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Abstract: Objective To clone and functionally study the isopentenyl diphosphate isomerase (IDI) gene of Aconitum vilmorinianum, so as to
lay a foundation for the analysis of the biosynthetic pathway of diterpene alkaloids in A. vilmorinianum. Methods The genes annotated as IDI
were selected from the transcriptome data of A. vilmorinianum. Specific primers were designed to clone the coding regions. Bioinformatics
analysis was performed with relevant software. Real-time quantitative PCR was used to analyze their expression level in different organs of A.
vilmorinianum. The recombinant protein was expressed in Escherichia coli, and its function was verified by functional coloration experiment.
Results An IDI gene (AvIDI, Genbank accession No. MZ814967) was cloned from A. vilmorinianum. Bioinformatics analysis showed that the
open reading frame of AvIDI were 897 bp encoding 298 amino acids. The molecular formula of AvIDI was Cisi16H2362N4140452S11. The molecular
weight of AvIDI was 33 970 with a theoretical pl of 5.94. AvIDI contained two conserved sequences of TNTCCSHPL and WGEHELDY.
Phylogenetic analysis showed that AvIDI was closely related to Gentiana lutea IDI. Expression analysis showed that AvIDI expressed in root,
stem, leaf and flower of A. vilmorinianum, with highly expression in the stem. The recombinant protein of AvIDI was successfully expressed in
E. coli. The functional coloration experiment in E. coli showed that AvIDI encoded a functional 1DI protein and promoted the accumulation of
lycopene. Conclusion The AvIDI was cloned and proven to encode a functional 1DI protein. This study laid a foundation for the regulation of
diterpenoid alkaloids biosynthesis in A. vilmorinianum with IDI gene.
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LI, Aconitum vilmorinianum Kom. X 4FR A
EEL . B, BUISLE, NEERSLE
SRR RANEYN, HYHRIE N2 55 5 N 24128,
A% mrAAFEHRANE LR, EE
B B HGE. fEEEE M I IR Th R, 1
F2 B A R U8 A i AR R B 53 6,
E AR AR TR G BSOS RZ BT . AR
VI R R R AR A PR B S i, 3
FE e A O R T A S e = /R
(pseudoalkaloids) [ R4 ik A= WBR A 27 4544,
BIF TAEF SR T HASE: w2
% (mevalonate, MVA) I&#2FHJF A1) 2-C-F%E-D-
& FEOME B -4- B§ R ( 2-C-methyl-D-erythritol-
4-phosphate , MEP ) & 48 & Rl 5% [ M J% 45 i IR
(isopentenyl pyrophosphate, IPP), e bbidit Al
Fik A4 Cisopentenyl diphosphate isomerase, IDI/IP1)
) A A FH T R G S A A — T R T A R A O R
(dimethylallyl pyrophosphate, DMAPP) 1T HAH#
&, 1PP I DMAPP fE4lEt )| ZEAERERR & (geranyl
diphosphate synthase, GPS). 2 We 3t £5 ik iz & fig
(farnesyl diphosphate synthase, FPS) Fl4Ef: ) L3EAEL:
JL 45 % R & B ( geranylgeranyl pyrophosphate
synthase, GGPPS) HIEH ™A B mini A ) Lk
24 )LEERERR (geranylgeranyl diphosphate, GGPP),
GGPP fE i &g IVER FIME. BEHEE S i A4
B EE AR B B ZE 2546 % ¢ (kaurane) IR £ k¢
(atisane), 7 fEZABE L4 g S 400 (1 25 P40 S5
VER N RAZZEAL L S80S SOS RR # 4E (atisines)
RIFNGERFER A (veatchines) Cao —iZEM0, atisines
A1 veatchines i#F— i B AE i 2 45 SR A R H:
fth Coo~ Cao Al Cag i AEMHRI, 1D1 I ILH 7T IPP
H1I DMAPP [P HAF §me) — it A= 0ma ) AE 0 6 B
THEL O DI B IR (1) 5 o S D RERIF T 0 B R il
AR A BOS R AU EEE X

AW T T3 B S S RS, MRS
PAF 15 IDIV B, 0 HgmiDE E AR . R
AR RGO RERAT 0, SR R E &
PCR 7T HAES B S A RIZS B M RIATE L, IR
o SRR L HThRE, 95 SR ID1 R
45 B8 B 5 v il AR DB A P B B E B
1 #E5RF
11 #R

HYIFES T 2019 4E 10 AR A =8 R TTH

ILERFE L, B R R F ERE B % €
N A vilmorinianum Kom.. 3% &L & e 4
JE A RIR R G AR ORAE T = 1 AR E i e Hh 2454
EH HRE TR O % -80 CUKAH.
DH50. Chemically Competent Cell 14 (5 35 A4k}
£ (ki) AIRAF; BL21 (DE3) Chemically
Competent  Cell #1  Transl-Blue Chemically
Competent Cell #04 FAb 2 XN E&EMHARFRA
Ao

1.2 iRkF

pCold GST DNA H AN TIEA IR A A
pTrc-AtIDI 1 pAC-LYC Hi Francis X Cunningham
Jr.Gantt (3 [ 5 B 22 JH 2 o L 22 K057 ) 4% FE
2 FHE
2.1 2 RNAEEUE cDNA &%

KH Trizol RIS HE R 25, 1, TEE
RNA, HEGEEI AT W66 (DS-11, %
DENOVIXING)FI 1%35 i H €152 i vk kar il RNA
Jfite, Hi PrimeScript™ RT reagent Kit with gDNA
Eraser (perfect real time) (TaKaRa 2A#]) # RNA
s cDNA, cDNA 7% F-20 “CUKAH.

22 BERFE=E

ML B s A rh R 1 25RO IDI R
115 %1, FIF Primer Premier 5.0 #Fi& i+ 4K To4%
v B FE 5 P 5] ¥ pCold-AvIDI-F ( 5-GGT-
ACCCTCGAGGGATCCATGTCGACGATCGGATT-
GAAC-3>) Hl1 pCold-AvIDI-R (5-TCTAGACTG-
CAGGTCGACTCAAGTCAATTTGTGGATTG-3"),
PATE B AR cDNA By 5 HA K, PCR B4
% (50 uL): PrimeSTAR HS (Premix) 25 pL. IE
AR A 514 (10 pmol/L) %% 1 uL. cDNA 1 pL.
MK (ddH20) 22 pL. MNFEF: 94 “C. 5 min;
98 C. 10s, 55 C. 155, 72 C. 60's, 34 IM§
s 72 'C. 10 min. PCR F=¥)4 1% iR HE L
VKR S Aidl, N R AR R A B AR pCold GST
DNA, ¥4k DH5a EZ&4M, TEHAFNEER
(ampicillin, AMP) (100 mg/L) fJ LB “FAR |, 37 C
F597 12~16 ho AR EBRECER b B 3E 4T B V& PCR
ok, FHVESE A TAY TR (i) KA
2 )RR, K IR IE A ) R 2 BURL 6 44 9 pCold
GST DNA-AvIDI.

23 EYMERFESH
F|H NCBI (National Center for Biotechnology
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Information) 7E 28 #1 AVIDI 3 [R] {1 FF i 5] 132 4E
(open reading frame, ORF) Al [& J§ 4 ; F| F
ExXPASy-ProtParam tool  ( https://web.expasy.org/
protparam/) 7E£E43HT AvIDI 25 A A BRALE 5T )
TMHMM 2.0 ( http://www. cbs.dtu.dk/services/
TMHMMD fE£53#T AVIDI 2 FIIES X s FilF
SignalP 5.0 ( https://services.healthtech.dtu.dk/
service.php?SignalP-5.0) 7 #r {5 5 Jik; FH WOLF
PSORT  (https://wolfpsort.hgc.jp/> Tl AvIDI [#)3lF
9 o s £z ; fF F InterPro  C http://www.ebi.ac.
uk/interpro /search/sequence-search) 734t AvIDI [£) 45
¥tk; f8H SOMPA  (https://npsa prabi. ibcp.fr/cgi-
bin/npsa_automat.pl? page=/NPSA/npsa_sopma. html)
TELTI o ) — 454 AR SWISS- MODEL
Chttp://swissmodel. expasy.org/) Tl & [ () = 2 45
¥; FH] BioEdit BFHEAT IR 751 2 B XS s
HH NCBI (8 F 5 e F1Ecs PR &= [F s 51,
MEGAGB.0 14 i Z gt fLA%, bootstrap 4 1000,
2.4 FRIBGHT

4% AVIDI [FA0¥THEEm 586 & PCR 514
AVIDI-gRT-F ( 5>-GCTTCTGGATGAACTGGGTA-
TT-3’) 1 AvIDI-gRT-R (5’-ATTTGACGTCGCGGA-
CTATG-3"), Lk EFla fENNZIEREDO,  SEf 51
%€ & PCR J M. 7E Roche LightCycler® 96 Sz %5 PCR
X Fi#E4T. gRT-PCR JRBfAZR (20 uL): TB Green
Premix Ex Taqg 11 (Tli RNaseH Plus) (2X )10 uL.cDNA
2 uL. IEFERIASH (10 pmol/L) % 1 pL, K
(ddH20) 6 puL. RFFEF: 95 C. 30s; 95 C. 55,
55 C. 30s, 72 ‘C. 10s, 40 MiE¥F; 95 C. 155,
60 ‘C. 30s, 95 C. 1s. BHEOM, 25, MHRIEH
w3 MEWEEE, BN 3 MIARES. H
LightCycler® 96 SW L& SPSS i AF T4t . AvIDI
[IAERTRIA B 27 AT 5
25 AvIDI EHEBFRIL

B EAFHRL pCold GST DNA-AVIDI ¥4k % K
FF# BL21 (DE3) Chemically Competent Cell, HkHL
FERETH AMP (100 mg/L) [ LB ik 773,
37 °C 250 r/min FFREBOGE (Asn) A 0.6~1.0,
AN ZE-B-D-FACE AR (IPTG) BZIKE 1
mmol/L, - 15 CH# SRR 15 ho SO FE L,
BN PBS S22, FlHE A A isA L 5 /8 s
FE PR PRI B IR R IBAVES, 4 CEOUEE HIEHI
PO, R RIR - I ML (SDS-PAGE) #it

JiE K AT AR IS . LAEK pCold GST DNA
() BL21 (DE3) #HA7REAT LI Ent i
26 INRER®

PRI A% R Y DT Kpn | A1 BamH | BV A4k
& pTre-AtIDI, VIR BIWCRASEEIR pTre #ifk; DLE
4 Jfi KL pCold GST DNA-AVIDIL Jy#i#R,
pTrc-AvIDI-F  (5°-GGGGTACCATGTCGACGATC-
GGATTGAA-3’) Al pTrc-AvIDI-R (5’-CGGGAT-
CCTCAAGTCAATTTGTGGATTGTT-3") AN5| ¥k
47 PCR ¥4, PCR F=#4iifk f5 A Kpn | 1 BamH |
Bl BEVIF=aiih e A T4 R S HEIR pTre 2k
AT RS, B4 Trans1-Blue Chemically
Competent Cell, T AMP (100 mg/L) ] LB “F-#K
37 ‘CHi#% 12~16 h, B PCR WA,
&5 FRAEM A Bk A 44 9 pTre-AviDl. )i
¥i pTrc. pTrc-AtIDI Al pTrc-AvIDI 43 %] 5 pAC-LYC
A4k Transl-Blue &3z, T AMP (100
mg/L) F15%F % (chloramphenicol, Cm, 20 mg/L)
) LB “FH 37 CHiFF 12~16 h. [FIFF# pAC-LYC
Y, Trans1-Blue B2 &40/, T% Cm (20 mg/L)
(1 LB “FAR 3537 YA PCR S8 UF IE 4 (1) B v P2
BFE AMP (100 mg/L) A1 Cm (20 mg/L) f¥) LB
PR E, 28 CTHiFE 3~4d, WMEHKMFEAAL .
3 HR59H
3.1 AvIDI B9EFE=E

PLTEEL SR cDNA R 3 IDI 2K, PCR
FEZE 1% B IR ke, 45527R, AvIDI 7£
1000 bp A Mz (D, 5SS T
IDI K5, PCR F=iENFL A pCold GST
DNA, 3REEAFRL pCold GST DNA-AVIDI, ¢4
LW, AVIDI () ORF A 897 bp, Zfith 298 N FERL .
32 EMEEESH
321 EALMER T

AVIDI £ H AR 73 ¥ &

M 1

2000 bp
1000 bp
750 bp
500 bp
250 bp

100 bp

M-Marker 1-AvIDI

1 AvVIDI #) PCR ¥ #8474
Fig. 1 PCR amplification of AvIDI
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33 970, HBZEHLA (pl) N 5.94. AL Hy T T % F F % § F F F % E
IIHTEE R, AVIDI AR, NAEBER
H. B9k HRe, AvIDI EELESK, Nk ' ——
AR . TR A TGS R, AVIDI &
eIt L SR (8 2, AvDl —
&4 NUDIX /Kf#fE (NUDIX hydrolase_dom, fisdcadeoiisd .

116 ~ 255 aa ) Ml IPP 53 ¥y B 19 &5 #) 1
(IsopentenylPP_isomerase_typl, 86~268 aa). & [
TREERITRIN S R R, AVIDL 1 R a-
W2 JiE b7 54.03%, ZEHEE &5 12.08%, B-#% £ &7 5.37%,
TR i 5 28.52%, AvIDI & [ i & EEE Ry ot
A BB FNTCHL S . AN IDI 25 1 (2i6k.1.A)
SRR CFE B ARABLURE 4 53.30% ), F SWISS-MODEL
AR EE AVIDI B I =2 aitt), 48R 3.

322 ZHEFHIWAMNERGZKEM 71 NCBI
7E£L blast 2> 1% W], AvIDI 5% H IDI &
FIARALRE %, AHABLEE A 91.06% . I BioEdit K¢
AVIDI ZEEERR T H 5 H ALY B C R E A D) fg

IDI &ERTH AT Z HFHILxS, AvIDI BAH
IDI & A % FE {57 (1) TNTCCSHPL 1 WGEHELDY
FH (B 4). #£ NCBI H R Cl#iki& 1 IDI R H

Unintegrated

Predictions
Signal P-TM(1)

2 AVIDI ThEELEAE TN
Fig. 2 Functional domain prediction of AvIDI

AvIDII

E 3 AvIDI EH=RFEHTM
Fig. 3 Three-dimensional structure analysis of AvIDI
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PVfIDI2 TSPF FASRFSSSLSSLTAKQKSKSPLLNPPLLKNSISLTPAATKLRCLSLLSPRVSHFssvTA

110 120 130
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GIIDI VQKRLMEEDEC DENDIIVVEHD S K¥YNCHLM R/ UFSVFLENSKYEL 7
HpIDI VQRRLMEDDE C DEND@IVVGHD S K¥NCHL RIFSVFLENSKYEL
OsIDI VQRRLMFEDE EQDNV IGHD TKYNCHLM R FSVFLFDSEI¥YELL

RmIDI VQRRLMFEDEC ESDEVVEGHDS K¥NCHL RCFSVFLFENSKYEL 0
TwIDI VQRRLMEDDEC ENDIIVVEHD TKYNCHL RFSVFLENSKYEL 9
CalDI VQRRLMFEDEC ENDEIVVEGHD TKYNCHLM FSVFLEN K¥@ELL 0
SmiDI VQRRLMFEDEC ENDRIVVGHE SK¥YNCHLM S 4
GbIDI VQRRLMFEDEC DESDIIVVGHE S KYNCHL ESVFLENTKY 4
PviIDI1 VQRRLMEFEDE C DENDIVVGHD TKYNCHLM RIFSVFLENSKY 5 4
PvfIDI2 VQRRLMEEDE C DENDIVVGHD TKYNCHLM R' FSVEMENSKY 4

QRKLLDEL qr
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DMKT IHKLT
SDMET IHKL

pMkli kL
DVKTIHKLT

5

GlIDI-Gentiana lutea IDI (BAE92732.1) HpIDI-Hypericum perforatum IDI (JAW07394.1)
RmIDI-Rhizophora mucronate IDI (MBW95860.1) TwIDI-Tripterygium wilfordii DI

(ALB26774.1) CalDI-Camptotheca acuminata IDI (AB113583.1) SmiIDI-Salvia miltiorrhiza IDI (ABV08818.1) GbIDI-Gossypium barbadense IDI
(ABI194388.1) PvfIDI1-Panax vietnamensis var. fuscidiscus (MZ736417.1) PvflIDI2-Panax vietnamensis var. fuscidiscus (MZ736418.1)

B4 HESS5HGYM IDI SERFTZEFFILERT

Fig. 4 Multiple comparisons of IDI in A. vilmorinianum and other plants
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FF31, F MEGAG.0 i RGKER, 45Kz,
AvIDI 519 IDI B o8—32, 5 RIHMES R R
i (E5),
33 AVIDI FRELSAEREMNFREN

UL EFla AWNZEK 73 it AVIDI 723 5 5 HR
2. MR FRIA, SR E 6 Fias, AvIDI R
WG RARE FIARIE, AIDI fEZERRILE
i, AR RIAE IR, M AT RIS BRI,
3.4 AvVIDI EHERRIA

SDS-PAGE Hiyk&EH (I 7) R, SEYR
i pCold GST DNA-AVIDI [ & #47F £ 60 000 4- 75 B4
BEAKNE (A& EABISHNT T EN AvIDI
AT 47 5 B 33 970 5 26 000 1) GST #r&s
D, A AvIDI flé B ERN—8, H LG
FUUEH I I T R 0 2T, TR AE KT 1 BL21
(DE3) WK% T AvIDI.,
35 INEEEISIE AvIDI Ifj&E

T FFE—FhRARAOIFRERISE MR, &=

BAE— S B RR T, K wA S ARl &7
TAax, BT pAC-LYC H&H 3 NS E5HRMAER
B, BRI R R RAR & B (ertED.
AT ZA R (crtB) A1\ B L Z i
filF Certl), %4k pAC-LYC [T s vl 7= AL B4
. BB AT DL BT B R AL R

WREIE AR, FAT RN E M, 4 pTre.

pTrc-AtIDI A pTrc-AvIDI 43515 Fiki pAC-LYC %
K AT Transl-blue. MK 8 A %0, {X#54k
PAC-LYC [Etk (P2) TEFIKEH AMP Al Cm (1)
LB 55kt kA, &4 pTre #1 pAC-LYC [
Pk (P1) 7E[FI&4 AMP Al Cm () LB 15975 FfE
EHAKIEEIRN A, SR A DB
%, &H pAC-LYC K pTrc-AtIDI Al pTrc-AvIDI {7
PR Gl AtHT A SREIER ALK, HIHEIMEL P1
o UL AURT AV PR R R IK PL £, HIk
], AtIDI AT AVIDI 4wfi A DIRER IDI 2, BymTE
BTNy

ScIDI-Z 4% (JAP21511.1)
SIIDI1-FHli (ABX55779.1)
NtIDI-Z% B % (XP009608528.1)
SmIDI1-f2 (ABV08818.1)
PjIDI-H A& #Aw (GFP90055.1)
CalDI-® 4 (ABI13583.1)
SalDI-#4: % (GER43200.1)
PViIDIL-#&r 2 (MZ736417.1)
PnIDI2-=-t (AIK21782.1)
PVfIDI2-#F 2 (MZ736418.1)
WIDI-%% (XP002277935.1)
CsIDI- Kk (MBA5282444.1)
TolDI-%4J5 & 5 (PON55209.1)
PalDI-f&H L # 5k (PON64724.1)
RmIDI-£LjH % (MBW95860.1)
GbIDI-# 54 (ABI94388.1) K
TwIDI-FE A (ALB26774.1)
HKIDI-£ & 228k (JAW07316.1)
HtIDI-E M 4228k (JAW07362.1)
HpIDI1- 51 &R (JAWO07394.1)
HalDI-4: 2428k (JAW07283.1)
HpIDI2-5{3%# (JAW07181.1)
SalDI2-F i (ACS34993.1)
AalDI-HAfE M (JAT58317.1)
A AvIDI
GIIDI-¥# JBfH (BAE92732.1)
GriDI-ERfH (AJG03074.1)
AtIDI-f B 7+ (NP197148.3)
SmIDI2-f}% (AEZ55676.1)
OsIDI-fH A fil A% (MBM5471501.1) —
BilDI-Ex# i (JAG67685.1) =
rEcmol-%%Wrﬁ%ﬂrz (JAA96767.1) i
IsIDI-PYER#% (SBP25891.1)

TalDI- Tilletiaria anomala (KDN52937.1)
PdIDI-figiRE 5 (EKV17609.1) B
CplDI- Coccidioides posadasii (EFW18288.1) J
LdIDI-4 [CFLAT B AR INFIE. (ABJ58480.1) ™
SsIDI-MERE Rk F (E1C80830.1) i)
SsIDI-fE A % Bk E (BAE17701.1) —

il

5 IDIEBHRGLAEN
Fig. 5 Phylogenetic tree of IDI protein
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