A SR IR Oct. 20, 2022, 49(10): 43374356
Microbiology China DOI: 10.13344/j.microbiol.china.220184
http://journals.im.ac.cn/wswxtbcn Copyright ©2022 Microbiology China All Rights Reserved

A BAL B OBEL WBF AN k"

1 Bl Bl2Abe e T ERERE TR O R AR R RS 6 e g8 IR 5 5256
%=, [ 201403
2 FUH T RAAERERAS TRE2ARE, B 200093

Wz, WA, IR, B, XIHIF, b, K. REWERBERNINZ ORI MY, 2022,
49(10): 4337-4356

Guo Jia, Feng Jie, Tan Yi, Tang Chuanhong, Liu Yanfang, Zhou Shuai, Zhang Jinsong. Liquid fermentation of Ganoderma
lingzhi for intracellular and extracellular polysaccharides: a review[J]. Microbiology China, 2022, 49(10): 4337-4356

 E: RZAAKANGARL, EEHMRARZSBAA T ZNHEER, FIRRSLHE
BAKBRRZSHERNEBREFRY. TFR, ATRZEBREIAMOMRTRERRMAES, 7|4
THRFG ) ZXE. $iM§*§%%i%é&ﬁ%&ﬁﬁ\ﬁéi%%%ﬁ%ﬁl%%%%
F xR R RIATE L, A AR ZRER R LN S 4 AL = b A RAERH
FofR I

KA RE;, RAKAR, AMAEKR; A SAE; iS4

Liquid fermentation of Ganoderma lingzhi for intracellular
and extracellular polysaccharides: a review

GUO Jia"?, FENG Jie', TAN Yi', TANG Chuanhong', LIU Yanfang', ZHOU Shuai',

ZHANG Jinsong '

1 Key Laboratory of Edible Fungi Resources and Utilization (South), Ministry of Agriculture and Rural Affairs,
National Engineering Research Center of Edible Fungi, Institute of Edible Fungi, Shanghai Academy of Agricultural
Sciences, Shanghai 201403, China

2 School of Health Science and Engineering, University of Shanghai for Science and Technology, Shanghai 200093,
China

E&TH: Rl Rl = B AR R P RB 71202215 9 55 RIETTAR DR B i A A2 1514 (2022A-03) 5
I R JEYE42(2019052) ;b T AR ML B B 2 )
Supported by: Agriculture Research System of Shanghai of China ([2022] 9); Project of Shanghai Academy of Agricultural
Sciences Excellent Team (2022A-03); Development Fund for Shanghai Talents (2019052); Shanghai Academy
of Agricultural Sciences Climbing Project

*Corresponding author: E-mail: syjal6@saas.sh.cn
Received: 2022-02-23; Accepted: 2022-04-15; Published online: 2022-05-16



4338 GRSk Microbiol. China

Abstract: Ganoderma lingzhi has long been used as medicine and the active components
polysaccharides have extensive pharmacological activities. Liquid fermentation shows unique
advantages in extracting G. lingzhi polysaccharides. In recent years, there has been an explosion of
research on the liquid fermentation of G. lingzhi to yield polysaccharides, and this technology has
attracted the interest of scholars. We summarized the research on the biosynthesis and biosynthesis
regulation of G. lingzhi polysaccharides, the optimization of the medium for and process of liquid
fermentation, among others, hoping to provide a reference and basis for liquid fermentation of G. lingzhi

to yield intracellular and extracellular polysaccharides and its industrial application.

Keywords: Ganoderma lingzhi; liquid fermentation; biosynthesis; intracellular polysaccharide;

extracellular polysaccharide
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(Ganoderma lucidum) 5 [ 3k 5% 7R 2 1)
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Figure 1 The basic pathway of synthesis and metabolism of Ganoderma polysaccharides™ . GK:
Glucokinase; GPI: Glucose-6-phosphate isomerase; PGM: Phosphoglucomutase; PMI: Mannose-6-phosphate
isomerase; RHS: Rhamnose synthases; RFFH: dTDP-glucose synthase; UGDH:
UDP-glucose-6-dehydrogenase; UGP: UDP-glucose pyrophosphorylase; UGD: UDP-glucuronate

decarboxylase; PMM: Phosphomannomutase; GALE: UDP-glucose 4-epimerase; GFS: GDP-L-fucose
synthase; GMP: GDP-mannose pyrophosphorylase; GMDH: GDP-mannose 4,6-dehydratase.
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1.12 g/L. Long ZF"IXFHL T 7 Al Xt i o1 2
Wi S, &I LU AR IR, AR
A EPS 7= i s 4 51 6.53 g/L il 1.90 /L.
ik A2 B I Y B U5 R T R VE A I, B -
RUE R | 25 R LAY a5 T HAbk
Wi, Peng FEPIHFIY TR A BRI NT R 2 Mok 2 b
F14) PR 2 18 S R S Tl 1% 260 M 2 A4 Tl (P GT)
Tl PR A 40 B A0 (37 R (PGMY) . Wi 1R H 558 W S A
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S DOV 5 T IR A R R R 2 K% 18 Kb MR 1
PRI, & B[R] EL A9 4 PR B TR N R 2 %2
B s R0 AR W AN, RV LB R 2 2
WIS T 5 M A 5 4 R LB LA o v
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T 25 5 80%—85%; MR KT F7 3 Hh 2 FL A
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*1 SEAHBEPAERBERTRIAMNBSLXERZRAIN ZHERFE

Table 1 Effects of overexpression of different enzyme genes in polysaccharide metabolic pathway on
intracellular and extracellular polysaccharides in liquid-state fermentation Ganoderma lingzhi
BIMRATR KB WM e EAZES RN AR 22k
Strain name Fermentation Research content Biomass RER PR References
scale (g/L) Intracellular Yield and increase
polysaccharide rate of extracellular
content and polysaccharide
increase rate
G. lucidum 250 mL flask  Overexpression 8.31 23.67 mg/100 mg, 1.76 g/L, [32]
CGMCC of a-PGM gene increase 40.5% increase 44.3%
5.616
G. lucidum 250 mL flask  Overexpression 8.08 24.32 mg/100 mg,  1.66 g/L, [34]
CGMCC of UGP gene increase 42.0% increase 36.0%
5.616
G. lucidum — Overexpression 5.71 21.59 mg/100 mg,  0.991 g/L, [35]
CGMCC of GMP gene increase 19.5% increase 21.1%
5.616
G. lucidum 250 mL flask  Heterologous 8.13 26.40 mg/100 mg,  0.83 g/L, [37]
ACCC expression increase 30.5% increase 88.2%
5.616 of VHb gene
G. lucidum — Overexpression 4.16 0.03 mg/100 mg, 0.07 mg/100 mg, [39]
5.26 of GL24971 gene decrease 10.7% increase 132.4%

{E: a-PGM: o-HIHIERR-EALNE; UGP: [AISIRH MR8 A iR (LIS ; GMP: GDP-D-H #eMi LR L ; VHb:

BHERRHIMLIEH; GL: Ganoderma lucidum; —: SCHRAARE

Note: a-PGM: a-phosphoglucomutase;

UGP: Homologous

uridine diphosphate glucose pyrophosphorylase; GMP:

GDP-D-mannose pyrophosphorylase; VHb: Vitreoscilla hemoglobin; GL: Ganoderma lucidum; —: References unreported.
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Table 2 Effects of different medium components on intracellular and extracellular polysaccharides yield
and molecular weight of Ganoderma lingzhi in liquid fermentation

TR 44 PR R TR RN EX7/h B2 i oh 2 hE ZHa it ZE
Strain name Fermentation  Research Biomass 7 i /f5% Bt/ e h Polysaccharide References
scale content (g/L) Intracellular ~ Exopolysaccharide molecular
polysaccharide content/yield weight
content/yield
G. lucidum 250 mL ###  Glucose 40 g/L, 1.98 g/L IPS: [40]
G0119 250 mL flask  yeast powder 2531 2.59¢/L 4.695%10° Da
SLOKREERE 12 g/L, 2520  2.65g/L EPS:
5 L fermenter KH,PO, 3 g/L, 5.554x10* Da
50 L &P initial pH 5.5,
50 L fermenter inoculum size
10 mL/100 mL
G. 5 L K EfE Glucose 30 g/L, — - 1.60 g/L EPS1: [41]
cantharelloideum 5 L fermenter tryptone 3 g/L, 627.72 kDa
HPMCC 26 °C, EPS2:
2951901-2# pH 5.0 74.56 kDa
G. lucidum 250 mL #2)fi  Glucose 40 g/L, 5.58 - 1.39 g/LL EPS: [42]
CCRC36041 250 mL flask  corn steep 71-209 kDa
powder 5 g/L
G. lucidum I Fe" 0.2% 7299 - 0.72 g/L - [43]
flask
G. lucidum 500 mL $8  RERTR 099 - 1.06 g/L [44]
GL-01 500 mL flask  Stearic acid
IR 7 1.06 0.77 g/L
Linoleic acid
G. lucidum 500 mL $EJ £kl 12.90 1.038 g/L [45]
CCRC36123 500 mL flask  Corn oil
G. lucidum 500 mL ##6 EEIh 10.71 038 ¢g/L 0.33 g/L [46]
WZ06 500 mL flask  Coix
lacryma-jobi oil
G. lucidum 500 mL #2)fi  L-ANAR - - 0.91 g/L [47]
CGMCC5.26 500 mL flask ~ L-phenylalanine
G. resinaceum 250 mL ¥#)fi.  Tween-80 7.24 - 1.33 g/L EPS: [48]
YWO01 250 mL flask 4.61x10° Da
G. lucidum - AEARE 7.53 - - [49]
WRT
Trichoderma - 0.370 g/L -
viride elictor
TSk f iR 1
Acremonium
strictum elictor
G. lucidum 500 mL $2fi R HonERE: - 772.56 mg/L  452.76 mg/L [50]
Gl-01 500 mL flask ~ Rare earth

.
elements Pr’

(k)
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G. lucidum 500 mL ##)f  Z9HE dueag —
500 mL flask ~ Medicinal
insect
Catharsius
molossus
G. lucidum 1000 L 47  HE 18.84
5.534 1 000 mL flask Licorice

241 g/L

3.61 g/L

(&3 2)
608.90 mg/L [51]
6.21 g/L [52]

T - SCHCRRE

Note: —: References unreported.

32 &R

AR RMEY KB R . BT, B
YA R R R, SHRUE AR R B
HEEEN. RIEA LR MA VLA, 4]
mwmRe: . AL . B B . SR
o AWIREN, ERZZEABTH, Hl
RIEH TR R . EOREIE S, i
FEPTRTT 8 R RN R 2 Mo 2 R
M), IRAT AL &6 0 G AL TR 349 T B 7 22 14 A1)
F s 48 WLEE R S 0ER I B A 22 0 = s
49 129.1 mg/100 mL. Long 254 %1 T 6 A A
Xof e Ah Z2 7 i 2 R RS AR R B R
Bf, EPS " imikwm, N 1.87 g/L, (HAYREK
i i LABEEERY O RO, YRR,
5.93 g/lL. XEH], G EPS BT KAIfE
SR Y AR —3 . Feng %1% B4 LIEE
BER ISR R R R P 2 g,
TR EEESR YRR R 12 g/L B,
N 2SR ol 1.30 g/L, sk&g ey
AT HLAIRAE R RIR AT G B-H A A T
BLRR , 1 L2 A R SRR T 2 A AL,
M RN B — R IR R - R A1 R A
15 o Hsieh 25 1 BR i IR 00 R X Ha ok 22
W= i e W TR, 25 R R I AR R
Wil 21 T 2 i m, (AEIRRR & & T2
BEAE XS o3 F B 8K, ORI T8 (corn steep
powder, CSP)A 1, 2 Fl 5 g/L B} ZHE5rF =57

35350 61-90 . 67—113 F1 71-209 kDa. Fraga
SEDSR BURE TR I AR A B R (1.65 @/L)
AR TS E LAY R MR 2 e,
B IR K- (4.80 /L) e SRR i H 2
WIS Z M 55 eAh, v R Y g . pH
7 4.0.6.0 544 N A FITFIE H(1-3)/(1—-4)-Glep
PO 5 1 B Ah 220, A B 1 Rk B & pH
5.0 ZAF A RIIE B3 SCRE R R A 2 0
3.3 EHERREKETF

TCHLER Ko Az K TR -5 U 0 2400 i 1) A B
R F i EEAER . Gl 7R
Wh A S SRR R (K. Mg dERR4N
i P ) R B T (C a5 A0 B AR A K B 7 )
A U5 (B R4k K)o Feng Z51O%F L T KH,PO,
K,HPO,. Na,HPO,. NaH,PO, %I 7 2 Jitl [ £ bk
1R, R KHPO, Fiii 5 B 225 Ui
WZHE, 2 KHPO, BN 2.5 /L Bl N 20515
i N 1.19 g/L, 1fij Na,HPO,, NaH,PO, 137
K TNWLWERKGE, 2R D, kA
DL B 2 B R b CHLER S KoHPO, B-
HRBESRRm, MAZESEHE ST
MgSO,. CaCl,. K,HPO, ZETHLEL; 24 K,HPO,
WRE R 1.5 /L B, B-H SRR R X 2 iy
BB R M ARSI L T & K Mg Zn
Fe’" | Ca IR I R E WA KL 2K
B, RIS Fet AR IRILN L) A
L 22 W fie s L 43R 7.299 g/L 10,720 /L,
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TE R S5 S5 T 3T R B REY K5 5%, Prig 2
JL SRR 22 0 O i LU R e I B R T A R . ok
5 S CORE 5E T s 0 % (B (La) . 4 (Ce) . 4K
(Nd). B%(Pr). #H(Er))% R 2 Wk & B R
R IRAS[R] B H 1 0 R RIS BV T S
REZHFEIER; HohROT R R 2N
Z R AN Z A R SRR A B, VR
7 0.01. 0.001 mmol/L Bt 3% =43 i3k 3 %
B, ENTHRZHY 4.67. 3.05 £, BB LR
R THEER By, By Ml BaENAERKEFXTRE
VA R, 255K, 3 R4 R B
YIRE et R 2 R KRN Z LR, Hop
Ytk 2R By RURELF, A MM Z 055 5k
#] 7.604 g/L F1 0.863 g/L.
3.4 SNEZRMYD

Ak, EMREE SRR Z -, F 2
2B R IANEY X & B T A S . T
TR R i — 2 SR AR S N A 2R . Ab
Ay L AaRE 2y . WIERYE . F5 0
T4, REAMRE A S WEE R X P25 08 55
Yy BT AL TR T, A2k B A A A A
PN G o MRS B AT AR A T 165
KSR SRR A A 3, 8 R LR B R4
MG L A7 A R D 38 1 R e G 3 A G
il 1) 15 M SR AR R 2 W R RS A AT
B R E AR AR R S e Bk
5 SIS T AS [ I I R X R 2 VAR R T R
M, Z55EREA, RENRER . IR AR AN PR AT AR
RE R Z WK EY & WSROI A F T
RZ AP ZHER A RIS IR EE N 1.0 g/L B,
Hash 2o o B R X B 3.37 %5 IR IR
A R ML 20 0GR, Y vk B
1.5 g/L, MR ZHEEEEXTAr 2.56 4.
Huang 25" T T kit R 2 EH 24K
MW B, FESEFRWIHE I 2% koK

W, WIRAYEMZHEAERESR 13 d B
IKF R RME 12.9 g/L 1 1.038 g/L, S5XFHEZHAH
Fo, BRI T 2.35 1% it E
Pem 7 178 A XML LB, WAE]
PUBREAR A AR pH 451 T E 12 2400 . Ik
VA STH BB RV =T ik R & S S ks
A=Yy A 2 HE ) 7= A o Yang 251 R 7R T
LRESFA TN 2% MBSy e, A= . Mesh 0
LN Z2 5 10 7 5 53 0l 3K B b RARL, 23 3l X
WEZH Y 3.34. 2.76. 2.20 1 2.23 f%; Wi&EM>
BraR W1, RSB AR D5 B2 ) 45 ) A (] B
SOV B TR T 2 W S P TR -8 TR A e W 22 7 B
B Kk B EAEM . Yang FH MR T
Tween-80 X R 2 )2 K A= 7= R 2 0 4h 2 b
(EPS) Wy {2 HEVE T, #5REM, W 0.25%
Tween-80 Y i 224 W) s M AN M r= s 756 3 K
E, RS T 19.76%H 137.50%; K EEh )
LM A Tween-80 Ji5 48 26 Wi TS AE b,
EPS 4: W) BUA S HE DR i 3k A ATP A il i 2%
P Ah, Tween-80 iR g BN T 40 0 N T%
PEER RS, BT 200 FSE R 240 e e o 1 5
5AR4% Tween-80 Y EPS fHEL, % Tween-80 AY
EPS HAH SpifEm & . BT, D
KO BT AEAR TR, R 2,2- AR AL
(DPPH) F FH 3L BT A AL BE Ty Hi5ik . Ma 25171
T L-ARNZA IR R 2 M5 Z WE(EPS) 520
YL ENERRWE N 0.4 gL I, KidE 24 h)5
EPS P 143 0.91 g/L, HXTHR(0.56 g/L)iZm
62.5%; FESRAMIERAHEN, 5 LAKKN
SRR AT A I Y L2 P9 24 18 0t 2 1t R HH R 4-
FRALEG W LA, AR R AR
V5 BEH T B (TEM) R 7 ) B s 2%
RRW, LN &R AL B A 20 At B JR B sk /b T
58.58%, 4 MU BEFL BT ARG AN, 3X AT RE 242 5 EPS
PR 2 LR DY 2 R B LA ] i
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REfEHE IPS (=, XF R 2 4 BE 1 & A B
BEIEIER . 2% E L, 3 Bl R R
HR(ORREATRE . B 5o SR A TSk 56) A ok
BRI 43 31) 1 4 AEL N 380 & T, DA () J3E ARAR [ s
[N B R 2k s gk rh, RISk +
X R 2 RS A AT, S et a) 2k R 2 5
FEEIRIHI0 d)FIR I3 d) . W E N 120 pg/mL
FRSCR R, 27k s 357.28 mg/L, &
XTREZLE 5.8 fif. XUEnsm & FSE T LR ZE
B HOX) R 2 2 WA Y15 BRI, I Uk
WEANIAREE R 5 /L BFBE 2 iEiE R 2 IPS i EPS
BTG R, =B 43 Hh 6 B4 119 (1.93+0.09) g/L
F1(520.3+20.2) mg/L &5 £ (2.4140.12) g/L #
(608.9+20.2) mg/L. Aok ZEP I ER ARSI 3L 43 5]
IIAHR LS, B, W4 4 fhrp2y, R
RN R 2 205007 A A T 5 A 2 A
Fis M 2B RS 2 M5 H R itk 6 g/L
Ik SR KAl N 3.613 g/L #16.217 g/L, 352
FIZHERES T 70.42%F1 61.44%, HEIEIES00 55y
T 14 FhANEY BN R 2R TS B B SR E 5
M, 255K, BEE BRI E RIS TR B
RH G, TERRSAMT, B-H SRR il
75(40.67+8.43) mg/L,

4 RBRIZAGARZHARRE
SEOP 2 ik A

REWERBETZAAH pH . W | Ot
W B KB U AR A B . AR Y
e W A 2 AU TR AR A I 7 v e AR 4 i
ARREE L BRI W2 IRE RS
M HPIRZS | WS P LR AR R PRE SR . I Ah,
K W 2 AEAS PO W 1) R B 4™ A5
Wi, SR EAACH = Yy 2 o 1 AR
S WIEWEAE Y el ANITE S R N CLiD)
FEWIE L . BT AR R AR R M

S ZBE 7RI AN 2R 3 TR o
41 BE

WA R Wt B v, 5 3R Al i 5 e R
Z R R WA B R A S S M, T
S ) A48 6 XoF 5 75 0 5 1 W SR R e Y
. Balamurugan %112 18 3K [6] S bl 4%
HFTFMRZAERKNRERES—F, 23Kk
BAIR (20 *OFMH T, REMIHLSE R ME
K2t s WL EE Sk 25 °C 1 30 °C 4 F &
AR A i, Lee VA BLIRRE
25 °C W, RZEMIZHEN i R
910 °C B, M ZHiFA Y & s, Xl
HFAERSE T 3 R R IR R 2
PISEI , &30 R 2 22 Wh I O o Bl A TR i T
BT = 5 AR, Y R Bl 34 °C
i, ZWESREEEN 2.66 g/L. x| H AFAET
R B R I B B SRR T T 22 A AR
R, AR, B, 4RSS
BTG s A EE 30 °C BEFR&MET, 34 °C &4
TABE10 d, BWEEETE . SFAERBEE . TE
PERE SR R T 51.12%.30.41% ., 13.21%.,
Tz S5O R B AS e T ok A v AN [R) 355 75 TLE
1N ARAT I A 22 25 ) LGS /)N BT 98 2
Jfl Hepal-6 F1 A FL AR 40 it MDA-MB-231 HA
IHIVER; MIGFRIEEE N 30 °C B, Frigiash
ZHr M EAR A Y Y R KRAE, e
0.487 g/L Fll 4.18 /L, XJ [WJed 20 Ji i 3 7 % e
Ko Peng 25U B 5 2 o1 22 5 v B 1) B /R
5 P 2 R SR IR B, JH v R R 1 R
IRESTERT 85%IFHEE RN LFAET
R 3A, T SR RN > LA A9 B R 43 B
s geAh, EARRSEFRRESSE T, 252
WA B 9 A PGM., UGPase. PGI 1 PMI
U o il ) T P T AR T R T A TR 1 K F
PGM. PGI. GMP —Fiff i) e i 55 77 % R
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Table 3  Effects of fermentation conditions on the yield of intracellular and extracellular polysaccharides in
Ganoderma lingzhi liquid fermentation

HIPRA PR R R MR N ES W RN 1P\ i 22 3CHk
Strain Fermentation Research content Biomass 5 m/f5% L= V/Re ) References
scale (g/L) Intracellular Exopolysaccharide
polysaccharide content/yield
content/yield  (g/L)
(g/L)
G. lucidum 5Lk  ZHEBAEH pH 1250 - 4.70 [61]
DG-6566 5 L fermenter Multi-stage pH control
G. lucidum 500 mL #0030 °C 4.18 0.48 [62]
500 mL flask Temperature 30 °C
G. lucidum 351 EERE  WIIRIARR A L8 R E(K ) 15.62  2.19 - [63]
CCGMC5.616 3.5L 78207
fermenter An initial K;a of 78.2 b
G. resinaceum 5 L RIEHE  #MEVML AR, PG #HE 4220 - 4.60 [64]
DG-6566 5L WEE 10 g/L, 5 6 KAb
fermenter BRI 50 g/L
Fed-batch fermentation,
initial glucose concentration
10 g/L, fed glucose
concentration 50 g/L
on the sixth day
G. lucidum 15 LORIERE  #IRE I R I v 42 il v 26.60 - 4.55 [65]
CCRC36123 15L £ (DO) 20%L) I
fermenter Control of dissolved
oxygen (DO) over
20% in fed-batch
fermentation
G. lucidum 200 L RIFHE e, pH., ERIHMEL> 22,62 4.74 - [66]
CGMCC5.616 200 L LR ZS &
fermenter Combined regulation of
rotational speed, pH,
dissolved oxygen and
fed-batch fermentation
G. lucidum 10L K DO 0-56 h 2N 30%; 10.88 2.88 [67]
xy05 10L 56—112h }y 20%;
fermenter 112-168 h & 10%
DO was 30% in 0—56 h;
20% for 56—112 h;
10% for 112—168 h
G. lucidum 5LOKEERE  0-31.2 h S 5N 6 L/min; 1735  2.83 - [68]
GO119 5L 31.2-43 h i N 9 L/min;
fermenter 43—55 h #S&=-N 6 L/min;
55-96 h (K BELE S
=} 5 L/min
(Figh)
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(£ 3)
0—31.2 h ventilation rate
was 6 L/min; 31.2—43 h
ventilation was 9 L/min;
the ventilation rate was
6 L/min in 43-55 h.
Ventilation at 55-96 h
(end of fermentation) 5 L/min
G. lucidum 500 mL #&fi 100 uE )% LED Y&l 10 h 15.16 - 3.10 [69]
G9 500 mL flask 100 pE Blue LED for 10 h
G. lucidum 250 mL $)E RS I BT 2214 1575 - 0.54 [70]
G10016 250 mL flask  fEA{%F Y
Ultrasonic homogeneous
mycelium as inoculum
G. lucidum 250 mL #7)f  E7S AL FRET ) 15 min, 1554  0.18 0.92 [71]
CGMCC 250 mL flask L3R 15 W/L, AbFRIREL 2 1R
5.0026 The ultrasonic treatment time
was 15 min, the power was
15 W/L, and the treatment
times were 2 times
G. lucidum 250 mL #8)f =B BORIRST . 2 2341 335 2.08 [72]
CCGMC 250 mL flask  F MR R BEARSS
5.616 Multi-fed batch culture

integrated with three-stage
light irradiation and
multiple additions of
copper ions

7£: DO: Dissolved oxygen; —: SCHRAHRIE
Note: DO: Dissolved oxygen; —: References unreported.

35 °C, PMI K 25 °C, FHCA () 5 il R 30
30 °C,
4.2 X

s BEKH 200 i A R R = 14 A A AT
e A AR . Zapata ZESHRSE T 4 Fb
AN [R] S HE K FE b BT B 22 AR A= i B S )
SRR, ERDOLEANT, REWLRE
W 5t e (18.66+0.812) g/L. Zhang Z5U77% 1t
T3 FhOGTR R SRR AL HXT R 2 A K e 2R
HIsZR, RIAE DGR, Wk a .
IPS & & ™ m, 20 8(15.36+0.58) /L.
(17.60+0.30) mg/100 mg #1(2.70+0.18) g/L. 7k
A Je g B s, LED St BE AR X R 2 A

KA SN Z 52 , &I LED Ay
FI T4 M LE K ; #55% LED & A RIS 28 &
i, DL 100 uE #5% LED YGME 10 h, A=4tAl
a4 2 h 7= 8435 15.16 g/L 1 3.102 g/L, H
AP BIEE T 45.91%F1 109.74%. Zhu
PR =B BOGRE ST . 2B T AR
HEEBEAZS A U8 &IPS &, 52008
TNEE . = B BOB R A Z kbR L &
FELG, IPS Sat3oilde e 1 2.28. 1.08 il 1.14 1%,
REBREVL IR AR SRR Y 8d, R
ZWH5 1 A OB (hexokinase , HK)T 4 4 Lt
MRS LA 9 T 13%F0 40%, 11T 7 45 - 6-
TR 0 2 T (G-6-PDH) i 1 | B IR 781 26 W 0 iy
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(PGL)EHPEFN o 92 7] 26 0 722 457 T (o-PGM) T 4
IS RS X IRZH A 1,75, 1.58 1 1.4 £%.
43 pH

pH FE WA & B B P ) 52 ) 2 22 7 THI 1Y
B an s 4 ThaE . AN RIS L R
BPRA MRS TE . B IR R W )
(A 5% . Fang 0V R IAETRAS & L 2
B WIS pH 6.5 2508 T, 40 AT s PR
YA R AT, T L A 3 R R B 8 A
FIG pH BN, ®Its pHAEH 3.5, 4.5
1 6.5 B AR A H M FEHUR S 2.34 . 3.14
M 3.51 g/L; 7RIS pH 2545, 5% B8 ) 20 bl
AKPEE R, EPS Y77 AR i & T ] S22 4 T 3
s WS R WIS pH {E(5.5-7.0) A FIF IPS 1)
AR, Kim SR B B S pH R
W Ok Fie KAV TR 22 (R Ay it RN IR AT 2 W5 0 77 i
Hortr T pH XIS Z R 25 R B
BrBt pH Fa il S0 ™ 0 22 A A W i R A1 2
PR A R 12,5 g/L F1 4.7 g/L, A
Hl pH £ FHemE T 23%H 160%; K FAH
pH R, WZRMBRA—, WERS
OB B R TR A 2R A, TR
SIS Z W00 710 . B L A9 R 2 2 AR
WA W22 5 IR RGE IR AE T R IR IEY)
G pH {EXT R 2 H 2R TE 3 KA 2 WS PE R
e, R RILE pH (H(5.0-7.00A F T
Mo Z B0 B, B pH {E(3.0-4.0)F | T
R AR, /N ER(E AR D<2.5 mm) AT F
F A Z2 M 0 Az B, T R Y TR RS A LA 22
WA BT BRI IR pH (4.0 Z50F T 4R
75 B LA Z2 48 X6k 7N Ui 40 D Hepal-6 FIAEL
T 955 41 Bl MDA-MB-231 HAG B 25 g 3 7E .
Peng 26UV PR 2 0 A1 Z2 W v 2 5 W A EE R
HAOS ML pH A& 2 BT,
FUBHMEE R B 43 S i 2 R e m5 s 2

WA O A RGN e B — B0k, wIhh pH (EER
o L P 3 T AT
44 RS

REBTIHRERE, WA PHEAR
SN R T L R A KRS P G T AR
K sZm, R2ZAK BRI B B A7 KA
6], Vs A - 3 R G R 2 AN T
K F o Tang S5 CWHFFE T RILG AR B 4R AL 38 R AL
(Kra) FIE 7 42 5K J1(DOT) R R 2 K BE 521
RIMAEN UG Kia N 782 h 'SR, KA
o 15.62 g/L, KMANZHE™ &R 2.19 g/L;
10% DOT #MFFHNIFZHEEEE T 25%
DOT #Hil %&/F T, (HE=EEMKT 25% DOT
BEHIAAET o JE/NSESEOTRE 58 T R R e
W SRR BUEH RN R, E— K
b PR T E A R I RERE R L H A R R
DO {E 143 Be il & B DO A 3 FhAS [A] 45 8 7
TR 228 K A= M s 2 hER s, 45 SR
HH 48 728 B 3o 2 B0 il 1 38—68 h! B, KR EERL
Rt 3 FORRIEE R, 0Bl & ik
W DO fHAUCR M, RILAMFTHZTHEBE
10.88 g/L, MushZHiik 2.88 g/L, il 28 5L
KEFHEFIRIE T 4-10 L/min ANRIES RN R
R 22 AR A R N 2 6 B S R, R B S
i 9 L/min B 2K THE &N 1542 g/L; #@
A1t 6 L/min Wl N Z 015 3550 2.10 /L,
A B 22 AE K R I N A R, 1R
T OB Bl SR R AR, AU AR Y
FHL N Z 1523 08 5 T 12.59%F1 35.75%,
T HAT %5 522 A0 b o FANEL R 7 o
45 %(BRAN

KW N FEAEL R AR, #D
R BRI AR A0 R A L SRR TR
FH A ) N 4 3R e b AT R 2 20 i 82 &
W, R ZIRSAY R 28R E A
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BE TR o Kim SR AR it K s 750k
P2 R R 22 AR A A A 2R R, B 6 R
WU Bl 50 g/L iR E BRI 4R 10 /L 4
Wi IR AR, RIS 14 RV EZIK YRR K
B0 42.2 g/L. MM i KA R 4.6 g/L.
Fazenda 25157 T #H X% 48 (dissolved oxygen,
DO)XJ 7 2 #IRE 734 e 1 3 R v 1R 22 18 S
KR AR g, S5, Ml
B R B A AR 20% AT S A
P 130%, AR DO BT, MshZhirs
HEEEH DO AT 2 £5. Tang e
R pH ., WAL AR R B, I &
WERLEZ A0 N 7.5 L 97K 3 20 L, 2001 & e
HAER -y i E s, R, &k
YR 22.62 g/L. MINZHEE &8 4.74 g/L.
Wan Abd %R &2 otk R ey =X, 7E 45 5
TR FE A [ 4 5 TR R R
4.6 HbAE

Liu Z5UO0R TR P IR 35 o B 22 (A4 S 432
FUY A TR 2 3G 5%, MRl 4.76% (KB4
Homt, YR EPS PR RN HIAF] 1575 g/L
054 g/L, 4yl AT 129.26% 1
45.95%; LA, R AN o S SO IR 1
SEW AN DA R Tt A AR M B AR, Hd
BN T HERN R . Sun ZEUVWRSY TR
A RS e R T
Wi, FEXTHE R SRR T TRk, B SR b
PRI E] 15 min, #7515 WL, K
B2 W FEIRRAMT, SXTAMEL, £
i MRS 2 A AR R T 26.99% .
18.48%F1 35.90%. 55X REALHAH L, (PR5HE B 75
WEPRUUAR T RZ B2 ARGEH, & T 4niE s
BWRIE, RS TN E S, T
ffL Py ROS g F 7Y Sun 2554058 3o 7% s 2 AL
LI A 43 BT T P I A B R 2 AR s

M, 5%, KA GHEE T 16 M35
ZHEA RS H G, F B AA IR |
AWEBLE . UDP-# %54 4-22 7] 52 AL B L 5 %
Wit (GT ZE05)FOBEH /K i B (GH %) . LAk, X
WIRACH (LR . MRS FCED . RBAR I G
FACHE) AR (i 2 1 R AL 43 ) B 3%
LN 7= A — R B, 10 B AR P A BT R AR
A5 M) s 22 O T G Y

5 k2

REZZHERA T Z 025 IS LAS A 25
FPIR, fEYRTeR . (R TR i
RIERIRIDET , W RZ LK S H
3, RS KR R 2 2R IR 2 AR K
¥z —, BAHFAE—E R BR . FTA A
AR LA 2 (1) RZ 28R
WA, T 2B AT AR T R FRE B9
e KR 1 R W AN TE M, T i — 2RI B
TEWS KW LR e, Gk — RS R
SRR Z R R AL e T
BB R SZALRR R A LA . (2) N AR
SR " R 2 R T 2 R e S
BB, ImAREW 2 TH WK AFEY
WL g AR o | AR B AR S R 2 1 A 2 S A
R, AT T MU AL R R T 5 428 A T 7 )
GER R HA U, A — B IEAR
(3) RZILEEIRIE BT ML R 2™
Yy FRRE TS mgEe. A
S IR IRk AR s H bR 2R
WA A H W I IR A W — RPN RS
Yrs A Sl S R R B A 2 i 2 1
TEPES S8 AT A — R AN AT R,
2 i R i R RIE B, AU — IR AR
ILo (4) RZWAE KBRS B ZHRE |
el AN W T R N E S A TR N | 4
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b, FHA R BT B Z W HAT B i 25 B A
Je 0 ] 3 gk A I TS TR R K B [ A e o
AEYETER 20, AL Tl AL & 1 s A R 2
By B iR SR R, 395 H AR 1) 2 Bl 2 B
BTk (5) REZHM TN G HAEYIE T
HA—E MMM, RSk L2+
REPET MM R EY R . B2HET
ThT, A DLIRFEAESE ) 2R )7 A B X R E 2 T iR
INE R ZZRERS R LA . AR A
BAFLRET X6 1 70 2R 2 20 W 14 7 1) YL A T T
TFRGNENETE, DU IR — 20 s IR TS A K
TZHRZZHyTRZENRR, WRZ™
AR ERE 1] K A 7 R 2 BRI BOR
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