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Abstract: [Objective] This study aimed at investigating the roles of thioredoxin dependent reduction
pathway in growth and metabolism of Clostridium acetobutylicum. [Methods] We used ClosTron
technology to inactivate the thioredoxin reductase genes (##xB) of Trx-dependent reduction system in
C. acetobutylicum to obtain the mutant, which was further verified by Southern blotting to test the copy
number of the intron. Batch fermentation was implemented in minimum medium to analyze the growth
and metabolic products of the wild type and mutant. The wild type and mutant were maintained at
acidogenesis and solventogenesis phase to investigate the growth and production in the
phosphorus-limited continuous fermentation. Antioxidant capacity was also studied by adding different
concentrations of hydrogen peroxide. [Results] The results of resistance screening and gene sequencing
showed that a thioredoxin reductase inactivated mutant named C. acetobutylicum trxB::int(29) was
successfully constructed. In batch fermentation, the maximum optical density (ODgy) value of mutant
and wild type was similar, reaching 6.5; but the maximum ODgo of mutant was obtained at 36 h, 12 h
later than that of wild type. Nevertheless, in the acidogenic phase of continuous fermentation, the
growth of wild type and mutant had little change. ODg( was stable at 4.6 and 4.4, respectively; glucose
consumption and acid production were also similar. At the solventogenenic phase, ODgoo of the mutant
was 3.5 and the butanol titer decreased to 36.1 mmol/L, lower than those of the wild type (4.0 and
48 mmol/L); but the acetone titer increased to 25.5 mmol/L compared to the wild type of 18 mmol/L.
Furthermore, low concentration of hydrogen peroxide had little effect on the mutant, while high
concentration caused more damage to the mutant than the wild type. [Conclusion] The inactivation of
thioredoxin reductase gene was not a lethal mutation. The growth and acid production ability of the
mutant were similar to those of the wild type, indicating that the inactivation of thioredoxin reductase
gene did not affect the metabolic process of acetogenesis. The inactivation of t7xB gene mainly affected
the redox balance during solventogenic phase, resulting in the increase of acetone/butanol ratio.

Keywords: Clostridium acetobutylicum; thioredoxin; phosphorus-limited continuous fermentation;
ClosTron system
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Figure 1
oxidative thioredoxin by thioredoxin reductase!
This schematic diagram depicts the catalytic system
composed of thioredoxin reductase and thioredoxin
(TRX) transferring electrons from NADPH to
disulfide bonds to generate reduced sulthydryl
groups.
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Figure 2 Schematic diagram of thioredoxin
reduction system to remove peroxidel’ *. This
schematic diagram depicts the catalytic system
composed of thioredoxin reductase and thioredoxin
(TRX), which transfers electrons from NADPH to
carboxyl groups to generate alcohol groups and
scavenging peroxides (protein-OOH).
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2 AHRERIE N . BRI, ) B R AR
A SRS I AT T A T 114 0 RE R TR A o
KR, RIHTETE 10 min NERZN B, TS
FEREFRAEA KT, KB nxd1-0xB1-gpx3
5 DR 7 G it 1) L R0 2 11 38 i AR SR AE AT T

FT 1 AKWRPEHBEKABRRK

P2 TR X S8 A s T i R R i i S AR, 7R
IS SRR e T I IR 3l R i 5 0 SRR A DG T BE
EE K, fEARMSE T, RIET oxB (G g
51 CACI548) B IR Z R i thiig, @ttt
B IR R 75 25 0T B A 70 A 28 AR i 1) AR g AR Ak
KAIANTZ RGN TIRE

1 #H57%

1.1 RELFAE K

FEAIE 7 Hh i P 10 R RN R L3R 1.
1.2 FERXF

Tag DNA R4 . Pfu DNA B4 M T 5%
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e TSR R & T T R A TR BR A
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Southern % A fr A & 04 B $8 2R /RBHE
(P ENARA A,

Table 1  Strains and plasmids used in this study

Strains/plasmids Characteristics Sources

Clostridium acetobutylicum ATCC 824  Wild type strain ATCC

Escherichia coli TOP10 F~, A(mrr-hsdRMS-mcrBC), mcrA, ¢80lacZAMI15, recAl, Transgen GmbH,
araD139, AlacX74, endA1, A(ara-leu)7697, galU, galK, rpsL, Beijing
(Str™), nupG

C. acetobutylicum trxB::int(29) Group II intron inserted at 29./30. bp of trxB This study
(CAC1548), Erm®

pMTLO007 Clostridial expression vector for expression of ClosTron [18]
containing Erm RAM, Cm®

pMTLO07C-E2 Clostridial expression vector for expression of ClosTron [18]
containing Erm RAM, Cm®

pAN2 Plasmid harboring ¢3T I methyltransferase gene of [18]
B. subtilis phage ¢3tI to methylate shuttle plasmids before their
introduction into C. acetobutylicum, Tet®

pMTLO07C-E2-trxB ClosTron plasmid retargeted to C. acetobutylicum trxB This study

(CAC1548) gene, Cm®

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

LB 572 i (g/L): MERHEHY) 5 g, RN
10 g, & kil 10 g, HEFREMIFERE
1 L, 115 °C KB 30 min, AR#ETFZA N4
o ANEARIEFRE, KEWREHRM 15 g
e o

MR TR A K 15 57 3 (clostridial growth medium,
CGM) (g/L): Bt 1 L £8F/K, A KH,PO,
0.75 g, K,HPO, 0.75 g, (NH,),SO,4 2 g, MgSO, 7TH,0
0.71 g, MnSO4-H,0 0.01 g, FeSO,-7H,0 0.01 g,
NaCl, 1 g, FERHREY) 5 g, KA 2 g, %
W 50 g, 115 °C K 30 min, 5 A E AR I 5
K TR B BN 15 g BEAEH -

FEAR B FE I (minimal medium, MM) (g/L):
Bt 800 mL A& 1K, 115 °C KM 30 min, K
HAIRE RS 100 °C LI, FREUKH,PO4 1 g,
K,HPO43H,0 1 g, NaCl 0.01 g, CaCl,-2H,O
0.01 g, Na,MoO42 H,O 0.01 g, MnSO4H,0O
0.015 g, MgSO,7H,0 0.1 g, (NH;),S0, 2 g &
TH, FREC50 g % M #TE 200 mL 2555
Tk, FRRCKE . TR K45 1 e g AU
B p-BFARH R 2 mg, Thiamin-HC1 2 mg, 4
Y12 0.1 mg LI K& FeSO,-7H,0 0.015 g ¥ fift 1 4
s, 1 uE(0.22 pmol/L HYIERD) 5 A
PSR, RS EAE S R T
A

WEoT R PR 55 77 5 (phosphate-limited medium,
PLMM, $#E il @R EL v 0.5 mmol/L) (g/L):
B 800 mL £ F-/K, 115 °C K 30 min,
REIEEE 100 °C LIF, FREL KH,PO,
0.07 g, (NH4),S04 2 g, MgSO47H,0 0.1 g,
CaCl,2H,0 0.01 g, NaCl 0.01 g, MnSO4H,0
0.015 g, Na,MoO,42H,0 0.01 g % T-Hirh, {8 F#
FRIRVENT pH A 2.5, [RIEF, FREL 40 g #jZgHHA

F 200 mL KEFKH, FRKE, EXKHEHR
JEREIEU , B p-E AR H R 2 mg, Thiamin-HCI
2 mg, P& 0.1 mg LIK FeSO,7H,0 0.015 g
Vs R AE R A PR WD, R TG A A R 2]
800 mL K F LW, K AR ER i,
oS i) 5% 3R I H A i Al R CROE e e
AA
14 HMEIEEHK

2001 4, NI T EERR I ATCC 824 (AL
AP TAEE &5, 76 NCBI A LIR §ig 5 [H
FEANPA TP DI RB A FRIL P91 . AT 5% 1E
B 834 75 11348 5L L[] (thioredoxin reductase,
trxB, FEH 5 CACI548)E Mkt B iy 5L
R Hh 5L DR g g 00 2% 45 O\ - 1 T e A b
W FaE AR A B S AR R A 5 e A T
AP TR A RA R AR, 519
W 2,

FIH ClosTron &2GXT trxB He K4 A 515 .
T e SR R 4 R pMTLO07C-E2-trxB , #4
PR R AL AN pAN2 (1R I AT
TOP10 Bz A4 i iff 47 H LAk . 3l 2o 3 fs
F 5L 4k 5 i) pMTLO07C-E2-trxB i R %% A %)
C. acetobutylicum JE&3Z MM, SEEHINE R
WePE N 15 ug/mL ) CGM S F 0k, 523
IR RWIE N 5 pg/mL (1) CGM Pl EFfik, #
TS B AL T RN BB R TN 5 pg/mL
) 5 mL & CGM Bidkh, 78 37 °C IR
Bi 229 12 h 5 4R BUEL N 4] DNA, LA [R 4] DNA
it , MG, 47 PCR ¥4, il
PCR =Y % S5 AL TR B IE W0 . BHPE v PR T BT
TESHOEZPIER CGM i FRIZE R 3%,
X A5 I () B 5 B PR AT IR IE I UE I A 1 58 AR
FREF-80 °C VKH AR AT - Southern 4258 T LK Ik
P P AL s B — S,
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x2 AMRBDEARSY
Table 2 Primers used in this study

Primers Sequences (5'—3")

Sources

EBS universal
trxB ClosTron
mutant primers GTG

CGAAATTAGAAACTTGCGTTCAGTAAAC
trxB-1BS: AAAAAAGCTTATAATTATCCTTAGCAGGCCCACTTGTGCGCCCAGATAGG This study

[18]

trxB-EBS1d: CAGATTGTACAAATGTGGTGATAACAGATAAGTCCCACTTCCTAACTT

ACCTTTCTTTGT

trxB-EBS2: TGAACGCAAGTTTCTAATTTCGATTCCTGCTCGATAGAGGAAAGTGTCT

spofdx-seq-F

primers
Intron II probe
primers

GATGTAGATAGGATAATAGAATCCATAGAAAATATAGG
trxB gene check CAC1548F: GTGAGGCTGTAGATAAGTATGG

CAC1548R: TCCCGAAACATCGTATATTCC

Intron II-F: CGCGACTCATAGAATTATTTCC

Intron II-R: ATACTCAGGCCTCAATTAACC

This study
This study

This study

1.5 ARTERELZEAE
1.5.1 ARTEBRESHEZES L

PRI T A2 T B L R A e 1 A A e IR AR
BUN 250 mL WIREA MG 1T, BFRIK
o, PN 200 t/min. RN 37 °C, T
VERBUN 50 mL, BRI RN 5%, AR
ST BT T, S ARG B A 7R N 5 AR B A AH [
B FM IR AR ZE S . fER IR, AR
FS T LA BERR 12 bl 10 s ERTE 600 nm )
WOV REE, [RIBTHORE 2 mL, B5OMR 5 B, 1
—20 °C vKAE IR AF -
152 RARTEREEZELZEA L

PR T T A 1) 252 K A VAR 1.5 L
) R T E AT, TAERE R 1L, 2 mol/L
i) KOH i pH {E, &M, 37 °C,
3N 200 r/min, RRIEFTEY 10%, ESLk
T AR R R A 0,075, T JE7E 2 4~ 50 mL A3
AYEFEH R, KB ODgoo 2978 5 BT,
2P AR | L (IR B SR I rh, R s A
RIEENFFHER 12 h W& 30 3 W R TE
600 nm (WG REAE , [RIETEFE 2 mL, 2500
i, 7E-20 °C KA R . G pH AR
SEAE 5.7 ST R e, AE T R W i L K W
4d 5, HEAFREN TR A BER B, K IHEHEN

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

MK E R TRE, WMk
TRk, WA FE" Y= LR TR,
b5 BT BRI A KR LR T R, R R
pH F&A%, K & EEHEN pH Il 4.5, 24 h 4 pH
M1 5.7 ATREZE 4.5, JEA W F R BEWT, S 4 d
SR R, TEATE 1771 A R B B
DU B2 =W R . T BRI SR,
Mg R LI E, B ES RS
1.6 A%

20 I W ' i {8 (optical density, OD)Hi %8 4b
S Y636 E 1T Ultrospee 2100 Pro (32 GE 24 )
W 7E 600 nm &b Y 240 LG W %5 B2 (ODeoo) , FHE
FERTHAE P A AR B SR T AR R A
CWE, TNER . TEE. ZBRAT R E 2 RS
BRI TS A SR R TR b B B I R A K
SRR EE 2 I, BOEBIEERI R
1.7 ARTEREFEES mBERRT
7 =R R €N v

1t CGM VA b o3 il PR O i T A% 1
A TIHN trxeB BE R S8 BRI V% 2 5 mL CGM K
BT 37 °C T ®IEFR . TERM ODgoo 55 3
BF, R IREE e 2 IR ABAER T . o BT
WRRE 10°, 10*, 10°, 10°, 107 5 MEREE, HX
0.2 mL 7£ CGM “F-H bk A o IRE ST 37 °C
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HiF% 24-36 h, WA [AI AR RRAR BE A TR VR 45,
JE G R R B DA TR 75 14k

H 22 1t Ha O, U 0 05 8 5 i A= U 1rxB
SRR BRI D, WL E N 0, 10,
50, 100, 200 umol/L. #& 20 min J5, £ CGM
AR ERRAG . CEPARTEIRASSAE T 37 °C ik
24-36 h J5 W TR B E AP R BB R R
HSMEY¥EL,

2 BEREAW

2.1 & oxB EERETH

F4) 2 1E B 4 B8 40 S5 RE pMTLO07C-E2-1rxB,
I3 1 B AR L AR NI T AR B .
RS HLAFERN CGM M i 1k H AT 58 1 5 1Y)
RASKR . FRBUAPRILN 4] DNA, i PCR
Ty 5% 1 1 B W R AS RT3 . LA orxB PR
GEAF IR A R G AR LRI 4 DNA 43 J31) A
Me, fdi ] CAC1548F 1 CAC1548R K 5| ¥kt
PCR ¢4, R A ZEAEMRAY B JE R Bl SN N 7

(A)

2 kb

500 bp

B 3 trxB EEXZTH PCR (A)FA Sourthern 23

TR R LA S AE #R 1Y BE P 2H DNA Bt 1%
F 7 0 RE L AR BRI OR 2T 1800 bp.
PCR Z55R (K 3A)KH, WA RIJEL [N 2] DNA B9
PCR J7¥I7E 300 bp AbA— 25754, MRAZK
TE 2.1 kb b — 4545417, HLEFAETUK 1.8 kb,
S5 RAEW R O e B TR AR R, JE A AT,
trxB FE N ZRAFKRIE 4] DNA R AR 15 51 1Y
PCR 77y (o 45 21, i € N &% T 1E 29/30 bp
WA AR T B HER R RN T
AR oxB FE L BEMH oxB FEHKTE, IF
157 trxB B RIGEMR AR C. acetobutylicum
trxB::int(29).

N T =4I C. acetobutylicum trxB::int(29)
Y (/8 DNA HPUAATE— AN & T35 0L, (]
PN FARENXS C. acetobutylicum trxB::int(29)
FENH 1T Southern 242840, HAKTT4kZ M
SCHR[19]. 255N 3B, WA WA 55T A 0 5k
P4 DNA fZesefs s, I H oxB JER AR
L ZH DNA {UFE 2 000 bp &b @os i — 455571

(B) kb M 1 2

(B)3& IE

Figure 3 PCR verification (A) and Sourthern blotting (B) of the #xB mutant. A: M: marker; lane 1:
CACI1548F and CAC1548R primers, the t7xB mutant genome DNA; lane 2: CAC1548F and CACI1548R
primers, wild type genome DNA; B: M: marker; lane 1: genomic DNA of wild type (negative control); lane 2:
genomic DNA of the #xB mutant. The arrow indicated the position of hybridization bands.
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#W C. acetobutylicum trxB::int(29)7E4L Ak |
RA—PNE T
22 REKESHFLERERKRER
221 rxB BRRTHREEREFEPATH
% B

W B AR RN 0B SE R S8 AR BRTE 7% 50 g/L
AR SEA R R AR B3R, oR MR AR K
I A 4 FroR, B AE RV RIARTE 24 h 19 ODeoo
KB TR, trxB FEPRRAERTE 36 h 1Y ODgoo
KB, W TR, H AR JOLRE
AR T AR Y, R B AL AU A 1 o Dl 1 R 2
SN T PN T REAR B A
2.2.2 txB ERRTHRERBEIEFEPEEL
% B

J T HE— BRI trxB S KA KRR )
SO, TERERRE PR By S e S b 557 1 A
BN trxB BRI SRABTR bR . TEARIRI A R BERAT T
2 AT S R R 7 TR AN 150 AR A A i v
BIRRIRRAS AR K . ARSI 7 1 1a) I 5 O %
(ODgoo) FIAIZIHEROMR S, Ui 5. 6 s

- WT
—& The #rxB mutant
6 L
S 4
Q
2 L

0 12 24 36 48 60 72 84 96 108
t/h
4 BHERE pxB REKEERERETHS
& B2 B
Figure 4 The wild type and the #xB mutant
cultured in minimal medium in the batch

fermentation. The experiment was repeated three
times to obtain the standard deviation.
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B 5 FEARKERBEFENESABFNT
Figure 5 The fermentation profile of a phosphate-
limited continuous culture of the wild type. The
dashed lines indicated the dynamic pH shift from
5.7to4.5.
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6 B ’ : : \A/ ] 5 ~
: 4.3 1152
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I Js
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BO%F 1%

Figure 6 Characteristics of continuous fermentation
of trxB gene mutant in phosphorus-limited medium.
The dashed lines indicated the dynamic pH shift
from 5.7 to 4.5.
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FIAER], 73R RIE 216 h B TH45E . ODgoo
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x3 HEAEKRM oxB EERTHRERBEF
EES AR ET A=Y

Table 3 Product concentrations of C. acetobutylicum
wild type and the #xB mutant in the acidogenic

growth and solventogenic growth phases of
continuous fermentation in phosphorus-limited
medium

The wild type The trxB mutant

Product 120 h/ 216 h/ 120 b/ 216 h/
(mmol/L) (mmol/L) (mmol/L) (mmol/L)
Acetate  26.0 18.0 38.9 4.2
Butyrate 83.0 25.0 84.7 11.6
Acetone 0.8 18.0 1.9 25.5
Ethanol 3.3 6.1 4.2 5.1
Butanol 6.2 48.0 5.1 36.1

250 4, TEVELEREFRAYER 216 h M7 (4 4 2 Ml vk
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Figure 7 Survival of C. acetobutylicum wild type
and the #7xB mutant in response to oxidative stress.
Each serial dilution experiment has 5 biological
replicates.
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