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Abstract: The essential oil of a medicinal and edible citral chemotype of Elsholtzia cyprianii was extracted and it
components were subsequently identified using GC-MS. Transcriptome data were obtained using Illumina high-throughput
sequencing (NovaSeq 6000), and key enzyme-coding genes involved in essential oil synthesis were identified. The results
showed that the citral content of the E. cyprianii germplasm exceeded 80%. After high-throughput sequencing, a total of 22.08
GB of data and 147 186 998 clean reads were obtained. In total, 33 720 unigenes with an average length of 1799 bp were
generated using the Trinity assembly, and all were successfully functionally annotated in seven major open databases. KEGG

metabolic pathway analysis revealed that the unigenes were enriched in two monoterpene pathways, with 109 unigenes
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related to terpenoid backbone biosynthesis (No. ko00900) and 32 unigenes associated with monoterpenoid biosynthesis (No.

ko00902). The 1143 bp geraniol dehydrogenase (GeDH) gene encoding 380 amino acids was amplified. The GeDH protein

contained conserved Zn2- and NADP-binding sites and a Zn1 structural group similar to that in Perilla. Our findings provide

a new breakthrough point for further research on the biosynthesis pathway of monoterpenoids in the characteristic essential

oils of Elsholtzia. The mining of GeDH, which encodes a key enzyme that regulates the synthesis of citral essential oils, will

prove invaluable in the development and utilization of natural citral essential oils and lays the foundation for increasing the

variety of edible flavored oils and natural antibacterial agents for use in food products.
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Table 2 Analysis results of essential oil from citral

chemotype of E. cyprianii
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Fig.3 Species classification of unigenes in transcriptome

of E. cyprianii
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Fig.4 GO functional classification annotation of

unigenes of E. cyprianii transcriptome
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[A] RNA processing and modification

[B] chromatin structure and dynamics
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[E] amino acid transpotr and metabolism

[F] nucleotide transport and metabolism

[G] carbohydrate transport and metabolism

[H] coenzyme transport and metabolism

[1] lipid transport and metaboliam
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[N] cell motility

[O] posttranslational modification, protein turnover, chaperones
[P] inorganic ion transport and metabolism

[Q] secondary metabolites biosynthesis, transport and catabolism
[R] general function prediction only

[S] function unknown

[T] signal transduction mechanisms

[U] intracellular trafficking, secretion, and vesicular transport
[V] defense mechanisms

[W] extracellular structures

[Y] nuclear structure

[Z] cytoskeleton
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Fig.5 KOG functional classification annotation of unigenes of E. cyprianii transcriptome
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Fig.6 KEGG classification annotation of unigenes

of E. cyprianii transcriptome
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LA, FHFH FPKM AN 117.19 (£ 5), FIH NCBI
Blast FHILLX}, R ILiZ&F 515 Sato-Masumoto 25

AT TNE (Perilla) GeDH 3[R ¥ H1| A AL i ik
2 92% LA B (B8, AAEmFEWEM. % GeDH
S SN A PAIE S I-NNEZE T NI - Nea NI o <Ll i)
GeDHs —#FF, & T RH: Rl S B

*® 4 BEEFBHAERGEENBERXER

Table 4 Enzymes and related genes of terpenoid metabolic pathways in essential oil from E. cyprianii

RfE s By 4, A KO %5  EC%5 JBE&Z/F
LBL LB -CoA Hiff Bl
( Acetyl-CoA C-acetyltransferase, AACT ) K00626 2.3.1.9 ?
#2 T AR -CoA & R
( Hydroxymethylglutaryl-CoA synthase, HMGS ) Kot641 2.3.3.10 !
N 3- #0k -3- T AR =B -CoA LR B
AT 2 R ( Hydroxymethylglutaryl-CoA reductase, HMGR ) K00021 1.1.1.34 >
(Mevalonic acid, S
MVA) F2IRER
( Mevalonate kinase, MVK ) K00869 2.7.1.36 !
T 52 KA
( Phosphomevalonate kinase, PMK ) K00938 2.7.4.2 6
ZERER 5 R BRI B
( Diphosphomevalonate decarboxylase, MVD ) Ko1597 4.1.1.33 !
1- BLA -D- ABAIAE & AR B
( 1-Deoxy-D-xylulose-5-phosphate synthase, DXS ) Ko1662 2217 6
1- BLR -D- REAAE -5- BEBLIT R B
( 1-Deoxy-D-xylulose-5-phosphate reductoisomerase, DXR ) K00099 111267 !
2- ¥ A -D- R EABES -4- BRBRIO T A A5 Bl
[ ( 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, MCT ) K00991 2.7.7.60 !
T N R L O
" Mot : 4 ZBEBRAE 2- Tk -D- A SEARET AR
(Methylerythritol . : o K00919  2.7.1.148 1
Phosphate, MEP) (4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase, CMK )
C- D- A EABEE 2.4- I S FEEA
2-C- ¥ D pil 2,.4 7N O K01770 46112 |
( 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, MDS )
(E)-4- #8 -3- FAT -2- Wi iR =B BR & i B
( (E)-4-Hydroxy-3-methylbut-2-enyl-diphosphate synthase, HDS ) K03526 1177173 2
4- Fodk 3- VAT -2- W R — AR B R T
( 4-Hydroxy-3-methylbut-2-enyl diphosphate reductase, HDR ) K03527 1.17.7:4 10
e v : ks B -
St R A BB A Bl
( Isopentenyl-diphosphate delta-isomerase, IDI ) Ko1823 3:3.3.2 2
HoAbl K ERA A B K00787  2.5.1.1/10 3
B2k AR, ( Farnesyl diphosphate synthase, FPPS ) o
Biosynthesis of other Aot = BREL AR B
terpenoid backbone ( Geranyl diphosphate synthase, GPS ) K14066 2511 ?
Fot Aot A
5} Z"H ZEN =)
( Geranylgeranyl diphosphate synthase, type II, GGPS ) KI13789 2511710729 7
1.8- Azt & 5B
('1,8-Cineole synthase, TPS-cin ) KO7385 4.2.3.108 12
. . AARM | B b o B
FHE LM ER ( Myrcene/ocimene synthase, MY'S ) K12467 42315 6
Monoterpenoid Sy SRR A
biosynthesis - R
((3S)-Linalool synthase, LIS ) K15086 4.2.3.25 8
R A
()- 3 2% o1 B L2 K15095  1.1.1.208 6

( (+)-Neomenthol dehydrogenase, NDS )
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sl Q

scinit e | % | T [y | B\ B A o
- v v v v v
04 Elsholtzia winitiana voucher BXR0001 geraniol synthase (GES) mRNA, complete cds Elsholtzia winiti... 2787 2787 98% 0.0 94.86% 1782 MZ221236.1
Elsholtzia heterophylla voucher YYXR0001 geraniol synthase (GES) mRNA, complete cds Elsholtzia heter... 2154 2154 98% 0.0 88.45% 1791 MZ221235.1
Elsholtzia ciliata voucher XR0001 geraniol synthase (GES) mRNA, complete cds Elsholtzia ciliata 2121 2121 98% 0.0 88.15% 1785 MZ221234.1
Perilla frutescens var. crispa strain 79 geraniol synthase mRNA, complete cds Perilla frutesce... 1790 1790 100% 0.0 84.64% 1812 DQ897973.1
Perilla frutescens strain 1864 geraniol synthase mRNA, complete cds Perilla frutescens 1790 1790 100% 0.0  84.64% 2119 DQ234300.1
Perilla setoyensis geraniol synthase (Tps-5031G8) mRNA, complete cds Perilla frutesce... 1784 1784 100% 0.0 84.57% 2071 FJ644545.1
Perilla citriodora strain 1861 geraniol synthase mRNA, complete cds Perilla frutesce... 1784 1784 100% 0.0 84.60% 2019 DQ234299.1
Perilla citriodora strain 4935 geraniol synthase mRNA, complete cds Perilla frutesce... 1784 1784 100% 0.0 84.60% 2109 DQ234298.1
Perilla citriodora geraniol synthase mRNA, complete cds Perilla frutesce... 1784 1784 100% 0.0 84.60% 2057 DQ088667.1
Perilla frutescens var. hirtella geraniol synthase (Tps-5073G30) mRNA, complete cds Perilla frutesce... 1760 1760 99% 0.0 84.39% 1998 FJ644547.1
B 7 GES EFE F 5tk 34
Fig.7 Alignment of the predicted sequences of GES gene
Desciption Scientifg Name SI:/:[ :::; ;:;: 8231;’ Val;:ue Il;:t Acc,vLen Accession
v v - v v
Perilla setoyensis strain 5031 geraniol dehydrogenase mRNA, complete cds Perilla frutesce... 926 926  99% 0.0 9220% 1083  JX855838.1
Perilla citriodora strain 87 geraniol dehydrogenase mRNA, complete cds Perilla frutesce... 920 920  99% 0.0 92.05% 1083  JX855837.1
Perilla frutescens strain 32 geraniol dehydrogenase mRNA, complete cds Perilla frutescens 920 920 99% 0.0  92.05% 1083  JX855836.1

& 8 GeDH EE FF 5tk 3¢

Fig.8 Alignment of the predicted sequences of GeDH gene

x5 FEERBHGNXBERARILE
Table 5 Expression of key genes involved in the synthesis

of characteristic essential oil from E. cyprianii

R HID KO Z# NRE#H ¥ FPKM 14
Cluster-7263.9  TPS-cin GES 98.62
Cluster-22310.0  CAD GeDH 117.19

25 FEHHEEAE (GeDH) 3R %%

AT FER FH Ay A W B Y BL A cDNA, 45A 3R 1
H1 1) GeDH HE R )4 34 5| W) E4T PCR ¥, £
WaHT, AR E KN (B9, &lF 5
M, PHEJE MR T FIKE N 1143 bp, Fafid
380 N IERR. I DNAMAN % {4 o by 48 1 7Y B
BFy GeDH H:[RA 3 24758 GeDH J:[RPY [ 5k
B2 5 A AT LE X (10D, ¥ s AL B 5 GeDH
R R SF 1 Zn2 (GD(X)s,0C(X),C(X),C(X),C)n
NADP (GXG(X),G) &G s 2Rl T- 45 05 J& 1
Y ) Znl (GHE(X),G(X)sG(X),V) 4 & fir fi. %
GeDH F: [H A% H TR 17 41 B AR I (R 2 2R R 7 91 L4
A4 GenBank, 35 4: OR529418.

7 B A ) B ) A S 1R R GES B R
i 3k H I O 5 B I, A Z W0 A T R RS i T
U2 R R A R AR AR, DEAN AR SR R
B, BULIER &I GeDH R, T BRI %

64

L B RE Y b, GeDH HE R 4 R T e B
PR 55 o 5 R i 5 Bt B (2t m 1) = AT A
s 7= R [ S B AR R, GeDH 3k R 77 25 @ 2 i A=
Wa R AEEEE L. AR S
LR e r s 5 B RS 70 X L ) PR 5 T A DA e o
PR T e, BB EAE TR R R A S
Py R B R — B A R AL BT R o GeDH
SEN Tk, BRI U 35 R (R i 5 il
B 1 PR i B R R PR IR 30k A S AR ek A 2 A
X T SR R R R AR A AR AT RT RE S S e R o

2000 bp

1000 bp
750 bp
500 bp

250 bp

100 bp

B 9 BEE GeDH EE R EEAEHEIKE
Fig.9 Gel electrophoresis of GeDH gene from
E. cyprianii cloning

JE: M 4 DL2000 DNA Maker, 1 4 GeDH % F .
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ORS529418 NMNAGLFISTYTI VVHM EFCCIELVAT |SVFSSFNLVFAAQ3CM SKEFYYNLHI YELLEI VVCGKCL WV 80
AFY63472 ' AARCNSCGTLSPFN3SRRCTGERD\CFKVLYCGVCHSCLENVK 60
AFY63473 y NSCGTLSPFN3SRRCTGE FKVLYCGVCHSCLHNVK 60
AFY63474 NSCGTLSPFN3JSRRCTCGE FKVLYCGVCHSCGLHNVK 60
OR529418 160
AFY63472 140
AFY63473 140
AFY 63474 140
OR529418 240
AFY63472 YWICLCKPCL SPGCVNCGLCGCLCHVAVKFAKAFCTKVTVI|STSL CKK oA
AFY63473 YMICLCKPCL SR CVNCLCCLCHVAVKFAKAFCTKVTVI|STSL CKK eyl
AFY63474 CLLCKPCL S\GVNGLGCLGHVAVKF AKAF CTKVTVI|S TSL GKK R
ORS529418 KEAIIEHLCVOOFLI§SSCPIaCNCAAVCTLLCI|I|ICTVS ASHPLEPLISSLLKPHCKLI \‘\'C.—\PI_:I}\'PL 320
AFY63472 KEAI EHLC\‘D_:FL SSEP’:(}.\CA:\\'CTLECI I IZT\'S.-\J_:HPL PLI:SLL}{PHCKLI VVCAPJZKPL 300
AFY63473 KEAI EHLG\'D_DFL SSCPOCNCGAAVCTLLICI|I ET\'S:\EHPL ‘PLI* 300
AFY63474 SSCPOCNCAAVCTLECI|IICTVSAISHPLAYPL) 300
OR529418 379
AFY63472 359
AFY63473 359
AFY 63474 359

B 10 GeDH EESE % Fr 5 tb 3¢
Fig.10 Amino acid sequence alignment of GeDH

1E Tijima " R 7, A 210 GeDH R 5
5Z MY CADs HA & BRI REME, A5 7\
NCBI F#ILAhAEY) GeDH R:[F 5 CAD 7 14
MR AT R K8 (B 1D, WUEFRHREES
L RMYEG R R i, TR AV Y
B BOEE A SRR B Bt R R BT RHE [ R 4t
AR REH RN

95 GeDH-AFY63 474 Perilla frutescens var. hirtella
GeDH-AFY63 472 Perilla frutescens
GeDH-AFY63 473 Perilla frutescens var. hirtella
GeDH-ORS529 418 Elsholtzia cyprianii
GeDH-AFLO03 407 Ocimum americanum
GeDH-AAX83 107 Ocimum americanum
GeDH-XP_042 023 506 Salvia splendens
GeDH-XP_042 019 608 Salvia splendens
GeDH-XP_057 784 149 Salvia miltiorrhiza
CAD-UTS83 000 Phryma leptostachya
GeDH-XP_042 035 572 Salvia splendins
GeDH-AHAS82 031 Catharanthus roseus
CAD-BAN9I 670 Carthamus tinctorius
86 —— CAD-AEE69008 Camellia sinensis
L— CAD-AAK28509 Fragaria x ananassa
GeDH-BAR42 579 Zingiber officinale
100 CAD-AAX83 108 Ocimum basilicum
w': CAD-AEK32 396 Citrus sinensis
CAD-ABM67 695 Citrus sinensis
79— CAD-AAP68 279 Arabidopsis thaliana
L— CAD-AAL99 536 Lolium perenne

& 11 GeDH EREF1 CAD EE M REE 5 #t L1 5> 47
Fig.11 Nucleotide sequence phylogenetic tree of

GeDH and CAD

CAD 3 i 5 B A P A A e B Y, i
GeDH 3t it Fit S5 WA 7 - e AR Rl e i1 (RIS -
FrEEme), WRMEEIO(E AR I . 12 T
AW, CADI Z b5 1) il RJ 390 3h 4010 7 i 1 DA
P2 AR A R, CADI 7E NADP' AR 44k 77 1) 1) 4l
7, A EERE R I, (HAE NAD' HI /R4
PR I AR A PR R T AN A B i B . i IR

CAD & 1 #5 & # — S L ) 4R 57 45 M3, &Y Znl
GhA bR Zn2 44 R & H AR NADP %
£, GeDH 3 PR 1 [RIRE A 4% M6 (R 5y 45 i3,
AT HE I GeDH 3£ [H 5 CAD % [F 7 GE A7 1E & #4
R 22,

3 #ip

AHIE TE DA Ao e 3 S 2 g e o g JEURE, x
FONG kAT FE B A B2y %€ 73 #r, IR 3 Nlumina
NovaSeq 6000 =138 & 7 3K 15 Fr 15 I 40 By 5 & 3%
SR, 1298 GeDH Rl Fr 5 i L B B & A
TP A RS 82.39%~83.55%, A H W A K vih
BT R AT R I 5 B d s I B S 2L B R
Uf, PR E S, ¥ PFLE AT 3 1Y unigenes HE4T )
ReVERE e DhfResr 2K, S REAER MR R EY &
BAHSGHARUIBER A 2 %, ol WS E 24
A (5N ko00900) FIELGERAY) A L (i
79 ko00902). A H FH 6 55 75 £ NR 55 HAth £ 485 P2
AR, o BlHR R GES B[RRI GeDH HE R % 1 %%,
5 NCBI 2 Afi 1) 5 B 7 51 1347 EE 0 AT 88 1) [R5
PEo MAT AR BB BL A e S 2 b i G 3145 1 143 bp
(] GeDH Z:[K 751, %t 380 MR AR, Somthiir
SR Zn2 NADP 256 A7 s AR T- S8 75 S8 A 1
Znl Gt R RIPREE X AR KL, TR A
HENEMNE G K RiRiL, 1% GeDH 5 CAD %
PRIAE DR 57 G e b BATAHALAE, HEI Y 2 W] REAFAE
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