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Abstract: Gentiana crassicaulis Duthie ex Burk. in Gentiana (Sect. Cruciata), Gentianaceae, is one of the
original plants of both Gentianae Macrophyllae Radix and Tibetan herb Jie-Ji Na-Bao, which contain such bioactive
iridoids as gentiopicroside, loganic acid and others. In this study, based on previous work, the transcriptome of G.
crassicaulis was sequenced and analyzed to construct transcriptome databases of roots, stems, leaves and flowers.
qRT-PCR verification was conducted for parts of unigenes that may be key enzymes in the pathway of iridoid
biosynthesis. The results are as follows: (D a total of 159 534 unigenes were obtained, with an average length of
679 bp. According to the functional classification of GO, unigenes can be divided into 3 categories with 67
branches. The unigenes were aligned in the KOG database and were classified into 25 categories according to
function. @ In the KEGG database, 215 unigenes were implicated in 20 standard secondary metabolism pathways.
The analysis shows that 305 unigenes encoded 28 key enzymes in the pathway of iridoid biosynthesis, and their
expression in different organs is different; and 3) qRT-PCR was approximately consistent with RNA-Seq results.

Wik H 91: 2020-12-16; &[0 H 111: 2021-02-24.

S H: EHX A AR A ST EBH (82073959); FH X A ARFAREGE _EBTH (81173654); 6l = 24 X 4 i [ €87 0 3 H (2018XTCX005); Ll 2
AR RR R Ty 2 R R 2GR AR R G B I H (ZYCC2019012).

*E AT Tel: 86-21-51322202, E-mail: zhilzhao@sohu.com

DOI: 10.16438/j.0513-4870.2020-1921



- 2006 - 2% %R Acta Pharmaceutica Sinica 2021, 56(7): 2005 —2014

The 7 annotated unigenes identified in this study, HMGS, DXS, MCS, GPPS, G10H, 7-DLNGT and STR, all had
higher relative expression levels in the above-ground parts (stem, leaf and flower) than in the underground part

(root). Iridoids are common active and index components of such traditional Chinese medicines as Qinjiao, Longdan,

Dangyao, and Qingyedan, among others. Therefore, this work provides basic scientific data for further development

including obtaining active components or intermediates through biotechnology, exploring the accumulation of

effective components, evaluating the quality of different ecotype varieties, and identifying authentic biosynthesis

pathways of medicinal materials.
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FHZEZR I Gentiana crassicaulis Duthie ex Burk. FJ&
T W MEF} Gentianaceae % H J& %8 JL4H (Sect. Cruciata),
WERFAE YR, BRGS0 = 5t
ML H LRSS X, 2 W TR 2 100~4 500 m (1
L B MR R ARG, iz A B 2
8, BN 258 TR 4 Fh L JERE ) 2 —, R AT R,
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FCARBRAE LA 5 A 47 (BRIT) N 24, VR 77 KB P 56
WRED, BT, b TR R D, B AR SRR A A AR
M, R ZEZR 0 L 28 U At 3 ot 58 A 4 240 0 BN TR 5K
H R AP ET AR 25 MR A 3O, 5% 2 BURITRIRA
FRIRR B S B 9T 38 A% B A DA S Aol L R 4 25 AR

PRI Tk i 25 (iridoids) |32 /04 T BH A} (Genti-
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VR0 ) OO T2 “ fff 5 S DR it e 4 2L 5 7
Fep e TR, WEMZER LG M KR
Gentiana waltonii Burk. 1 #{>11: Z& JU Gentiana robusta
King ex Hook. f. % %20 7 1, JF#F AT 20 Bk s £ 28 AH

RIER B F2 81 72 LAl b, $LiE— 2P I Rk
20 G. crassicaulis ¥ 56 21 5 Fo I BE s R A=V &
FA % K 23 #7 55 qQRT-PCR 36:4F TAF, R A b 25 0
LR A PR A Tk s 2 A ) OE R I BB, TR
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RO A [R] AR 25 28 o 1) o2 2 VP AN A 24 4 3 1 T/
FRATLHIATE 78 S5 4R AR 7 B R

MRS HEE

HmRERSTEFEE KEHIM: 2019-07-30;
VE Bk 55 B b B AL BR N 29°47.94', E95°49.382', 4K
2 841 m; RAES: EAL, HFEL2019XZ04 (K 1). HL
IEW AR EM/K, E LRI EEEIRE NiaEsL
5 =, 47K B, J0 B WOK 48R TR 7K 43, R AR |
25 ARSI 43 U RN B B R, —80 °C AR AT
Fr RNA$E 0. R A % 52 N IR R R IR & Gentiana
Z2ILAH (Sect. Cruciata) #2528 7L Gentiana crassicaulis
Duthie ex Burk.; FEIEAR AL T _Lifgh R 25 K2Eh 24
AR A ZE

Figure 1  Gentiana crassicaulis (Zhao ZL, et al. 2019XZ04, alt.
2 841 m, Bomi, Tibet). A: Habit; B: Inflorescence; C: Flower. Scale

bar =1 mm
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e GER AN BN i CEYT IS (1546
). I DNA G E &, I8 LR & B, 1E
[lumnina Hiseq™ X Ten il [5°F & 47 2x150 bp M-

MEFHIELEREMERFEST G EE S
YA A HEIE R A (base calling) 43 BT #4546 A 5 46 W - 7
%1 (sequenced reads), PA“fastq” CAFA& S AF il X R 4R
ol i AE S5 BT Geit, I8 FH FastQC 0.11.2 8
X E A 1R 0 540 Joit ik AT AT AL P A, 48 A Trimmo-
matic 0.36 PAFUNT R R 255 A7 A Sk K K8 B
H, 158 clean ¥¥5 . 14 ] Trinity 2.4.0 B4 clean X4
de novo %5 % S 7R (transcript)!'7, X #E SR L TUR,
YRR/ 5 S A SR 2 B K 1) B S A AE O unigene, DAL
VYERNRE T Z % 751 .

e S B PR 1 I NCBI Blast+ 2.60 B4 (e-value <
1x10%) "4 unigene J¥ %] 5 CDD. Nr. Nt. Swiss-Prot.
KOG Pfam. TrEMBL 7 /™% 4fs = LU X}, 2847 Zh g 18
H173-28; F% unigene 541747 GO (gene ontology) LijfE
TERBAY 2R, 348 KAAS 2.1 A5 KEGG (Kyoto
encyclopedia of genes and genomes) ¥ J& i3k 17 LU 5T,
73 BT AE SRAR G

NHBIEREMERERTFE Z% b G
Tk 2Rk S 4 1) AP AR IR R 022, 456 9B
R PR R R, P2 A 20 P S50 s 1 2 5 BUAH
K [¥) unigene, LA FH ) B DR 20k /K Pl 5507 v TPM
(transcripts per million) #HTRIEES 1T, —PMEREERIA
KV BRI 2 R S AR I G O, Fe kAR S
e, D) R R IR KA sy o AR FH RPKM B

qRT-PCR (quantitative real-time PCR) E £ ¥1A
SMSWIE  TPMAES TG, IR EERE A1) & Ui
bR Bk B 40 5 DR ) unigene, DA B-tubulin
AW ZH A, Primer Premier 5 % i 5 %) H T qPCR Jx
Mo cDNA & ik 57 £ : PrimeScript™ RT reagent Kit
with gDNA Eraser (Perfect Real Time) (TaKaRa, 77 [E A
H); qPCR  Bi: X7 & N TB Green® Premix Ex Tag™
(Tli RNaseH Plus) (TaKaRa, 1 [ K %), 1% #% A ABI

StepOnePlus Real-Time System(Thermo Fisher, 35 [E).
PARR NS 807, Livak i (2 225 PHREATAR V25 i
16 4 /N EBAL I A T I8 R 36 1UE; StepOne Software v2.3
BAT AT A R o L3 WA RS, FIREATHL
AP 3

ER55H
1 FRRIABBA R RAFAREE LS

2K TN L 25 I FTE 4 AN BB A7 35 12 AN
(RSB 3 AN AW ) 73 73] 3R A5 AR 41 820 380,
42 872 292,40 940 202, 25 40 864 200+ 42 263 446 .
41 228 880, M- 41 039 970.42 358 876.41 387 782, 1t
44 693 684.43 646 71842 372 014 i & reads i
Beo Fr ol Ak SRA KdE I, % 5% 5 : PRINA682437.
W 4% J5 153 2 BT A = =T 81 EAT de novo HEFE
Fe 415 BFH 2522 H unigene 159 534 4%, FHIKE N
679 bp (& 1). 3/NEW) 2% B SR ARRR 2 A A AR FE
DARE A (] 0 25 A B 27 (K1 2), H B AT L, & AR ] £
PR =
2 3% 4H unigene INHE T

% unigene 5 Nr. Nt. GO. KEGG. Swiss-Prot
KOG % 9 ¥4 2 @ if NCBI Blast+ 2.60 47 L X} 5
VERE, L ZEZE ILH 46.60% K unigene 7E & /b — Fl B 7
PR AR BB (K 2).

Unigene 7F Nr 248 /22 Lb X I, [ 95014 ¢ s 10 40 b
A ORI EE Coffea canephora (22.82%); e IR 72 Hil %
Vitis vinifera (5.94%)~ Z K Sesamum indicum (4.31%)
FKZZ Hordeum vulgare (7.08%); H4&/N T 3%.

L4 59 229 2 .27 969 % unigene 7E GO KOG %{
I8 2 v o AR B s DR, VER B E R S S 5
G KA 2R I Gentiana waltonii 1K1 28 JU Gentiana
robusta ) FH O ELHE KB

HRKAEZR I K2R U EE AH B, #2528 7T unigene
Z 5[ KEGG U@ B 1] 70 5l 0 NSN3, ZH T
—AN 3 HHLEFE (organismal systems) (K 3). fL3E

Table 1 Summary of the transcript statistics generated from G. crassicaulis

Max length Min length Total length Average
No. =500bp  =1000bp N50 N90
/bp /bp /bp length/bp
Transcript 452 938 244 934 139 761 1 494 370 12 878 201 412901 430 912
Unigene 159 534 58 149 29 087 1135 262 12 878 201 108 281 853 679
Table 2 Unigene functional annotation
Database Swiss- At least one All Total
CDD KOG Nr Nt Pfam TrEMBL GO KEGG
(annotated) database  database  genes
No. of unigenes 43176 27969 58310 34998 29388 53057 57733 59229 2999 74 346 1030 159 534
Percentage/% 27.06 17.53 36.55 21.94 18.42 33.26 36.19 37.13 1.88 46.6 0.65 100
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Figure 2 Heatmap of distance between samples. The color block
represents the distance value. The grayer the color is, the closer the
distance between samples is, and the higher the similarity is. The

darker the yellow color is, the farther the distance is

33 38,298 A I B, ARAG VR B HT 5 1018 B% R
&5 ANA]: AR REAR (ribosome) 313 2% (2.05%), i & AE
F (endocytosis) 75 239 %% (1.57%), PI3K-Akt {5 5 i %
237 %& (1.55%), "E 04 AR i (purine metabolism) 187 2%
(1.23%), 65 4% #f (carbon metabolism) 182 4% (1.19%);
H AT EE % T RNA Iz (RNA transport) MAPK {5
5 18 # (MAPK signaling pathway). P Jii W &5 [ 1 L

(protein processing in endoplasmic reticulum) %54 ¥t il
o mEEY) SR 2 R AR, 52 DReE
UMK EMZE L A R 3 215 2% unigene 2 5

20 M KEGG X AEACH R e B, Horp, 25 HuR 2 1)
JE 1% R JOR T AR BB B AR BT (nicotinate and nicotinamide
metabolism), F 36 %% . H K AN HE A&V B LG K
(terpenoid backbone biosynthesis), 5 31 %% (% 3).
3 INIGEATEA S AHE X EE

NI TR 28405 W (0 A 6 AR I i mT e g

V) A (1) A B B 0 Tk s 288 B B B S B 1 5 20 B 5
FP . b R RN R R IUHE R A A 305 %
unigene Z 5 9 i FL b 28 N EETE (R 4). AHRIEH
FEMR V25 it e ) Rk B VB ROR (TPMUE N R
R, 3445 B S I EURE U R 54 (K 4).
3.1 FhEMRRYER BIAWIICER, Pk 4L
FE B Ak S W AR S 4 T 3 5] AR i A S 130 0% ik £E R IR
(isopentenyl diphosphate, IPP) il — F 3 T 45 2 £5 il iR
(dimethylallyl diphosphate, DMAPP). ./ i&2H M
o, —FNAEGH M T EET I R IR (mevalonic acid,
MVA) &%, R ZIk-CoA L4 (AACT).
HMG-CoA & i (HMGS)-HMG-CoA it J5ifif (HMGR)-
MVA # (MK) MVAP i 32§ . 7 %) S R (IP) 3
fiff (IPK)-MVP ¥/ (PMK) & MVAPP it 2§ (MVD);
T — K NAE R AT 1 2-C-H 2 -D- 5 5 4 B -4- 1
® (2-C-methyl-D-erythritol-4-phosphate, MEP) i&4%, %
B Wt 0 4 1- i AL -D- K Bl B -5- W IR 75 B (DXS) 1- i
A -D-R A B -5- 16 1R 34 iR 5% A4 i (DXR). 2-C-H1 & -D-
7% B W T -A- O T T Y L 2L B 72 B (CMIS)4-(JLH-5'-

Table 3 Secondary metabolism KEGG pathway analysis of transcriptomic unigenes

No. KEGG pathway Pathway ID No. of unigenes
1 Nicotinate and nicotinamide metabolism ko00760 36
2 Terpenoid backbone biosynthesis ko00900 31
3 Phenylpropanoid biosynthesis k000940 26
4 Steroid biosynthesis ko00100 24
5 Ubiquinone and other terpenoid-quinone biosynthesis ko00130 20
6 Isoquinoline alkaloid biosynthesis ko00950 12
7 Carotenoid biosynthesis k000906 10
8 Tropane, piperidine and pyridine alkaloid biosynthesis ko00960 8
9 Diterpenoid biosynthesis ko00904 7

10 Sesquiterpenoid and triterpenoid biosynthesis ko00909 7
11 Zeatin biosynthesis ko00908 6
12 Flavonoid biosynthesis ko00941 5
13 Brassinosteroid biosynthesis ko00905 5
14 Limonene and pinene degradation k000903 5
15 Caffeine metabolism ko00232 4
16 Stilbenoid, diarylheptanoid and gingerol biosynthesis ko00945 3
17 Flavone and flavonol biosynthesis ko00944 2
18 Monoterpenoid biosynthesis k000902 2
19 Indole alkaloid biosynthesis ko00901 1
20 Isoflavonoid biosynthesis k000943 1
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Figure 3 KEGG classification of assembled unigenes
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Fe2-TIRFLEBERR Al (HDS) MK 4-FaFL-3-F 2.7
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diphosphate d-isomerase, IDI) K 58 i, 7525 %= I
SR, B MVA I8 9 1) — 2% S AR B i R 58
Ab (B 4 BT k), AL EAR GRS A HER . K
B R 0 (1 S % 2 AR O 3,5 IRk 1 R )4
SRV HH 0T S (1t 2 T4 A 0 25 22 ik A Tl 12 ik A= ¢ 1P,
ol & i MVAP it 52 45 1% TP, £ Ji TP 76 IPK AL T A=
Ji TPP; 1 3 6 0 1Y) 32 8% 28 R S- B BEIR R 10 7= 1,

BV P 2% S 10 F A [R) E T IR R 0 R A A B A

Ao 45 RN, 2R ITH MVA & 1R 120k £ 7]

B — ), BRIRIEASINAE C-3 07 2% el SCHR N, Al vEF:
AR M (archaea) W R BLIGERY, 5 44ttt Y)
(Viridiplantae) 35 £ K R “Mizm”, WA 20 O 2 5=

FUASFR FH I3 % 3347 MVP—IP 15 A (B AN g 4
b/:n

2p B
e A2

5257 % N K316 Cantharanthus roseus™ . 23
50T, 2T TPM {H, MVP 5 MEP B AM& 12 B 1 F Rl &

ik, HREEIF W R R, IfoRnA @ e ke
73 AL T4 I BR 5 J5AA) AR RE ™ AR TPP, TPP FA 45 i i
R FEIFAEA e BT TPMAASE T, Bl R RR
BB AFAERU] 2Z , Ho MVA B 12 (K MVD,
MEP i& 1%t [ MCS ik B AR B . (AR,

IPK FKiEm AR &
IPP Fl DMAPP 7E 7 M- 3

32 HEBTERERE MK
FEWEIR & G (GPPS) fiE AL T 4ii & i A i 2 £ R R
(geranyl diphosphate, GPP), GPP & 5 % [f] 4 %t fi, AN
[F) 1 2% 15 B GPP I 3 i A [7] i A 7 170 9t 17
BRI L T A S OB B 0 T IR T R AR
(K 4), B, GPP il = 2% R A2 I 2 AR B IR 2 A R &
W% (geraniol), 55 — 4% % 12 : GPP 7& A /& & i
(myrcene synthase, MS) HIE A it 25 £ R A Bt H

FEJf, B2 75 757 1% B I /K B (linalool dehydratase, LD)
(AR R T MK A 18 S-(+)- 05 A, [RJIF, O™ )t Pl

Hi GPP 7E S- 75 /£ ¥ 5 B (S-linalool synthase, LS) fE 1t

Jo 8 IPK X A5 %] 7R . IPP 3225 MEP #1245 i,
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Table 4 Unigenes involved in biosynthesis of iridoids

Pathway Enzyme Abbr. EC No. of unigenes

MVA Acetyl-CoA C-acetyltransferase AACT 2.3.1.9 7
Hydroxymethylglutaryl-CoA synthase HMGS 2.3.3.10 22
Hydroxymethylglutaryl-CoA reductase (NADPH) HMGR 1.1.1.34 6
Isopentenyl phosphate kinase IPK 2.7.4.26
Mevalonate kinase MK 2.7.1.36 12
Phosphomevalonate kinase PMK 2.74.2 7
Diphosphomevalonate decarboxylase MVD 4.1.1.33 2

MEP 1-Deoxy-D-xylulose-5-phosphate synthase DXS 2.2.1.7 25
1-Deoxy-D-xylulose-5-phosphate reductoisomerase DXR 1.1.1.267 3
2-C-Methyl-D-erythritol 4-phosphate cytidylyltransferase CMS 2.7.7.60 2
4-(Cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase CMK 2.7.1.148 1
2-C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase MCS 4.6.1.12 1
4-Hydroxy-3-methylbut-2-enyl-diphosphate synthase HDS 1.17.7.3 9
4-Hydroxy-3-methylbut-2-enyl diphosphate reductase HDR 1.17.7.4 4
Isopentenyl-diphosphate delta-isomerase IDI 5332 9

Iridoid Geranyl diphosphate synthase GPPS 2.5.1.1 11
S-Linalool synthase LS 4.2.3.25 31
Myrcene synthase MS 4.2.3.15 31
Geraniol synthase GES 3.1.7.11 1
Geraniol 8-hydroxylase G10H 1.14.14.83 28
8-Hydroxygeraniol oxidoreductase 8-HGO 1.1.1.324 5
8-Oxocitronellyl enol synthase(iridoid synthase) IS 1.3.1.99 2
7-Deoxyloganetin glucosyltransferase 7-DLNGT 2.4.1.324 13
7-Deoxyloganic acid glucosyltransferase 7-DLGT 2.4.1.323 21
7-Deoxyloganic acid hydroxylase 7-DLH 1.14.14.85 2
Secologanin synthase SLS 1.14.19.62 12
Strictosidine synthase STR 4332 23
Geranylgeranyl pyrophosphate synthase GGPPS 2.5.1.29 13

TN R BT 2, SRIT S-(+)- 75 B AE A I A
fi§ (geraniol isomerase, GI) [P ff {4 B & g . 56
2k 542 v GPP 1 GPP /K fift i (geranyl diphosphate
phosphohydrolase, GPPH) f# ft. T Jii 25 — 73 - B A= A
T LR (geranyl phospate, GP), S8 i GP it 25 i R &
AL RS A I, E L OCBEERT I A RN, 5 = 2R R AR
GPP £ 7 M % & (geraniol synthase, GES) 1L T 7K
FEAE A AR TR . AT 58 = 2R R AT HOAH O FE (] 4
HAF RN 7R, RN AREER S A NG, Bt
W 7E & ' % 8-F2 1L B (geraniol 8-hydroxylase, G10H)
(ZHOTHERS  10-F240 8, ARG TUPAC fi 4415 Mt
R | 8- ik Ay i B A A AL [ (8-hydroxy-geraniol
oxidoreductase, 8-HGO). 8- ¢ 3 & 3 3t ¥ ¥ & B (8-
oxocitronellyl enol synthase, IS) {1k T & it £ 2 [ b7,
i 2 1E nepetalactol 5§ (nepetalactol synthase, NS) i
A6 HEE R B0 2 BCFA IR B G nepetalactol. 8-HGO.
8- I A o FE M B A B W NMUE I 1 =20 I B — A
AL, FRZ 9 30 44 Tk s 5 B8 (iridoid synthase, 1S).
BRI AL R B, IS SEBR B OO IR 0 o 8-k R A P A
I B B ANNS, JF BRI T OB OC B B NS it
Jii, nepetalactol 7F nepetalactol B fifl %{ i (nepetalactol
monooxygenase, NM) [ 1E H] T &5 P18 e b AL

R A I - (iridodial)®, H B, 15 23R4 Bk 18
B8, 8-RFELF I (8-oxogeranial) FEI MR A (IS)
—ANEREAL T AR BT I N, A A R A R AL
() F B AR, ESAAR AN EL ] T AR SRR SR SR,
FEHE H XA P BRI 3 A B Bl A5 Rod i 5E 0 W
33 f&ifm NEBATEE AR PO MRENG 32 2R
TELETHERN . T EE NM L T 8o 7-554
AR 7T (7-deoxyloganetate), 3l i ¥ i 2 B i 11
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Figure 5 RNA-Seq data of DEGs related to biosynthesis of iridoids pathways. Results were mean + SD for three individual experiments
which, for each condition, were performed in triplicate. The mean + SD of each gene according to the order of stem, leaf and flower (The
root as the reference site is equal to 0): HMGS: 0.97 £0.51,0.73 £ 0.97, 0.28 £ 0.65; DXS: 1.96 + 0.84, 3.24 £ 0.60, 2.71 = 1.20; MCS: 1.03 £
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Figure 6 qRT-PCR validation of DEGs related to biosynthesis of iridoids pathways. Results were mean + SD for three individual experi-
ments which, for each condition, were performed in triplicate. The mean = SD of each gene according to the order of stem, leaf and flower
(The root as the reference site is equal to 0): HMGS: 0.97 £ 0.79, 1.31 + 1.12, 0.92 £ 0.59; DXS: 1.30 + 2.13,2.90 + 2.21, 0.85 + 2.72; MCS:
1.07 £ 0.56, 2.32 + 0.40, 1.54 £ 0.06; GPPS: 1.08 + 1.58, 1.82 + 1.09, 0.61 = 0.10; G/0H: 1.22 + 0.65, 2.56 = 0.59, 0.32 + 0.81; 7-DLNGT:

2.59+0.98, 3.64 +1.49,3.25 + 1.58; STR: 6.46 £2.16, 7.24 £ 1.90, 7.63 + 2.34
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