. 180 r/min 535 10 h;
B4 6%TR T 50 mL Fh-FHE #7337 °C 180 r/min
H59% 10 h; B4z 6% T 50 mL ARG FRAEH,
37 °C. 180 r/min }535% 96 h. HL 24 h (fi%% BS24h)Fil
96 h (fir44 BS96h) [ & I, 8 000 r/min #5.0»> 10 min,
B FIER, R, ZWAEAR 10 min, AR
SUAMEREAE MIRHAT B Al T i AT
1.5 vydiH. acuA F acoC BURLFR

M NCBI 352315 1 B. subtilis 168 J [K 20 5 51)
e B R B SRR RSO E, I N E K
LRI 4% 800 bp K/ —E: DNA R BiHfEN I
TR 5 . L B. subtilis 168 JEPKZH MMk, PCR
PIEPAT B EE W b RUERIEES ;. DL p7Z6 T
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R, PCR 4 4IRS P ME i e bl ik &
lox71-zeo-lox66M"*!., PCR )i 14 % (50 uL): 2xPhanta
Max Master Mix 25 uL, . Fi##5[47(10 umol/L)
£ 0.5 pL, #H DNA (100 ng/uL) 1 uL, ddH,O
23 uL. PCR W 4f4: 98 °C 3 min; 98 °C 30s,
59 °C30s, 72°C30s, 30 ME¥; 72 °C5 min,
FIFHEZ AN PCR AN 3 Z54lifb BN 5 1) DNA
A ECR A 15 5] — 4% 2.2 kb ZE4 I E 4] DNA H
Bt PCR LW 1A 2 (50 pL): 2xPhanta Max Master Mix
25 pL, bFiFRIIEE B9 BT 140(10 wmol/L) 1 uL,
NIRRT 149(10 pmol/L) 1 pl, 3[R
B A B% (100 ng/uL) 2.5 pL, lox71-zeo-lox66 F Bk
(100 ng/uL) 2.5 pL, TRV B2 (100 ng/uL)
2.5uL, ddH,0 15,5 ul, PCR Jz )i 45145 ZiE st ]
MR 90s, HAYKE A E—EAHE ., PCR N =4
F2liAk 2 BB ISR I DNA 18177 & Ui B 45

PR 1.3 PR s Ak Jr Pl sk i s iy s 2
DNA F Bt 5 A B. subtilis 168 B2 820, 445
FEA 30 mo/l FRRERM LB Put P 1, F
37 °C W54t b 1537 16 h, AR5 R H A EE A 1Y Zeo!
HAb 1 BB TORL pTSC A Zeo' Ak 71 J2%
ZAYEF, AT EA 50 mo/lL RIBEEM LB
BitEAR b, AIASCHCE R R UL T
VAR 2 ) AL FHR R IS4 LB A |-, 51 °C H55%
48 h, BRZIR pTSC, RGP HAT pTSC M H
{18 JEE DR e R TR A
1.6 %ABESHINHEE

ODgoo 51 2 A AN 3 5323 0 225 SCHR[15] .« 2
THIR 5 1 0 2 D27 SCHIR[16]
1.7 RNA {2ElF1 RT-gPCR 73 #f

WA AN [A] T I B i 4l i, AR 4 FastPure
Cell/Tissue Total RNA Isolation Kit {4 Fi56 8 4542
HURNA. f#iJf] HiScript Q Setect RT SuperMix for
qPCR A&, 4 RNA (1 pg—1 pg) S % 518 cDNA.
SN DO E B PCR AW RFINAE S 4 DNA
FEHI AT E . RT-gPCR SUWAAZ (20 pL):
2xChamQ Universal SYBR gPCR Master Mix 10 uL,

B RS IPI(10 pmol/L)4% 0.4 uL, SI¥EAAN
%% 3 r/n, cDNA (0.1 g/L) 1 uL, RNase-free ddH,0O
8.2 uL. RT-PCR JZJi:FZ 8 ChamQ Universal
SYBR gPCR Master Mix #it#i45. LA RNase-free
ddH,O 1R ETEXT AR, Bk Mix A5 1A Jois 3.
VIFEIRIZ] DNA FERBHMEXT R, U WARR | 4%
RN FR AR

2 RS540
2.1 HEFENFERSH

A 3ok Jo B S 2 2 R 4 SR AT e i 2 B, B.
subtilis 168 M N 5 & 8 W & B LA K 4l i
NADH/NAD* 1 ADP/ATP & ik 5 AR 73 B A Y
SR OKAE R TR 98 HL Il R s fk,
K2 BRI S IR A 2 SR /S B TS A
He, EMP %42 1) gapB F1 pyk & 4E T A0 T I8 5
TCA EHAHEAFEA H, mdh #il pdhABCD &4 T
BB A CARIEG AR SR, alsR &4
TR, alsS 1 alsD &4 T2 Fif; £ BuRpEfg
FHRAYFERE H, acuABC 1 acoABCL &A= T HH &A%
T, bdhA il acoR &4 T i Fl. BRibZ4b,
SAACIR RN 42 R A TS IR FamAn 2L R ydiH (5%
SEARE LA TR N RIS i@t NCBI K& A B,
acuABC F1 acoABCLR 433l 2 MNEEH%E . TR
B ) AcuA ZE 13 3 2 BEAL AR L Lys549 il A
BFHLAT B D Z AT A S BEHACSA) Y TE HERT,
SR acoC H%ES 5 2.1k CoA A, 52 (BIHE

#*3 RATXIRRHKEE PCRISIH
Table 3 Primers used for RT-gPCR

BIE B4 519575

Primers name Primers sequence (5'—3’)

alsRF TATCGCAGTAGCCGAAGAGC
alsR R CTTTTCAGAAGCGTAACTCCG
alsSF ACAGCGAACACTGAAGGAGA
alsSR TCCAAAGATTGATGTGTCCGT
alsD F AGACCGTTCACCGTTCTGTT
alsD R GCGTGTCATTTTCGCATCAA
bdhA F GTGTTACGACAAGCCATCCAG
bdhA F ACCTTTTTCCCAAATGCTGACG
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Figure 2  Acetoin metabolic pathway related gene
expression levels

F: BS24h: B. subtilis 168 %% 24 h 3K )44 5K AR AE 5
BS96h: B. subtilis 168 %[ 96 h F[F (5 5% K FASfb(H.
Log,(BS96h/BS24h)>0 71k B. subtilis 168 % 1 ALK i sE 7k
AR T A BRI 3R ;5 Loga(BS96h/BS24h)<0 %71k B. subtilis
168 & i AL PRI SRR T A TRERITIA T 9.

Note: BS24h: The transcription level change value of B. subtilis

168 fermentation 24 h gene; BS96h: The transcription level change
value of B. subtilis 168 fermentation 96 h gene.

Log,(BS96h/BS24h)>0 means that the gene transcription level of B.

subtilis 168 during the late fermentation period is increased
compared with the pre-fermentation period; Log(BS96h/BS24h)<0
means that the gene transcription level of B. subtilis 168 during the late
fermentation period is lower than the pre-fermentation period.

3 ydiH (A). acuA (B)# acoC (C)axf&E#k PCR 1S iEE

BORESEPIHAENERR, K 1 PR, 2E0ER
IATEE IR, RATHEREAMSE ydiH, acuA Al acoC
X 3 ANEEAS CAB IS L MR) Y SCHeAE: o
2.2 ydiH. acuA F acoC R{REHRAIME

P B. subtilis 168 2t & T, # 18 1.5 Frid ik
133 ydiH BRI (S A HE zeo). AT FilE[H]
PR IS ydiH-L-F AR 3 R AR S )
¥ ydiH-R-R #4774 PCR BiE . AR5 504 nl
A, ydiH BRI AR (5 A B zeo)%: PCR 714 J5
A[ K45 2 197 bp 1) DNA Fr Bt o K iR ok pTSC
PAZRARIG, AT GRS 1 768 bp i DNA i
B, PCR B4 B anl& 3A i, FWEE ydiH 2

LR, AR IO o FRBOZ AR R

R, Z2)pEidE—0iET ydiH bR,
K57 B. subtilis 168/AydiH. acuA Fil acoC
MR AR A VAR B, A Rilar 4 B. subtilis
168/AacuA Fi B. subtilis 168/AacoC, HaiiF4% 54 &l
3B & 3C Fi/R.
2.3 ydiH, acuA 0 acoC RfEXEKk & B4 2 218
iz afA

PIEMFSE £, Rex nlilid NADH/NAD'H R

AR A R A B 8RR SR, R RERETEANT]
bp ¢ bp M 1 2 bp

2188

2132
1703 2000 [ 759

Figure 3 PCR verification of ydiH (A), acuA (B) and acoC (C) knockout strains

. A: M: DL10000 DNA Marker; 1: itk B. subtilis 168/AydiH (Zeo )i PCR y##J; 2. Fikk B. subtilis 168/AydiH & PCR /=#). B:
M: DL10000 DNA Marker; 1: B#i#k B. subtilis 168/AacuA (Zeo )i PCR j=#); 2. Btk B. subtilis 168/AacuA i PCR j=#). C: M:

DL2000 DNA Marker; 1: Fitk B. subtilis 168/AacoC (Zeo")f PCR j=4; 2. Bi#k B. subtilis 168/AacoC f4 PCR 7=4.

Note: A: M: DL10000 DNA Marker; 1: PCR product of B. subtilis 168/AydiH (Zeo"); 2: PCR product of B. subtilis 168/AydiH. B: M:
DL10000 DNA Marker; 1: PCR product of B. subtilis 168/AacuA (Zeo"); 2: PCR product of B. subtilis 168/AacuA. C: M: DL2000 DNA
Marker; 1: PCR product of B. subtilis 168/AacoC (Zeo"); 2: PCR product of B. subtilis 168/AacoC.
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el NADH/NAD %4 F 5 DNA KA [FFEEE Y
ghty, PRI gkl Rk, A ERRSY
5 Rex Gafidh 5 PR I i R 2R 90T T 6 i & AR R ) A2
Ko BRIZAL, AR HIRIE T acuA
acoC F K (SR Xt Z AR R A5 B 52 0

AR R TN J5 , PRI RE 96 h, KIS
BT EE RN 4 B o ydiH R R A
FEAIK, acuA Fil acoC R R AR I FEIH R 5 IR R T4
Pk B. subtilis 168 #H Fb 22 fb A K . & ¥ 72 h, B. subtilis
168, B. subtilis 168/AacuA 1 B. subtilis 168/AacoC
PR MRORE A I R ) 4 W 58 4 #8/8, T B. subtilis
168/AydiH itk & B 96 h AW aiZibise k. &
BRI, B. subtilis 168/AydiH f R AR NZE 1
B RAK T AR, T acuA FI acoC R Ak Y T4
A 5 IR AR AR AR AR AR RS . fskar O,
A ELZEAIAT IR P ydiH 2 2520 4 AR K 1T acuA
Fl acoC A A F ZEMIAT R A K LT . K B2
72 h J5, B. subtilis 168, B. subtilis 168/AacuA Fi B.
subtilis 168/AacoC IR At U %, BT
5 T B. subtilis 168/AydiH fRE A& T IEZEE,
RETAKIR . 3 BRAEBR AR S AR TRARAH L,
acuA Fll acoC [ XS 2 AU =& 52 AN B s ydiH
() R BRTE AR AR IR RS AR, TE A
JEATCH B BIFZ, ydiH BEER e T
FARR A KA, (BRI 55 T 550 3 BRI

A
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Figure 4 Fermentation process curve of original and
knockout strains
T RSN LR PR A s WAL ODeoos
LLASEER CABIRRY =i, LA R TR 3R IR (H+
NI
Note: The black solid line is the remaining amount of glucose in
the fermentation broth; The blue dotted line is ODggo; The red solid
line is the yield of acetoin. The results of the fermentation are
shown as the mean of three replicateststandard deviation.
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Figure 5 Graph of acetoin yield of unit cell and substrate conversion rate
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Note: A: Acetoin yield of unit cell; B: Substrate conversion rate. The results of the fermentation are shown as the mean of three replicateststandard

deviation.
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Figure 6 Transcriptional level analysis of B. subtilis 168 and B. subtilis 168/AydiH

: A: B.subtilis 168 & Bz/5H(72 hy & BERTH(24 )i 5K E434T; B: B. subtilis 168/AydiH A /5172 hy R BERTIT (24 hye s
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Note: A: The transcriptional level analysis of B. subtilis 168 during the late fermentation (72 h) and pre-fermentation (24 h); B: The
transcriptional level analysis of B. subtilis 168/AydiH during the late fermentation (72 h) and pre-fermentation (24 h); C: The transcriptional
level analysis of B. subtilis 168 and B. subtilis 168/AydiH in the pre-fermentation period (24 h); D: The transcriptional level analysis of B.
subtilis 168 and B. subtilis 168/AydiH at the late fermentation stage (72 h). Results are shown as the mean of three replicateststandard

deviation.
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