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Efficient bio-butanol production featured with high
butanol/acetone ratio using waste Pichia pastoris based butyrate
fermentation supernatants and glucose as co-substrate
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Abstract: [Background] Bio-butanol is a powerful liquid fuel. The products of butanol fermentation
(acetone-butanol-ethanol fermentation, ABE fermentation) are the mixture of butanol, acetone and ethanol,
weight ratio of the primary product (butanol) over the major by-product (acetone) (B/A ratio) is about 2.0.
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[Objective] Butyric acid is an important precursor for butanol synthesis in ABE fermentation. Using
butyric acid/glucose as co-substrate would efficiently produce butanol featured with high B/A ratio and
improve the quality of ABE fermentation products. [Methods] In a 7-L anaerobic fermentor, the
supernatant originated from butyrate fermentation (BFS) with corn starch/waste Pichia pastoris as the raw
materials was directly mixed with glucose solution as the ABE fermentation medium, then BFS and
concentrated glucose solution were fed during the fermentation as required. [Results] Compared with
traditional ABE fermentation using 150 g/L corn, butanol concentration could be maintained at an
equivalently high level of 12.7-12.8 g/L, B/A ratio largely increased from 2.0 to 4.4—5.0, butanol yield to
total carbon source also increased from 0.32—0.34 to 0.39—0.41 (mole base), butyrate/glucose consumption
ratio reached high levels between 37% and 53%. The ABE fermentation benefited from the efficient
utilization of butyrate, oligosaccharides, amino acids, etc. in the BFS and the enhanced NADH utilization
efficiency. [Conclusion] The proposed fermentation strategy could save raw materials and operating costs
of ABE fermentations, largely reduce the residual oligosaccharides concentrations in BFS, increase
diversity and flexibility of the fermentation processes based on variations of marketing requirement and
products prices, which have reasonably high economic and environmental effects.

Keywords: butanol fermentation, butyrate/glucose as co-substrate, waste

oligosaccharides, B/A ratio, NADH efficient utilization
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Table 1 Comparison of ABE fermentation performance under different operating conditions
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TERET (LR #a) K

(1-11)

Batch Butanol ~ Acetone Ethanol ABE B/A Total sugar BA dosage  Glucose Corn
(€4D) (gL (gL (€49) (/W) usagerate (%) (g/L) dosage (g/L) (g/L)
Corn, #a 11.48 4.93 227 18.68 2.33 443 0 0 150
Corn, #b 5.51 2.33 0.71 8.55 2.36 38.2 0 0 80
CGM, #c 4.59 1.69 0.31 6.59 2.71 98.8 0 25 0
Glucose+BFS, #d 5.61 1.56 0.30 7.47 3.60 74.4 14 25 0
Glucoset+BFS, #e  7.95 2.15 0.43 10.53 3.70 84.0 7 25 0

TE: Com: FOKKHEFEAL; CGM: CGM KigdE!"; BFS: TWREME LISW(37.4 g/L HkE): B/A: THE/NEALL; BA: TR
Note: Corn: Corn medium; CGM: CGM medium"”; BFS: Butyric acid fermentation supernatant (37.4 g/L specification); B/A:

Butanol/Acetone ratio; BA: Butyric acid
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Figure 1 ABE fermentation performance comparison under different operating conditions

W A: XTHET, 80 g/L FRMIBEFREL, Htik#ta; B: XTHEII, 150 /L FRBHEFE, #tykab; C: #Hik#c; D: HIK#d; E: Htik#e;
F: HLUK#f. A-A. FERE; A-A. BB e-e: TE(BtOH); o-o: S{AKLiE; wm: B/A; oo TIRBA); #Hik#c, #d: T
R i R TIHTE SRR R BN ikde, #: TR EIER R T I TR SR B i & T T

Note: A: Control I, 80 g/L corn medium, run #a; B: Control 11, 150 g/L corn medium, run #b; C: Run #c; D: Run #d; E: Run #e; F: Run #f.
A-A: Glucose; A-A: Total sugar; e-e: Butanol (BtOH); 0-o: Gas released; m-m: B/A ratio; o-o: Butyric acid (BA); Run #c, #d: Using
complex medium based butyrate fermentation supernatants (BFS); Run #e, #{: Using waste P. pastoris based BFS

F2 FREHRMESH T TEEABEMRELS LR L RE2)

Table 2 Butanol fermentation performance under different operating conditions in 7 L anaerobic fermentor

Fermentation strategies Butanol Acetone Ethanol B/A  B/ABE Gas Initial Initial BA Glucose BA Glucose Butanol
(g/L) (g/L) (g/L) WIw) (WIW) released BA glucose dosage dosage usage usage yield

W @b @@L @) (L) (L) (gl) (mol/mol)
80 g/Lcom,run#al™ 499 246 053 203 063 725 000 4200 000 0.00 000 2480 0321
150 g/Lcorn, run #!" 11.11 572 123 194 062 2276 0.00 5850 0.00 000 000 5790 0.340

25 g/L glucoset 620 145 020 428 0.79 5.64 10.00 25.00 5.00 0.00 5.69 13.00 0.419
10 g/L BFS*, run #c

10 g/L glucoset 866 217 040 399 0.77 9.05 500 10.00 12.00 11.00 10.85 21.60 0.324
5 g/L BFS*, run #d

25 g/L glucose+ 1280 254 0.80 504 079 993 7.00 25.00 8.00 10.00 12.37 33.50 0.405
7 g/L BES**, run #e

10 g/L glucoset 1270 289 1.09 439 076 1277 500 10.00 13.00 22.00 16.34 30.80 0.386

5 g/L BFS**, run #f
M. BFS: TRRAE:LBER; BA: THR; *: i 80 g/L FRMIMNRE GRIFEIMH]; **: 1] 80 g/L T KMIMNG 28 /L JFF-EaAR
P EE(140 g-DCW/L #1531

Note: BFS: Butyric acid fermentation supernatant; BA: Butyric acid; *: Butyrate supernatant obtained using 80 g/L corn flour and complex
medium; **: Butyrate supernatant obtained using 80 g/L corn flour and 28 g/L waste Pichia pastoris (140 g-DCW/L specification)
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Table 3 The major components in ABE fermentation media and butyric acid supernatants

Batch Aromatic  Pyruvate  Aspartic  Total amino  2-sugar  3-sugar 4-sugar Totalsugar SO,” BA AA
(g/L) (g/L) (g/L) acids (/L) (g/L) (g’ (g/L) (g/L) (gh) (b (gh)
Run#a  0.01 0.10 0.01 0.30 10.50 1.90 12.70 25.10 N/A 0.00 0.00
Run#b 0.05 0.24 0.03 0.68 5.37 12.52 0.88 18.77 N/A 0.00 0.00
Run#c  0.68 1.41 0.49 2.76 1.00 0.78 0.11 1.89 1.79 33.50 2.80
Run#d 1.29 1.52 0.53 3.48 1.18 1.21 0.67 3.06 2.50 33.50 2.80
Run#e  0.51 0.64 0.42 1.92 4.84 1.76 0.46 7.06 8.86 37.40 3.50
Run#f  0.57 1.14 0.16 2.99 5.55 2.19 0.65 8.39 10.34 41.60 10.40

W N/A: WA ME; Aromatic: F5HIREILIR; Pyruvate: NEIRIREIEER; Aspartic: RARBREILNR ; 2-sugar: —B#; 3-sugar:
=H; d-sugar: =AML _EZEWE; Total sugar: BN, BA: THR; AA: 4R

Note: N/A: Not applicable; Aromatic: Aromatic amino acids family; Pyruvate: Pyruvate amino acids family; Aspartic: Aspartic amino acids
family; 2-sugar: Disaccharide; 3-sugar: Trisaccharide; 4-sugar: The oligosaccharides over trisaccharide; Total sugar: Total oligosaccharides;

BA: Butyric acid; AA: Acetic acid

o, AR IERR R (0.30-0.68 g/L); (2) it
ERHE SRR RN TR AR FER (TR
S 1), W SEA RN 3 R K A 2
BT RRIESR 1), Hoh iy S SRRk B Y A
(1.9-3.5 g/L); 3) THEREW 11 H Ay 554 ik
(7.1-8.4 /L)L TR 1 AR AE(1.9-3.1 g/L)f
WIE—1%; @) THRRIEW 1 P SO W EH AR
(1.8-2.5 /L), T TR 1 HAY SO  WRBER: s
(8.9-10.3 g/L), Ja&m RAZERIHEN 4 5 5) TR
JFW 11 O TRIREEAR, H32 T R A B S& 1152
M), S 5 T YR ) R VR B 558 v (LR, TR
WP 10.4 g/L).
232 HEK/TEERSRIFEERER)INER
FRIXFR

VFZ M £ W, ERIHN TR A &R
FTEER, FEZAERA TN T REAEGFMT
B OB X T B R WA 26 I A IR T
ORNARR . TR . CER) . NIRRT (o 2R
FIGT 28 R ) Se R A 2 I Tk 2, ok 2 (P A 2 2 R 2
B0 Horh RNERA AT, K&
TR R R DAY T 8 7k 2 R T DUkt T T i LA JE IR
TN,

ABE & 2@ T 30780 ) A K AERRI R & T A
FEERIATN TR BN A K, Tk A S = 504
Je, A kAR, AT R . DI SE) TR

A A R A K3, AR A B AR LA SOL™
FEZ RN F L FEER . EARORREEY, 7
T K A5 v () R U AR 21 A Kok
SRR = (% 3), L HAD RO AR NH, "
NO; )N IZMKIAEAE . R #a (B KM &
i 80 g/, FORMIEFRIEP I FEE WA E
WAL, ABIGRIEF T B E A0 & ERTH3
150 g/L Jii (R BEHL IR #b) , B 2 B 8 = LA 38
ABE K BESEASE 4, (HEBCRE R R B IR AT .
WA A B r= S ik 2124 23 L/L B97KF-, 290 A Tl
Wite FHE 1) 2-4 f5(& 1, 3R 2). KEMHEAKVE
K2 AT AT OBCIR T T MR AR, JHE T2 il gk
ERPETCRAER R E KRR IR S H B/A
K. Aok, KBt FiEd H, FiRFEEPR Lk
KUK S A0 TR 24 E — RS, JoIk T i A i %
(ODso0)o FI T TR 25V 5 AT 48 0 &2 e 45 2101 ABE
BRI VE W, AR T LA, A T RRJFOR 1
SHEAE TSR ABE KB FRIEHER#e
#d), AT R TR ARG AL M S A B —
BAR TR AR 2 3 R P R IR S5 T
P JSORE 11 BRI B TR Hp VR BE AR (6 3, &
4), {H SO B FILEANBEZ , A T 18,
N BEACAIC TR #e Figf (T R JF0& 11 A4
Be s AN K- o T AR ISR 1T S5 a2
BCAS 301 ABE K BEE SR A e FHDONJE TR
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Table 4 Variations of the major nutrient/useful substances during ABE fermentations

Batch Aromatic  Pyruvate  Aspartic Total 2-sugar 3-sugar 4-sugar Total oligosaccharides SO4*
(g/L) (g/L) (g/L) amino gLy @b @@L (g (g/L)
acids (g/L)

Run#a Initial instant 0.01 0.10 0.01 0.24 N/A N/A N/A 53.00%* 0.00
During 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00* 0.00
fermentation
End N/A N/A N/A N/A N/A N/A N/A 25.00%* 0.00

Run#b Initial instant 0.05 0.24 0.03 0.54 N/A N/A N/A 95.00* 0.00
During 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00* 0.00
fermentation
End N/A N/A N/A N/A N/A N/A N/A 45.00* 0.00

Run#c Initial instant 0.37 0.79 0.31 1.56 0.50 0.35 0.03 0.88 0.32
During 0.05 0.12 0.04 0.23 0.08 0.06 0.01 0.16 0.15
fermentation
End 0.51 1.10 0.42 2.17 0.27 0.26 0.02 0.55 0.41

Run#d Initial instant 0.18 0.44 0.35 0.82 0.32 0.33 0.16 0.81 0.47
During 0.52 0.61 0.21 1.40 0.59 0.61 0.33 1.53 1.00
fermentation
End 0.43 0.93 0.35 1.85 0.27 0.22 0.04 0.52 1.29

Run#e Initial instant 0.35 0.41 0.27 1.20 1.21 0.84 0.21 2.26 1.54
During 0.10 0.12 0.08 0.37 0.95 0.34 0.09 1.38 1.68
fermentation
End 0.97 0.66 0.36 222 0.29 0.20 0.03 0.52 2.81

Run#f Initial instant 0.30 0.51 0.16 1.41 1.49 1.07 0.37 2.94 2.18
During 0.19 0.40 0.06 1.04 1.93 0.76 0.23 291 3.62
fermentation
End 0.43 0.74 0.28 1.63 0.55 0.54 0.08 1.17 3.25

T N/A: A4 ; Aromatic: J5 IR ; Pyruvate: INERFRZASERR ; Aspartic: RAZMEZILRR ; 2-sugar: —H; 3-sugar:
ZHl; 4-sugar: —HELLESEME; *o BEORHCESER-A AR
Note: N/A: Not applicable; Aromatic: Aromatic amino acids family; Pyruvate: Pyruvate amino acids family; Aspartic: Aspartic amino acids

family; 2-sugar: Disaccharides; 3-sugar: Trisaccharides; 4-sugar: The oligosaccharides over trisaccharides; *: Total sugar (total
oligosaccharides+glucose)

A 6 B o100~ Run #c¢
""" Run #c¢ --- Run#d
s T gun ﬁd ——Run #e
5t i YT —Run#e o __
; . N Run #f ~ 0.08 | Run #f
/ = N
4 2 N
< \
s [ 7 /N '§ 0.06 !
S B
. =8
————— o 0.04
2 =
Q
2
1L “ (.02
0 ' : : ; 0.00 L—— L TEasoo )
0 20 40 60 80 20 40 60 80
Fermentation time (h) Fermentation time (h)

2 BREEHUR BV BRI B (A)FA EL A KR B (B)

Figure 2 The cells concentrations (A) and specific growth rates (B) in different fermentation batches
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SRR . R FE BRI P 25 P B ARZH RO
TE T R A N B 15 252 MM . Bk, 4l
P BRGS0, SO WRIE TS, Atk B 45
P, W (E 2). ABE AKREHT, Ak iR,
TR R, P e AR AR R T b R i
e IR T G U, T A A S5 . ABE RREHEA
RIS, RN A R s R AR
U B 00 T BEERE e 5 Rl Sdad e isn T
TR A TR D (5 B i R FE B IR, 67T LUE 3
At T T EA mlﬁﬁr—?ﬂﬁﬁaﬁ&fﬂfno B2, 0
R AMGERITR, KIFEATRN;, SRR A HAD X
TG A t ISR AT, EERA TR .
XAIG IR SCHRGE S AR Y, B2 R Tk
FE R AR T M AE A T RS BN EREE, T
SRR H BT SRS T AR T
233 & SORENER
e HE A7 & i (Mason  Theory)*"

2 T AR D 2% 11 A i A 2R DB 2, Btk aE
SRR R . TR AR )k M A W (T
Pt DR SE) 1L 0k R A, HES AR AR T
B/A MR, S TRIRAINSE 5, FEHAHZIHE

WAZNEH . IR REY, DR TR A
L[ R ) R I T R, TR R A I O SR AR R L
WA 2.0 (BE/RFHEME), HramisisBoptly 0.98,
Fhh, REETFAEEFRERESTS HHT NADH &
B o, AT LLURIE$EF ABE KB B/A
(a=0.5, B/A=4.3; a=~0.7, B/A~8.1), 1B, 7k
S PRA AN AR FE AR W) 25 v 428 S g (9 Ak 273 i R
B TSR, B WICTA R G % A5 B RN Y
LML, DA Hp ) A AR = 5 A K 1
AR A AR A B, P, HAHERA R R

=T EAEB/A L REVENIE S, 8] 3 2N T B A T B
, AN T UL
Clostridium acetobutylicum ATCC 824
Glucose e: Electron
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Glucose
2NADH
Pyruvate
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RN
SO

B3 WETERESHT EKEE

Figure 3 Metabolic map of butanol synthesis by C. acetobutylicum

7. BtOH: T; ACE: NHd; EtOH: ZF; Thi“ex”:
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Note: BtOH: Butanol; ACE: Acetone; EtOH: Ethanol; Subscript “gx”: External addition
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WTHREG T BESE T RRE G T BRI
R L FREE SR A%, ABE %
Frp, TS RUKER T NADH, 1 PN i A R A
T, P, NADH WA 80 BURTHAEA A T3E
TEEREEA B/A, AOCHGESS I, gy 2.0 gL
(L T-32 K SO AT IR RE TR, i £k
K3/ P SRR K SRR Y T R 3 (T R R 1)
ERLHES RIS IR, WG SO IR
(1.5-22 g/L, &4), W& TEIREMB/AAF .,
S TR A BT B 0 AR & 72 AR 7R B 8 ) R
B : SO +10H +8¢ >H,ST+HH0MY , 9 T H 1
A SO IRIER HyS, [RINHEFER T H Al T
e, Hrp e JHFEEZ, MRNETFEEFER RS T
A H R e AR TR . A3 3 N I A/ T H
THEFRRSY, MEHFH A fe, H.
KU 1, NADH A= F2 )
FdreatNAD +H +2¢ —Fdo,tNADH
JW 2, ERA MU : 2H +2e>H,

S 3, HaoS A :
SO,* +10H +8¢ —H,ST+4H,0

JLIVE 3 B4 S oy i B s SR s, (R e AT H 1Ak
“EHFETHE RBURK, 4151k 8 A1 10, T H HYH
R Z(£ 25%), w0 e XTI . HARXT B
Z o NTIWRE W e TaBEA . HxTA R °

T B SR FTERE e 2 (H'/2¢7=0.5)%) NADH &
B (O 1) b RSB FREEFER RS
() e B 1A AERS /D H I NADH A S (KL 1)
RATHK, WA NADH WIVREEIREE, ks £
HiE [ NADH (9 T B s el i oK
Wy R 7 TR, SRR ) H 45 B
(COx+H)I 40%; TR 11 &2 e #i A Wi 15
B IR IR SO W KRS, H LS &
B R L AR, Hy A AGREZ L, Hy A
TR 30% 9, 218 1.6.1 HAR(1-8)
RTFAE, A TR 11 42 c e 28 WA 21 10 15
FEEEWT PSR FEATE 0.50-0.75 1= fi K-
ksl T KR B IR L ofE 0.50 B
K EARR(E 4A), S0 B/A HAkEREN
Ap, 2 B/A I E AR R SRS 1 2.0 KiE T
S TR 11 & FE AR SR 30 >4.4 19K
(& 4B).
234 STH/AEEREEFEILIES ABE A
B/A

TR THEBENIERYRZ—, TRIEN
TEER ALY, A TR T B A>T
BRI AT B, W 3 s, TRRATENTH
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Figure 4 The ratio of H directing to NADH synthesis pathway o (A) and the relevant B/A ratio (B)
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%, g L, ABE KRG TR/ AT T RS RE
PR, B/A GBS, KR 2.2.1-2.2.2 FIZER,
TERABRE S HEEL AR ABE KEERF:
I, TRREZEINEEFELLIE 37%-53%2 0], B/A #2
i E] 4.0-5.0 R 2). (B2, TRAREIR
11 I IR MR FE i = 2 — R BERRAIR B/A, [
LIRSENT LAA BN A
235 EHERSFPIRS TESE/MEK ABE £E
BHHERESE

M 3 FIe 4, T RRAKIEIEIR 1T (7.06-8.39 /L)
FRIH T R 1L e A A e N M B SR B
YR A B (2.26-2.94 g/L)., N T MR HA B
() BB AR FHSE M RE 1. 4 ABE K
IR FERRARE] — @ PR, WAL EE o> I v] LAAR
FlsmA . AU FHZEREQ WL 3 B 3 ELL B
FERRE 1P, Tashiro ZE42 T IR A5HE/ TR K
WURMII T BRI Y it s R
FEUE) .

Chion x4

Y= (2-2)
Core X6+ Cgy x4

K, Coon. Coc I Cpa 73 BRI A T BEvk
B AR T RIS AE R (mol/L)., Tashiro 25 Mé4b T
KIRARZES B Clostridium  saccharoperbutylacetonicum
N1-4 ATCC 13564 A& THERRZE i, LI
ABE S AT TR N BURY & T BE . Sy A
% 1 mmol/L i FEIR(@REY ) H 3L, T Xt
SRR I BE JRAS2R Y 1551 0.67 mol/mol [ i K-
(THEHEE 7.57 g/L), B/AKE|4.85, A5, fifi
FE AR EE IR LA T HERS, #2288 Tashiro ZF1A
IR, TEERR Y AUA 0.32-0.34; FIFE KK/
JR FEME B K RS 20 T R I X1 A2 e A A ik i T
JRAREFRET R AN T IR ISR I, TSR Y
5 0.39-0.41, HbUHe R 19 SERA AR ORI
5% B0 LR (Coc) 23 1A E 80%—86% 1 7H 7K F-
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Figure 5  The effects of NADH accumulation and
consumption on increasing butanol synthesis and B/A
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#e FI#d)1T ABE A I AL N NADH 15 3] T FIH],
W BE S A AERFAENE /K- (B, FTREH T2 AR
PAAMY A FR M B (A SOL> 25 A L %k,
N NADH ¥ & HRE4ERr et KPR B/A L
BT, AT R RS B KK
(6.2-8.7 g/L). il KB IR #e, KL 32 h il
N NADH W ERFRH] 0, THEILEARSEG M. R
AT IR B 11 5 A e A2 LA 2 1 ABE & 8%
FRFR I (ke FIHDET, MU NADH ¥ B fo e 4
R m i E 2 A b, TEOREA B/A Hik%)
TEEKE(12.7-12.8 g/, 4.4-5.0).
3 WiE4R

AWRFEHLE 58 4 F T BN A e St . A &R
I NADH F¥sFR B E Y. i fds SR
T T 2N, fE4EHs ABE &I T Bk AR 1)
AR T, KIEIES B/A H, #5535 ABE LRI
Jii i

PA Clostridium acetobutylicum “}j K BEEIE, L)
80 g/L [ EKIER R T ABE Z3 it A IS (HHt
Wtta), T FOKM 5 5 i B () 558
TR, RIS CRI A0 ) i R AR . T R R
(2 475 g/L)mAIBBN IR EERE, e R v
k5 ML 150 g/L A9 FOKTERS A ORI (HE TR #D),
TR G TR A E TR A P a0 (R
P AR TR, BT R B e S ok
FE(#) 11.1 g/L), (BRI HRCERARZ 50%), &
BEIERHN PR AR Al , 10 B/A B{EBIES
2.0 ARARAKE

AR AR T RN BUR IR = B/A FHIEHT
PRS2, Tashiro SFLAFZA S TR b MUK
Y1, WA EYEI 26T ABE K, T
Xof MBI PR B /R A58 Y 3581 0.67 mol/mol FYfR =i 7K
-, THRAER TR RE LA 2% HAE,
PAHIR 248 O %) 35 B R HL T e Ak G s 2 7 A £ T
Bt TYA $5FREEMAb 226 T IREL A .
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BRI AL, RN ABE KR VR INERE T %
VW . AL CGM K535 3E . T8 Brown Alga iy
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WAt AR TRR(T TR Y 27 g/L), AN TR
TR/ I BETR A B 3R 20 E LA 150 g/L 1 KM
BRIl T ABE K, IRZC T EEVREEAT B/A 4351
ikF] 16.3 /L F13.0 H/KF-o HPE K2 T 5 5t
) CGM/TYA (5 G5k, T HACRE T R 4K
fik, HBEIEN ABE & B HRHE FH TR/ A4 T
FELL 7.8%-13.0%)" 21 ABFsTr, Firfd Y A 1
JERMY A EOKVER (TR K %) . #i% B (ABE &
BE . TR )R e R R (T TR k8, Bl
#irll), TRRABRR 1 SHAM SR, ABE
KRR T B A 12.7-12.8 g/L, FRHE B/A ik
T 44-50 WEAKF. FEF, BB ETHRE
AR A IR I R T R A B
WEES . i uE . KLk . MRS — RIREL
UL TRk g AR KRR AT

FH s 5 % 7 BB R % B (Methylotrophic  Pichia
pastoris) S m MBI [ RIBTE £, RikAd 7 m™
at )z N T ARDRL . WL . R R £
ik o AR AR EERE A AR R AR, AR
EAFESWTREE LIRS, Ll E>T
Ao SR 37 56 IR e B2 — R ARRIR G . B =g
iR B AR IE R I R A T, T R REAE A
TARHEE U o B0 43 B A5 30 1 52 iR I8 B 240 ifw T
FHYN 140 g-DCW/L, &4 46%H) K 5 (AU ) Al
36% Y MR IR PR SE R BB A AR K
UNIR P 5E I B IR i 2 AR B A, 0
XFRREE P A S, B GERYBERR . B SRS
bl B it b i A REFf DL 57 B8 AR Bl Ak
G R IR, LS 7 HE iR IR B 7T DA B
F ABE A, Ding S50 i Bl /K ik AL BRI 37 Ea R
B#EEE , DA Clostridium acetobutylicum A 7% BE TR RK
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Figure 6 The summary of the research contents and conclusions

TE: ZI2%: ABE RIFRCKL; WZk: TRRAME LIWRHAR/ETRYIBN ABE KIFEGTHK; —: Hi%; - (W4

Indirect

Glucose
solution

iy

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



1448 A 2 A

Microbiol. China

REFERENCES

[1] Lee SY, Park JH, Jang SH, Nielsen LK, Kim J, Jung KS.
Fermentative  butanol production by  Clostridia[J].
Biotechnology and Bioengineering, 2008, 101(2): 209-228

[2] Diirre P. Biobutanol: an attractive biofuel[J]. Biotechnology
Journal, 2007, 2(12): 1525-1534

[3] Bankar SB, Survase SA, Singhal RS, Granstréom T.
Continuous two stage acetone-butanol-ethanol fermentation
with integrated solvent removal wusing Clostridium
acetobutylicum B 5313[J]. Bioresource Technology, 2012,
106: 110-116

[4] Ezeji TC, Qureshi N, Blaschek HP. Production of acetone,
butanol and ethanol by Clostridium beijerinckii BA101 and
in situ recovery by gas stripping[J]. World Journal of
Microbiology and Biotechnology, 2003, 19(6): 595-603

[5] Yen HW, Lin SF, Yang IK. Use of poly (ether-block-amide)
in pervaporation coupling with a fermentor to enhance
butanol production in the cultivation of Clostridium
acetobutylicum[J]. Journal of  Bioscience and
Bioengineering, 2012, 113(3): 372-377

[6] Girbal L, Vasconcelos I, Saint-Amans S, Soucaille P. How
neutral red modified carbon and electron flow in
Clostridium acetobutylicum grown in chemostat culture at
neutral pH[J]. FEMS Microbiology Reviews, 1995, 16(2/3):
151-162

[7] Li X, Shi ZP, Li ZG. Increasing butanol/acetone ratio and
solvent productivity in ABE fermentation by consecutively
feeding butyrate to weaken metabolic strength of butyrate
loop[J]. Bioprocess and Biosystems Engineering, 2014,
37(8): 1609-1616

[8] Kim BH, Bellows P, Datta R, Zeikus JG. Control of carbon
and electron flow in Clostridium acetobutylicum
fermentations: utilization of carbon monoxide to inhibit
hydrogen production and to enhance butanol yields[J].
Applied and Environmental Microbiology, 1984, 48(4):
764-770

[9] Luo HZ, Ge LB, Zhang JS, Zhao YL, Ding J, Li ZG, He ZN,
Chen R, Shi ZP. Enhancing butanol production under the

Clostridium
acetobutylicum/Saccharomyces cerevisiae integrated with
exogenous butyrate addition[J]. PLoS One, 2015, 10(10):
e0141160

[10] Tashiro Y, Shinto H, Hayashi M, Baba SI, Kobayashi G,
Sonomoto K. Novel high-efficient butanol production from

stress  environments of  co-culturing

butyrate by non-growing Clostridium
saccharoperbutylacetonicum N1-4 (ATCC 13564) with
methyl  viologen[J]. Journal of Bioscience and

Bioengineering, 2007, 104(3): 238-240
[11] Ventura JRS, Jahng D.
fermentation by supplementation of butyric acid produced

Improvement of butanol

from a brown alga[J]. Biotechnology and Bioprocess
Engineering, 2013, 18(6): 1142-1150
[12] Chen C, Cheng WJ, Gong LP, Ding J, Shi ZP. Enhanced

butyrate production using waste Pichia pastoris as the
efficient nitrogen source[J]. Food and Fermentation
Industries, 2020, 46(3): 22-29 (in Chinese)
MRAR, FRSCHE, Barmg, T, sMer. DURFREE R REEE
AR SRAL T R K BEA )] & 55 AR T,
2020, 46(3): 22-29

[13] Masion E, Amine J, Marczak R. Influence of amino acid
supplements on the metabolism of  Clostridium
acetobutylicum[J]. FEMS Microbiology Letters, 1987,
43(3): 269-274

[14] Ezeji T, Milne C, Price ND, Blaschek HP. Achievements
and perspectives to overcome the poor solvent resistance in
acetone and butanol-producing microorganisms[J]. Applied
Microbiology and Biotechnology, 2010, 85(6): 1697-1712

[15] Ding J, Xu M, Xie F, Chen C, Shi ZP. Efficient butanol
production using corn-starch and waste Pichia pastoris
semi-solid mixture as the substrate[J]. Biochemical
Engineering Journal, 2019, 143: 41-47

[16] Ding J, Luo HZ, Xie F, Wang H, Xu M, Shi ZP. Electron
receptor addition enhances butanol synthesis in ABE
fermentation by Clostridium acetobutylicum[J]. Bioresource
Technology, 2018, 247: 1201-1205

[17] Luo HZ. The key technologies of synthesizing typical

products under  different
feedings/oxygen supply and reductive power regulation
strategies[D]. Wuxi: Doctoral Dissertation of Jiangnan
University, 2016 (in Chinese)
UL N [ SR 0 A A R R TS S g PR A T e
T RET D ARG S B FER[D). T8 VLRI A S L
fL 3, 2016

[18] Li X, Li ZG, Zheng JP, Shi ZP, Li L. Yeast extract promotes
phase shift of bio-butanol fermentation by Clostridium
acetobutylicum ATCC 824 using cassava as substrate[J].
Bioresource Technology, 2012, 125: 43-51

[19] Chen LY, Liang L. Improvement of barium chromate

fermentation substrates

spectrophotometric determination of sulfate in water
environment[J]. Environmental Protection and Technology,
2001, 7(4): 34-35,37 (in Chinese)
WRIRE, SR, 5% B HU0G 5 K R 35 vh A R £ 1 ol
PE[T]. SRMIFRERLEL, 2001, 7(4): 34-35,37

[20] Li ZG, Shi ZP, Li X, Li L, Zheng JP, Wang ZG. Evaluation
of high butanol/acetone ratios in ABE fermentations with
cassava by graph theory and NADH regeneration
analysis[J]. Biotechnology and Bioprocess Engineering,
2013, 18(4): 759-769

[21] Luo HZ, Zeng QW, Han S, Wang ZY, Dong Q, Bi YH,

Zhao YP. High-efficient n-butanol production by
co-culturing Clostridium acetobutylicum and
Saccharomyces  cerevisiae integrated with butyrate

fermentative supernatant addition[J]. World Journal of
Microbiology and Biotechnology, 2017, 33(4): 76
[22] Maddox IS, Steiner E, Hirsch S, Wessner S, Gutierrez NA,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



B MG A A S B AR R SRR T IR AT b VRN A A R 8 7 BAT R TN U RRE A A ) T B 1449

Gapes JR, Schuster KC. The cause of ‘“acid-crash” and
during the batch
acetone-butanol-ethanol (ABE-) fermentation process[J].

“acidogenic fermentations”
Journal of Molecular Microbiology and Biotechnology,
2000, 2(1): 95-100

[23] Heluane H, Evans MR, Dagher SF, Bruno-Barcena JM.
Meta-analysis and functional validation of nutritional
requirements of solventogenic Clostridia growing under
butanol stress conditions and coutilization of D-glucose and
D-xylose[J]. Applied and Environmental Microbiology,
2011, 77(13): 4473-4485

[24] Shimizu K, Matsuoka Y. Fundamentals of Systems Analysis
and Modeling of Biosystems and Metabolism[M]. Sharjah,

U.A.E.: Bentham Science Publishers Ltd., 2015: 41-47

[25] Luo HZ, Zhang JS, Wang H, Chen R, Shi ZP, Li X, Ding J.
Effectively  enhancing acetone  concentration and
acetone/butanol ratio in ABE fermentation by a
glucose/acetate co-substrate system incorporating with
glucose limitation and C. acetobutylicum/S. cerevisiae
co-culturing[J]. Biochemical Engineering Journal, 2017,
118: 132-142

[26] Chen CN. Isolation, purification and bioactivities of
polysaccharide from Pichia pastoris[D]. Dalian: Master’s
Thesis of Dalian University of Technology, 2011 (in Chinese)
WRoBR D5 . U S0 B IR Tl 5 2 Wl ) 1 5 A B 2R T M T

FED]. K REH T IRAEM LA A8 3, 2011

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



