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Abstract: Triterpenes, a major group of key components in the medicinal and edible
Ganoderma lucidum in China, have crucial pharmacological activities. Liquid fermentation is
the most promising way to produce the triterpenes as this method enables short growth cycle,
has controllable environmental conditions, yields target products of stable quality, and is
suitable for large-scale production. The metabolic pathway of triterpenes, fermentation process
parameters, and dissolved oxygen are the key to the liquid fermentation of G. lucidum for
triterpenes. In this study, we summarized the effect of metabolic pathways for triterpene
biosynthesis and the related enzymes (genes), liquid fermentation process, and dissolved oxygen
control regulated fermentation parameters on the biosynthesis of triterpenes, as well as the
future research directions, hoping to serve as a reference for the regulation and high-yield
production of triterpenes by submerged liquid fermentation.

Keywords: Ganoderma lucidum; triterpenes; liquid fermentation; biosynthesis; dissolved
oxygen
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Figure 1 Upstream pathway of triterpenes biosynthesis!***%). AACT: Acetyl-CoA acetyltransferase; HMGS:
3-hydroxy-3-methylglutaryl-CoA synthase; HMGR: 3-hydroxy3-methylglutaryl-CoA reductase; MK:
Mevalonate kinase; MPK: Phosphomevalonate kinase; MVD: Pyrophosphomevalonate decarboxylase; IDI:

Isoper ttenyldiphosphate isomerase; FPS: Farnesyl diphos phate synthase; FPPS: Geranylgeranyl-PP synthase;
SQS: Squalene synthase; SE: Squalene monooxygenase.
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Table 1 Upstream pathway related enzymes and functions®>*”*!
it M
Enzyme Function
AACT W— A CAIGE A (ORI B 5 — > OB A b, LS TR A 195 B
Transferring the acetyl group of one acetyl-CoA to another to catalyze the synthesis of acetyl-CoA
HMGS HEAL 1 L BEARTE A RN Z LA A 45 A2 8 HMG-CoA
Catalytic condensation of acetylacetyl-CoA and acetyl-CoA to HMG-CoA
HMGR fiEft HMG-CoA i MVA
Catalytic HMG-CoA to MVA
MVD fiEfL MVA-PP [ 2 1= i, IPP
Catalytic decarboxylation of MVA-PP to IPP
IDI Wi 1PP 5#A1LAE B DMAPP
Activate IPP isomerization to generate DMAPP
FPS HEALPI 77 IPP 5 DMAPP ATk 44, A 10 b9 FPP
Catalytic head-to-tail condensation of two molecules of IPP and DMAPP to form 10-carbon compound FPP
SQs 455 WIS T FPP UM
Condensation of two FPP molecules into squalene
LS PEAL 2,350 Ak e I A i S T R = S 1A ) o o 6 5

Catalytic production of sterols and triterpene precursor lanosterol from 2,3-oxidosqualene
AACT: CPBEHiME A CBEFRSHE; HMGS: 3-F00E-3-HIE R " BEATAE A G ; HMGR: 3-F2E-3-HUR % BTG A 18
J5iE; MVD: HORNRREBRIR RN ; DL S URSEEREIR A0 ; FPS: LR REMBHiIR G ME; SQS: RS HE; LS:
FEB A
AACT: Acetyl-CoA HMGS: HMGR:
methylglutaryl-CoA reductase; MVD: Pyrophosphomevalonate decarboxylase; IDI: Isoper ttenyldiphosphate isomerase; FPS:

acetyltransferase; 3-hydroxy-3-methylglutaryl-CoA  synthase; 3-hydroxy3-

Farnesyl diphos phate synthase; SQS: Squalene synthase; LS: Lanosterol synthase.
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Table 2 Cyp450 related to triterpene biosynthesis
CYP450 e YEFIBLH SCik
Function Mechanism of action References
gl21117 i1k HLDOA JE iR 2 & Tb 5 HLDOA #:fih/E iR 2 & Tb [22]
Catalytic HLDOA to form ganoderic ~ Contact with HLDOA to produce ganoderic acid
acid Jb Jb
cyp315018 Ak AL L HLDOA Z 5T BHBEER C-26 MURBERIEM, ik [29]
Catalytic generation of HLDOA EB {8 4 B HLDOA
Involved in the formation of carboxyl group at
C-26 of lanosterol skeleton, catalyzing the
formation of HLDOA from lanosterol
cyp505d13 BB Az R R 2 = 25 ST-3 MBI, BAEBIFRAZ =0 [45]
Coordination to generate cyclic Involved in the formation of ST-3, with the
Ganoderma triterpenes formation of annular Ganoderma triterpenes
MM 14a-B0 P IERE B T PR §5§ BT R B9 1400 o7 FE L 32 A I 0 [46]

& Synthetic ergosterol
Sterol 14a-demethylase
cyp512u6 At A UG RR A
REZMR Je. REMR ZXYL
Catalytic synthesis of hainanic acid A,
ganoderic acid Jc, ganoderic acid ZXYL
cyp5139¢g1 {1k B DHLDOA
Catalytic generation of DHLDOA
cyp512v2 RS S T REZ]m T AL

May be involved in the synthesis of
ganoderic acid T

Catalytic 14a-methyl hydroxylation of sterol
precursors

FIAL C-23 A LB R =SS [52]
C-15-OH FI/8, C-7 M &

Hydroxylated C-23 oxylanostane triterpenoids

with C-15-OH and/or C-7 ketone groups

f15% HLDOA ) C-28 Ak, RECTREEELIE [53]
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C-28 oxidation responsible for HLDOA,

resulting in engineering yeast to form DHLDOA

Unknown [54]
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R RIS e

H & B 78 4~ CYP450 Al it 5 5| R 2 ik
HHREEMEm T, (AREBLFER S 5T
TeimAt, Higy CYP450s BIVE FHHLEIMATAS TR M .
1 o L N TR T B Y s L DR R A
FEIREANGN, AT LUK AL QI R 1) R 2R 1Y
A AR 2, BHEA RG] H AR R
ESRS RSN

2 REZWEXRMTABSKBEY
oAb 2Nk

REMBEREERE AR, 2
P14 BRT 22 1A A R = S 00 B 1) A ) U 5
ANEY, NEMRESEE PR R S
A R AR SV R AU VA G, TR R
SR TS B0 K 7 =k 25 H1 0 Al A
F, WA K 7 20 [ 0 T4 s ) 4225 i 25
VSRS AE RN, AR RS R a2k 3 fr
TN, SCHR TR B ) 22 2 TR AR A AR T [ S
Tl A W B A AR R A L 0 (CCGMC),, Y8 R
2o IV AR AR A L ET DAY i = 2 R 1)
e, W ARCBR 75 R R 2 A i e S i
S AW G R AR L P A R i 2
R 2 R A R = S AR,
I, WA S KR R 2 =R R A
I E ST L, R 2R K R A R
FESE AR R R EES B I 45 =
PLIEEES
21 BEEBARMRZ=ZiEXDREY
=304

WS W 7= R 2 =52 2 ) 2 /b [N

FIRZm, ASF R B 550 4R 5
R R = RE Y . Fang 451
BT IR AR B R R A A B A R
W B R B (RIS 1 o BEES 7)) S i A 0 3%
(BIE5 2 BYBess IS &, JFR T M BBk I
T2, Wi 4 RYRGEFRE R 2 B E R
12 d, 5REmESE 16 d ML, REBR&SEMN
1.36 mg/(100 mg-DW)$=1%1 3.19 mg/(100 mg-DW),
B T REBRI TR, IR A
e E A B 7 7 (liquid superficial-static culture,
LSSC)kHE 5 R 2 =iy iy =ik, 458K
B, S S50 TE T25 ARG SR vl G
BB 2 mL, B 7.0 g (BIRMEER/L), L
K AE 48 h BFAMIN 2 mL 55359 ; K 7 d 5 =ik
P RS SR R s T R 2.09 £, AlGA
(32.95+0.51) mg/g; ZANGWF ORI K
B, R R SR 419 1%, ATk
(65.91+0.84) mg/g. HHRIZWIAR KM L, Wik
RZHE R AR | =R,
i AR B AT PR Sy, AR 2 =
W ol Ak R FA B AL T i S

Tang %5 “H3R FH AL 4 HE A 18 1) 5 s 76 S
Mg R TR R R R, FEIRE YR
g A B R 2 5 4 5 (367.1417.4) mg/L
f1(297.9£13.7) mg/L. MAMZIE NS5 T
AR IR J2 85 37 o A R X K 1 A B2 i LY R B
AR EA R FREZRA A, LB T L
Wy I VL A BB R, RE RS RN
(4.96+0.13) mg/(100 mg-DW), MR X" &N
(976.00+35.00) mg/L ., Ji5 1% Ml PA SR H] pH-shift
Ml DOT-shift Z54& A4t & BRI F 9 &L, 16
pH N 3.0 B35 4 d. pHIE N 4.5 853556 d
J&, AREE 25%F1 10% M A5k J1 T 23 il 1 5%
6 d I 55, 5 SRR B IL 25 14 Bt 25 U ) 1 5 R
ZER R, iK% 754.60 mg/LP",
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Table 3  Yield of triterpenes in different liquid culture methods
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IR N RZZMRRYIB . 2530
Liquid culture mode Condition of culture Yield of triterpenes References
TR EEMPT B SR eRG R 4 d R R ERR 12d

A two-stage Shake culture for 4 d and then static culture for 12 d

fermentation process by
combining conventional
shake-flask fermentation
with static culture

WA 2§ B3R 7 X
(LSSC)

Liquid superficial-static
culture

Lt R T

Fed-batch fermentation

pH-shift, DOT-shift 2%
BTt K

pH-shift and DOT-shift
integrated fed-batch
fermentation process

3 BoUB R s 3R
Three-stage light
irradiation strategy in
the submerged

fermentation
AT R P A B R A
K

Low intensity ultrasound
assisted liquid

IR SRR 2 mL, $efhit 7.0 g (B E/L), 7E 48 h
AN 2 mL BEFR, KT d

Initial medium volume 2 mL, inoculum size 7.0 g/L, adding
medium 2 mL in 48 h and fermentative duration 7 d

RN Z SN, W AT 8 RO
2.1h', W TE AR 0.90 em’/mL

A multilayer static bioreactor with initial volumetric oxygen
transfer coefficient of 2.1 h™" and liquid surface area of

0.90 cm?/mL was used

pHIE N 3.0 559 4d. pHIE N 45559 6 d Jm, AREAEl
filR K 1R 25%F 10%H 43 511557 6 d

After 4 d of culture at pH 3.0 and 6 d of culture at pH 4.5,
they were cultured for 6d at dissolved oxygen tensions of
25% and 10%, respectively

B BBl 2 d REERESR, 2 BTBONRSEIR 6 A Y
0.94 W/m® FIDBERAIHEIR, 5 3 BYBEA 4.70 Wim? PG IR GT
R

The first stage was 2 d dark incubation, the second stage was
0.94 W/m?* white light irradiation for 6 d, and the third stage
was 4.70 W/m” white light irradiation

PG 96 h AL B, A< (2842) kHz, #ATIA 193.95 mg/L

N 15 W/L, ZFRPIIR, ERIREFE] 15 min
Ultrasonic treatment was performed at 96 h after inoculation.
The ultrasonic frequency was (28+2) kHz and the ultrasonic

(65.91+£0.84) mg/g

(976.00+35.00) mg/L

(466.30+24.10) mg/L

fermentation

twice and each time was 15 min

power density was 15 W/L. The treatment was performed

Zhang ZESR T 3 BraOB ISR 2R Z
KRR T, BAEREE N 1 Bl 2 d JRR
Beges o5 2 B NG 4iE3E 6 d 9 0.94 W/m?
FIOGRRSTRE IR, 5 3 rBER 4.70 W/m® (LR
SR, HERBER, HERAZm N
(466.30+£24.10) mg/L, iX N R 2 1 R 4 = 2 4t
TR

Sun ZENE 2 2 A & e R v 0 P A S Ak
B, RIS T, 2By at R =g
KR4 W 15.54 g/L 1 193.95 mg/L, 4%
FRE T 26.99%F1 33.62% M AL MS TR
ZURHLIRGER, B T AN SR, R T
20t S 5 1, fR R T 4R ROS AR, Af
P R 25 22 AR 1) A AR
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22 ETRESEATHARIEHENR
ZEEEMRENERBIFIE

Ve S0 A A LA P W R ) R 2 ) PR 22
AR FEBUHAE, HFRAR MR Z =Ky
PR o AR AR, AT R A R
WPIRBR R TR S e e T O
A, IR AR R SRR WY
Beiigier, Tang SR B F A GHA SR
25% W 22 AR A Wi ik e, AR T R 2
REY A AR ERTE 10%0) =il 7 i ey
AHTREBRG . Wik, 7RSS E M
A, DRI E B B e R 2 H 2 K
BRIZR TR RE =Y R G, R
7] K T 25 S5O 40 A s AR o 0 SR 2 = e W ot
HW)E R IR 4 s, b T E R R
ZYIAHRZE

22,1 BSR=E

NG TBUOFIFHIE S S0, R ZAE 0L &
W A T 2 BE RN 3%, 45 R R PR i E W
W% RE R ERZIR, HEFRESE,
o 1 S A R T A e R R ), R R R
IRF R R I R 4656 12 by BRI R 2R
1636 B AR 0.4 L/(L-min) I, K75 5505
b 8.27 g/L Ml 171.26 mg/L . B ARZE b R 2 1 44
RS KB A R 2 = w2 Ry K3 5 L A
wEH, W T ASEEAERD 4. 6. 8 1 10 L/min
X R E =S A R, 45 R IITE 8,
10 L/min 38 HEET R ARA I R T A e ki, PR
R HE AR E I L 0 R A S B R B R AR
[FIBST, TR 2244 R 22 =S oA A 7 5 A
WA SN 8 L/min BHRE, 20514 0.204 g/L #il
0.001 31 g/(L-h), H22{RH K15 Hik5 8.77 g/L.

R4 ETABSLATHBESEFIRRZZMEEYRT2
Table 4 Dissolved oxygen control based on fermentation parameter adjustment and yield of triterpenes

RIEZSEL KBS REZZWERY TR S50
Fermentation  Fermentation parameter control Yield of triterpenes References
parameters
WA 10 L REERET, fefEES R 0.4 L/(L-min) 171.26 mg/L [70]
Rate of gas In 10 L fermentor, the best ventilation is 0.4 L/(L-min)
flow fE 5L RBEES, WA ER 8 L/min 204.00 mg/L [71]

In a 5 L fermenter, the best ventilation is 8 L/min
e ol 34 1 v SR AR A 59 U1 ) (V4,=0.51 m/s) 306.00 mg/L [72]
Revolution K PR P A I SR, (IRBTE) ) (Vg YA FRIE 0.154-1.234 my/s) 798.00 mg/L [73]
speed Low shear force (V,;,=0.51 m/s) for batch fermentation, low shear force

with agitation speed control strategy (Vy, range 0.154-1.234 m/s)

SR FH I 9 Bt R B VR P S ms . FESE 40 NERIE SR B IE 6.07 mg/g [74]

150 r/min, PFfJ5 %0 7E 100 r/min

Using a two-stage stirring speed control strategy, the stirring speed is

controlled at 150 r/min at 40 h and then at 100 r/min

SR AR L PR AR RN, IR B B AR A N FE TR 150 /min 254 58.65 mg/g [75]

100 r/min

Using variable speed control strategy, the best condition for the

oscillation stage is the speed from 150 r/min to 100 r/min
AR 1E R 2 W 2R ASEIZ Z R 25.63 h il 29.85 mL/L AUIE+ "k 840.00 mg/L [76]

Oxygen carrier Adding 29.85 mL/L n-dodecane in 25.63 h of liquid submerged

fermentation of Ganoderma lucidum mycelium
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TE K T HP B PR A R0 B 1 B T B4R
HilE A, AIE WE SRR S O R 2 A K AL
JERS YA, IR RERE N T 22 AR R v 25 b
SR TEMEDT AR TE R R AR T e
o R SR IR A IR AR, R W
W ZZBR R /ANFIER NS . IR FE, TRl B
W E R 2 =R A . TR
PR 22 (A0 38 AR AR R, A I B B AR
SEIRH AT WLRAMRAZ =i YR
AR R AR LU R, S T AR E T A
A IREE, R 2 A K B AR p
IR E AT g A Y
222 iR

A o AR Y B T DA IR AR R,
W22 R T A S A i, IR T 2 80F
R TEMATRZ K, SRR
SREOH LK, RN, T2 KA
A Y R R T R 5 T Ao v A4 e
SRR 2R IEH AR K, XA R A Y
PEYI I A AR, UL, 8 B A
B+ EED,

Gong %% BUTE R 2 4434t A e, A
S A AR B BT 3 (V,=0.51 m/s) A F T R 2 40
ARMAEZRAYE R, 4008 R 250%™
iR T 13.8 ¢/L A 306 mg/L, HEBIYIN
(Vip=1.53 m/s)55 32385 T 30% A1 12%. kA"
WESE T AE B P A S R R N, 35 B0 ) X
pH-shift, DOT-shift FI#MEFEME [ FH S R 2
YR R R AR, WS R B, BTyl 8
FRUUMLL, KBS YI R HE T R 2R & 4 s,
REBR S EAFEDHHN 3.53 mg/(100 mg-DW)
F1798.00 mg/L, R B Y1 (V) SR 242 =
85%71 276%.

HERZ RS, W ERKAE™ =
T Y e A P AN ], A% e 4R g

PEERBEW AT R Y =i AT 2 . Feng
USRI T WA B £ B i PR s e, 7EE
40 /MBS, B PR B R AE 150 v/min, BEJS K
T B 3 B 2 B E 100 r/min, % 5 ¥ =
K kT 6.07 mg/g, HET 36.48%,
] IR K K4 4 T & et Ia), 5249 1 A BT
.

T A 28 73R A T ol R s 285 4 T M T
TR A ARG K BB B, LAARAS &5 1 =i
K-, KRB 150 /min 220
100 r/min SE9R % W B W A2 0F, SeER T
PRI 22 1A H I R 2R T e S AR A L
T 21%, 5% 58.65 mg/g, %M T AR
M TR R s A, TR R S S 5O R
T 2ZAR A, o e VR A o B B A
Y SLal, T IE I B 22 R ) R 2 =ik 2 i
FLEE0,

2.2.3 S|EHIK

ARG R IEROY B R R AE DR FFREFE )
RIHE T AT DARE & ARG 08, oA S AL ol
P REREMR . R4 | BTV /N O
AU R WA KR IR b i A
IER R R AR T ke, BT A
K E, STEBCRE . B SRR R B
ML, ZEFUK A B HEFER PR
G, TR S AR B AR
fiff B 5 AR FE B, S T AR S KGR 2
(3571, AR TARERAETE Pitess )
K, ERZHLZIRESIRIZ KR 25.63 h
A 29.85 mL/L MYIE T kel &3 m R 2
SRR, BB N 0.84 g/L, Z 5 X%
D748 500 mL FEIL AN S L & R gR 4T 50 0E
138 R 2 =Ry 4y 5k 0.85 g/L
M 0.88 g/L, SXFHRAAMEL RS T 578%
1 398%7°

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



LIRS TN R Z =28

P LA T PR ) K B DR 3 T i 2167

3 EB¥

IS K R AR R IUR 2 =i 2 ) i A
AARME . SRAXNRE . 5 RS
e, JRIRR 2 iR B A M Tk Z
— o HET R Z WA K TR B =% 28 ) o i it 5
FEAE TR 2 WY A YA R A
7. WARE X BT REBESEOR Y TR
AR 3 AT T R 2 =R TR R
VS M AR 2 T 240 L A R AR I R B, R
MR SAFTRZMAK, HETREE 7
A R EEE LSBT, BRI R A R
M) 52 2 =52 o AR A B L R T A
T L F /b b A Y 2R 2 T A S DR R
B, VIR RZ =5 B E WG s AR A G
B 7S <11 I N7 8 4% Sty 111 8
AT TR R P BRI R 2 Y
JoT 7 A RO B R LA AR R kA R
MERA S LA S 2R A IR T Bk AT LA
A R 2 SR R, (RS RE
AT K, IF A B 580 B R R
W FEPEXILEER B, K5 R LA A
£, PR T RE =2y R .

5 EWNIMERUERE, BRATIA R Z =l
KWy TR A R A 5T (B2 ki is
T 2 W IR 22 )it Bk — 25 s J LA Jy T A A
(1) iz I TR R T B I R 2 =k 259 i
WA LT R RS, S8 R 2 =
YA AR SR, UG 5% 5%
12 B TR S AR FHAIL TR AT 2 R SR A 5 0 i U 1] o
EHTTC AR Z =K A & BGERE R
SLhih b, SEGT Hbas FIRAS R ) T Btk A T s
ARy, fEm R =Y R R, (2) X T
VoS il S X A R I S B0 ) 48 R AN R A A T
LA B SR A S B0 Oy, T H R

TR B AR A XV A RN i, B
NG5 7K (s S35 DR ) 81 42 DA T s — 28 4% 1l
Vi SOk T =i R R A e (3) A B gR
HAufe . ACHHARE . S8 BImANEY)
SEIT LR B A AR A AT 2, SR A
AR 2 =R RS L, WRZ=
S SO R Ml P A ik — 254 R AT T JE A
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