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% ZFE: BE IRMRELTR Elsholtzia bodinieri #3HBIRE R, THAREFFER MR EYE RI&R. 737& KA lllumina
Hiseq 2000 38 & /7 3R15 22 5 TR I i s AR, i P B AT 20206 . PR JVERE, 129 FL il R4 S AR IR AR A DG 2k
Mo &R REH 2 MR EHE3E1S 13.67 Gb %k, 91 169 356 45w/ /741, FIFH Trinity 41343K15 93 327 %
unigenes, “FHAHKE 1756 bp. K435 1Y unigenes 43735 NCBI B 7 (05 1751435 % (RefSeq non-redundant proteins,
NR). FEREAMAIREIEE (gene ontology, GO)D. FAXAYEE i [RIVEZEHHE)E (clusters of orthologous groups for eukaryotic
complete genomes, KOG). m#ERFEH S5FHKMH EARI4F (Kyoto encyclopedia of genes and genomes, KEGG) ZE#¥E FE k1T
BLAST LU 704, ilid KEGG fUME@ERE 7047, 45 RERH 2 AR SOEE, i 22N & H (458 ko00900)
TGS A A K (458 ko00902), 155 unigenes 73345 11 2671 30 4% 34T 526 9 )t %€ B PCR (reverse transcription PCR,
RT-PCR) FIF, FRINIIE 6 AN EAME & B R FE K 4K unigenes. 4538 1 IO R L I3HAT B E G S 4 I 204t
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High-throughput transcriptome sequencing of Elsholtzia bodinieri and excavation
of genes related to monoterpene biosynthesis

GENG Xiu-wen, ZHANG Ai-li, TANG Ren-hua, PU Chun-xia
Engineering Research Center for Reproducing Fine Varieties of Chinese Medicinal Plants, Yunnan University of Chinese Medicine,

Kunming 650500, China

Abstract: Objective To obtain the transcriptome data of Elsholtzia bodinieri and understand the pathway of monoterpene biosynthesis of
essential oil from E. bodinieri. Methods In this study, Illumina Hiseq 2000 high-throughput sequencing was used to obtain the transcriptome
data of E. bodinieri, and the genes related to the metabolism of monoterpenoids were mined by assembling, splicing and annotating the data.
Results A total of 13.67 GB data and 91 169 356 clean reads were obtained after sequencing of the two sample materials of E. bodinieri, 93
327 unigenes were obtained by Trinity assembly with an average length of 1756 bp. The unigenes obtained from the assembly were blasted with
NR, GO, KOG KEGG and other databases. KEGG metabolic pathway analysis showed that there were two monoterpene metabolic
pathways, terpenoid backbone biosynthesis (No. ko00900) and monoterpenoid biosynthesis (No. ko00902), with 11 and 30 related unigenes,
respectively. Full-length unigenes of six monoterpene synthesis related candidate genes were successfully verified by RT-PCR and
sequencing. Conclusion For the first time, high-throughput transcriptome sequencing analysis of E. bodinieri was carried out, and the key
enzyme genes of monoterpene biosynthesis were obtained, which laid a foundation for the study of subsequent gene functions.
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SRR, FIPREEN AR TR 15 AN R 4%
RMFEAT GC-MS 4302, WELHE 1,8-F% i
(1, 8-cineole) o-ZFERIAMIEE Ca-terpinyl acetate).
B-JEMs (B-pinene). a-JRM C(a-pinene) FE 7R LTSN
MR RO Gy, HoR EREE N 72.469% ~
91.855%, fi5 F- 1l A 3.727%~13.121% . f+f 37 FL 25131
FEAT B DA It Fi g RAE E s b5 AR E A 1)
F TGt AR — S, fRE SCoRIRIE, 1, 8-k i
F A LA AR 1 FE, b <08 98 i B A P
071, BEWE ek 5 5% 5% R Ak, T IS 1 1 L 2 {2 it
T R R g e 18 i (18200 3 LI A iR RN e bRV
U, DLR— ek s e AR,

B SR 2 MR E BT (C10)
HER P EERER RGN, B R ZFERR
WEY, AR TR MR g 28, kY
HiE (monoterpenoid) FH TR PN 1) 4-T R -2-H B %
#ERE (2-C-methyl-D-erythritol 4-phosphate, MEP) i&
B, FMHE T ER (geranyl diphosphate, GPP)
A& BT s 3 [F ) AT AR i, GPP 1E L 5 i
(monoterpene synthases, mono-TPS) HIMEALIEH T
AR RSCERLE , B A T SR AR G R DG B R4
RETHHE R M E RS 1,8-4 BN & i GPP
FERZ - 5 (cineole synthase) HIVE A R 2 k21,

SR B A 2R IR N DA 2 5 & A hE
RIIBEIIA RO7ER, BLET V2 N T2 - A S
FAEY IR W6 R DB TR (ORI TR0
YR, A ORI AR K DA T i s A, X
FFEARIATRE . PHEIGERE, VDD T REDR
BRSNS ARG, AR TR
B A HEEE bR AR AEY) & BB R AT DA
M INRESSE R FTHR A 1 BRI BRI B A
1 #

FEAT 2015 42 11 H 3 HRBA =8 R & 57
XAATEKE (421 102055'18", 461 245325, ik
2114m), 45 SM; F20154E 11 A 7 HRAZHE
R BB ER (B8 10204743", 4ifE
25°2125", ¥4k 2086 M), 4’5 AZY; JEAEAIH AR
W R 2R R R RIS E 7R 2575 E. bodinieri
Vaniot. FEAMELRES, BREDETEARTE
TUREIX, 2017 4 11 A 22 HRBEG kT .
2 FE
21 FEFELMIEEE GC-MS 74k

KK ZESZEESR I SM AT AZY 2 4N Hh 2R

I R, P GC-MS V4 s H
FE M E
211 SHEM ik Agilent 190913115, HP-5
(5% Phenyl Methyl Siloxan, 50 mXx0.32 mmX0.52
um); HEFECIRSE 250 C, Fillgs (K6 TR
MZE, FID) W& 250 C; AEFEAHEFET: 50 CH
F]250 C, 4% 10 C; HBEFEE 1 pL; AL
20 0 1; HEFECE S 10228 kPa; AR E 2.1
mL/min; #S A
212 kst mEA: EL BTERLRER:
70 eV, FHHETEE m/z 50~550; B TR 230 C;
VURRAT R 150 °C; sE &% X IEmARIH—1k
P WEEE: NIST14.
22 FEREMF

RARZRELTF 2 s R s L, ZFEdb st
WK BIE R R A R A R A lumina Hiseq
2000 kAT e B S H P .
2.3 FERABEAR

BRI BIE S, FIRIERE B,
ZERAECEL . N (N R TEEME S B 1
EEASI K T 10% 11 LA AIS BT £ reads, % raw reads it
€, 132 clean reads, %4 5% H Trinity %} clean reads
TP S, )543 unigenes.
2.4 FERIBTHRETRE

H 4 S 31 unigenes FE A1 ELXTE] NCBI B 5
& H 53R E (RefSeq non-redundant proteins,
NR). NCBI B 77 %7 #1545 % (nucleotide
sequence database, NT). LT#BREE HHE K A RH4x
15 (Kyoto encyclopedia of genes and genomes,
KEGG). Swiss-Prot Z& [1)ifi $0#% & (A manually
annotated and reviewed protein sequence database,
Swiss-prot). & H B X EEHE A (Protein family,
PFAMD. FERIAA 12445 % (gene ontology, GO).
H A& B F %5 E Cclusters of
orthologous groups for eukaryotic complete genomes,
KOG) IX 7 Ml PE kAT HE Rl D Re 1 FE
2.5 HEFIELMBHES AT K 5 %k £ F 7k K
wehE

N s A H8CHTE v O e R B TR R L
FCORE SR fige 126 5 R, 3R A5 5= R P 470 R T T8 5] 52 A
(ORF), it ORF KT 700 bp FIEH, 735
it ORF §HY 514 A fBaI A LAY TR (-
) B ARAF &R (R 1D,



¢EH 2021467 $52% FH1UH  Chinese Traditional and Herbal Drugs 2021 June Vol. 52 No. 11

* 3375

*x1 #EAS5319F5)
Table 1 Gene and primer sequences

K 1D ETRe

551 (5°-37)

ORF K J&/ bp

Cluster-11595.0 1 F1-1: ATGTGCAGCATTATAATTCAAGT 1848
R1-1: CTCTTCAGGGGTGCCGTAGATATC
F1-2: TGGACAACTGGAGTGCTTCAACG
R1-2: TTATTTACTAGCTAGCTCATGCA

Cluster-10292.10951 2 F2: ATGGCAGAAACAAAGAACATGTA 921
R2: TTATTCGACAAAAGATGACACTTCC

Cluster-10292.50707 3 F3: ATCTGCAGGCAGTTAGCCAGCA 1033
R3: TTATAGATCATATAACATGCATG

Cluster-10292.60008 4 F4: ATGAAGAACTCGTATGCAGTAGTTACA 834
R4: CTAGAAAGGTGCAACCTCTATCTGATC

Cluster-10292.9722 5

F5-1: ATGTCTAGCATCAGAATGCATGTGAC 1809

R5-1: ATGATGAGGCTCAAACAGAGCAATTG
F5-2: ATTCACAAGCTAGAGGCAAGATGGTTC
R5-2: TCAAGAATATGGCCGGAACAACAAGC

Cluster-10292.56890 6 F6: ATGACTGCTAGAGACGAGAAGAGAGG 819
R6: TTATTCGACAAAAGATGACACTTCC

Cluster-5267.0 7 F7: ATGGAGCTGAATCATCAACTAAC 912
R7: TCAGAAGTCAGCCACATTTGTGCGG

Cluster-1426.0 8

F8-1: ATGTCTACTACTGTAGTAACGC 1800

R8-1: GAGTTCCTCCAAGGTACCATCG
F8-2: CTCGTGCTGGAGCTCGCCAAGC
R8-2: TCAATTGCAATGGAGGATCTGA

Cluster-10292.51149 9

F9: ATGCATACATATATGCATATTA 882

R9: CTAGAAAAGTGCAACCTCTATC

Cluster-10292.60790 10

F10: ATGGTAGTTGCGGAGGTTCCCA 916

R10: CTACTTTGTTCTGGTGATGACT

Cluster-10292.60789 11

F11-1: ATGATGTATGCAAGAAGGCTTACC 1275

R11-1: CCTAAGTTCAGGAAATTCCTCC
F11-2: ATTGCCCTGCTTGCTGGACAAAC
R11-2: CTACTTTGTTCTGGTGATGACTATG

2.6 FEFBRISEKEXIFILEERE RT-PCR Wi
B 575 M RNA 4 L, 4018 TaKaRa A 7]
] PrimeScript™I1 1st Strand cDNA Synthesis Kit i
A GV AT [ 5% SN, & % cDNAG B cDNA
NEERR, ONAZR (50 pL): KRR 2 uL, 1E&IA 5
Y% 1 uL, TaKaRa Tag DNA E & 25 uL, KB
7&K 21 uL. PCR RMFEF N 98 C. 30s; 98 C.
10s, 58 C. 20s, 72 “C. 2 min, 30 ME¥; 72 C.
8 min, 12 CRiffk. PCR F=¥& ikt )G, 54
TAYTRE (B BOAERAFNT.
3 HBR5%
3.1 HEFHIELM GC-MS g aNE
FBEE N GC-MS Z 450 M1 75 58 5 45 R 1
RSy, 4 NIST14 SRR JRE 9 M S5

SEVE RIS 5y, FF R IR — ik H &
Mm-S &, Ha 18- MEMN a- L8R
MEEY NG RR &I WE L aTLUEH, 7=
ERVNGANESS DN Rliw =8 241100 % s 1 o
FRRAMh e, Hkdg B-URME: T H BT E R
TR S B R 18-k i,
RIE B-IR M o
32 EENEFRABIRARKSRESH

FRE TSNP ST H45 8] 93 531 502 2% raw
reads, JTIEF242 T 91 169 356 4 /i clean reads,
L1t 13.67 Gb KA REHE, Q20 (Phred £{E KT 20
AOBRIES b7 S AAHRIE A T 43 EED) SM R 94.67%, AZY
4 94.62%; Q30 (Phred £{E KT 30 HIBRIEE i L4505
FEFH ) SM o 86.81%, AZY N 86.76%; GC
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B
3
2
1 4 6 7
. S l“ PN [T N WO VOSSPV SUSURIDS WSS W S
8 10 12 14 16 18 20 22 24 26 28 30 32 34
t/min

1-o-JRM  2-Fa0f 3-B-URN  4-D-ATIEME  5-18-t&niliEE  6-EBUIRK
W 7-(0)-RA-RFFTEE 8-a- ZFRAN TR

2-sabinene  3-B-pinene  4-D-limonene
6-rosefuran  7-trans-(—)-pinocarveol 8-u-terpinyl acetate

1-0-pinene 5-1,8-cineole

1 SM (A) 1 AZY (B) FHRETEL M GC-MS
Fig. 1 GC-MS charts of essential oil from E. bodinieri from
SM (A) and AZY (B)

P (cleanreads H' G 55 C (5 4 FhisAE 1) H 4
SM A 47.99%, AZY K 47.17%. M5SR4
DI SRR A o B LR 2. A2 H Trinity 34K )5
IR/ EFIREA T4, 155 153 657 4
transcripts, 3k15 93 327 4™ unigenes, H:+' unigenes
B KN 163 878 269 bp, “FHIKE AN 1756 bp, N50
~h 2333 bp. unigenes KL (K 2) IR, 63142
% unigenes KT 1000 bp, 31 407 4% unigenes £
JEEIS 2000 bp. DL S5 REBAAHT ST AT A
BB, BT RSB . e
B2 E&ZE NCBI AL E, ExX5N
SRR14567298. SRR14567299,
3.3 HETEEFLE unigenes BITHAEERE

fiiFl BLAST ##3pr#3 1) unigenes 7375
NR. NT. KEGG. Swiss-prot. PFAM. GO. KOG
X7 R AT EER A, R B RV RR IR
unigenes # H BTG, MRS R KRR A
unigenes IDIREIFREAG E, LEXTEERILE 3. 458
ZXW, 80420 % unigenes (86.17%) 7F NR ¥ &

R2 FREFEFRARESHRE
Table 2 Quality of output of E. bodinieri transcriptome data

FEA Raw reads/%% Clean reads/4& Clean bases/Gb Q20/% Q30/% GC/%
SM 50 307 992 49 286 500 7.39 94.67 86.81 47.99
AZY 43223510 41 882 856 6.28 94.62 86.76 47.17
F 3 REFEEFRLE unigenes AR HIRETRIER
30000 | Table 3 E. bodinieri transcriptome unigenes annotated in
each database
Kt EREH & unigene 74 /%
& NR 80 420 86.17
£ 20000 NT 65009 69.65
"g” KEGG 34 354 36.81
Swiss-Prot 64 873 69.51
PFAM 61 057 65.42
10000 ] GO 61194 65.56
KOG 25391 27.20
Annotated in all databases 15115 16.19
Annotated in at least one database 83 704 89.68
Total unigenes 93 327 100.00
O -

Unigene %

2 FREFEEFLA unigenes KE ST E
Fig. 2 Length distribution of unigenes in transcriptome of
E. bodinieri

Eext R h 3 2 ERE, 7 KEGG. Swiss-port. GO.
KOG “5% 4 P2 SR ERM unigenes U H KN
34 354 % (36.81%). 64 873 % (69.51%). 61 194
2 (65.56% )+ 25 391 %% (27.2%). 15 115 %k unigenes
I B P A 00 P R, F/E L AN R R
TN unigenes F 83 704 %% (89.68%).
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T NR B AT LU R, AT DASREUA
VMR 78 S G MR R A AR, DA
APFFER M ThREE R . A 3 WpFh oA v LR
5 A M S AR A, 7E L 2] NR i
HH ) unigenes H, A 65.2%F1 2 ik Sesamum indicum
LAHVCED, k2 EOMEIAE Erythranthe guttata
(DC.) G. L. Nesom., VLHCE A 13.5%, F1Z Salvia
miltiorrhiza Bunge . H il HE Coffea canephora
Pierre ex Froehn.. i %] Vitis vinifera L.[%) VCHEC 45 51
N 1.6%. 1.3%. 1.2%, HAh¥FN 17.3%.

PR AT GO VERZE, LA 61 194 %
(65.56%) unigenes VFBEH| GO ##fE, FEMR4E
GO el e ER 2 A (biological
process). #fifuZH 4> C(cellular component) F14) -+
Ife (molecular function) 3 K&, 34K 56
ANNH, EBRGERILE 4, HAAayid R EE
FEAE A ik F2 Ccellular process )« AR i i #2
(metabolic process), ¥ K 112K 7 5 H 36 783,

B Sesamum indicum
EErythranthe guttata
W Salvia miltiorrhiza

& 3

34 872 %; HuZmAHALRE (single-organism
process) AT (biological regulation),
D4 )08 27 213, 12 627 %% ZHPR4L 5 F 4
e Ccell) FIgRfMIER4> Ceell part) AH %3 K &
W%, f 19 561 Ml 19 559 %%, HIK/E40MaE
(organelle), 7 13 142 % . Tt EAG4E
iR (binding) FIfEfLIEYE (catalytic activity)
B = %, 4028 37 797 I 30 440 %, H
At 28 51 £ 25 DR 45 H A o D>

N T B W AR 475 unigenes HIDhRE, HEAT
T KOG Ihfgs3, 44 25391 %k (27.2%) unigenes
HEREE] KOG i, 152 25 NANFE KOG Thfe
KA (B 5. Hop#ldEEBm. Ea MR
( posttranslational modification, protein turnover,
chaperones) &R %, A 3509 %; HZE—fk
The T (general function prediction only) F3E A,
KBy 3458 o%; AR R/ NANRIZESIME (cell
motility), 1A 23 %

190
1.3%

@ Coffea canephora
W Vitis vinifera
O Other

ZREFIEERLE unigenes BIHIFP S F [E

Fig. 3 Species classification of unigenes in transcriptome of E. bodinieri
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Fig. 4 GO functional classification annotation of unigenes of E. bodinieri transcriptome
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[A] RNA processing and modification

[C] energy production and conversion

[B] chromatin structure and dynamics

[E] amino acid transport and metabolism

[D] cell cycle control, cell division, chromosome partitioning
[G] carbohydrate transport and metabolism

[F] nucleotide transport and metabolism

[1] lipid transport and metabolism

[H] coenzyme transport and metabolism

[K] transcription

[J] translation, ribosomal structure and biogenesis

[M] cell wall/membrane/envelope biogenesis

[L] replication, recombination and repair

[O] posttranslational modification, protein turnover, chaperones
[N] cell motility

[Q] secondary metabolites biosynthesis, transport and catabolism
[P] inorganic ion transport and metabolism

[S] function unknown

[R] general function prediction only

[U] intracellular trafficking, secretion, and vesicular transport
[T] signal transduction mechanisms

[W] extracellular structures

[V] defense mechanisms

[Y] nuclear structure

[Z] cytoskeleton

5 ZREFEEFA unigenes Y KOG IhEED 1R
Fig. 5 KOG functional classification annotation of unigenes of E. bodinieri transcriptome

H A2 T5 unigenes 5 KEGG $d & Luxt, 4 34 354
% (36.81%) unigenes VX B EZEHEEF, AT
129 s ARidE g+ . KEGG i@ (Kl 6) 445
Koy gifgid R Ccellular processes, A) 1545 4.
B 5 B & B C environmental information
processing, B) 1299 %k. #ifL{5 E AL (genetic
information processing , C ) 7448 %% . A%
(metabolism, D) 13 643 25 A1 G ML & 4 E (organismal
systems) 1322 %k, HriERsE I 2 1K E
YI4X ¥ (carbohydrate metabolism), 4 2983 4%, H

KT & KK (folding, sorting and
degardation) & 2687 2%, & /D12 NS
(membrane transport), 4 135 %%,
34 EREFEMERGFHERSHXERE

Wi KEGG AR /1, KILERETIER
TSGR S AR ER A 4 2%, 3l
TERE I G, %5y ko00900, HHICHEFA
218 %% HWiAEYIG AL 9509 ko00902, AHIGH:
B 30 %% FrBIGAIIRIG M, 458 ko00903,
R B 38 2% il Fl =i A2V & L, s

environmental adaptation I 1322 E
overview I | 543
nucleotide metabolism I 529
metabolism of terpenoids and polyketides [N 649
metabolism of other amino acids I 787
metabolism of cofactors and vitamins I 316 D
lipid metabolism I 1474
glycan biosynthesis and metabolism I 504
energy metabolism I 1443
carbohydrate metabolism I, 2082
biosynthesis of other secondary metabolism | I 609
amino acid metabolism I 1707
translation T 2639
transcription 1343 ¢
replication and repair 779
folding, sorting and degradation ) 2687
signal transduction [T 1164
membrane transport 135 A
transport and catabolism [ 11545

0 2 4 6 8 10 12

percent of genes/%

6 ZREFEEFRLA unigenes B KEGG S35+ 5%
Fig. 6 KEGG classification annotation of unigenes of E. bodinieri transcriptome
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4 ko00909, HHFKIERF 95 4. H A 5 R E i
B FSAH I PR AU 30 R A 2 SR AR D R R
KAEVE o

55 7R 58 T3 Bk S AH G T 8 23 il A A R
Wil2 &% (geranyl diphosphate synthase, GPS), #H
K unigenes H 11 % BT far BB A B
[ (+)-neomenthol dehydrogenase , NDS ], # %
unigenes M EHRZ, H 22 %: o-MMBEEA M
[ (-)-alpha-terpineol synthase, ATS1, 75 1% i & il
[ (3S)-linalool synthase, LIS, FH:N/% 84
(myrcene/ocimene synthase, MS/OS), iX 3 M
2% unigenes # &R/, A 8 %, BfENEK 4. 5
Ah, B X L unigenes ) FPKM B A] LLE HY
NDS PRk Bt fmf), Hh SM 0y 8.97,

AZY N 17.06; HE ATS 2K, FHFREE SM
N 7.16, AZY N 3.92; GPS R FHRIAE SM N
2.29, AZY 4 1.64; LIS J:[K A MS/OS JE[X - H3%
kB

TES R AR E TR 11 AR A O AL L A
76 SM Al AZY 2 A= 1) FPKM 8 (K1 7). WK 7
A LB, FEP 2 (Cluster-10292.10951) V1R A
NDS, 1t 2 /M= ik &5 0 m, HH SM ok
25.66, AZY 4 29.56; 1fiZ&[A 1 (Cluster-11595.0)
BN ATS, 18 2 A= RiIA R, Hd SM
~0.18, AZY A 0; F#E[A 9 (Cluster-10292.51149)
VERE A NDS, %A 10 (Cluster-10292.60790) Fl3&
11 (Cluster-10292.60789) ¥JiE# N GPS, iX 3
ANHERITE 2 AP RIS BRI ARRF

R4 REFELHBEERHRENESHEXER

Table 4 Enzymes and related genes of monoterpene metabolic pathway of essential oil from E. bodinieri

FRistigh TGS AOLENGE  HE ECHT KO %E unigenes BH S;PKM %fi
2 2R A B R ko00900 218 GPS 2511 K14066 11 2.29 1.64
HREREDG AR ko00902 30 NDS 1.1.1.208  K15095 22 8.97 17.06

ATS 423111 K18108 3 7.16 3.92
LIS 42325 K15086 0.40 0.82
MS/OS  4.2.3.15 K12467 1 0.19 0.12

FPKM f{i

1 2 3

&7

4 5 6 7 8
R IR FRE A AT S (5 A (K]
FEABIEAMAXREEENRIAE

9 10 11

Fig. 7 Expression of candidate genes related to monoterpene synthesis of E. bodinieri

35 RENELHMBEEEREXFEREEELK
unigenes B RT-PCR I&1E

FIFHZE 1 i) ORF 3 51 ¥k 4T PCR 973,
Itk —A%F PCR P2WiEAT IR 734, 433 LLT 45
B . K 2 (Cluster-10292.10951 ) . & [H 4
( Cluster-10292. 60008 ) . & 6 ( Cluster-
10292.56890). #:[X 7 (Cluster-5267.0). FE[X 10

( Cluster-10292.60790 ) . 3t 11 ( Cluster-
10292.60789) iX 6 MY IG5, LK, ¥
PSR HERS (K 8), &t a £ WX
6 ML A 5 5 unigenes ORF — £, iX £E{5i% unigenes
ANAEKIER; FHAMER 1 (Cluster-11595.0) HAlH”
B e B, # K 5 (Cluster-10292.9722) . 8
(Cluster-1426.0) ix 2 ML 3G a1, T
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Fig. 8 RT-PCR gel electrophoresis of six candidate genes
related to monoterpene synthesis in essential oil from E.
bodinieri
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