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RNA-seq reveals the effects of bdhA knockout on
co-production of nattokinase and menaquinone-7 by
Bacillus subtilis

HUANG Xilin', HUANG Junbao', GAO Xuli', LUO Yani', TAO Wei', GUO Mingyu',
LIU Yongyuan', WU Jing', WU Chao', XUE Zhenglian"?>, CHEN Yu'?, LIU Yan'?*"

1 College of Biology and Food Engineering, Anhui Polytechnic University, Wuhu 241000, Anhui, China
2 Anhui Engineering Laboratory for Industrial Microbiology Molecular Breeding, Wuhu 241000, Anhui, China

Abstract: Nattokinase has a variety of physiological functions and serves the treatment of
cardiovascular diseases. Menaquinone-7, one of indispensable fat-soluble vitamins in the
human body, can prevent diseases such as osteoporosis and Parkinson’s disease. [Objective]
To enhance the co-production of nattokinase and menaquinone-7 by Bacillus subtilis, reveal the
co-production mechanism in the recombinant strain, and provide new metabolic engineering
strategies for the production of nattokinase and menaquinone-7. [Methods] We constructed B.
subtilis 168-AbdhA by knocking out the 2,3-butanediol dehydrogenase gene bdhA from B.
subtilis 168. RNA-seq was employed to measure the expression changes of key enzyme-coding
genes in the nattokinase and menaquinone-7 synthesis pathways. [Results] Compared with B.
subtilis 168, the content of 2,3-butanediol in B. subtilis 168-AbdhA was 2.76 g/L, which was
reduced by 64.0%. The yields of nattokinase and menaquinone-7 were increased by 30.0% and
60.0%, respectively. The expression levels of genes related to central carbon metabolism,
oxidative phosphorylation, and the synthesis of nattokinase and menaquinone-7 changed by
RNA-seq analysis. The expression level of nattokinase negative regulator gene codY was
down-regulated by 2.19-fold in the mutant. The expression of secA, tatAD, and tatC involved in
protein secretion showed the down-regulation of 0.37-fold, up-regulation of 2.81-fold, and
up-regulation of 0.50-fold, respectively. [Conclusion] The knockout of bdhA blocked the
carbon flux of 2,3-butanediol and promoted glycerol uptake, causing more carbon fluxing to the
synthesis pathways of nattokinase and menaquinone-7. The down-regulation of the negative
regulator codY promoted the transcription of nattokinase. The up- and down-regulation of
genes involved in protein scretion promoted extracellular secretion of menaquinone-7.
Keywords: Bacillus subtilis; nattokinase; menaquinone-7; 2,3-butanediol dehydrogenase; RNA-seq

B 25 AT 4 (Bacillus subtilis) 2 /N AMUK]  (menaquinone-7, MK-7)fg44 &7 521, 44 & e
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A WA B T AL I P AR B D ZE AT
R TEAE T I BR TR A 2R K, F % MK-T,
Y 2SR AR ER R 7 A5 M s 2
MK-7 1 R B4 il T3k 22—, R4 Q AR 1LL,
FeE AL BERR L RN 5 v R SR e
fif, MK-7 BHA ZFEREEDIRE, ol WpE
JRBAARIAS: #9650 9y A —Fh BB IR YT
O BRI IREME R, B T9IEH NK I
MK-7 B ARG, HBARCRIF AR
Rt 4k, whed EEE Pl ERIEL T
PR AR TR TSR BIAE, DU =48 & NK
FITEPECT, Al , DR T AR ARG B A S5O
N FEHE R T MK-7 g =0,
JUETERGFLZE AR B H 6 NKCFI MK-7 1) &
FERH ST 45 22 , H DG T B 2F AT 11 o [ sl i e
NK Hl MK-7 W58 50850 . LEAN 2R AT B
NK i aprN FEF 4, 1 MK-7 & H menA JE A
G 1,4- 525 -2-Z5 H R (1,4-dihydroxy-2-
naphthoate, DHNA)-L /% 5 A 85 AL . BT NK
Fl MK-7 BA a4 G AR, I AE A B 2R 1
FF3 o] [l B A2 7= NKCRT MK-7, B 5 3L A4
PRI A A B B U X B
A= HEAH Y, KIS BRI akas o iR
TR T BOM bR R B AR R R R e e
B it 7 B A ORI, I 2 RN I T P [
Ayt R, SEELT R T A S e
a9 B AR B AR TR S A 2R
FF B Hp [R) B A 7= R AT R AR AR 55— Fl
) e (7] A 7 5 s 2 1 ARG T AR T B e KB #F
BRI R R AR 3RS R AN 1,3-75 Y
TEABIZEH, L B. subtilis 168 4 JF A #E,
B bdnA IR DL SE P NK AT MK-7 5936 6] 4 77
TE NK A MK-7 & 5 42 ek 20 3 =2 g iRy o 14 /il
FEEh, 0 2,3-T T, I EA1e . A
RNA-seq £ R#F5E B. subtilis 168-AbdhA T ¥k H
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NK Fl MK-7 SE[F A= L], FeE R I FE
ZESEFRBIEA, b b TSR, 56 mokie
B YR AR T, KBRS NK 6
PERT MK-7 77 8 BV A DGR BE IR o Ao R AR
TR T B A R 2R AT 1 P 953 NK R MK-7
PPN A= 7=, A Bl B A T AR AN R S R
MK-7 B A= HLER, AR T AR 42 & NK A MK-7
P PR AL S, I R R R R AR 7 NK A
MK-7 ) TR B i

P

1.1 Btk BRI

Bacillus subtilis 168, p7C6 ki, Py 3 51

PCR 1%, Bio-Rad A Fl; #kiZHEFR4E . fHIR
BRI IR A PR A F] bR, FEER
KRB (P EDABR A E]; SEAMAT WL AR
it EEITHHERA IRA A s S RO 35,
Byl A P EDA PR A A
1.2 EHE

22 R A AU 5 i C ) Spizizen JRZ
SRR

ARG IR R (/L) B 10.0, B
BEZEU 5.0, NaCl 10.0, 35E 20.0, pH 7.0,
0.1 MPa ‘K 20 min,

VMR IR AR AR AL SR L 0 SE Ak
b, BARRRMS N 5.0 /L.

R A (g/L): BRI 10.0, FERHZE
¥ 5.0, NaCl10.0, pH 7.0, 0.1 MPa K 20 min,

KR FER(g/L): KEEMAMK 50.0, Bk
SR 20.0, Hih 5.0, KH,PO, 1.62, K,HPO,
3.86 , f# & JC & (Na,EDTA-2H,0 0.07 g/L,

ZnS0,-5H,0 0.01g/L, CaCl, 0.378 g/L, FeSO,
0.05 gL, NaMoO;2H,0 0.04 g/L, CuSO,
0.01 g/L, CoCl, 0.02 g/L, MnSO, 0.52 g/L) 2.0 mL
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GLUERR A JE I A K 5 B R 32 2 H4), 0.1 MPa
KA 20 min,
1.3 EFRFHMEMREROLE

BUH A H iy B. subtilis 168 FHR1E LB
S FRIZR, 37 °CHE3E 12 h, PREATHIEE
50 mL W FpFRE Ak, 78 37 °C. 220 r/min T
WEH 14-16 ho KR AMRF 5L 2%3
% 50 mL Py RIS FRHE, 37 °CRpE RIS d.

T E bRk A RR S A9 7% . M Bacillus
subtilis 168 H147 4% bdhA I JEHT T ii#45-24 1 000 bp,
M p7C6 Bk b S as R BTtk A A B,
Fie e e IR R, RAAES PCR i#
%, 2lift PCR 7745 ARG R 2R 04T B2 8 4
JfL, JFAEVSAN 5 pg/mL &R 1Y LB BifgFAk b
WA, K5 HE® PCR Bk Ltk B.
subtilis 168-AbdhA. 51#1 L% 1.
1.4 Sk, AT HEIEEEN MK-7
FEE RN E

B. subtilis 168 B 1 1 85 41 B Ak TG T )5, FRHL
BATRVE BRI SRS, 37 °CL 220 v/min R
B, KW IEATIE Y B ODgo M
0.2-0.8, EWJHCREMIGE, SCHER 3k, 2l 2
ATRAR AR R 2

BUR W 4 °C. 10 000 r/min &5.0> 5 min 5
FRAH R, >R FH 2281053 506 B 1000 5 90 2 5 T
W, Bk miEinA 1.4 mL Tris-HCI
(50 mmol/L, pH 7.8)Z% M1 1 0.4 mL 41 4 &5 (1 )it
WW(7.2 mg/L), 37 °C/KIA 5 min; JIA 0.1 mL

*1 AKWMRFAASIH

BEIMLEF(20 U/mL), 37 °C/K¥A 10 min FE A T
Fes A 100 uL FREAESS, 37 °CHELE 60 min;
HIA 2 mL =4 Z (0.2 mol/L)#'& 20 min, &
1EJ2 . 10 000 r/min 5.0 10 min f5, R T
275 nm PAALME WS . BREGE L. B
FE 275 nm ARG RERE N 0.01 BT Y il 2
A 1A BT B AT Y B R TS o

FIFH HPLC A0 & e MK-7 7=, B
2 mL KBERE T 5 mLARE .08, 10 000 r/min
B0 S min, IA 4 AR IE C b RN EE(2:1,
PRFEL), WEIRAT . HOLEHE 30 min, FRKE
LB EERART S mL .08, #H 0.22 um
BHUBELLE, SRS, BTN, i
NS C18 A FE (4.6 mmx50 mm, 5 pm).
1.5 Z18W. 2,3-T —EBMZE~E28NE

i Aminex HPX-87H (300 mmx7.8 mm,
5 um) s, WA 5 mmol/L iR /KK,
LN 0.6 mL/min, AR R 65 °C, il
A BN 35 °C, HFAEAFCH 20 pL, WE L8
WL 2,3- T ZEER 2 BR e
1.6 RNA 5 E# RNA-seq ZIBD R

TE55 4 RUKERBE Bacillus subtilis 168 F1
B. subtilis 168-AbdhA & B . FEGHTE 4 °C,
5 000 r/min B> 10 min, /] TRIzol X
(Invitrogen, Carlsbad, & [E)#EHA R & RNA £
Agilent 2100 Bioanalyzer. Agilent RNA 6000
Nano Kit (Agilent 23 F])Z (UK RNA A

Table 1 Primers used in this study

Primers name Sequences (5'—3")

AbdhA-L-F CCTTGGAACAACAATGGGAGA

AbdhA-L-R GTTATCCGCTCTTATCCAATCACTTCAGCCCC

AbdhA-p7C6-F
AbdhA-p7C6-R
AbdhA-R-F

AbdhA-R-R GCTTTAGGGCTAACATCCAG

GGCTGAAGTGATTGGATAAGAGCGGATAACAATTTCACACA
GGAGTGGTAATCCAACCGTATGTTCAATGGCTG
GCCATTGAACATACGGTTGGATTACCACTCCTATAACTTTTGAT

http://journals.im.ac.cn/actamicrocn
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Jor i (RYNAE KT BB PR A ) o A6 L
RNA HEBRZMEA RNA, R 4H RNA A B
S S AR ) cDNA, il & SO o feJafi
A Hlumina X10 (Illumina 23 &)ZEF M, @
BT TR BORI B B g R B, R Bds b
315 clean $¢#fE. L FDR<0.05 H|fold change|>2
R SR R i ) 7 25 5 3R 3K B A (differentially
expressed gene, DEG)'" K i 1 15 £1] (1) 22 53 5L R
WE—2 AT I AR (gene ontology, GO)LJRE
a3 A A CER 5 A A B2 (Kyoto
encyclopedia of genes and genomes, KEGG)ifi i
AR

2 ZERE54

2.1 BS168-AbdhA EtkBIDE
WE 1 s, ¥ B. subtilis 168-AbdhA

B
1 2

3

M bp

5000
3000 2974 bp—|

2000
1 500

1 000
750

500

1317 bp

950 bp
766 bp

250

100

1 BS168-AbdhA EHERIEE
Figure 1

1

PRI, DL B. subtilis 168 B #k 4= 5L 0K 24 M,
% PCR ¥ H4453] 1 000 bp Z& A i 22 [a] VR Fil Ay
[R5 L p7C6 BB AR PCR 95 4R 15 /)N
1300 bp 247 A B Rk R B R — B
B2 34 B R B Rk, FRCR PCR
PRI B 3AS KN 2 974 bp Zi A BIRG FB
K H Spizizen FAb R Rl G PCR 1531y H 142
IR 2 A B A 0 2R A AT TR o o A 380 1) B M s e
PUPEARIGUE , F 152 B s pk el il e, 7 HH
4 DNAMAN FbXt, 7 5 4] B AR A E Rl o
22 £¥I=. NEHES MK-7 ==
ABIEGE o3 S T A A TR 7 e A R
24T BS168 F1 BS168-AbdhA B #k i 4E 4 |
o0 G BT A MK-7 7= i 4 IR 2 IR
PR AR AR AR K ONK J MK-7 & iR FAETE2E S+,
FERESR 36 h ZHI, JRIRTPE BS168 ) ODgoo i

C
M bp I M bp
5000 5000
2 974 bp —| 3 000

3000 2000
2 000 1 500
1 500

1000
1000
750 750
500 500
250

100

Construction of strain BS168-AbdhA. A: Upstream fragment (lane 1), middle fragment (lane 2), and

downstream fragment (lane 3) of bdhA. B: Fusion fragment of AbdhA (lane 1). C: Bacterial liquid PCR

verification of AbdhA (lane 1). M: DL5000 DNA Marker.

<l actamicro@im.ac.cn, & 010-64807516
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TEAFEH BS168-AbdhA, TiifE 36 h 5, BS168
BRI ODgoo #HZAAILT BS168-AbdhA B #k (]
2A). NK Fil MK-7 ()7 i bifi 5 A= 4k () 38 Jini
B, BB EATTER R A K AR A . WAk
FIRETE 108 h I NK Fl MK-7 775 35 31 5 KA
PIEFRTE 36 h A1 108 h % NK BHE > 5 F
K, U AT RE2 R RS A1, P o 58 4 0 ilb
JEH TR K S B SR ik =, S BNK F
HEF A . Fik BS168-AbdhA 11 NK
FEGPE A 6.0 FU/ML, %A BS168 #25 T
30.0%, BS168-AbdhA F1 BS168 B ¥k Lt T Y L
EIRZ KT 1 (K 2B), MK-7 7EHF ¥k BS168-
AbdhA H R K73y 24.78 mg/L, HR B H 7
RIEF T 60.0% (K 20). TERE & BERILR E
IUAVER, i S L KBRS, AW

BS168-AbdhA AR AN 34l 4 8.1 FU/mL,
MK-7 B77 &0 43.97 mg/mL, #J5# BS168 43
AFER T 39.7%H1 90.0% (& 2D).
2.3 HEFAFES JIEERH T
bdhA J K] i 11 AR IR A i /2,3 T — R
2R, AT AR AT A A R 2,3- T R AR
fm NK FI MK-7 B9 55, THBR A E R ) 2,3-
TR, AR bdhA R, AN 3 FR, PRERRTE
CABIA . 2,3- T " EEM ZBRR & i EAFE2E R
BS168-AbdhA Tk LB IR M 17.15 /L F+ &
22.54 g/ HIRT BRI bdhA, (HZ 2,3- T
PHEARTERIHR, URREREIR T 64.0%, 153 2.76 g/L,
i B ZEFRFF B R T REIA 5 AMAAE 2,3-T AR
Wit CABIART AL 2R, BS168-AbdhA Bk
MRS N 0.97 gL, BIFHEK 33.0%.

% ’i 1L.£0 %
0.8 g 25 1.00 2
3 0.75 5
2 2
0.0 1 1 1 1 | = 00 | 1 | | L1050 =
24 48 7 96 120 0 24 48 7 96 120 K~
= 100 . 5 o
= g 20 10.0 2
S e =

0.0 ! ' ' ' = 0.0 ' l 0.0

0 24 48 7 96 120 BS168 BS168-AbdhA
t/h
2 JRETk BS168 SRR E #k BS168-AbdhA kB2 T Z 5ttt

Figure 2 Comparison of the fermentation process between the original strain BS168 and the knockout strain
BS168-AbdhA. A: Growth curves of BS168 and BS168-AbdhA. B: Nattokinase activity in BS168 and
BS168-AbdhA. C: MK-7 yield of BS168 and BS168-AbdhA. D: 5 L fermenter fermentation results. Error bars
indicate the mean + standard deviation (SD) of three independent replicates.
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o 25

% Il Acetoin

8 [12,3-butanediol

£ 20 | HH Acetate

g

o

g 15+

<}

L

B

s 10

f=1

2

5 SF

2

> ]

2 o0 [ | NS
BS168 BS168-AbdhA

3 bdhA BEERXHR I~ 49F R V20T

Figure 3 Effect of bdhA knockout on metabolic
product accumulation. Error bars indicate the mean +
standard deviation (SD) of three
replicates.

independent

2.4 BS168-AbdhA #1 BS168 35 FHEIE N

F F RNA-seq 35 AR XHREA PEA 75 4L
W5 NK F MK-7 A Bk Pl B A DG L R iy %
s, MIE4ERE (K 4A), %E BXT A RHKRA
4 006 MAFERBEN, LIAA 3 719 M E
FeRy S, H bRy RN A 3 712 4, [

A B

0

2
=}
BS168 BS168-AbdhA i
2 3
1000 [ =
o 792 &
$ 800 <
&
o 600+
8 400l 396 396
E
=
Z 200
0 " L
All Up-regulated Down-regulated

792 DEGs (BS168-AbdhA vs. BS168)
4 Tlumina 3R ENFIR SO REE FIIHR

100

80 iy Up-regulated (396)

I} 573 294 1 7 A4~3 (K73 S5l 76 Xef B L A0 S s 2 o
FM K, Eid DEG seq A #1538 I & %
KRR 792 A, Hoh 2 FIRAT LA
AN 396 (K 4B, 4C), ik s Bk
A EERER GO Ak, GO ThfgsE &4 (A
5A)%H, DEGs FEERHEMMAEY G . MK
A A GERE . MRS KEGG &M &E £ 00T
(El 5B), fA7Em 2R AHhmae g hTE
bR . BRI . =R IR (tricarboxylic acid
cycle, TCAYEAFEALBERR L, 455 GO Vi
AR
241 FibiRREHEREXEFERERIE
HC iR AR AR ) i B A 2R, G
W AL 15 W ¥ f% & 4% (embden-meyerhof-parnas
pathway, EMP) . — R FRIE I (TCA) FITERR I &
% (pentose phosphate pathway, PPP)!'®!, (s
e A G A DG 1 G g 5 AR AR IR an &l 6
Fi7s o HHE NK AT MK-7 A9 6 i e
PRS2 i SR R S A A R — 2

BS168-AbdhA vs. BS168
® Down-regulated (396)
» Not significant (779)

0 e - 2 T - —
~15 -10 =3 0 5 10 15

log, (fold change)

Figure 4 Summary of draft reads of samples by Illumina deep sequencing. A: Global comparison of BS168
and BS168-AbdhA samples by Venn diagrams. B: Number of up-regulated and down-regulated DEGs of the
BS168 and BS168-AbdhA samples. C: Visualization of differential genes (volcano-plots).

<l actamicro@im.ac.cn, 010-64807516



WPk 55 | AR, 2024, 64(7) 2401

A
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2 2
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o o U o
: : & —
Biological process Cellular component Molecular function
B
Biosynthesis of amino acids |- &)
ABC transporters | o
Carbon metabolism |- @
Ribosome |- @ —log,, (P-value)
Glycolysis/gluconeogenesis |- @ 2.0
Alanine, aspartate and glutamate metabolism |- @ L5
; 1.0
Pyruvate metabolism |- @
g : 0:5
Oxidative phosphorylation |- @
Bacterial chemotaxis |- &
Phosphotransferase system (PTS) - ) Count
Butanoate metabolism |- @ 010
® 20
Arginine and proline metabolism - @ @30
Terpenoid backbone biosynthesis - @ @ 40
Citrate cycle (TCA cycle) - @ @50
Ubiquinone and other terpenoid-quinone biosynthesis - @
Protein export + @
Bacterial secretion system e

0.025 0.050 0.075 0.100

5 HFRAF ST BS168 F BS168-AbdhA HIER
Figure 5 Transcriptomics analysis of differences between BS168 and BS168-AbdhA. A: Gene ontology (GO)
functional analysis of differential genes. B: Kyoto encyclopedia of genes and genomes (KEGG) pathway

analysis of functions of differential genes.
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PR (pyruvic acid, PYR) T FIFLIK . Z{HHR
A AIHEA TCA Z 5L, PYR TESMERL
MR A T AlSS)FI LIt FLIR IR B (AlsDYYE I T A2
LA, CABIRAEERIE AR E B, AT4ERR AR
PR al S alsD 435 Fif 2.05 £5F1 2.45
T, SABRIAA N, CARIAR] 2B E R |
ZTEREE A FI NADH. 5% SRR IR R
SN ack T 034 5. LARIAN A REE G W)
(acetoindehydrogenaseenzymesystem, AoDHES) #f
RIEH FIH, ZMWE-CoA A s, nlifE A TCA
PEFR, A% o-fil % R (o-ketoglutarate, AKG)Fl &
Mk £ 1% (oxaloaceticacid, OAA)Z .

JA% AR ) Y o, T A o A R T OB

NADH #] iff A HL PG 5E P4 (LA i ATP. #£
Wi B ZF AT B P, cydABCD H:4 12 fi I W e
HRSERE AN (2 2 bd®, TR, cyd Bk
PR AT 4 R B R P AR ORI, cydABCD 43l
TR 3.08. 2.19, 1.67 i1 2.63 £, = 5 F1&ih
HERY NADH it SUBE L R ndH A3 F R 0 SR 5L
sdH Fi#, Hr sdhABC 4391 i 1.01. 2.30
152 /%, M FAEIERCR, ek ATP 5
B, A AR AR R A AR
24.2 MK-7 & HEXEFERERIA

WKl 6 Fizs, MK-7 A5 GEERT 530 4 41
B s fbists . FERIIRIR1R (shikimate, SA)
A% | LR EF IR (methylerythritol-4-phosphate,

log, (fold-change)

<1

=1-0
0-1
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M eppe—EJoppamen - [ e |
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yetY
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o | menG
NK MK-7
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Figure 6 Changes in genes related to central carbon metabolism and product synthesis pathways
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MEP)i& 4%l MK-7 #4210, E4P Fll PEP 4 SA
WARE 843 32 1R (chorismate, CHA), & MK-7 1Y
A AR ELER B4R . G3P Hll PYR 48 MEP 1424
Bl M FE B IR (heptaprenyl diphosphate, HepPP),
K MK-7 (4 AR LS 5 A isE . CHA
HepPP 4 MK-7 & {2 &4 i MK-77%,
WFFE R W, MEP iRARAT 1B S Al Ak - 5-
T 2 (1-deoxyxylbulose-5-phosphate, DXP)& ki,
B F] (dxs) . MEP 11 k2% 7% il 5 8] (yacM) 1
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Figure 7 Diagram of nattokinase transcriptional regulation! .
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Table 2 Differentially expressed genes (DEGs) in transportation

Gene name Gene description Fold change
secG Preprotein translocase subunit SecG 1.25
yidC YidC family membrane integrase SpolIlJ 0.46
secA Preprotein translocase subunit SecA -0.37
tatAD Sec-independent protein translocase protein TatAD 2.81
tatC Twin-arginine translocase subunit TatC 0.50
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Figure 8  Intracellular and extracellular MK-7
production by strains BS168 and BS168-AbdhA.
Error bars indicate the mean+tstandard deviation (SD)
of three independent replicates.
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