MERE: ERRY

SCIENTIA SINICA Vitae

HAPFEREHMH R

iFE R

2013 543 % £ 6 H3: 447 ~ 456 @
www.scichina.com life.scichina.com QSCENCE CHINA PRESS

RZ: —F R RARAY G R R R

€] W= 0] REO) ©)
WY, ABET, i, Fais, A
O B, SRR RBI, 5 10019

@ JentRE AR, Jbat 100871;
® tEP R 25U, LS 100700
* AR, E-mail: hongweig @pku.edu.cn; slchen@implad.ac.cn

eFe H 8 2012-12-09; #252 H H: 2013-03-04

0

%0 w2’ LI, RO

[ 5K F AR R B 4 T 5 00 H (EHES: 81130069) A1 B0 E K V24 2 R A1 8T [41 A& & 7RI Gt HE S IRT1150) %% Bh 10 H

doi: 10.1360/052012-425

WE  RAENELSHLREERER RO, RERBAOBARRERFRES | %009
EANEAR ARG oA KL RN EERS, RERAWHRRINGGA L2 | B2

— RABKEMOEARL KA. TRE . REAN. BRAHAL. TimRles |0
b RAKBIRRES. RES TR RBRBELRATFRRRG IS REE | Ly g

PN EAE X Y. A, 2EREATFIEGNE TR RZRAER EWE R T B
Hat ENARABERAE, REKMERERBTWEHEMT L. AREFLT EMFERA
L e RAENFFFTRAEELEM. B, #) RERA R AEMEAATE
B IR A A A B BT BOR oo 58 SR, T IR ON B W OR AR KR AT B A e M Y
HUE T AR, b 28 T 8 R A2 & BT & SR Ao,

AR E R O TR A A IS ) — RO A,
[ 25 A iy b 27 0 S A ) T 4 R A ST AR
YR A i3 E M (model organisms)! . B AEMAE Y
A R R ) R R R R A AR, 124
hy b R A O A i ak R AR AR RIS A R A
AW SE R 2 F A e o] FH O ¥4 T 1 B
HAEWRIGERR. A=Y= K28 AT
TR BT, PR A =P A R L
il 1 1) R 2 2 AR I 9 AR A% 00 ) ) (EE R T
B = oA S 2 BT EE R R, SO E R
TG T A AU AR DCHIF 7T 1) .

R Z(Ganerdoma lucidum) }HHF 51 KA H B,
AP EES AT M, R B RIS IR

M. R E RS RRAE, 510,
HACIHRL, AR RN 5 TR = A R
FIEH  REMS AT AR Al o) AR e 250, )
I, RGP EA )& ogts, IR
(K3 EAR 2 R 45, S BIE 5T A AR 10 BEAEUR 507
W), RZHEN A G0 A K TG A1 B 1) 22 1 58 ik 78 73
RHER Z BRI BT T RS (1 AL,

1 RZG BRI 2L -5 e 2

11 RZM— Y= i aEm
(1) REMERKKFIIL.  RZH KR,

SIAEs: P, WISE, R, & R IR B A, TR ERRE AR, 2013, 43: 447456

Sun C, Hu Y L, Xu J, et al. Ganoderma lucidum: an emerging medicinal model fungus for study of the biosynthesis of natural medicines. SCIENTIA

SINICA Vitae, 2013, 43: 447-456, doi: 10.1360/052012-425




NS RZ: — RIS RIR 5 A R A

A A AT L T RF RSN, RE
AR H LA 4 DB T 224K,
JR LA 7Sk R AR AR R AR AT A
TFo6R, 1 SETE AL R 0w 22, AR T4 20 181 22 il
OB I R R 22, R TR U T 22 A 3 i R
T 45 8 BRI, U R T K 1 sk, T
SEAR BRI AU A o AR R (E 1), R
2 A A, AN TREAE R 3 A HAA L
SERC T PR AR A, RS TSR] DU R T
100 g A EREAE 7, T AR T A8 A8 15 58
AR (RN E.
REZMGESEERE DA TR, Rk
ZWEAESIE SN A S KR, 2R/
2 5] A A e A, R B R 2B S K
Rk FE . R 2 TR ) DU B S 0% BOIRT, R 2] 20
V22 IR 52 2 X ASHC R R (L (A R BY R4 O, e
fr A d OB TR TR 5 R PR 4 S DA AL K
5L RLAR A AR (1 (MIP) S > R A A

1 REMEKEERH
RZMATHEWARE ) T AT P2 L 22 JRER 75
PREEBYBE. RZHMMT A BRI RAZ R 22 B, AR ) B
22 253 SR TE OSUAZ B 22 C, C i) DL Il IRk 45, XU 2
IS RREAE . XU R 22 i AR 3G FR A PR T BRI Z5 T i E D, IR
FEARIN R A O AIR T SE AR B, PRI TS B AR AR T, A
FHRAEZIAE >R, RO — AT 58 AR IR, A:
40x 2 WA g 45 B B N C: calfour white G0 )5, OGIER AR

TS 100Xl e M4 45 1

448

JERL B ALHG 6 NIRIE S gL SEIRAT 7 ANk 522 4k
GMit LR, HEQT A IR GE A I I, BEA B 4241
MBS, R2ZREZHE SR, AH
SR A s R 2 A KR E B . i,
R 2 A B A KO b, S R R
ARKEE RS, AN T RZWL YRR &
P REBE 2 045t 400~500 nm ()
FS. R, MOeEBR G R, REAATLLE
JRE R 0L 6T SR, AR AL R ) R
P R, WO AL T ) R T o A .
FE IR T Sz A 0 R 2 AR K R R B R e R T
MJE LI TF U6 R 2 22 Rk B ok, IRIE B AR
ifie, WTLLAY AT AL . B AR 4 RS 1 42, X
— AR, R 2R E A AL I T R R R Ak
WHAZE. B ZNaMERAG R, fRER
T E A BAROE PRI R S B, 5 e R AR
SLHEME, REERBABRTET T BENEES
A Ak, AF L AT DUZE PR R B R A AR AR e M 5
R T ORI .

(i) REMERSHEIGIR. RZH TR
FEWNEETR, ARG AR S S A N e A i A
AR A — AL BEAAENS, AT R 2 2 ) R
TEO0HanE". 5REBML, WL kB

B BRBRERY. UL RIRP BB B,
2 i G 2520048 22 i IR 386 R 2 TR 22 R I P R T
CAFR)) Zihse. HAr, MM BssEsRE, 2=
R S R E L T EN 4% EPT)
—WEW T-LEHIERZIR O M RIEH] 1.5 g/100 g
W2 7-CRERZRORIMENRZIR TN R
PR P R A&, A3 AR v A A2, 3 el oA s 7 i
FOIIASME Ca™ B 7, M EFERSRBHLZERY
P o, B HEMA S, AMIE Ca® 5 5 i i P 45
e Tl 2 Al e A2 5 ) PP T TR (MIV A R A2 Hh SRR 1) 2
%, WIS R ZRRIE P, BAh, HERI MVA
AR OB R Rk T R s R 2 R
R 11 5 PO,

T RZHERKMETNE, B4R R 2L
JE T RURMIE ) 75 SR U, R 2N Tk B 2
TUIZHRAT. A O 5 b DX T DA I EOK
WA HEAT R Z 00 N R8s, AR RS FI AR  RE 2
BEVH 2 MR ZAEEER, i 22 B 42 )8



mERR: EaRY 20134 H43 % 56 Il

70 A0 ARHOE A A T R 2R AR, T
W W, G CO, FIS AWK EAS & R ZF 5L
PRI ) B4, IR, 0B 7% 1 R v 7 v R
KB B % PR Sanodiya 25 NI T R 2
AP IARAE SR A, R AT TR 22 AR (30£2) C R
g B % a2k 5 5 ) Y OR RF I B2 (28+2)°C, WS
95%, JYEHE 800 lux, CO, ¥R 0.15%; T SEAKIHAR 4
REZRB GO IRELE . SRR CO, RS, MH%L
PEORFEAAR . BRI = R B T it R AR
FE R 5T R 2R 8 G2 G B AH DS 2 A 32
=X

1.2 REZRBURS WY BT 5

(1) REABED LG BIE R, RZ
FE R B RR O AR, CA T 2 4 RN s
AR AR TCRI, R RA e fue 1P i
NI I 11 NI 1775 = S e A
S RZEHFERAEDEERY, BT AR
2y BRI 400 S TERIR, BIEZHE. &
AR RAERR . e, HEmER . AmAET.

REFENAM M EE—LiEse, RZHEA = 5
Feibli o WL AEAZBE AR 2 KA 2 4 A AR B g
B, REZZWERZHEEIEERS, B R
2R BAE T 150 2RO eI MVA
WA RN, B S A B (LSS) & A R 2R IR
HAR- B E RO 2). /E LSS ZHim& L
BTG N MMSY, R 2T, LB A L1k
SRS BEAACT) RV Je 5L IR A I (FPS) &1 2
AL, DB R RS (R 1), RZ =0
JE R PE A ISR B S BT A, R BRI 2 A 40 g
2% P450 SIS (CYP450)3 5 2 (S BE 151
RETAH 22 MEViE A B, XLER T LLLL MVA &
12 1R JE R R IR (FPP) W JEY, AL IR IR 1)
Pl =, R e R 2 S — 2R E B T R,
FRHAKETER 13- 1,6-BRE T4 K. REdho
24 1,3-BREF AR 7 NS SKN1 45 K381 g-
A6 A R EE A, O NTE 1L,6-B RS
B B A AR Y, phAh, R ZEENAL G 1A
AR Z IR G 5 AN REIAEER 2 A8 DU R
RIEERE A LZ-8. LZ-8 S RIMEA PR s e

23-NEHEHm

iLSS

COCOH

CYP450%

Y

INZEA(D)

1 CYP450, AT

v,

RZET(I)

COOH

CYP450%

TRZERC(V)

. CYP450%5

OAc

\
N
~
<

\\_.COOH N\~ COOH

HO

RZBZ(IV)

B2 RFE=45HFERR R BRAEYE BERE
H AT ORI ITA R 2 =802 th 2B A L M, B EoR T 5 FhR 2 =k BRI (T ~ V)RR & 5 ] BB A 404 e 1%
AT: LRI

449



NS RZ: — RIS RIR 5 A R A

R1 RZ=EWHERRET R RBEEER

I[N 44 Fr 45 TR BT ik

o ) AACTI LR AL #t [8]
LA A LI BRI N AACT SRALT 8]
3-F2 -3 H L R R A il 2 TR HMGS FER L0, [R5 2 R v e [8,51]
3-FRE-3- HAE I —Rd SR IR HMGR FED AL 3 b, RIS R o [8.52]
FH2 I R S B R (R MK FERI 20 43 BT [8]

T I FH 0 R R W A PMK FE K21 53 Hr [8]
FEAE IR FF A L0 1 I 2 I 3 [ MVD FEDIAL oA, TR 93 TR 7 [8,53]
SR e I S R W O R IDI I KA1 5 Hr [8]
- T FPSI FERIAL 4B, TR R v e [8,54]
B L FPS? LR (8]
A AL N S0S FEDAL b, RIS R o [8,55]

e d BN AU S R SE I K 5 Hr [8]

R A AR LSS FERAL 3 #T [8,56]

G P2 Y T 9 19000,

R, A — 45 AR I8 A0 0 AH O 3 R A A DA
FL [R5 (gene cluster) A AFAE. F)H antiSMASH %%
PRt R Z TR AT AR, LRI 17 AN
A%, S RL Mg, B TARBHR A G B 4G
JS AN AE A I A, AT I 3 A AR R ek I R s
TS5 RAEACHS Wiz i ¥ 4% 12 1 (transporter).

(i) RZABE EDE AR, RZ
it 600 Z AR EA, K aREiEarE st
WHREEA, WEHREAXE. T 8HREEN Velvet
EEFBEM LaeA & H MEMWIBLERR 155, K
RZHAEIZ FR AU R S, P
1, Velvet 5 AA1 LaeA FHAAERAERMAHEEHT
rh B EEAE, LaeA 1 Velvet 3 [ ZK i ) VeA,
VelB TR 58 5 A PR [m] U 4% - S 181 (1) O AR AR RN
TR R F OO R AELEA N I R &, 3
Lk 5 LSS IEAG, (HYjReie 77 2t — 2T, WU
T ALAB i DA 5 A0 TR A A U 4 rp s B A A O,
ERZHRBLT 33 4~ GCN5 K A, 15 4> PHD #H
KA, 19 4> SET MR E H M 8 4> HDAC MK HEH,
REEARGSYE TR ZXAERGWEETFE—D
WL,

1.3 RZFEPFA =W

(1) REGWIERAFATI. (0 FEY
AR, B DA e 0 e A 3 A ) B b he 42 LA AR
() BB AR BRE) H HTJL P BT AT R A 2
56 R IEAEREAT A 5 PR 2 (R 5 TA4E. Chen 55 A1
) i L 0 P AR B A A SR (K e IR 2 HEAT T

450

Wy, RGBS E ARG B I R A 488, kST
Pt PR KT (1) R Z DI AURE A B, 36156 DR 2L f A
S5 LT R oK R AR A IR L R R
ZHRNA 13 Stk dl ik, 4K 43.3 Mb, EEJT
2 R R 8.15%, Hirh FHEHE R LK
Kuiy R JFHI(LTR), 41 R ZHRRAN 5.42%. RZ
FEHNA i 16113 Mt &E A, Hrh s KEmS R
A AR PR B B LR S AR G I SR IR, DA B R i
FPFRAT DG IER . R ZIE AR A B 5 ik, i R
Z I Re R R A 2= W R R 22—l A R A A P
B SR G B e T IR

8] 5 H 52 7 41 (SSR) S dst A4 A i fie & Sk 2
—, O N TR RERME S . RER B ¥ Kasitk
B 2 S s . fE R 2R At R I 2674
A~ SSR A £, AT HEFE N 62 SSR/Mb, Hfigidk A 2
HEFEMHEA. SSR A T A XK, kg
P X Lt X 50 25 . BR 3 BEAT 6 Bk R 4,
i 50% AR MM SSR ¥4 A1 T HE A [A] X SSR AR
L NS T X (108 SSR/MD),  H: ¢y e [K] 18]
[X (84 SSR/Mb). 684 4~ SSR 4347 - 588 A4k 14 )i g fith
K, o 81.4%0 3 TRAEEL 6 AL E . frixst
45 SSR IR H AT 28 N R 5 MG AL BT
ARG, HAP A 1A HMGR LK, 3 AN 204k
FIRFED Je 24 A CYP450 £

(i) REMALHAERYIT. RZH T
fEEEAL. HAT, RZHIH LRI R 2L AL
5. Sun 258 ARy ORI e i, LR 2 J5UAE Al
AR, bar FEP N ERARICIEN, Ik 45 GDP A
SIS R RS I GUS Ml GFP JERNEENRZ.



mERR: EaRY 20134 H43 % 56 Il

A% N ORI PEG A Fk, DL A ZPubE L N E
NEFRFR L, BRI GUS B3R 2 5 A Tk,
AL Ny 5~6 DNEAL 71107 AN 542 A4 Shi 25 A8
PR A PR Y R Z R, JFHRZHN
U5 GDP J3 3l 7 IK B 5 JE I, DL 2= o BbEAsid
FEN, SR THILN R 2. BALBUOR A 200 NEAL
T10° AN JRAE AR, Xu 25 A PORI I 5848 (1) X 2 BRI
P& it 0 (succinate dehydrogenase, sdhB)3& K1 Jy
PR ICIER, R 575 2545 R (carboxin) E 4y Jifi i
D7, $em TR R 2wtk R 2 M E%E A
RIS, A TF R R 2 T e 5L R 4 24 A 7T 4 it
TH AR .

(iii) RZINREILNA =T, Hur, RZM
Th B8 S R 4 24 0T 90 T A vh fE R 2 =0 & & 72 A
ST 11 e e R e T . A R 2 A PR AL 58 i
ZHT, R Z = A B i AR g i HMGSPY,
HMGRP*3? MVDP? FPSPH SQSS T LSS0y ik
PR] L 2 300 e [ 05t 5 R 488 1) g SR AT T e e N 2
(G 1), FERALI R 58 Bl g DS 3 IR 5 i v i i 2
HRZ =W A RS AL T & flan, R
AL 219 A CYP450 g 3L, 4y J8 T 42 A%
B, Hop 22 A CYP dmtd R R IE D, Bk CYPSI
CLl v B 1 4 52 AR K9 R 2 CYP450 Bhifig
LR LSS M3LRIA T, K5 HAR S5 K
KW FAEM BB CYP450 b4 0T, Ik H 16
ANATRES 5 R 2 =il A cYp450 FERPL Xk
CYP450 [ZhRESeAE IEEREAT . BhAh, Joo 25 A0
il T R EZEMEL GLlacl, %% 5 T RERAK
JRE (PR R Bt R 2 35 DR ARG 4N 1) 1) 5 B R
RZHAAR R — 2583, (4530 b 5 K i 2 Fl
RNAi % [ I) 358 7% 2% BRI 98 RN 46 52 R 2 Th g L A
ARG BRTAT PR, N TE R 2 ) Re I R AL 2E
(R FE.

2 BRI R WY R AR

2.1 HFRHREGRAERBFEAE R
RZTE BAT IR A SO e S A0 ALK
MW, HEZE I R 2 =#i & R s
RZM R H DR A A WS 1 2508, AR TR 22 B B
EERARMG, RIS R, R TR Z =

i B KL R — . BAh, R ZE s R
ERZ R E SR P AEAE B 2 Ak, B, LB
BU R Z = F 202 3o AR ZR, MAE B
TR R 22—k FEE 38 MR 3 7 B HUAR
MR ZERM. A NGRS, Ak 2,3-F A M a
ILTE R 2 =B 421 LSS fER Z R A LFEH M
TR G R Z =05 5 1) AR Ak B I B ) IR AR G
PE, X OCERUE— Uk B R 2 =k & A 5L A 1)
RIEHRZREGAD MR, 652 3075 020
R, R Z R0 s S R B 5 R AR P IR
1EH M EARRE 0 R 4R

BTz AR g, dHrEt, R85
AU A GRSt e 218, HAT kK THEREAE
5 AAR U B R0 A F A R SRR T 0 1 B R
%% (Aspergillus nidulans)WHF5T. FER 3 Hha P,
LaeA HF 55 Velvet 8 F A 2> 51 VelB Al VeA
TE Il = 284K, 75 BB IR A AR AR i 4 vh R 4
B AEHIPT. BRI Velvet F R I 4 4, 4>
5l J& VeA, VelB, VosA il VelC. #ERZ L RILT
Velvet 8 [ Z 5T B2 A LaeA 85 W [RIYESE A, (H
SEIX LT AR R 2K R E AR A T
EREAFF T2 Ao, R 2 R RS 40 1 1)
56 R 2 A AR R ST, A W) TR ) Js Ak
2 SRNG MEE X SR R R A R Z AR DR, e
h R R ZIRE 5 AR R FAE 21 L S
JEFEAH( 3).

2.2 AR AR R TR BRI
WA Y RPN R E 2, (A kit
BAT — 2 B RSPk, 0 20 A B 1) A BB A
B AR ) 2 R 7 A2 ) T SRS (1)
25 PEACH B 285 DL, ASIR] (0 i AT DU AL
IR AP AR =772 () B —
PEANSR, B[R] — > i o] DU A A 8] (0 R -6 1k 2 A
ANFE =T i) B Rt R, BIEA
ity v LUFI ] 22 B 77 A2 2 A ARG e g7
REZCTHFE R =, KR AR
W) 2 FEPE B ORI A I S0 A1 T A8 R4 1. 4 dan,
HATC MR Z IR PRI T 20 RPifis1em & kL
DAL, HEDNF 2855 B (1) 2 AR A R A1l 2 AR
A R R AL AR YEXS VR T Coprinus cinereus™®™"
K Omphalotus olearius™ {115 -1 & BRI, 7=

451



B RZ: —FFTORIR ) 5 R X

clialsa

pEz

/ —)CD — ST

Wi AE
RERE

B3 Velvet B R ZKE MUK A+ AT REHI1E AL
AR F L P Velvet 5 (BRI IS5 R R 2 b ORI Velvet AHOCER 1, $2H T Velvet 8 175 2 2R A R AEARH vl G 11 FBL,
VB Qg — T RIHEZR MR IS, AEREREIRIT, VeA/VelB 2R IALE KapA St HRIAI) N BEAAIIAZ, Jedibilix—2E 1. VeA/VelB —SRAA N LUE

BHFEATERT, WAL LaeA R =R AP IE RAENR S KT,

i — 5T, VeA Ff# )5 VelB Al LR 281K, VelB #E—25 5 Velvet &

FIZIE D) — R VosA TE L JRARIMHEI LA M PEA K. Lae A T VeA IREME X VosA/VelB —RAKIITE Ik

W — M 2 0 BB A S 22 A ) R i A
REZEA 150 20 R Z =, eATT#0L LR ERR
SRR S S AR, DR R 2 1 2 R
FEGEH T CYP450 S &AM 1) Fh 2N D BE 1K) 22 4
PEIE RN, T AR A B N SEAR S AR KK
R A DR 30 IR O A AR AR DG Bl 1 R 2R R0 D i 22
PR RAE AR 7 ) 2 REVE IR B AT BE A 2R AR AR
Z PRI A AT I 3 20 1k [ P AT ST ) 4
AL pln, Li 2 NTPUR B, AERF R Selaginella
moellendorfii [F|WHHA Fh TR AL A V)R A
fily, 7RG 2E Gl A] R AT 2 AU . Nelson
1 Werck-Reichhart™" 5 42 11 T L CYP450 ity
PR A HE AT ST . i T RN AR, H
W R R DA A ) B K T, O
AN e A ZE B ARG K, WA T
Fo o A AU AH O IE DR B2, D, SR AH L,
LA S0 P TR R AR AR R RS VSR BE AL PR R BT 5

452

2.3 BEAEYEGIH Y BB

VE AR LM R 22 2 52 3 E 2 WF 50 # 1) K
0, MIHES R R Z B 5 AEB L, AAb S D ek R 41
EWEST, A AEY T AR T s R oo R
AR AL A, i TR P AT O S
W7, BT AT R JEC A Al S AR TR AR ). R 2
A F I 2 B RO T A v T YR R AR
T.J (therapeutic fungal biofactory)*”, 4 ] fig il i I
DT 2, et R I ARG R Ay e A G e T A AR
VIR RS

TR AE AR 7 W0 AL P 6 O SS90 it e 212,
IATEIZNE . 58 w5 DB AR 3] TR
PERM ST 32 AR AR R AR R L s oo
AR T .4 D JL At 24 AR 5 AR 27 AH S e )
RIEPAAE L, 5 S BED 2 R e R, i
e H T RIR )6 A 2T TP A DG e i B =
NS, AR RAR I L5 BB R T 6 B



mERR: EaRY 20134 H43 % 56 Il

fifl. MDA G —Trm ] LB A & e A
IRARZ5Y), i At mT UIE ek B AL R i R AR 250 1)
A ISR, D EPETE T AR B e 5 ).

3 REBHEIFE RSG5 RE

2 AR A 0 27 R A R e A IE R it e L
A O B I A A, B B i
RZMBAEH, AT xR 2 B S AEY s
BT RZFEN AU B 158 1, AT R 2T
REJE A AT JU B8 1 RS IR AL, R 20044 e fl
PRZR IR 2 5836 BB D S i SR AE e PR I B A 542
PR PER RS BB A HR M GIA QIS S F. BEA,
BT R Z g 5y R RIBAAEH B2 4, Iz H Al
v R 2R B R LE RO L, X R 2SR T
VRN, Pk, R AR LY b R S HE)

225 3k

I, A R 2 24 S S R BIE ST fi) o vHE AL AT
WAL LD IR,

158 1A W T S A 4 2022 H TR AR 25 6 1
WFSE AT SR B 23 W0 L AR JRd T, 2 5 40k PR 8 9
Jy BB Y AT TS, — T T LA s A
SRR AARS 1) ¥ i LA, 55— i m] DLORs gt g B
A BHABORGIABIRR G 5 bt 5, #2271
[ZRIRTHINE -3Z 3T/ o S E i N R S ELIUPNE 2PN
SRR TR, Dk, RN IR R 2, H
BEAE 32 2 R Bedb, RAEACE PR
K2, BRI S AR i 42 1T RE 5 BN ] fr) A
AEY. BEVIIMZEDRN, fai 2 E 2 M2
B A, B AT S C L AE 2 A AP 27
SRR T A NS H R, R R 25 FTRE KA
TUPRZR IR IR NG D AR 25 15 e T N B 1R
HEBIZARIIE N A vy 185 J& (VI B

KRS, B AW, R, 2006, 18: 419

AN N AW N =

265-301

Hunter P. The paradox of model organisms. EMBO Rep, 2008, 9: 717-720
Davis R H. The age of model organisms. Nat Rev Genet, 2004, 5: 69-76

MRtAk, #h KIS, 4RIT, 2. ASILPIAITHRIFE O, 2525249, 2010, 45: 807-812
MRbAk, RZFEF, K0, & TAERAESERAEY . 2555, 2012, 47: 1070-1078

Boh B, Berovic M, Zhang J, et al. Ganoderma lucidum and its pharmaceutically active compounds. Biotechnol Annu Rev, 2007, 13:

7 Zhou X W, Su K Q, Zhang Y M. Applied modern biotechnology for cultivation of Ganoderma and development of their products. Appl

Microbiol Biotechnol, 2012, 93: 941-963

8 Chen S, Xu J, Liu C, et al. Genome sequence of the model medicinal mushroom Ganoderma lucidum. Nat Commun, 2012, 3: 913

9 Qian J, Xu H, Song J, et al. Genome-wide analysis of simple sequence repeats in the model medicinal mushroom Ganoderma lucidum. Gene,

2013, 512: 331-336
10 #&

. RZMBRHIST. 3 M. dbat: Jbat KB 24 4t 2007. 25-198

11 Sanodiya B S, Thakur G S, Baghel R K, et al. Ganoderma lucidum: a potent pharmacological macrofungus. Curr Pharm Biotechnol, 2009,

10: 717-742

12 Lee S C,NiM, Li W, et al. The evolution of sex: a perspective from the fungal kingdom. Microbiol Mol Biol Rev, 2010, 74: 298-340

13 Ni M, Feretzaki M, Sun S, et al. Sex in fungi. Annu Rev Genet, 2011, 45: 405430

14 Raudaskoski M, Kothe E. Basidiomycete mating type genes and pheromone signaling. Eukaryot Cell, 2010, 9: 847-859

15 F3rfe, BRIZAR, ERGB, 5. LED JGUR MR W6 T R 208 2 A8 A K RPUA G P g m. b [ vh 25 2%, 2011, 18: 2471-2474
16 BRIL, BRiZR, 228k U RZAEK G RZZHSRIEm. b EB 2520, 2010, 17: 2242-2245

17 BRI, BRI, 228k eI REZ K R HUAEE R G52, ThELZy, 2011, 12: 2529-2534

18 Montagnes D, Roberts E, Lukes J, et al. The rise of model protozoa. Trends Microbiol, 2012, 20: 184-191

19 XuJ W, Zhao W, Zhong J J. Biotechnological production and application of ganoderic acids. Appl Microbiol Biotechnol, 2010, 87: 457-466

20 Fang Q H, Zhong J J. Submerged fermentation of higher fungus Ganoderma lucidum for production of valuable bioactive

metabolites—ganoderic acid and polysaccharide. Biochem Eng J, 2002, 10: 61-65

21 Fang Q H, Zhong J J. Effect of initial pH on production of ganoderic acid and polysaccharide by submerged fermentation of Ganoderma

lucidum. Process Biochem, 2002, 37: 769-774

22 Tang Y J, Zhong J J. Role of oxygen supply in submerged fermentation of Ganoderma lucidum for production of Ganoderma

453



PN

S RZ TRIFURIR 25 E R R T

23

24

25

26

27

28

29

30

31

32
33

34

35

36

37
38

39

40

41

42
43

44

45

46

47

48

454

polysaccharide and ganoderic acid. Enzyme Microb Technol, 2003, 32: 478—484

Zhang W, Tang Y J. A novel three-stage light irradiation strategy in the submerged fermentation of medicinal mushroom Ganoderma
lucidum for the efficient production of ganoderic acid and Ganoderma polysaccharides. Biotechnol Prog, 2008, 24: 1249-1261

Gong H G, Zhong J J. Hydrodynamic shear stress affects cell growth and metabolite production by medicinal mushroom Ganoderma
lucidum. Chin J Chem Eng, 2005, 13: 426-428

Liang C X, Li Y B, Xu J W, et al. Enhanced biosynthetic gene expressions and production of ganoderic acids in static liquid culture of
Ganoderma lucidum under phenobarbital induction. Appl Microbiol Biotechnol, 2010, 86: 1367-1374

Zhu L W, Zhong J J, Tang Y J. Significance of fungal elicitors on the production of ganoderic acid and Ganoderma polysaccharides by the
submerged culture of medicinal mushroom Ganoderma lucidum. Process Biochem, 2008, 43: 1359-1370

Zhang W X, Tang Y J, Zhong J J. Impact of oxygen level in gaseous phase on gene transcription and ganoderic acid biosynthesis in liquid
static cultures of Ganoderma lucidum. Bioprocess Biosyst Eng, 2010, 33: 683-690

Wang J L, Gu T, Zhong J J. Enhanced recovery of antitumor ganoderic acid T from Ganoderma lucidum mycelia by novel chemical
conversion strategy. Biotechnol Bioeng, 2012, 109: 754-762

Xu Y N, Zhong J J. Impacts of calcium signal transduction on the fermentation production of antitumor ganoderic acids by medicinal
mushroom Ganoderma lucidum. Biotechnol Adv, 2012, 30: 1301-1308

XuJ W, Xu Y N, Zhong J J. Enhancement of ganoderic acid accumulation by overexpression of an N-terminally truncated 3-hydroxy-3-
methylglutaryl coenzyme a reductase gene in the basidiomycete Ganoderma lucidum. Appl Environ Microbiol, 2012, 78: 7968-7976

Kino K, Mizumoto K, Sone T, et al. An immunomodulating protein, Ling Zhi-8 (LZ-8) prevents insulitis in non-obese diabetic mice.
Diabetologia, 1990, 33: 713-718

Lin Z B. Cellular and molecular mechanisms of immuno-modulation by Ganoderma lucidum. J Pharmacol Sci, 2005, 99: 144-153

Gao Y, Tang W, Dai X, et al. Effects of water-soluble Ganoderma lucidum polysaccharides on the immune functions of patients with
advanced lung cancer. ] Med Food, 2005, 8: 159-168

Chen X, Hu Z P, Yang X X, et al. Monitoring of immune responses to a herbal immuno-modulator in patients with advanced colorectal
cancer. Int Inmunopharmacol, 2006, 6: 499-508

Ji Z, Tang Q, Zhang J, et al. Immunomodulation of bone marrow macrophages by GLIS, a proteoglycan fraction from Lingzhi or Reishi
medicinal mushroom Ganoderma lucidium (W.Curt.:Fr.) P. Karst. Int ] Med Mushrooms, 2011, 13: 441-448

Tsai C C, Yang F L, Huang Z Y, et al. Oligosaccharide and peptidoglycan of Ganoderma lucidum activate the immune response in human
mononuclear cells. J Agric Food Chem, 2012, 60: 2830-2837

Sliva D. Ganoderma lucidum in cancer research. Leukemia Res, 2006, 30: 767-768

Wang S Y, Hsu M L, Hsu H C, et al. The anti-tumor effect of Ganoderma lucidum is mediated by cytokines released from activated
macrophages and T lymphocytes. Int J Cancer, 1997, 70: 699-705

Kimura Y, Taniguchi M, Baba K. Antitumor and antimetastatic effects on liver of triterpenoid fractions of Ganoderma lucidum: mechanism
of action and isolation of an active substance. Anticancer Res, 2002, 22: 3309-3318

Cao Q Z, Lin Z B. Antitumor and anti-angiogenic activity of Ganoderma lucidum polysaccharides peptide. Acta Pharmacol Sin, 2004, 25:
833-838

Li C H, Chen P Y, Chang U M, et al. Ganoderic acid X, a lanostanoid triterpene, inhibits topoisomerases and induces apoptosis of cancer
cells. Life Sci, 2005, 77: 252-265

Xu T, Beelman R B, Lambert J D. The cancer preventive effects of edible mushrooms. Anticancer Agents Med Chem, 2012, 12: 1255-1263
Wu Q P, Xie Y Z, Deng Z, et al. Ergosterol peroxide isolated from Ganoderma lucidum abolishes microRNA miR-378-mediated tumor cells
on chemoresistance. PLoS ONE, 2012, 7: e44579

Liu J, Shiono J, Shimizu K, et al. Ganoderic acid DM: anti-androgenic osteoclastogenesis inhibitor. Bioorg Med Chem Lett, 2009, 19:
2154-2157

Zheng J, Yang B, Yu Y, et al. Ganoderma lucidum polysaccharides exert anti-hyperglycemic effect on streptozotocin-induced diabetic rats
through affecting beta-cells. Comb Chem High T Scr, 2012, 15: 542-550

Lee S Y, Rhee H M. Cardiovascular effects of mycelium extract of Ganoderma lucidum: inhibition of sympathetic outflow as a mechanism
of its hypotensive action. Chem Pharm Bull, 1990, 38: 1359-1364

Hajjaj H, Mace C, Roberts M, et al. Effect of 26-oxygenosterols from Ganoderma lucidum and their activity as cholesterol synthesis
inhibitors. Appl Environ Microbiol, 2005, 71: 3653-3658

Kim S D. Isolation and structure determination of a cholesterol esterase inhibitor from Ganoderma lucidum. J Microbiol Biotechnol, 2010,



FEEE: Bkl 20134 H43% oW

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65
66

67
68

69
70

71

72

73

74

75

76

20: 1521-1523

Paterson R R M. Ganoderma—a therapeutic fungal biofactory. Phytochemistry, 2006, 67: 1985-2001

e, ARG, BHEE, 55 RE =LA WITRE . I E 2R, 2012, 2: 165-171

Ren A, Ouyang X, Shi L, et al. Molecular characterization and expression analysis of GIHMGS, a gene encoding hydroxymethylglutaryl-CoA
synthase from Ganoderma lucidum (Ling-zhi) in ganoderic acid biosynthesis pathway. World J Microbiol Biotechnol, 2012, 29: 523

Shang C H, Zhu F, Li N, et al. Cloning and characterization of a gene encoding HMG-CoA reductase from Ganoderma lucidum and its
functional identification in yeast. Biosci Biotechnol Biochem, 2008, 72: 1333-1339

Shi L, Qin L, Xu Y, et al. Molecular cloning, characterization, and function analysis of a mevalonate pyrophosphate decarboxylase gene
from Ganoderma lucidum. Mol Biol Rep, 2012, 39: 6149-6159

Ding Y X, Ou-Yang X, Shang C H, et al. Molecular cloning, characterization, and differential expression of a farnesyl-diphosphate synthase
gene from the basidiomycetous fungus Ganoderma lucidum. Biosci Biotechnol Biochem, 2008, 72: 1571-1579

Zhao M W, Liang W Q, Zhang D B, et al. Cloning and characterization of squalene synthase (SQS) gene from Ganoderma lucidum. J
Microbiol Biotechnol, 2007, 17: 1106-1112

Shang C H, Shi L, Ren A, et al. Molecular cloning, characterization, and differential expression of a lanosterol synthase gene from
Ganoderma lucidum. Biosci Biotechnol Biochem, 2010, 74: 974-978

Diamantopoulou P, Papanikolaou S, Kapoti M, et al. Mushroom polysaccharides and lipids synthesized in liquid agitated and static cultures.
Part I: screening various mushroom species. Appl Biochem Biotechnol, 2012, 167: 536-551

Kurita T, Noda Y, Yoda K. Action of multiple endoplasmic reticulum chaperon-like proteins is required for proper folding and polarized
localization of Kre6 protein essential in yeast cell wall beta-1,6-glucan synthesis. J Biol Chem, 2012, 287: 17415-17424

Lin Y L, Liang Y C, Tseng Y S, et al. An immunomodulatory protein, Ling Zhi-8, induced activation and maturation of human
monocyte-derived dendritic cells by the NF-kB and MAPK pathways. J Leukocyte Biol, 2009, 86: 877-889

WuCT,LinTY, Hsu HY, et al. Ling Zhi-8 mediates p53-dependent growth arrest of lung cancer cells proliferation via the ribosomal
protein S7-MDM2-p53 pathway. Carcinogenesis, 2011, 32: 1890-1896

Bayram O, Krappmann S, Ni M, et al. VelB/VeA/LaeA complex coordinates light signal with fungal development and secondary
metabolism. Science, 2008, 320: 1504-1506

Bayram O S, Bayram O, Valerius O, et al. LaecA control of Velvet family regulatory proteins for light-dependent development and fungal
cell-type specificity. PLoS Genet, 2010, 6: e1001226

Bayram O, Braus G H. Coordination of secondary metabolism and development in fungi: the Velvet family of regulatory proteins. Fems
Microbiol Rev, 2012, 36: 1-24

Williams R B, Henrikson J C, Hoover A R, et al. Epigenetic remodeling of the fungal secondary metabolome. Org Biomol Chem, 2008, 6:
1895-1897

Shimamoto K, Kyozuka J. Rice as a model for comparative genomics of plants. Annu Rev Plant Biol, 2002, 53: 399-419

Sun L, Cai H, Xu W, et al. Efficient transformation of the medicinal mushroom Ganoderma lucidum. Plant Mol Biol Rep, 2001, 19:
383-384

R, Eu, XKz, 55 I PEG I A KB R Z MRS, PR, 2004, 23: 255-261

Shi L, Fang X, Li M, et al. Development of a simple and efficient transformation system for the basidiomycetous medicinal fungus
Ganoderma lucidum. World J Microbiol Biotechnol, 2012, 28: 283-291

TR, S, ARBUE, S R 14 5 B T AR AL DR 0 50 R A0 A K SERL. B4 AR, 2011, 30: 242-248

Joo S S, Ryu I W, Park J K, et al. Molecular cloning and expression of a laccase from Ganoderma lucidum, and its antioxidative properties.
Mol Cells, 2008, 25: 112-118

Ornston L N, Yeh W K. Origins of metabolic diversity: evolutionary divergence by sequence repetition. Proc Natl Acad Sci USA, 1979, 76:
3996-4000

Yeh W K, Ornston L N. Origins of metabolic diversity: substitution of homologous sequences into genes for enzymes with different
catalytic activities. Proc Natl Acad Sci USA, 1980, 77: 5365-5369

Wilfried S. Metabolome diversity: too few genes, too many metabolites? Phytochemistry, 2003, 62: 837-849

Erich G. Plant metabolic diversity: a regulatory perspective. Trends Plant Sci, 2005, 10: 57-62

Kittendorf J D, Sherman D H. The methymycin/pikromycin pathway: a model for metabolic diversity in natural product biosynthesis.
Bioorgan Med Chem, 2009, 17: 2137-2146

Agger S, Lopez-Gallego F, Schmidt-Dannert C. Diversity of sesquiterpene synthases in the basidiomycete Coprinus cinereus. Mol

455



B RZ: —FFTORIR ) 5 R X

Microbiol, 2009, 72: 1181-1195

77 Lopez-Gallego F, Agger S A, Abate-Pella D, et al. Sesquiterpene synthases Cop4 and Cop6 from Coprinus cinereus: catalytic promiscuity
and cyclization of farnesyl pyrophosphate geometric isomers. Chembiochem, 2010, 11: 1093-1106

78 Wawrzyn G T, Quin M B, Choudhary S, et al. Draft genome of Omphalotus olearius provides a predictive framework for sesquiterpenoid
natural product biosynthesis in Basidiomycota. Chem Biol, 2012, 19: 772-783

79 Li G, Kollner T G, Yin Y, et al. Nonseed plant Selaginella moellendorfii has both seed plant and microbial types of terpene synthases. Proc
Natl Acad Sci USA, 2012, 109: 14711-14715

80 Nelson D, Werck-Reichhart D. A P450-centric view of plant evolution. Plant J, 2011, 66: 194-211

81 Keasling J D. Synthetic biology and the development of tools for metabolic engineering. Metab Eng, 2012, 14: 189-195

82 Chang M C, Eachus R A, Trieu W, et al. Engineering Escherichia coli for production of functionalized terpenoids using plant P450s. Nat
Chem Biol, 2007, 3: 274-277

Ganoderma lucidum: an Emerging Medicinal Model Fungus for Study of the
Biosynthesis of Natural Medicines

SUN Chao', HU YuanLei’, XU Jiang', LUO HongMei', LI ChunFang', SONG JingYuan',
GUO HongWei* & CHEN ShiLin'~

1 Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing 100193, China;
2 School of Life Sciences, Peking University, Beijing 100871, China;
3 Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing 100700, China

Model organisms play critical roles in life science. At present, lack of mature model systems is one of the major
bottlenecks that hinder the study of the biosynthesis of natural medicines. Ganoderma lucidum (G. lucidum) is one of
the most widely studied medicinal organisms and has the general features of model organisms: short life cycle, ability to
produce large number of progenies, small genome size, easy to culture and genetically transform, and no harm for
human being and the environment. In addition, G. lucidum involves multiple biosynthetic pathways of secondary
metabolites, making it an ideal model to study the biosynthesis of secondary metabolites and their regulations. Recently,
the elucidation of the chromosome-level genome has laid the solid foundation for further application of G. lucidum as a
medicinal model organism. G. lucidum is supposed to play important roles in the study on the diversity of secondary
metabolites, development of medicinal fungi and synthetic biology of natural medicines. In addition, the proposal of G.
lucidum as a medicinal model fungus will greatly contribute to introducing state-of-the-art technologies and strategies
of modern life sciences into the study of medicinal organisms and uncovering the common mechanisms and principles
in the biosynthesis of secondary metabolites, thus paving the way for the construction of effective and controllable
biosynthetic platform of natural medicines.

Ganoderma lucidum, model organism, natural medicine, synthetic biology
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