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From raw materials to products: research progress in bio-based succinic acid*
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Aﬂﬁmﬁ Succinic acid is regarded as an organic chemical raw material and intermediate, which has huge potentials in
biopolymer, food, and medicine applications. Meanwhile, succinic acid is an excellent C4 platform chemical and has been
evaluated to be one of the top 12 value-added chemicals from biomass by the US Department of Energy. In recent years, with
the increasing depletion of fossil resources and other environmental pollution problems, researchers paid more and more
attention on production of succinic acid from biomass feedstocks. This article reviews the recent research progress on the
production of succinic acid by microbial fermentation, including the species and metabolic pathways of the main succinic-
acid-producing microbes, the progress of genetic engineering strategy and metabolic engineering technology for construction
of succinic acid producing strains, the fermentation process control and optimization, and extraction process of succinic acid,
with emphasis on the second part. In order to improve the ability of the strains to produce succinic acid, researchers genetically
engineered these strains and made some achievements so far. Recently, APTR and genome shuffling are also used to breed
succinic acid producing strains. In addition, efficient production of succinic acid is closely related to the raw materials and
relevant control factors such as pH, the concentration of H, and CO,, as well as fermentative modes. Among the succinic
acid production methods in situ separation has significant superiority in extracting succinic. Finally, this paper also forecasts
achieving a cost-effective process for bio-succinic acid production, and a trend to screen excellent succinic acid producing
strains by adaptive evolutionary and minimal genome technology in the future.
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iniciproducens) "' S W AR E (Mannheimia
succiniciproducens) ", 8 i3 Sl W) K B, B ATRE A PR R R
FRA MR, S48 T M. hTRUEY & B R R 3L e e
kK, BT AR AN ETE T e LI OB /7
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W AT V2 BUBR IR R R R A 72 T /8. A. succinogenes130Z1E78
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KA B (Escherichia coli) T LTS 505 2. 5
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TR, 0 Tt e G G 4 A R A D 2 (NADH M T o It V4 % Y R
AL (NADY) 5 (2) i MR (Pyk) , ZLIRBLARE (Ldh) , N
T 2 IR L e g (PEL) , BRI C LR (Pta) , SRS (AckA), &
P SR (Aldh) , SRS (Adh) , S SK R (Acn) , AP R
2 (Tel) , SERRA L (Ms) , BEIAR CoAR )l (SucCD) , T
% b6 %M (Sdh) , A& 1R AR Bt AU (Frd) , SEHTR ARG (Fum) , 3R
% AU (Mdh) | AP IR 5 g (Cs) , SRR EREE (Me) , HEEC BRI
FRI (Oad) , BRI I 0N W IR R AL (Ppe) 5 (3) AUITB 1R : W INE %
(EMP).

Fig. 1 Succinic acid production pathway in wild-type E. coli ™. (1)
Metabolites: glucose, phosphoenolpyruvate, pyruvate, lactate, formate,
acetyl-CoA, acetyl-phosphate, acetate, acetylaldehyde, ethanol, citrate,
isocitrate, glyoxylate, succinate, fumarate, malate, oxaloacetate, reduced
form of nicotinamide-adenine dinucleotid (NADH), nicotinamide
adenine dinucleotid, (NAD"); (2) Enzymes: pyruvate kinase (Pyk), lactic
dehydrogenase (Ldh), pyruvate formate lyase (Pfl), phospho transacetylase
(Pta), acetate kinase (AckA), acetaldehyde dehyrogenase (Aldh), alcohol
dehydrogenase (Adh), aconitase (Acn), isocitrate lyase (Icl), malate synthase
(Ms), succinyl CoA synthetas (SucCD), succinate dehydrogenase (Sdh),
fumarate dehydrogenase (Frd), fumarase (Fum), malate dehydrogenase (Mdh),
citrate synthase (Cs), malic enzyme (Me), oxaloacetate decarboxylase (Oad),
phosphoenolpyruvate carboxylase (Ppc); (3) Metabolic pathway: Embden-
Meyerhof-Parnas pathway (EMP).
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Fig. 2 Succinic acid production pathway in wild-type 4. succinogenes

and A. succiniproducens. Metabolic pathway: Pentose Phosphate Pathway
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Fig. 3 Succinic acid production pathway in wide-type Z. mobilis *". (1)
Metabolites: oxalosuccinate, a-ketoglutarate, succinyl-CoA, reduced form of
nicotinamide-adenine dinucleotid phosphate (NADPH), nicotinamide adenine
dinucleotide phosphate (NADP); (2) Enzymes: pyruvate decarboxylase (Pdc),
isocitrate dehydrogenase (Icd), citrate lyase (Cit); (3) Metabolic pathway:
Entner-Doudoroff (ED).
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fitf (MgsA) FITN i B2 AL i (PoxB) #4172k 1% 15 2| KJ073,
B — 25 506 8 A R 46 Tl (TdeD) FN2-T Bl R HY R 284 fift il
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B2, LR IR T R WA LA $152.4 ¢/L, T RS
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ATCCI13032 0t & 1, B G mi bR AL BRI & [ L R (Idh) 345
AL B BB RR , SRS TE I AL 6 % B 0 T T TR N A
RMEIpH L N (aceE) Wbk, IR — KR AUBR G AR MR s & B
R, ST E, I DR A BR R R 1 T R R A
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Z. mobilis hyH % [ M e Pk DR AEC T, DR G A bl 11 4 it
WO | R R SR AR ) (L) (988 ) B AR X
BN A (B T8 2 454F) 008, Bl oy il ot 5
& TR 3 A AR S (B AR g T CHAR g AR
WIE3, &R RNAFEEZRN) . EKIm&E R HRES, #
IR T R R B SR W 2 R (pde) MFLIR B S R £ A (Idh) v LA
i Z. mobilisit &A= T g, H45 %A 151.73 mol/molF %4
B, S (EAY86%) , b Hfth— e A= ;=T — g A 40 B8 4N A.
succinogenesMM. succiniciproducens ( #J1.34 mol/mol#j % ¥ )
B 2130% B, ks gl B 5 Seo A MR 5T BTN — 0. k]
W, FIFEHZ. mobilist AT AW E B T B A EEMN
N FH A .

(2) T R A L 728 50 B g FE TR i 3R 58 A Q% T
FIWF T A B A TLTH AR, BEFEEATLLE. coliih & TH
JFET— RN 0 TAE. 4l Goldberg?s i 1o 1+ 12 2 15 B 2 45
N R R AL g (Ppe) Sl PN W R F2 AL Bl (Pyc) R Jmsg =T
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TRRER, T R RN A PR B AR R R R R
B Liang %5 AAF 98 T 3 £ 32 36 30 SR W Bl &L (Mdh) XJE. coli
PRAR K B RO 2R, O e — P R KR R BE 48 h, BEUZTEFE
13.5 o/L B &R IE2E 7743 g/LT /R, 15%50.32 g/g ™. it
Ao, AR R T A YT B R A IR S T R AR R
SETTAT IR SR s

(3) AN R F AT T R A5 7 2R 8 198 R
F1, — B A NE. colih A % S B nl i L NADPH% 1k
NADH, {HTEC. glutamicumf)IE NP HANEE L. T2
YamauchiZZ ¥ E. colifi B R udh AR pntABS| A B H: B C.
glutamicumATCC13032, Ff-5t EH R EH H . AR TH
R RE AT S ; S5 R B EAASKMT, BABMIIA
WA G E B S EMA ST, 5 A udhda3H
TR B A2 A s SR, 7E5] A pnidBIEH BT,
AW, LR, T IR RA KR I & ; 5] ApntABR:
K JENADH/NAD 647 4 i, fh il B ANE 5L H pntd BEE
C. glutamicum R 3B )5, %% S W5 T NADPHF {b A= B
NADHE) 4, [RIE 44 TNADH/NAD ) i >

(4) AT IEME LS4 Cao ] Xer/dif f 40 fif§ &
BEXTE. coli CICIM BOO13#E A7/ ik 42 i M F 5% 5 45 5% i
TN, TR T SRR FIBE IR Bt B g 2L (ackA-pta) |
LR S WL (IdhA) | TSR R F R 24 i W 258 (pfiB) | &
B I Sl I R (adhE) 25T R G 38 4 il 12 rh S il 3 1A
5, B A FEARE. coli CICIM B0013-1040% 2k H LA
TR EZY; B X PTSHR G 47 18 i )38 2 145
PEPR AL FHL A (ppo) FkFI &, WMINIRAE — BB &R T
R FERE I RRE. coli CICIM B0013-1050 ( pTH-ppce) ;
12 bR R S FE LA 4 BE36 h, T R =ik #36.2 /L, 4
FERRIE N 1.01 g L b AT AR T R 0 LR 15 64.3%,
2V SURAH 6 3% (High Performance Liquid Chromatography,
HPLC) ¥, TFLAR . LR IR, Zmk ™.

E. coli DCI515J2: il 53 75 %5 B8 05 R e B i KL 1R (prsG) |
AR AW IR (Idhd) | TN ERTR R 24 iR i JE R (pfid)
RO AR, B REEA =T RS, it — 3 = i bk
DCISISAY T -l AL 7= RE 1, &% 20 A 50 28 J0FT 141 79 7 7R
BACEE LN (pye) FEA L FEDCI515H1 473G S U5 A i R 2
TEEEEA (pye) , AT LI IN— 2 AN B AR (Pyr) BT R A
KRBT % (Oaa) M IHHE M, A F T — SRS HT R
7o LU PTG Spyck ik, TiAbiFs & & 1F/5 . pyc
I FAR AR T R ;= i35 15.17 g/L, AT R BRI 1.784% 5
(B AN LB 20K 8 M1 g/L, T Ry snl it — s
17.54 /L B 2RI ZH 15 B Red 5 4 22 45 F o7 5 4 Sk
AR, BRT BEE. coli W3L10M [ 3L [ pf I 3L R Idh, 3k
18— kR WZR AR B IM307 ( ApflAldh) , Ff []i% S FE A5 1 5|
AR RIEEEE A (pye) , AT IN—ZmNER 2] T R
AR EE 2R (Oaa) MR B, AR FiE—H4 S HT
TR RARRRAES g/LAIBESIE T, K248 h, HA R
BE (Dgoo ) TR ZE2.5, T ZIR= 5 N2.8 g/L, LR & R
ik, TCH R . FLER 2E ™). 54 OkinoZE C. glutamicum i,
52 I8 S Bl L R (1dhA) TEAT R B O 2R 38 ok B AR 98 o1 A TS
PR FRALEE BE N (pye) , T W™ &5 5146 g/L, LMR/™ ik
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F16 g/L, T R MY T A5 R AN A 7= 5 8 43l 15 51 0.92 g/g i
32gL'h' P,

WF5E & B T bR T LR I A il L 5 (1dhA) FNTS T
1R H B2 2L M B S N (pfIB), & R EUM B NADH/NAD A F
5, DA A4T ANBE I 4 2800 2B AR, B I Lins 4 XU
SR TR AR BE Al T AR T R A W R A WAL (Nicotinic acid
phosphoribosyl transferase) fit) 5 ZH [# E. coli NZN111/pTrc99a-
pncB, 38 i in A7 5 0 A DR AR HR L & e et R v ke T ) %
BT B R PR B = T LU, S NAD(H) Y S 2 5 73.85
5, 5 AR NAD M 7 B 42 755 1517455, s se 45 b i $2  Ke
AR TR T R A iy AT
122 RAFEMNAANEKRFTEIRT HREMYE
B UL EORTE 7 23R LUAL, 3548 B R B Rt 2 4R 15
R BRE. B mikn Xz —.

R R O 2R Yy R A 2R vk AT R AR W
TR P SN AR AT 528, RIBF K Z 856 —
S Ak 2252 5] 40 A 5 K ( Nitrosoguanidine, NTG) | F5LR%
1% Z. Wk ( Ethylmethylsulfone, EMS) Fl#i 2 — £ Wf ( Diethyl
sulfate, DES) %5 JE AT 485 | 9548 IS BB IR, SR 5 1655
TE PR T Ui R IRAT R AR R 28 A8 bk . 20 1570 J5 N R R 38
Jir Ay BRI X B i P45 3 R AR AR TR R, T R Y R R IE
FER R, (H 285 3 SR AR 5 vk I A4S A DA R 84 Fe e AN
1, [RVBS FR R A o B ) A A A —E e R R DL
X F 5% 1 15 G ) R

ERABRBREYR AR SHERREEGETEN
HIEEREBE TIREZ B MEAS (Atmospheric and Room-
Temperature Plasmas, ARTP) , N R WAL F UL T— 4%
WAL AR EE A PR e A T R S A A
FE RI 9 A5 P T L5 B o3 A W2 B R AR AR = P bk, 22
R TR R0 2 ) FH i i #4 TFJRe TRH SG 1Y TAE.

E. coli AFPIIRE. coli NZN111 (ApfIABA IdhA) Hi7
EIE BRI (PtsG) A AR, BT IZH e R E &M
T, ATPHESG AR T BOZ i A AR AR BE, PR 22 IR 55 %
ARTPH RXTZ R IE AR, FH LUAOKE i I8 817 0 e 4045 T
— BRI AR B IR LR T R 1Y 28 AR DC111; 1% 58 AR BRFE
KEEREFEH T, 72 hNAJE#E10.52 ¢/LAMEF=6.46 ¢/LAYT —
R, T R X AR5 %235 5 170.78 mol/mol; H.58 A8 fk £
A ATP;™ A= () B R 0 B TR 10 8 2 D3l (Peko) 3 245 21
i, Pck P LU BRI AHXT T & T AR 3 & T19.334%, i3I
RAEZM T e % 1Y ATPHE 445 Sk AR 3 AR Bl R =T —
iR St F s, 2208 S AR A 2SR E. coli AFPITIFFE TR
PRSI, 283 TR R Fh 12 TR R BB 7R 43 R T 80% K H K K
FEFF K fE M AR BEIR R B T R, T R= 8ik21.1 g/
L, P2k 76% “L BIn] UL, 2 AR X R A A i A
AR T R A KRR LA B A R RE O, BRTZE AR =T
152 T B B AR A BRTF-XTE. colif) 4R 18, HAHCHFg8 /b,
I, AR EE TP 0 BRI B AR F AT R A 7 R
JB—ZR P TAE.

A, K 2H 8 HE 4 R (Genome shuffling ) 78 B Fh ek i
FHEWBE TR AR, ZhengZi L) A. succinogenes CGMCC
15930 R R IT T R A EHER & T R = | s ; il



A7 T SR B A 07 108 TR s R 1 S 4. succinogenes CGMCC 1593
FEOOFLAR I & IR 5 2 B 3% 5%, Wi IR IR IR R T
AT, RIG R TIRA TR G 43R kAT HE,
1S3 F3-I1-3-F & 0% , 1% 18 7648 hibl =X & B2 b 4 19:130.8 /L7
Ak, T M/ 3K95.6 g/L, A== s N1.99 g L h', #HI
B R B IR A #2902 o/ LA A AR B 55.2 ¢/LT /e, JERZ &
HEBRIAR T R = b T73% .

A R EET, 0 R I A BE BRI SR O, (R fE & Wit
TR BR A B AL A M A AR RN A IR A R b, R NS IR
T A EC Al 5 e PR 2R A0 A A TR L COL MR L HL LA e 15 57
W pHIE FE R AR W & B2, R ES T RA
i ) R R o T A e AR .

21 ZEERAE

ET R A 7 il g b AR b, JFORHAR AR i B L
1], PR b R B A 8 A 0 B D5 AR R AR A% S 118 7 2 MR AR 1 B
BRORME ik, ZIRS T IR E &N &5 I A = 1 5 2L
PR [RIE, B A A A 0 55 SR A ) A A 4 b I 37 9 U
R O R AR TE 40 T— S B W AT i 1, B BRIE )
S S WA ROR B AAREARAEY . AR S
FEW), DA R NS AE A 7 A i S R v I TR A v R A 5
YRR, RS T A BWIRES 55 G4,

H AT 98 i TR R AR IR 2 ) Bl sk v B R R
OO FORAE AT R R R AR 0 R Hy
BN RERE OV S AR SR R FH a2 JFURL I R 1 — 251 T
FEAR T ISR B AR R CTRSE L3R 1) . R4S IR 3
B, Az 0 U AR B B A% G SRR A 7 T R Y SR
B ROTATRY, 77T R R R AR 22 UL, (H X SE B A
A=Wy 5 A ) A e P AR O AR T EL 2 A B B Y
1) R A 5 T2 X LA T R g 11 T A B AT SR AR K A
H H 7 40 B B B A7 A — S I B ARME 5, ELAE b Pt A rp
S s — L] R -0 vk e S | 2L A 0 N 55 1 S5 RT AR
St e W AR P A R FE Y, o R a5 th s 2 A I
G
22 KEELIERIIE G
221 CO, MR EATEN, COLEAE I U5 4 ik 2k 4 1
FHT AT ZBRA. A FA Y E E CO™ T R AR it
AR NRE AT S, W CO,ME E & 12 = 20 i B A
PEPR (LI . PEPYR 1L Al P9 B i J2 fL Wl (Pyc) %57 PEP
BRA TS B A Bk A. succiniciproducens., A. succinogenes. M.
succiniciproducens/ KB 4A T "R A8 29 C3ik 42 ) C4
IR EE R B . AR E. colifl C. glutamicum™, i 1t
it 5 3R IR [ %8 CO, 1) ¢ S i PEPR 14 il sl 5 | A TR 2 1k i A
TR ER R & A BE 2, BEAE 4R = COL M E SR, $2m C4ik
AR BN L Y R COLME BE AR X T R R A
SR 7E MeKinlay 258 A A9 58 U A5 LA GIE. AT 76 A 55 b &
M, A. succinogenes K TEr= T 2L B, 7815 CO,BE/R LW
B3R BT (100 mol CO,/100 mol#iZ5 4% ) , PEPR k& Wi &
Bk 2R I RE T $ T, T R o BB R 5 HAEIRCO,
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JKET (10 mol CO,/100 mol %5 % 4 ) , A. succinogenesl). Z &
R B SR A . P A 0 B e T Ao A v 3 A o
CO, /M BSR4 = T R A= . W Iy Tk & B 43 A Sk
CO,, S TR 7 P IS Nk IR 18 A 4. CO, B BRI $h 7R 15 37
TR =R LLHCO, FICOS B A7 e, 1 Al Fh e X A7 78
FE R IR A pHS &, e Ah, AT AE R 3 1 N T R
F-BAe A 72 B AR P R Ak 55 | AAT [ 5 CO, M X B il , [)
R EUS T2 B R R
222 H, BRTCOMBEL, H R —Fh i 78 it s L A4 [F] 4
RENE S I 20 I A A0 gt 72 . LeeZ5 R FLH, FICOJR A AR
RESEHT, ARTHENA. succiniciproducensi A= ¥ &
feAE BT R ; &3l Hy A COL L i Ak & 81, A X F100%
CO,SAMRIGE A, STE A 5% H,H195% CO, I, T R 1™
BRI 245 B0 T5.8% (0.86 vs 0.91 g/g) F180% (1 vs 1.8 g
L b)) 5 AT 447 45 H 3 A s S i DR 2 T3 A HL (75 40 i
B B AT BT R [, I il A NADPHAG PR 15 LU sk 7.
B, AMIEH, B A FE B HE I R S E A B AR BRAKT
RS SRR R N ER A o 51 s ) = A 2T 5 Y (S5
TR, ST WA T 2. [FEE#, 78 Stols%5 Y
5% vt R B AN R AR (L HL AT Lok i i R IR SRR M E. coli
NZN111$2 iR 2 e 5 77, (45 T R B s 15 % ML0.65
g/ghi K #1.20 g/g ™. A1 IR EAEH, R)RE b T A4 e ik
N AR R B AU E. coli AFPIIM T R =3, 3+ HiLfeE—
SEFRIE LIS ISR IR 1R R
223 pH NETFTIAR, & W A pHIE [FIAE M 252 T — %
A T R K2 ARy h i, (BRR” T W
BA IR AR R, KB R pHIE R 52 R CO, M FE7E B
oAb, HEBAEH T IR pHAY T B2 706 2B g A=
£, s & BESCR , DR b % Wi F2 p X pHI R 45 LA 22 A
b JE b EEE. pHAY A = LI pHIA 15 77 19 7 X AT
#, & TR T 5 Mg CO,, BT & B AR AR K 577 1R i 2
SR, B HRA M A (AR Z920$ /t) . PRIL, 1% ik 1) 45T,
W SRR LIS B 5% L3 T AN [6] pHIR 5 5% A, succinogenes
NJVIBRBEr™ T —FR A RZ W, FF 3 LEAS [R] 98 45 751 [0 &2 Lb 43
HATHRALSE R, 41k FINaOH, Mg(OH), AT & L 1R &
A (RAZ320$ /t) , BRI, fER B m =T BREM
BRI, A= 72 AR AR T65%L F 5%, 3 o 48 B H i X F
FHIHA. succinogenesf W5, &4 & H T HAL T 45~
B B A 7 SR L B Gl TR R R T R I SR A pHIR 50K
W, A8 R AN — R,
224 REFXNFE WUEWEASMRASKM TR,
oA PR 8 A A AR 22 11N NE. coliffe A IR
A, AT AR T RNy, (B4
BESM T H AR R I % 5 Y T IR, BRIR
S U IR AR A v R A TR R A i, R IR AR A AR
PET R B B R TR, AIOR IR AR = T R AR 7
RO T ARSI I 9 A R R R AT T RS, AT
VIE. coliy REER MR, I T H AR ER AN RAERHL; X
TR IR E AT, T RS 494 ¢/LLL |, 77858 Syl
i51.3-1.76 g L b 100191

[F) B 24 DL A= ) o R T R B, R A RN R

http://www.cibj.com/ Chin J Appl Environ Biol i F 555 =424 4%



16 MECRHE 7 G AR T RS ERE 1H

Rl FARENRABRREETT _RIN~E

Table 1 Succinic acid production from different biomass

T f® & Succinic acid

27 BRI s e i % wrh BEH
Substrate Method Microbe Conc. * Yield® Prod. © Reference
(plgL™) (Ygg')  (PlgL'hY)
T K B TR R YR Anaerobic batch A. succinogenes 29.10 0.85 0.61 [80]
Corn stover sugar alcohol
EK . NE | KFEREFT IRt Y Anaerobic batch 40.21;30.06;  0.5;0.38; 0.56; 0.42; [81]
Corn stover, wheat stover and rice stover 39.07 0.49 0.54
KRR S JRAHE YK Anaerobic batch 70.30 0.96 0.63 [82]
Corn fiber hydrolysate
FARFEFFK B W JRA Y Anaerobic batch 35.40 0.73 0.98 [83]
Corn straw hydrolysate
TR FEFFK f b R4 #MEE Anaerobic fed-batch 42.70 0.83 0.81 [84]
Corn straw hydrolysate
KRR BRI R JR4 LYK Anaerobic batch 56.40 0.73 ND [85]
Corn straw and waste yeast hydrolysate
5P N 59,2 IR HE Y Anaerobic batch 42.30 0.62 0.98 [86]
Cornhusk
TR JR4 X Anaerobic batch 35.80 0.72 0.75 [87]
Cornhusk
RN R I JR 44K Anaerobic batch 69.31 0.90 1.44 [88]
Cassava flour and corn steep liquor
FESCIE Al JR 4K Anaerobic batch 32.00 0.13 ND [89]
Spirit-based distillers grains
UL - ik i Y JR4 YK Anaerobic batch 34.60 0.69 0.72 [90]
Yeast zymolysis solution
TR A FLIE B PRI YK Anaerobic batch 32.54 0.81 1.55 [91]
Sugarcane molasses and whey powder
RS JRA YK Anaerobic batch 98.20 0.95 1.02 [92]
Jerusalem artichoke
TR R4 4MEE Anaerobic fed-batch 60.50 0.83 2.16 [93]
Sucrose
AR R AR T A2 R4 HE YK Anaerobic batch E. coli 127.1; 0.86; 3.23; [68]
Cassava starch and crude cassava powder 106.1 0.66 ND
AR IEVEN IRt YK Anaerobic batch 61.20 0.89 1.36 [94]
Cassava starch
REWEAIH T JR K Anaerobic batch 51.00; 62.00  0.91; 0.96 1.05; 0.77 [95]
Sucrose and sugarcane molasses
TRl M XU BAT S At 57.80 0.87 0.80 [96]
Corn stalk enzymatic hydrolysate Dual phase aeration batch
B o B K S £ AR Aerobic batch 29.90 0.22 0.48 [97]
Mixed food waste hydrolysate
F& K Tl Bl 0 7 7 K e JR4HE YK Anaerobic batch C. glutamicum 40.80 0.69 0.85 [98]

Corn cob hydrolysates

a: RRERPIT RMEEE; b T R ERIRT R () BRLVBERGIAE R (g) AR 55 oo T R A T AR T VR B R L A T (A E 5

d: NDFR /R &A R .

a: Succinic acid concentration in fermentation broth. b: Succinic acid yield was calculated as grams of succinic acid produced divided by grams of the sugar

consumed. c: Succinic acid productivity was calculated as succinic acid concentration produced divided by overall incubation time. d: ND = No data available.

1% 7 20 Bl 43 4 i f % % (Separate enzymatic hydrolysis
and fermentation, SHF) il [&] & ¥ 1k & B (Simultaneous
saccharification and fermentation, SSF) . SHF-Z WA i 2, Hie
XA K ff, SR 5 R K AR W R AT & T SSESE X A=) it
WAL R P R) AL R AT 1 — 2 R U7 2. Akhtar S5\ 2554 v i
K3 2 SSE XA AY B TR (R4 E) =T 0
e BE A 7 07 8538 ok SHF 7 =0k — 28, {H SSFRTHL £ 1) H
b 5 3 O B4 3 AT B2 AR SHF, U3 ok JEAE [R] 25 7K A A & T 5
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3, AT K Ao 10 B X 22 W 305 5 X g ok 790 79 1 sk VR

T8 1 SSFA] B M Rk 77 AL A A AR A o T iR, IR
Hi—; FHELSHF, 214 5 2 Hb 7F SSFH Ul Ml 17 1k ok 1) 245
WETY SRR T R R ) B, SSFA] I A 1) FH 3 R TR B R AN
P R TS TR AR 2 . FEChenZE AR E. coli NZNI111[7]
EHE b R EER EF R PR, MESSFHTIREA N B, &
AL, KA BN A= T IR =% 5150.86 g/g, K
BT AE SSFa A LT Bl 4 FHK At 5 A8 o A AR AN e S



A[RAF127.03 @/LT R Y RIRA N B8 I SSF, nl 2k ik
106.17 g/LT 'Y, iyt nl WL SSF& [ W4 T SHF, HSSFH
FIRE KB T Rk R

FiE 2ok DL E B R R p PR R S I RO T R A, IR AR
AW BT RS 25 (T 3 8 e B AR PR 2 A Ak, fib TR
FG 205 ¥, NiE i3 Plackett-Burman ( PB) i 36 15 11 i &
SN T R R R T B SR, TR B A B 0 1A T 5 T
T AL & B T2 B B0 K B A A A 3 AT B i
SEPARALAR | R T R A A TR, [ A S Y
RS B Tl A A 7= (B A 225 i b

A L REE T 2R, M TAEREBERD T R
W ROLXAFAER), BLAE R B AE Z2 R ALY B, sk
WL R (LB CFR . FLIR. W INERIRSE) | LRy
T (EHB IR 28 | Eh285%, I T MR 22 A4 [T i
I Z R L5 DR i O R T R 1 R BB A o
AR TR AR [150%-70% T, I8 4R F 2 Bt e R BRI T A
XA T RIS | Al R R AR T MR AR AR A
B LR T R W AL B T A 3 BUPIR
S T A Ok R R A B R R M R
K. BRBE BT W AR BT A SRR R R AR EON T
TRRAATHI I A R A R A RO T R AT 4l
. HHIR B AR BB T IR AR OT ik A RS
L ULRE . B BE L FEBOE L A SR, X AT AX STy
EAA R (K 2).

WA, I A R G A A I R A R A R A AL T
S T W 16 4 R T R AT T R 40 S W R AL 4 B8 0 Cim situ
separation, ISPR ) L W HI T+ 1" R [F e . ISPRAY (AT AT
IS B AN, HL2ITE AN RERE S, HE A ]
R L W] e e AR B A A, RZak AR A 2, Wy

®2 TOBRRAELE

Table 2 Comparison of succinic acid extraction methods """*'*
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it PR B 5%, P AR R R S AR kB, Li%E A XFA. succinogenes
KRR T AR T R AT A 4y B, PR WA ] A48 h
MK F126 h, TELFOR DB EFA R T IRIRE #H145.2
g/L, T B WA 4 A5 % 0.55 glg, £ k13 gL' h's 5
LR & 148 hAEL (T MR MK BE N 73.8 g/L, £3%40.57 g/g,
A3 1.54 g L b)), ISPRANYZEH5 5 (9 4 77 J FAS
M EH KRR T T RRAAU . Ak, Wang AR T
— MO R ST BRI R B T REE M ER RS, 7
XANERLR G, 38 2 435 R RN A FE B 5 R SE T 48 Ak
FEYIRLE. colit®y VR . w502 BE 40 At fof 45 % e ) ) DA 75 g
FEF]130h, T Rk E 53 /LGN 73 ¢/L; EXANREGET,
T RS S B, IAICR A 85%-90% 17,

AT AT A 38 J X B O B AR AT R I T A S BRI
1k, B —F T R E A ARBARR & T T2,
AL S 5 T 3.

AYET _RETHIBEOCETRBEREMNERS
i, HEi T R A F= B E P AEA. succinogenes. A.
succiniciproducens. M. succiniciproducens. C. glutamicum#l
HYLE. coli, S. cerevisiae, {AiX L& Rty 5 AELE BB, oo,
E. colil) X C. glutamicumP AR 35 55 1 BT 2R F IR —IR
AMBT B SR T R, X TR RN T
1338, A. succiniciproducens /STt e JE JEE Y B 7= W) vk &
fiX, HixpEJE T ms KA, K BR & T = Tk A= 7= Jirse. M.
succiniciproducensjA. succinogenes¥] &}V KA, HA
T 5 77 400 5 D A0 e B A R, AELRI 7 0 65 22 3 T i
B PRI A4 L e e A TR AR X A 8 v b AT i i, AR
F 7=y A T R/ ELAT R AR ) BRI AR R T R Y
AR, (H R T X SE R AR e ACR PR R B 7 X, HARSR
PR R R TE AL [RIRT, 3 2L A A Al s A 00 R (dn

I GIRES (/=3 {7353 W R N 4l
Extraction method Advantages Disadvantages Product yields and purity (#/%)

EAEEE PRAE B i i, ARGEE; mReAE; JERE. BRAEN 75;90-97
Direct crystallization Simple operation Low yield and purity; high energy consumption;

desalination and deproteinization required
WL (i, GAhY) TR IR f AR, FLR TSR, B % 66-69; 99
Precipitation (Calcium salt, Simple operation W, RREAE, X 2% A ki
ammonium salt) Large chemical dosage; reagents unrecyclable; calcium

sulfate residue; high energy cost; high corrosiveness
I ReS R, A JIE S Y 75;>99.4
Membrane separation High yield and purity Serious membrane pollution
Microfiltration,
ultrafiltration, nanofiltration
Ak R, (EAEHE RS, WA 73.09; 9976
Extraction High output and low Complicated and costly

energy consumption

gy 5T TR URHTR A BTREA:, T4 7 K A B 95;>91
Chromatography Easy to scale up Chromatographic medium needing frequent regeneration

that demands a large quantity of acid and alkali

http://'www.cibj.com/
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A K SR R B A R PR L R R B DL PR I L
EREWSR) AR SZ A EME. XA LR A S E
TolbAb Az 7= g, B0k 1 B R B 8 S A5 s 2 4 JR T 5
A WETTR, Z. mobilis L5 3T —RE =0 1,
TE He % A\t HE 78 AR 4 M i v b 7 P R ™ 72 B R 3% T
AT T B A P BB L A, WA ST R T —
PRI Z. mobilis' 7= T — BR R SR W& 41X & 1% 81 ik 52 2141 i
AT 0 ke B4, I 473k s B0 T A AE Btk E (Adaptive
evolution ) & /&5 & M X 24 7 Pyl — 2L 3 i) [R5 ) g 32 1. 3.
TR AR Z. mobilisTe 7=y 0 i S i 52 14 8 Ff 04 38 g 1
HE Ak 0 2 O IR T T AT, IR B — 2 B ST R (R
). FEFET R AP T, ARk B BT B S AN B R A
PR AW AL F R G5 A B 50 A W 27 0t 58 O 1 WA TR AR 2 Y
LRy FHLH; EHEEEGEYEBEME RSB AR
M E A R TR Rk, MR Y RS
BSE LT IR E IR, HAT, — 2 AR AR kB
A, WA EOR | SEHA A, &R R HE TR
AR /NI DR 21 5 3 R TE 38 A5 vy T T Rl o

TET R A7 0 A e B BE, i 3 A [] DR 2R A 9 45 F
FERE UG —E R, (H R XX 8 & A PR DAL 2 808

TR TS5 2 B B, 2 73 AE R AP 0 T Tl A A i A 1
HE—BBIBETE. TAREH, T R 70 1 [l B AR B 7 DA 22 5 1
A R AL =5 2R 5 .
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