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Research Progress on Genome Sequencing and Biosynthesis Pathway

of Bioactive Substances in Medicinal Plants
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Abstract Medicinal plants have a wide range of medicinal values due to various types of bioactive sub-
stances. The protection and development of their resources have been paid more and more attention. With the
completion of genome sequencing of many medicinal plants, it is possible to further study the biosynthesis pathway
of medicinal active substances and the key enzyme genes at the molecular level. This review mainly introduced the
development history of genome sequencing technologies and its research status in medicinal plants, with special
emphasis on the important bioactive substances of medicinal plants and their key enzyme genes in synthesis path-
way. This will provide valuable information for further clarifying the molecular mechanism of bioactive substances

synthesis and regulation in the future, and lay a perfect foundation for fully exploiting and utilizing the medicinal
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functions of medicinal plants.
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misia annua) G103 (Andrographis paniculate) g5

N (Tripterygium wilfordii) -8 (Senna tora). ++
% (Salvia miltiorrhiza)~ 4154 (Taxus wallichiana).
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FLIN PP 4 AR SMRT 2K 56 4= 2 R0y, XA
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Table 1 Summary of medicinal plants that have completed genome sequencing

WyFh E YA W7 7% HH R ] 2 Sy
Species Genome size Sequencing methods Publication time Medicinal component
Cordyceps militaris" 32.2Mb Roche 454 GS FLX 2011 Cordycepin
Ganoderma lucidum" 43.3 Mb Roche 454 GS FLX+Illumina 2012 Triterpene
GAIl
Salvia miltiorrhiza™ 645.78 Mb Illumina+PacBio RSIT 2015 Tanshinone
Lepidium meyenii™ 751 Mb Illumina HiSeq 2500 2016 Glucosinolate, Imidazole
alkaloids
Rhodiola crenulata 344.5 Mb Illumina HiSeq 2000/4000 2017 Salidroside
Panax notoginseng!'® 2.39 Gb Illumina 2017 Ginsenoside, Notoginsen-
oside
Tartary Buckwheat"” 489.3 Mb Illumina+PacBio 2017 Rutin
Papaver somniferum™® 2.72 Gb Illumina+10X 2018 Morphinan, Codeine
Genomics+PacBio+Nanopore
Artemisia annua'"” 1.74 Gb [llumina 2018 Artemisinin
+Roche 454
+PacBio RSII
Panax ginseng™™ 2.98 Gb HiSeq 2000+MiSeq 2018 Ginsenoside
Andrographis paniculate™ 269 Mb Illumina+SMRT 2018 Diterpenoid, Neoandrogra-
pholide
Scutellaria baicalensis™ 386.63 Mb Illumina+PacBio 2019 Wogonin
Bupleuri Radix'™ 989.80 Mb HiSeq Xten 2019 Saponin
Lonicera japonica® 843.2 Mb Nanopore 2020 Chlorogenic acid, Luteolin,
Rutin
Eucommia ulmoides™ 947.86 Mb SMRT 2020 Chlorogenic acid
Tripterygium wilfordii®® 348.53 Mb Illumina Hiseq Xten+SMRT 2020 Triptolide
Senna tora?” 547 Mb SMRT+HiSeq™ 2500 2020 Anthraquinone
Taxus™ 10.23 Gb SMRT-+I1lumina HiSeq 2500 2021 Paclitaxel
Eriobotrya japonica™ 761 Mb Illumina+SMRT 2021 Triterpene
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B A= W06 S AR 5 SR R TR G O AR B R RO, BE

Phenylalanine

l PAL

trans-cinnamic aid
l C4H Alkaloids

p-cinnamic aid

I coumaroylquinic acid pathway
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NFEE AW O, el DU A O B2 e R
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6 4 JH DR A1 1) A A A 58 24 8 R SRR o IR 2
R E et 7ot s ikal . SRR dAR
(Caprifoliaceae) 2. % J& (Lonicera)td¥), HAPLK |
Pl UM EESATE I, HFEEE R 2 4%
JFR R FIA J2R B 25 (luteolin)* . 23 Ji iR AR IINMHERE IR ,
MR R B, o R RRAEAE AR 3= 2 LA
HEFE 45 JE R (caffeoyl-quinic acid, CQA). —MHMHERE
%5 Je R (dicaffeoyl-quinic acid, diCQA)F i #ft %= JE
& (feruloyl-quinic acid, FQA)TE RAFAEM . fE 4R

Lignin

T C3H

i 4CL —————> p-coumaroylquinic acid —> < Chlorogenic acids (CGA)

HQT
p-coumaroyl CoA ——————————>|

HQT
+ malonyl-CoA x3 l CHS 11 caffeic acid pathway
Chalcone
CHI
Naringenin (flavanone) —> ¢ [soflavonoids
5 IFS
F3’H
F3H l
Eriodictyol
Dihydroflavonol ——————> Leucopelargonidin
DFR
FNS ANS
FLS
Cyanidi
Flavones yamdam
l UFGT
Flavonols
Anthocyanins

oo .. C3H
p-coumaroylquinic acid/shikimic acid ———— Caffeoyl quinic acid/shikimic acid

l HCT l
4CL

Caffeoyl-CoA <€— Caffeic acid

+ quinic acid
HQT HCT

Chlorogenic acids (CGA)

CCoAOMT l T HQT
Feruloyl-CoA
CCoAOMT l

Lignin ~ < Sinapoyl-CoA

PAL: KN ARMFENE; CAH: WHEERFRILREY; 4CL: 4-F B ERAHEFAIE RN, CHS: /KR & plili; CHI: 2 /K ER S A4 B, IFS: 525 HR & il F3H: 75
Pel3-F210 R, FLS: BEAREE A Bll; F3 H: JS0R3 - Fo0E; FNS: 3R & Sllf; DFR: — & #FREE4- 18 R 1, ANS: {675 % & ll; UFGT: J85H
WERLEL R, HQT: FRIE NI ANAEA 2 BRI N HE L R il HCT: BB BEAZ TR/ Z8 TR R AR R L 5 il C3H: Xf—F& S IR3-12

1L, CCoAOMT: Wk 4 il A S FR R S B g

PAL: phenylalanine ammonia lyase; C4H: cinnamate 4-hydroxylase; 4CL: 4-coumarate CoA ligase; CHS: chalcone synthase; CHI: chalcone isomerase;

IFS: isoflavone synthase; F3H: flavanone 3-hydroxylase; FLS: flavonol synthase; F3’H: flavonoid 3’-hydroxylase; FNS: flavone synthas; DFR: dihy-

droflavonol 4-reductase; ANS: anthocyanidin synthase; UFGT: UDP-glucose:flavonoid 3-O-glucosyltransferase; HQT: hydroxycinnamoyl-CoA:quinate

hydroxycinnamoyl transferase; HCT: hydroxycinnamoyl-CoA: quinate/shikimate hydroxycinnamoy! transferase; C3H: p-coumarate 3-hydroxylase;

CCoAOMT: caffeoyl-CoA oxygen methyltransferase.

Bl B SYIREE BER L (IRESE STk [43-45]12 20

Fig.1 The biosynthesis route of phenolic compounds (modified from the references [43-45])
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BRI g, A SR R IR AEXT
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e, X —F G AT —

— R -3-724k
FENHERR i
EYIPS 30k (S

AR L —— WM HE LR A A, SR W R e
AEHQTIIEM T, M JEMR K BRI SN, 2E i

44l

JR R
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R2 BN AMEMAERIREDRIKHEEE

Table 2 Key enzymes in phenolic compounds biosynthesis

%HMFM?M’EAEWMFE ‘AR LR R,
REERBMHEZ 5ARFRN &

AW R KEERGAAFR TR EE BTN
Biosynthesis pathway Key enzyme name Major function References
PAL (phenylalanine ammonia lyase) PAL catalyzes the formation of trans-cinnamic acid from [46]
phenylalanine
Phenylpropanoid C4H (cinnamate 4-hydroxylase) C4H catalyzes the formation of coumaric acid from cinnamic ~ [47]
metabolism pathway acid
4CL (4-coumarate CoA ligase) 4CL catalyzes the production of p-coumaric acid to p-coumar-  [48]
oyl-CoA;
4CL isomer catalyzes caffeic acid to generate caffeoyl-CoA;
Class I 4CLs are involved in the biosynthesis of lignin, while
Class II 4CLs are involved in the biosynthesis of flavonoids
and sinapylmalic acid
CHS (chalcone synthase) CHS combines malonyl-CoA and p-coumaroyl CoA to form [49]
chalcone
CHI (chalcone isomerase) CHI quickly catalyzes the formation of a naringenin (flava- [50]
none) from chalcone
Flavonoids biosynthe-  IFS (isoflavone synthase) IFS catalyzes the dehydrogenation of flavanones to form [51]
sis pathway isoflavones
FLS (flavonol synthase) FLS catalyzes the hydroxylation of the C-3 position in the [52]
dihydroflavonol structure to form flavonols such as quercetin
and kaempferol
DEFR (dihydroflavonol-4-reductase) DER catalyzes the production of leucocyanidin such as cyani-  [53]
din, pelargonidin and delphinidin by dihydroflavonols
HQT (hydroxycinnamoyl-CoA:quinate I coumaroylquinic acid pathway: HQT catalyzes the produc- [54]
hydroxycinnamoy! transferase) tion of p-Coumaroyl CoA to p-coumaroylquinic acid;
1I caffeic acid pathway: HQT catalyzes the transesterification
of quinic acid and caffeoyl-CoA to produce chlorogenic acid
HCT (hydroxycinnamoyl-CoA:quinate/ The key enzyme in the biosynthetic pathway of lignin [55]
shikimate hydroxycinnamoyl transfer- monomer, catalyzes the caffeoyl quinic acid/shikimic acid to
ase) convert into caffeoyl-CoA
Non-flavonoids bio- C3H (p-coumarate 3-hydroxylase) C3H is located in the xylem, the rate-limiting enzyme of the [56-57]
synthesis pathway lignin synthesis pathway, which controls the flow of lignin
monomer carbon source;
C3H catalyzes the formation of caffeoyl quinic acid/shikimic
acid from p-coumaroylquinic acid/shikimic acid
CCoAOMT (caffeoyl-CoA oxygen CCoAOMT catalyzes the production of caffeoyl-CoA to [58]

methyltransferase)

feruloyl-CoA, which then continues to undergo methylation to
produce sinapoyl-CoA;

Reversible reaction: CCoOAOMT catalyzes ferulylquinic acid
to ferulyl-CoA
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Vi-& A G G B , B35 2 HH 2k T — e Sl g A B
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P450 . I %A B (cytochrome P450 monooxygenase,
CYP450)%%, Jf HAESRHFIR HER 75 7 Jo , X LR
FILEWE FR. BTN G T 3 =
BHERAREhE IR T e kAt .

TG (Polygonatum cyrtonema) N ¥ &% (Lili-
aceae) B A# J& (Polygonatum) % S L BARKEY), 1E Rtk
GGM AT DABUIEE . W . FEIBEImAG . o
W25 8 J NI SRS KR AR T, ©& 5
B R BESE . BEHRELEE, H
PR R BRI EZE A R O BRI T
INFE BRI 7K P b TR 58 4 S 1 R I AR AR IR AR
PLZ AETORG A3 2l v AR 22 90 RL, 26 T Tllumina
RENT 6, Bxl 7 1N3%BER T, Hor
GG 274 5E M R H R R AR A U R AR
WG . 2B ARNFEARA BT 7K AT fg
it 2 AETRE AR & il T L .

it AL A AN S R 2 AR A A A I
BB AR, B A G mE SRR A
(A e i S0 A RN S AR 21 (A B 4% A2
BB ], 55— W B e 4 7= W =2 S IR FE TR
(isopentenyl pyrophosphate, IPP). 5 [ Bt i & &
%2,3-54k M & Jfi(2,3-oxidosqualene, OS), 2,3-% 1L
% I A2 SR 2 5 05 RS VI 4 SCRTRTAR )
JT, AR WA ST IR, 5 =B BUEAN R
[RGB A FH T, 2,350 A e 0 2 nll 5 it Ak &
YIRS AR o 5 — B Bl A fik Bk A T A 4 Y
2 IR 1845 (MVA) FI2-C- F B -4-D- iR B -4 - IR

WAE(MEP). W IRIEL R AL M o, %
Z: 55 2P 0 =k S 5 1) B 1 2-C- Bk -4-D- 7k
B W41 TR IR A R AR AE R TR, S b gk
TS A AR T AR A R, R MVARR TR
FFIEHS,
3.3 £

VRS MAE L IR T T2 AR, =R
K BRI A EE S 2 —, HPRZFEEA
B YU IEE .

YW (Corydalis yanhusuo) e % SEF} (Papav-
eraceae)® % J& (Corydalis) 14 W25, BLA W I
FRIE. RTINS S R AR M) (benzyl-
isoquinoline alkaloids, BIAs) & %E ] 2 H [ £ E A W)
TETERCY, REAMEI R A G, R S R
HRRZE I PR . XUSE YFE =38 & [llumina HiSeqF
& EXTIESARFAT T KR A 00, ST
101N AT B8 2 5 1 Ak 3 v b A= W B A ) IR A28 ()
ik I, FRAR X S R B T SE R e B
B KA IR Y G OB AR . K S A A
FUIAH 1 HE A R TP AR L A S LR, N
Wy Re R R A 7T BE5E 1 AR

F s RHEYIRAEAEREE A R (amaryl-
lidaceae alkaloids, AAsYXIHYI I HA 2R, A
R AE VIR A R 5 ) 25 BRE M, AR A SR RHE Y
KA L R R FE 2R, A TR
IR EHEIR ) WG AT, R IUET A R,
SINGHZ§ "™ i Tllumina HiSeq 20003 /¥ H AR &
‘G 7KAll (Narcissus pseudonarcissus ‘King Alfred” )i
ZHR AR, H 73 081 6037 readstiZH
BN 195 34TANFEFAR o 1% 5 S B AL D
AASHENIE I AT 2 DR R e 8 4], Ho g
T it F2 1F (tyramine decarboxylase, TYDC)F1J: F Hi it
W% 4°-O-H L ¥ 72 i (norbelladine 4’-O-methyltransfer-
ase, NAOMT) (B K1y, 1X 5 85 =25 rh AWl 5 &
AR OG . s I BOR ) S AN G 3k 1 %
AR R KA  ARBHE AR IR, 0
N SRR Y AE P B 70 T L A S 48T
RIEEYD G G R O E 2

S I Bk 2 2E W B (isoquinoline alkaloids, IQAs)
K Bl E.(Stephania tetrandra) ™ i B E F i A R
ZiFH LY o K By AR Hp S R SR AR B ) 7 B
Tt B DAHAR B AR AR G b 25 2584, (2 BT



388

XTIQAsAEM & Bl 73 T AL L J1 2 H /b . ZHANG
ZEE i Tllumina Hiseq X Tenill 2 %5 87 B & B AR Al
AT EL 3 B SR 4L RN 23 A, JE3RA8 T 7940 s
WK 2B PR DG 1 DB R R, L a2 2 S R A R A
TEARH RIE B, X5 5 kA P 7 AR AR R
BN 3. ETKEGGHE £ LE T miTIQAs
HU AR A W) 6 Rl 1 2k (R, B TAT. TYDC. NCS.
60MT. CNMTHI T FCYP450%5 A5k HE K . i
R 1) B B S 28 o0 A, $8oR T R B b 5 v
WA 0 A 4 B G IR S BE TR, g it — 2D A
1% 25 FE Y PIQASLE Y& AL 7> T LI BEE T
£k,

4 RESRE

JT304FK, BE A =i &7 R A Al 4 2
AR H 2 58 5 KR, BORBE 2 1) 245 IR A 4 2k A
M 58 R Bl I 45 R AN Wy e e 3,
R R 7 2 ST = R 2R AR BRI
oA, KPR, RIS AT A, s R
R H AR, NTRE 245 R A s P oy
A B 23 WL S K ) R 2 SR ZI A B 1
fifo WEAL, IR 2 N T2 FAE A B 9 1 o
%1% (mass spectrometry imaging, MSI)# AR nJ 7E 21 21
B 7K B IS A AR 3 1 22 R A 16 23 A
FARANEDL, Akt GREEHM T HARMS &, BA
T 8 AR MBI 5T 24 AR () AR B AR A D RE o TR
T2 S VY 5 & AR A 7T, 7R B e
BAT ) O Bl AN SR DR O AR R R E A . X
SE LRI FERCR AT N T2 I B A R, 2
Yo REgaMIERFENE B, AT
i 25 Lo B 77 B 5 s 1, ARy AL B R L
R B, 0 R Dy ae 2k R ik &5 a4 4
ARICHE . MRS S R 3R B 5 5 T
VEAR L I (0 A D e o, X T VR e T
INBERE IR 75 e DL R B8 U (1) ak B T SR 4550 25 1l
] DL, Bt (R 2H 2 e sl A AR T 4 2 A
REZHMHFR RGN R, (EmiEE S
R WILE, 25 Y I IAR AR 2 e SR
YRR, 25 AR BT TR HE N S R
ORIV AR . BBk, ot L 2 7 20 B T
VORI 5 T e A A W e A g, LIUSSE U2 d i R 1
T KT W (Tetracentron sinense)4=32= K ZH A1 4 filu 4=

Y255 0 b, IESE T 2 MK S B b 22 T

F 3R E AR G EE R AR 2 4%, AT B9E T
FARRRTKEW 2 S E U AR
FCH AT AL AL Fr BRI e SR (KR AT
FE, M Ak o B 22 RO A0 R AR 00 2 ) e

Paran
azs
)
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