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Abstract: Objective To obtain the transcriptome sequence database and to explore the molecule basis of secondary metabolism
biosynthesis in Prunella vulgaris. Methods The high-throughput RNA-seq technology (Illumina HiSeq 2000) was used to conduct a
transcriptomic analysis of P. vulgaris ears, stems, and leaves. Unigenes were obtained after assembled by Trinity, and the sequencing
results were analyzed with the bioinformatics analysis. Results A total of 77 863 Unigenes were obtained and the average length was
716.72 nt. A total of 41 367 (53.13%) unigenes were annotated by a BLAST similarity search against Nr, Swiss-Prot, COG and other
four public sequence databases, and 1 406 Unigenes were assigned to secondary metabolism biosynthesis pathways by the KEGG.
Based on the bioinformatic analysis, we found that 60 Unigenes were involved in the triterpenes backbone biosynthesis, 24 Unigenes
catalyze synthesis of phenolic acids, and 259 Unigenes might participate in secondary metabolism post-modification. Additionally, 118
unigenes might involve in other secondary metabolism biosynthesis of P. vuigaris. Conclusion The transcriptome data of P. vulgaris
from this study provides an important resource for understanding the biosynthesis mechanism of its secondary metabolites, and
provides basic information that may aid in metabolic engineering to increase yields secondary metabolites of P. vulgaris.
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B E L L G EIEERL R E PR
AR AR, 1 ot A 3 i A AR R
T AW G BOAH DG 3k DR R A AN R A A HE, Y
Aot Yreg e T R R R RRIE B IR A A
B REERR S N BEREAELBN . KN
TR 2 Bl 55 AH R[]

B S 21 2 S Tt 9 R IR 2 i I G A AR 1 —
FT2R), Hosom 7 A S R 2R A B AT MR R AE
MBI R, AT LATEREAARKP by o & 38 45 e A=
FThRE . AVEIRATAH ORI S AN ECR EN I Dy RE A A
PAIE 50 AR S BRI ) IR A AR s R B A
wEEEL B2 RMFREAR (NGS) 2% H 5
SR ER LT iR —, FnT DA I 00 1) 4%
BOEAT R F, XFONEEENTFEA. Sl
WP AR RGBT T AWK E S
WF 9T AU R HE 2 AR o B U e BOAS ) A
T B AN AN TR T, H ATV 2 ) 25
i, st A gl ey
CATER T 1T o8, BRER T 54X
A AR 7 WA B A5 A SR ) B R . AT R R
[lumina Hiseq 2000 %f &A% F AR, AT 1
s My, DUHERAS 5 HAG U806 RO G 1)
DS S, ik — P24 5 v b SR 208 (1) T fig 2= K]
BE5E AL
1 #MR5R%

1.1 #H

EN I IWIY =R S g = RE R R N IIE= YR U
GAP Pt th, 207 re Hh 2= 24 K 5 26 Tl BH 200%
Y8 NBEEEHEY) B A Prunella vulgaris L.. K
S EEE AL . RAEAIZE, HKIEVETER S,
TEAR TRy, BWEAREEE, 80 CHEfK
TRUKFERAT -

1.2 RNA 2510

. RNA {# FEA) RNA $2HGAG & oMt
YRR AR, b0 $2H, FIH Agilent 2100
R B ARSI (Agilent, Santa Clara, £[E) £
TUHTA FE S RNA F940 8 FIRE .

1.3 RNA XEMESRIE
R RSP AL 5 IEEEYRECA

BRA T SER, AR BS R R ik, X
FER SR, 4 BE ] Qubit2.0 AT Agilent 2100
XF ST ()W AR N BoOR /N AT R, A
Q-PCR J5 i) ST (1A B0 BE AT HERf 8 &, DAR
WESCPE & . FEMEER A6 S5, A HiSeq2500 347
il P, WKy PE125.
1.4 FEREHIEEAR

T AE A i R T FE R I i s A 2 e
R SERE, EANE 3 PSR SN R a R A O
Y, T (BB I PR, A SR & S B S
[ B A R 5 2 B AT o 0 SR AR R AT IR
HHAbER, RRREESk. AEEE. KEENFEIR
TURTH. M Trinity $HET 5715 2 E S8
(Contigs). FEFTA KA Y, BUERKH Contig
VERNZHE KA 54 (Unigene).
1.5 THhEEETRE

ffH BLAST XfF¥ Unigene 745 NR.
Swiss-Prot. GO. COG. KOG. KEGG #j#& % L %,
Tl 7€ Unigene B2 ZEMR)T 51 2 J5 18 ] HMMER 4K
5 Pfam 4 B LUXT, 3K13 Unigene RS S
2 HBR5NH
2.1 MEFSHERERGT

i MR R, 250 1 3 M
3815 19.16 Gb clean data, F5FEA K] Q30 it L 15
1E 92.78% K VA b0 B 3 45 AL i, T RA
T 5429387 « I Trinity BAEXT 3 ARG ELRE 5
(R BE AT A R AL . 45 R R A2 R AL B
7 830 894 > Contigs /741, “F¥JKE N 4517 nt, H
H1 200~300 nt /741 15 5 Contigs 7515001 99.22%,
HA AL & Mlumina W7 I FAL R (D,
AN SR A 2H R BRI JE R B . DN e 2
433 185 478 %% transcript F1 77 863 4k Unigene;
HA KA 1 kb LL_EfY) Unigene A 15 443 4%, iX 1k
FERI TR R 5 SRS R i S B EERT G PRI AR
H1F 200~2 000 nt, Unigene K FEH 716.72 nt.
KT 2000nt {755 E Unigene 551/ 8.09%.
2.2 EEINRETR

Wit BLAST 341 E (AR T 1X107° Al
HMMER 2% E A KT 1X107"°, &34 41 367
A~ Unigene FRIFVERE, 1 ERBEEN 53.13%. HibH
13 081 1~(16.80%) Unigene JEB:F] COG $#
21563 /> (27.69%) Unigene VEFEF] GO Hdl %
8 882 > (21.47%) Unigene VER | KEGG %4
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H; 21531 4 (11.41%) Unigene 7 F %] KOG $4
JEF; 24 412 4~ (31.35%) Unigene VERE 2] Pfam %{
PEEER; 25 797 4~ (33.13%) Unigene vE Bk 5|
Swiss-Prot #1541 079 4~ (52.76%) Unigene
FRER] Nr PR TR R R R A
EST FH&E 57 515545 2., 75 36 496 1~(53.13%)
Unigene ANRERE O B FEVTRE (3R 2).
23 GO IhgEsm %

AW, 354 21 563 4 Unigene(27.69%)

327 GOERCKE 1).¥ &> F I EE ) Unigene
H 32 806 %, HoHAMMIENM (catalytic
activity) M54 (binding) 1] Unigene HE K % ;
55 90 W 2 BORE 9% ) Unigene A 17 791 %%, 41
J 20 53 FH A A 5 FIZH i Unigene SRR %, 9
& 8 763 Fl 8 720 %k SAWEEREAMIKCH
Unigene A 40 702 %%, HA QIR 402
M AY) LR Unigene B&E &%, 770 H 15 101,
12 113 A1 10 465 % .

*1 EBREFLRAHARER

Table 1 Summary of Illumina transcriptome assembly for P. vulgaris

KB Hl/bp Contigs (/5 10/%) transcript (5 H/%) Unigene (f510/%)
200~300 7770 119 (99.22) 36 669 (19.77) 30426 (39.08)
300~500 27208 (0.35) 28 243 (15.23) 19 223 (24.69)
500~1 000 17 138 (0.22) 30612 (16.50) 12 771 (16.40)

1 000~2 000 10 551 (0.13) 43 279 (23.33) 9143 (11.74)
2 000+ 5878 (0.08) 46 675 (25.16) 6300 (8.09)
p58i 7 830 894 185478 77 863
MK 353734982 250314 475 55806 062
N50 K& 45 2247 1331
K 45.17 1349.56 716.72
*2 HEEADRIRSKE

Table 2 Classification of functional annotation of P. vulgaris unigene

Hod e TEREE R HUA i BRI F 23 b /% F A #=300 nt FHH=1 000 nt
COG 13 081 16.80 9812 6073
GO 21563 27.69 14 984 7676
KEGG 8 882 21.47 6498 3343
KOG 21531 11.41 16 143 8798
Pfam 24 412 31.35 19939 12 384
Swiss-Prot 25797 33.13 20615 11318
Nr 41079 52.76 29 465 14 420
All 41367 53.13 29 574 14 438
Total 77 863 100.00 47 437 15443

2.4 COG 1 KOG 5%

RTF=E e s AR

TEARFFH, 345 13 081 4% Unigene 5 COG
Hds i BA FYEME, 1XEE Unigene X COG %
FERT 25 ANDhReRn] (R 3). Hor—kIhge millF
B %, A 3426 % Unigene; HIXZEE |, &
HIMEE, H 1586 %: 4UisshMiZEs i
Unigene (& /b, 7000H 16 281 3 5%, WA KN
Mo AheE IR R A 691 %% Unigene #yERE IR A

fE KOG yEFH, 54 21 531 4% Unigene k45
TVERE, BB 25 Mg, HAp—RIRemiE
B4R %, B 4367 % Unigene; HLIKERFEE
i, EEHPES. FEEAES, A 2 359 %
Unigene; 423 FIZ S4BT 5 Unigene 170, 43
AR 9 Z5H 81 4% HiHh A 1203 %% Unigene #%iE
BRI AED G . Fes i .
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Fig. 1 Genetic GO annotation

#*3 EfE unigene ) COG M KOG 53%
Table 3 COG and COG classification of P. vulgaris unigene

iRk COG KOG
B, R AY KA 1283 1340
RNA Jin LRI f& 4 143 760
L2353 1468 1144
i, \EAMEE 1586 542
Pt R ARG ) 90 275
AR IATES] . dip . Gemikar X 325 492
W EE 3 81
7 AL 278 297
=5 S AL 1263 2294
2 L RE A ) R A 440 364
MAIZZE) 16 9
20 B 42 232 545
M4 544 0 238
MW EE . RN 217 1011
BiEEBM. EARYT &M S T8 1154 2359
Re A RN 5 4 1142 1426
ARAA Wi F A A 1084 1337
TR IS A A 1110 1039
1% R 12 Y AR T 212 239
A S AN AR 1 383 253
g s AR 676 1024
TEHLE Tz ARt 700 657
VARG R BHEA 691 1203
— M ThHe 3426 4367
RENTHEE 495 991

2.5 KEGG I#

KEGG [PyER45 R Ati%: 17 8 882 4% Unigene Jit
I 119 2ARUTERE, A 2 969 %% Unigene HiE
B2 & 142 (metabolic pathways), 1 406 %%
Unigene #7 BB AU M6 % (biosynthesis
of secondary metabolites), 73 ZMIHERICE . 32
RAEWE . A G, AR O BYEBEAE
YGRS TSR LLRA A ORI it R A 8 A 11 2
e, 3 5A 4. 40 34 20 2811 %.

2.6 EHEXERHEDERZEHEXBHLEE

2.6.1 =ik EAERZLEWEHEKS LM, H
AW AR KNERE., WSS
T 2 R 0 AR AR 7 T e o L A4 24 B T Y
YRR EA RS EENZER A,
o G SRR S5 1R R 1) & B e o AR Hh = 2R
Yo B A R B4R Y R TR IR 4% (MVA)
HUHT S FR B MR BE W IR AL 1842 (MEP) 3L [R] & B
e R (IPP) BUH 4R 3,3- — H MG
HEAEERR (DMAPP) U, 75 B0 B S 4 Hdie o
LRI 38 /> Unigene P BEZIS MVA &1t 41
Wl A WEILFERERE (AACT). ¥2 3L IR k4
A 58 (HMGS). 3-fdk-3-F AL G — Bt 4HEE A i
Ji g (HMGR) % 6 Fili§§, 22 4~ Unigene T ft%m
i MEP &4 B 1-J 8 -D- A R A -5- B R 5 g
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FHIE TREER . VB TR . M. 2,3-3F
R =B SR E A R I — RYIANF €5 R
TR I FR AR, Ak b S AR LA A BT I
iy, E SR B 1) S AL ERHE T 3R B T YA S

ik S, Kb a1 A F et R A
(GPPS). 4 MEJCH R GE (FPP). 4 Malh
G (SS)y 10 MEIGIEN (SQE). 6 1 p-Ah
HE& Rl (B-AS) .

2,62 MK REFMREAGHUHE. SR, P
VST 2 2 B I, R BRG Bep A Ro 2 — 1,

*4 EBRE=FEMBERREY S RAXIREEE

Table 4 Candidate genes involved in triterpenes and phenolic acids biosynthesis identified in P. vulgaris

fAIFR B AR Unigene ${H %5
AACT acetyl-CoA acetyltransferase 8 2.3.19
HMGS 3-hydroxy-3-methylglutaryl-coenzyme A synthase 11 2.3.3.10
HMGR 3-hydroxy-3-methylglutaryl-coenzyme A reductase 14 1.1.1.34
MK mevalonate kinase 1 2.7.1.36
PMK phosphomevelonate kinase 1 2742
MDC diphosphomevalonate decarboxylase 3 4.1.1.33
DXS 1-deoxy-D-xylulose-5-phosphate synthase 12 2.2.1.7
DXR 1-deoxy-D-xylulose-5-phosphate reductoisomerase 1.1.1.267
CMS 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase 2.7.7.60
CMK 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 1 2.7.1.148
MDS 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase 2 4.6.1.12
HDS 1-hydroxy-2-methyl-butenyl-4-diphosphate synthase 1 1.17.7.3
HDR 1-hydroxy-2-methyl-butenyl-4-diphosphate reductase 4 1.17.1.2

4-hydroxy-3-methylbut-2-enyl diphosphate reductase
IDI isopentenyl diphosphate isomerase 2 5332
FPS farnesyl diphosphate synthase 4 2.5.1.10
GPPS geranyl diphosphate synthase 1 2.5.1.1
GGPPS geranylgeranyl pyrophosphate synthase 10 2.5.1.10
SS squalene synthase 4 2.5.1.21
SQE squalene monooxygenase 10 1.14.13.132
B-AS beta-amyrin synthase 6 5.4.99.39
PAL phenylalanine ammonialyase 8 43.15
C4H einnamieaeid-4-hydorxylase 3 1.14.13.11
4CL hydorxycinnamate: coenzyme A ligase 9 6.2.1.12
TAT tyrosine aminotransefrase 4 2.6.1.5
HPPR hydxorpyhenylpyurvateerduetase 5 1.1.1.237
RAS hydroxycinnamoyl-CoA: hydroxyphenyllactate hydroxycinnamoyl transferase 2 2.3.1.140

e (R EZH) 2015 AR B AL T 250 1 R 5 e
Fro BN, HEERR Y2 A AR R
W, TE B A SR A AR G 4 e B S )
TER . TP RER RN A& RIS 7T O ARG
W, KN RRESEANRERREETLRSS T
PRIE TR I & AN I 0), 78 A B S o K
o, A RIS 31 24 2% Unigene W BESm IS IKIE IR
VG BOEIRN 7 FOCEERE, s 8 MRNE
TRfA =N (PAL). 3 MAKERR-4-210EF (C4HD. 9
AN 4T G ENE A TR (4CL). 4 NSRRI
HAEME (TAT) 5 DMAREEPIEIRRIE RS (HPPR)

2 ANEIERTR A B (RAS).

2.6.3 RAEMRBIE BN AR E I8
FUE 7 BT B AN . B A 5 S A 1Y) e
A RETE A & FEHIEL Y, TX L 5 AB M SN AR 156 K
AR P R R M SE R SN2 1 . AR (3 P450
(cytochrome P450, CYP450) F 25"
BRI, BRI R (glycosyltransferases,
GT) HEMHERE RS [ N, 5 AE I AE A P ) Ja
i A AR R R A R A
HHEAE Swiss-Prot HfE e VERESE R, JLHRH] 259
% Unigene #77E8 N CYP450, 118 4 Unigene #{E
BN UGT.

2.6.4 AR UCAEARE Y B AR A IE S A B
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XK. ENERL, HERE. ZHREHMEWA AR
PEBER AR, HRYE KEGG 1R % 4
5L, 15 ZARUEEES 1 534 4% Unigene 1655
B R Al AR AR AR . IR R A K
AT S B ER R, A 110 4% Unigene #i LG 2
ZIBE, FCRARAEGRAE F T YA SR AT
o7 b, a3 AU 2 %k 3 2% Unigene.
27 BHREFSH

e s D] W I B R A Ok A AR P AR
WG s T D RE R R (3R, A RO IR A
R0 AR R o AR LK 7 Z1 EE 0 3] Pfam %X
e, SRS FE SRR TR IR A S, R
HMMER 3.0 A0 B A, B s AR AT R
g5 BRI BN B S AR O IR 1 449 A
Unigene #iF B ARSI T, 708 T 60 Pl s A+
KA, mEWEFETRIE MYB 2K (158 1),
211 10.90%; HIKJE AP2/ERF 2% (JE 113 49), 4
5 7.8%; AFREEA C2H2 26 (97 4Y), 411h 6.7%:;
GRAS 2 (96 1), 2115 6.63%; bHLH 2% (84 /™),
=5 EHEHMSREREZYIEEL Unigene H8
Table 5

metabolites in P. vulgaris

Rifpigte

Number of unigene related to secondary

G5 ESHFIZERIEREH

TR RED A k000965 2
e R BT AR k000966 3
MR RN ERAED & k000905 4
HH FERE G R ko00944 7
WH ZHEPHE ERMEWAR k00945 19
T R k000904 25
FPgM. TR k000903 27
EVERRAE T A k000950 29
AR TRIE PHLOE M0 A 4 Bitko00960 30
R E ko00941 31
EAREWER k000908 38
KE NREW AN k000906 49
N-FHEN G R ko00510 73
R RAED & k000900 87
KRERED AR k000940 110

Y1 5.8%; WRKY 25 (851), 41k 5.87%; NAC
(691, 41k 4.76%F1 bZIP 35 (56 4N), £k
3.86%.
3 g

BN EAE N LA R 256, IRAEAREE

PRI 2 A T AV A i R L RE RS 2 N
JR AR BT B AN RS B i) = Rh S MR AE K
AP A A R R A 26, DR o
ity B vk A A A2 RS 45 R S T A 3 IR 1) 2 3
P F AR K. HAT, 252k AR5
AV R BN GENS, B H T 2 A
VIR A E Y & OB R TR IR T i, Th
REERI I SR . RE R IhRe s i G« I4F
K, BT EidE N R A AR RE, W
i FARE Y O A= AR AR W G i 4% B RLE JBUR R
AL T RTETRA LB, B R =R AR
W= E L BG4, S A 4 R
YT A6 RO B G DL R R 20 )R IBIK P TR
B S ) KEGG ERH, kS| 60 N2
5= Ak e 2, 28 T MVA il MEP &
WS o 76 B A R R 28 1 A A o 72
H, RN RAREEAMRARRESRELRZS T
RRIE L A R R 2, R ) A B S M
(38 2%, 31531 24 2% Unigene 7] BEZw ALk % 75 W2 1)
N GBI T Fh O .

AR = 1) BT Ui 2R 1 30 6 45 BEAX 1) 45
P UL R BB R S50 0, iR a3k (P450) Al
WEIEFEREHE (UGTs) 4 il A2 0 e S 40 IR 1 {14
g, P450s BT AL RN Canyedt. @2, BRI
R S5 AN RN D TEAS [F) 2B R AR AR =
R (AN R 7 B AAS R B AT g5 i i),
K HOHE =5 17 B A2 B AR AR = 425 1) 1 22 R 1k
AEWDETE . UGT i 48 5= 5 o B I i IR A AR
=R b, B RE D, T B A K
VEPERO YA P450 FERRI2E K UGT R Kk
HHRPE R DhRe T 5%, R0 H Oy RE BT 7T
AN FE ) M AR S e, LT RIEME TR
L)@ I LA SR R EAT R AN R, % R
B UE X SE R 7 B TR IR 2 . AW 7l
I R R AT R Y, K E T E A
T SE N SR, N IR N IR 50 B R AR AR
A SO R PRI REEOYE, O S S) B AL RIK
A AR A O JE R R AFF AT

SE
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