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Table 1 Reported plant biosynthetic gene clusters
) LUl SRR i
Mg 50 - . - — ZH R
AR YEL LR AR T AR
i - p-Phellandrene FAhi Solanum lycopersicum [13]
-y - Lycosantalonol FAhi Solanum lycopersicum [14,15]
e . . . ZlYON:17 Euphorbia peplusJatropha cur-
g Casbene —_ifif Casbene diterpenoids BB cas [16]
-t Casbene —ififi Casbene diterpenoids R Ricinus communis [17]
U Casbene i Casbene diterpenoids IKFE Oryza sativa [18,19]
KK . .
—ifE HE Momilactones fes Calohypnum plumiformeEchino-— 1, »5,
KFE chloa crus-galliOryza sativa
g - Phytocassanes Oryzalides TKFE Oryza sativa [24]
- - Zealexin K Zea mays [25]
AT g - Sesterterpenoids Ei/NEa P Arabidopsis thaliana [26]
= MER Avenacins e Avena strigosa [27~30]
_ Thaliano ] e . . .
= - Marneral NP Arabidopsis thaliana [31,32]
Tirucalla-7,24- \ . . .
= - dien-3b-ol NP Arabidopsis thaliana [17]
= - Arabidiol EiNEaps Arabidopsis thaliana [33,34]
= #1% Z%C,B,E Cucurbitacins C,B,E N Cucumis sativus [35,36]
=ik - Thalianol Lyrata®)\ F 7+ Arabidopsis lyrata [37]
_ EN : e
X3 flytee Tirucallol Fx Capsella rubella [38]
e 20-F2 % 20-Hydroxy . . )
i e _betulinic acid FIR Lotus japonicus [39]
MEJRR TR Linamarin kAR Lotus japonicusManihot escu- [40]
WAL A B RKAR lotaustralin K= lenta
FAESSES Dhurrin =t Sorghum bicolor
I IR A P i ) R i Noscapine B3R Papaver somniferum [41]
a-Tomatine F A Solanum lycopersicum [42]
£ A 2 A o-H
a-Chaconine, a-Solanine L Solanum tuberosum
o TH DIMBOA BV N Zea mays [43~45]
FEFRENSIR
T A DIMBOA TREL Echinochloa crus-galli [22]
Py iz FILAEREK  Hydroxycinnamoyl-tyramine IKFE Oryza sativa [46]
P53 i FREEWEEREE  Hydroxycinnamoyl-putrescine IKHE Oryza sativa [47]
RELEY B- T p-diketones RF Hordeum vulgare [48]
&G T LA S/ Ny - Falcarindiol F Solanum lycopersicum [49]
TR IEES A I B Medium chain acylsugar F i Solanum lycopersicum [50]

1736



I ERE: AaRE 202144 Es51E OFE12M

UL B R B 2 A S R R R, BEDR AR
(R A ) S e 2 2R 7 B e .

L3 FEPIRRI GRS N

BT AR R R R B R I HES Oy 2, A SO
L 4 AT S TR A 1) 465 0 R U 490 R G T T e 2 Y
(E).

(1) e EEHHIM AR, X IEER R E
55— 25 SN R RFAE RN 47 BT T U AR AL 2D IR RIS T R,
FE HIX Sl AR HEAT AR R 4 | I 2l g T S ]
i, IR E P K ZHOER RSN, WA
T AEBESRIE R B, 80%40h R I+ £E 45 4 1 ) Thalianol
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Pefifik A —/NCYPTIZEE R NCYPSSEEA L, 175
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& b, 53S0 R R R R A AR A 2R 454, SR

il B A SRABR G AL S DR T B R i W3 e o A
BRI AR - BA L F O BEAL YR, HAEPR 2R+ 5
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T A L R R AE IR 7 AR Z AR AR
IEAL R

2 PR PRI A O I A SR
2.1 EFEFSRAE R IZ T

(1) G54 R 5 DR 4 R S5 2 50 72 AR o 2
fg. WP HE A R A 45 K 2 AR 5 R 4 1) 4
5 RAG, YIS SE, HilC&264002 FEYT
FE R 4H (https://www.plabipd.de/index.ep) A M. KEH]
TEPEE R A5 BT R DA IS R PR T 3G 11
JE GBS SCRE. i, FE R IR R M5 B AT S, Os-
bournflMatsuda SR} 2 52 5 i Dy i ik X #0077 22k ] 2
FLRME B2, R30I 5w B4 AN R 1 =k 5
U2 g kAR I TR AR SR R AE 2 —
RNA-seqf R Al 15 ANATTR] LLERAS 2 Fhdl 215K
B AR BB B A R AR 2 A R 1 2 AN SRR R
EEEEED. WM, SR R AR b
SRR 3 M SR T A Mgk 12 A DR DA B AR B R 7
FR R 05 98 25 0 4 S RS R R W 258 (R AR P e 1 T k2
. AF i, FR I 2 AR A (1 AR B R S R R B
PEVIIR, 38R it A B 2 2 R AT L RA A HT,
RILAEFe 0 75 Y C R b 10 T 22 4 i A 5 A il 256 [
(Solyc07g043680)F ¥ I 4 B A K & B % K
(Solyc07g043630), 5125 Jtofk F A RIEMBAHD
P 355 7 7% Il 25 (R ST-A S AT 1AE) AR 225 TR 7 W RO
F[A 25 P KR AR R Lk A R4
oA, 2 NPT R E 7. BHERITE 4 S
9t M I B T 11 R A bL R SR Ak g i AN G 2 T e B
ik, #7125 SRR (solanum  steroidal gly-
coalkaloids, SGA)AEMIA A0 G RN, Hde
TESET S Ytk b DU R AR R A7 AE, 15 4b P ANTE
125 Y ik 1 5 R A IR IR X B R AL
GAME47] LLR#ESGAsIAR R, #1H| GAME4(glycoalka-
loid metabolism 4)1) 35 GBS b 2 HH| T #4 F P =2
Fh R L P SGAsHIF R, XA AT 41 F Bk >
FRMEY ) Z AR A %4 PUE TR —hniide
T g
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Figure 1 Types of biosynthetic gene cluster organization. A—D: Completely tightly packed gene clusters—(A) the hydroxycinnamyl tyramine gene
cluster in rice, (B) the diterpenoid casbene cluster in rice, (C) the DIMBOA gene cluster in maize, (D) the noscapine cluster in poppy; E and F: loose
gene clusters—(E) the a-solanine cluster in tomato, (F) the Cucurbitacins C gene cluster in cucumber. Chr, chromosome
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B 1 BT R DR 2 ek B B AR, S — b
BT ARUNR A BN 75 T L A2 I L R R i 7 v, i
R FH T 1) W v 52 A2 A 16D i 197 PR Falcarindiol ¥ AE 4 &
Fi&4E. Falcarindiol/g —MAAAE T A HHE MAIA
SR SRR, FH A [R] PR B R 20 T 5 SR A 515
1% FFalcarindiol f7=4:, Falcarindiol FiIFR & 5 4H M
TR FCFE DMK, X—a s 7 — 8
| Falcarindiol ¥ & R E %, L ETEAFE
W, ARG M ACET 1a/b™). 783 =AM (1
FoHp, XFAERHBEEERE . BRI Falcarindiol 24 A I
R U B 7 L3R I8 S A 7 VEAERE A b R AR R A
AT A7 M.

() MHEZES B EZ IR R . #F AN
RETRECOARRIEY IR AL FHE S, I
et — 8 R 4 1) SRR SRR G E AE A AT e ) AR
PRI, S B ik (A AU K 2 3 Y TR e
DR 2 1 2 T AR A I P 2L T R T e gk g A QU [
fi%, BN, w4 B (terpene synthase, TPS)FI4H it
#P450f (cytochrome P450 enzyme system, CYP450)2H
AP SRR RN ) R DR 2EL A1 30 X B N e B
ANE#H ZATPS/CYPAS04 4 H ik 6 5 (R 7E 7 5% K~
R RFRAK, A AT DL S AT AR A i DR AR P Ak a2k 1 R IX
Fh 7 III A 32 BEAE T R 8 R bt 4 30 (o ae AU B A
FEIFREATAH SRR UE. A T B AR S AR BE R e 7 A
) B B 3 35 i A 7E T TF AC A W) A AR S 4
Schldpferss N™JF K T — R AL A Plant  Clus-
ter Finder7hHr 1 18FHEY), GL4E—FEREE. PIFP R4
TS S RE, S I 0 11969 sk AR A 2L A
%, HA17004 LA b 5L R A% AT e S5 R e AU
A%, K, PlantiSMASH " HIPhytoClust™/% &
EAHGRA T R R, X Fh RS S Dk ot 1 B
L R B KRR (profile Hidden Markov Models,
pHMMs)'* 131 Wit A [5] () 26 40 45 Rl O 445 5 i R AL B
ST g e HE LRI A%, S 4b, 4 PR AL rh 4 & 1 kDR 3
En i1 N v S Ao NN N L S
e B EREY. By, MEREEZ R
DRI AR IR A BT RN VT SN REE BN T S 3, A%
TR DRI () T 6 )t 2 I TG 5. IR LR R R
RARAU = WA R BB M A2 PR SRt 5 2 1)
).

22 T EASRIZH AL AR

HR R AT E Z 2 AR, HAY & it
HFREFZMHUPE. (R R TR HEAMERAG
SRR, AT AR 1A% () AT 2 —
AME P Er R, Rk, T RORE A ikiEm — A
MBS, 456188 B s R 2 IR 2
R RERHEY -4 2 M i R &4, Ko vk
2 HAZ G, ERRKcasbene & B2 55 — M 7
W TRt I L B, B 5 7E At DR RRRHE P h 4 3558, 4R
M casbene T A= i B AE W) & UL 757 5 — R A A Ak
JRNE BB A BB UL R B A A 1 S i AN
MR PEAX LA AN S BRI, RTE 1 B AR A4 2k (R 4
20 i (L R P450s Y AEAL DI RE, WHECYP726A14,
CYP726A17FICYPT726A18HE i f.casbene )55 i 4
1k, CYP726A16f#1k5-keto-casbenel(17,8- 3 AL [ v,
CYP726A15/#4kneocembreneff] 55 i &k [ . X4t
K 5 casbeneflneocembrene & i . — MBAHDE
BT R T RN 9 S ACA e it S 1) L (R R B T R
“ificasbene W) G AR IR R . SRR, AKREH
T 7 Bk A2 de 5 AT 17 1 Wi A i R 2 R A S
i, 435l & HHisyn-CDP synthase(OsCPS4)fiEfb 44 ) LIk
M2t )L FE FE 1 R (geranylgeranyl pyrophosphate, GGPP)
JE Hisyn-Copalyl diphosphate, i3 i HH9BH-pimara-7,15-
diene synthase(OsKS4)f{LJE K 9BH-Pimara-7,15-
diene, FHIXPANEERF AL TKFE T M L RIAHAR
frE. SiGRElrSSMRE Satr RI, & FRERA
Bl ARG A Re A L 2 B AR B . PREE 3 K
Fa 45 G B4R 1) 2k RS B R I — A I A R A
(OsMAS)RIFIASP4S0KEF (CYPIIA2FICYP99IAIYIE 1T
BT OsKS4MOsCPSAMIT, A M SLIRIE T IX L
R A ThRe, FF HIx e FE PR 3L R 20 5 1 R se AR
R E AR, S 4b, AT AR, R R A
AR T KRE T, B ORF HUAFAE TR B R OR K A 2
S S

2.3 BT IR IR AR A SRS Z i R %

B 1 B STHR e 750 N4 S R A 3 PR AR 1) 7
241, 18R B IRAL SR DAL H A B AR SG I (18 1R A%
77 AR TR — PR IAE AR R AR e —
A RCTBL SRR BRI 7T 5 2R S AR A A
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SC R AR AR T € T 3N FE B Cer-c, Cer-g il
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IR i 028 SE A R HIN T R R I 10 4 i 5 7 A 7] il 2
R DR R S . X 1 BIREAR B 70 M 3R B, I e L [
FEHNT AR B AHE, BACI P #E—HiEsE T EAMEN
— AN Ak R A DR R A A,

R Y mQTLsERLAN, IE A SR A A i th 2
7 — A R N T A S PR AN 3 PR 7 )
IR0 F B, #6372 K (avenacin A-1)7E R AMEHUR T,
MR MRS, BN B A AR A
FRAE TR T 1R 315 B B K A5 1R e 2 RARAR,
I HR XA RA RT3 5 e 22 3R A i A
3 R 127630,

GWASZ — T % B AT LA R I o KB MR 45 5 A
YR A PR T IR 22 25 PR BEAT SR IR 20 M DL 3 o e 2k
A 279 BN, BHIF s 1154 3 I A
R RAPERBEAT RIBR0Ar, AL BS54 i) 3 M ik
RGBS — BB BE DY, 2 JE A B
HEHIRIT A G R H % B, T EMESE
ZMETRTE, W 79N oo N R i A&
R, S BIfEN 6N, EAITE6 S G
o RAEHET, T RARE RS, S5 AR L,
AU PHPRAEAE b A R 52 2 HL 5 M A K 8 e PR R 47 7
AL i i A U 5 11 4 5k TR A SR B 23 # (meetabo-
lome-based genome-wide association studies, nGWAS)
TIER T TR @ AR R AL OB H BOR B2, 1B
Xeefy gl Tt A G CERERAGE, ohrixit
PR P 7 1) G 1 X B VR 1) Ak 1 268 R 77 0 2 3 A1
— TR YA KR A RO A B, B
SARF 6004 3 7 it AR A )5 B AT e R R 4L 5%
BT, B ) B ARAR 5 52 5 B AL AL i 4%
i, HIXEEA7 R YA S o R B v sz B 5 20k 1%
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X RN B K 1105 G Bk A S EAT 20 b, BN
— MBI AR AR B R A, BRI ANTETE A 5
IR] 7% 1 B R 54 5 B 3 (K] (Solye 10g085230) b &1 Bk
PN DL B AT 2B B AR B SRIE A MY
THFEAR AR T RE A U AL MR s AR AL 2, A
e R vt 7 o B e R PR O, AR B 2 S PR 445
BIFEE, AREEHCH T 17725 H AR 7 5%
(1) &5 & 1 FH W 0 R 0 Ik A= AR 0 16 & BRO& 12 BT 7
TR 5 SR AL

3 AEYAEE AR b Bk DR B T B Bk

e DR 21 S 1R DR B R B K B R ) B A
(Z ARG AR D) DI REA R dT. SRS, SRIEAQ
A R R DD RE A T3 V57T Ay iR — Rl R
RIB M7 ABER K g, il i S 5L DA a1
HERAARP R T7 BT I DI, X TR Th
RESS UL 75 24 & DL PR ik, x5 8T
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PEXUR 5 REAACU L DA e A B Tt Je

Research progress on plant biosynthetic gene cluster

SHEN ShuangQian', ZHAN ChuanSong’, YANG ChenKun' & LUO Jie’

1 National Key Laboratory of Crop Genetic Improvement and National Centre of Plant Gene Research (Wuhan),
Huazhong Agricultural University, Wuhan 430070, China;
2 College of Tropical Crops, Hainan University, Haikou 572208, China

Plants produce a wide variety of structurally and functionally diverse metabolites, many of which play an indispensable role in plant
growth and development and in the response to abiotic and biotic stresses. In recent years, plant biosynthetic gene clustering has
attracted extensive attention from scientists, and the rapid development of multi-omics technologies such as genome, transcriptome
and metabolome makes it possible to efficiently mine plant metabolic gene clusters. Further, the studies of plant biosynthetic gene
clusters will provide new insights to explore and utilize the diversity of plant secondary metabolites. Here, we not only systematically
summarize the structural characteristics and regulatory models of plant biosynthetic gene clusters, but also review the application of
new technologies in the discovery and identification of biosynthetic gene clusters.

plant metabolic gene cluster, forward genetics, gene cluster characteristics, gene cluster mining methods, gene
cluster function verification, chromatin regulation
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