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Transcriptome sequencing and expression analysis of anthraquinone synthesis
key enzyme genes on Rheum palmatum
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Abstract: Objective To identify genes involved in anthraquinones biosynthesis in Rheum palmatum. Methods RNA-seq was used to
investigate the gene expression profiles of leaves, rhizome, and root from R. palmatum. Results A total of 140 224 unigenes were obtained
through the Trinity assembling. Functional annotation revealed that all unigenes were successfully annotated in the NR, NT, Swiss-port,
PFAM, and KOG databases. Differentially expressed genes (DEGs) analysis suggested that 4 175 992 and 4469 genes were differentially
expressed in root/leaf, root/rhizome and leaf/ rhizome, respectively. KEGG analysis showed that the Phen propane biosynthesis pathway was
significantly enriched in leaf/root. The analysis of key differentially expressed genes related to anthraquinone synthesis revealed 13 genes
mainly involved in the mevalonic acid (MVA) pathway, methylerythritol 4-phosphate (MEP), mangiferous acid and polyketide pathways.
Conclusions The key genes are further explored in the biosynthesis of the active ingredients of rhubarb in order to provide a research basis
for the analysis of the pathways regulating the biosynthesis of its active ingredients.
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WHFERM, KIERR. KEx. K. K3E Tk
R 2 KB3R5 M RER 2R ot A2 K 3 B 25 380K
gy, BAET. PiE. ik, Juog. RIR. bkt
il PiaEd . LT EZMAFEERLA, BT E
i S o A8 12 245 R0 A= ) A8 ) B A Y e s 2
PR HIERAG BRI 0T, TR S R SRY B ) &
R, BN R R AT . P
CARIE FCAE A N 1) BB A T A2 B L), %o TR SIS
Yo ) e A A e B T B .

TR N TR BEAZ () A1) 6 i 2 B0 T IR IR
(shikimic acid) AIZEMEH (polyketide) 4%, 1 a-Fik
T (o-ketoglutarate, AKG) fEFEi R BRI =
B, R S = RAES (TCA cycle) Bl it
Ab, TR, HE REERERE (methylerythritol
4-phosphate, MEP). H¥2L (mevalonic acid, MVA)
WAL S 5 H A ZE RS T 7y SRR ERAT o —
g & 2 30 ) N& B4R B8 B0 Bt K H R I
(O-succinylbenzoate, OSB) HJEEERHZI AL B 31,
MKH MEP 8¢ MVA )5 @ ERE (isopentenyl
diphosphate, IPP) £853:44 [ A4 C BT,

TEMER I R EE T, B AT C A OB A
A AR A 2 I BUEREA SR (polyketide
synthase, PKS I fETE A\ KRB 5, Fi i
REAFRALEE (polyketide cyclase, PKC) fHAL 15318
ik, AR EIEERE . KiE = A R B
B0k B JREIE AT, T v A R R B 3 Bk
FEHRIG AR, XL 2 (8] XA R =4 158 X

25 P R R o A ) s A S LRt
FINIEED, TERRRL. (i 5. FRE A
RIAH AR IE » RIS R 70> IR & A (1CS)
fEAL R A OB 7 X BRI 570 LR 1) A
B, BE®E PKSI & T 2 58 & B 5% ik
(CHSs), CRILA CHS. KM, Ny e
Hr . 2-AHk e A R 2R\ S B H R
MR B I SR AR E R, AW SR A lumina
Hiseq 2000 38 5 I 57 A B RS AR L AR 2K
o AT AT B s A e, DUSATRT e tH B A0 &
WG BOSAEA ORI, w0 i B R 2R AL
EVNED G ORI B E Bl
1 UESHR
11 R

PR — A B KRR T H R A B
HEE, KRR R TG S RIT 4 E N

HIH-K#E R, palmatum L. fEZ75 RNA IREGRF &
(RN53-EASYspin Plus 2 ¥ 2 /2 2 AEY) RNA TRE
PG s ilA & (PC58-TRUESCript RT
MasterMix). 76 & & il 7l & (PC33-SYBR Green
gPCR Mix) ¥ A b3 SR AE R TR A A
1.2 &5

Waters 2695 A = 800 AH €434, Empower 3 £
W TAERE (Waters A 5], £HE), KQ-200KED ZYj
BT GLHRRILATD, SER %t E PCR
1% (ABI StepOne7500, ).

SRR IR (LS A0L10). LR ER ItS
A0158). FH{EH B (it A0127). KEiMr-8-O-H
HFEE (S5 A0762). KH#E-8-O-Hi&ETH (it
5 AL502). FMEERE R (IS A0047). KEEER (it
5 A0043). K3E (Jit'5 A0044). Kikly (k'
A0046). KEEZFF (LS5 A0045) Il H il =
Wi EMHARA R AR, FESEIIKT 98%.

2 FHE
21 EMKXER. RZE. M HPLC 2E0E

HUE M KRB T, BEVLES: 3 HRiRA, 3
UCPATEORE . 3 B I KT AR . MRZE m, F
FITIERET o 226 SCHRE K38 HPLC & & E 7
FEAT NG . BRI B TR ILRER. &
751 By KTH-8-O-H & HE . K 3HZK-8-O-H 4 B
H. AERER. KHER. KR K¥Em. K3
FHET SR, 20 E T 10mL £k,
BB RZE, A, BEIRERE SN
224.0. 710.0. 656.0. 172.0. 234.0. 79.0. 77.0.
28.0. 48.0. 27.0 pg/mL [P HE S il . 20 Bk %5
EIEX ISR 1 mL, HERRE 10 %, 15
FUFH N R B EE R A R S . 4 CIRF%
o & R 21 181 5 FE 225 SRR ®

i Ky 2448 Ci (250 mmX 4.6 mm, 5 pm)
IEFE; WEHAH H FFEE (A) A1 0.2%M 2 /K 1AW (B)
%, 1A B (0~5 min, 5%~15% A; 5~15 min,
15%~30% A; 15~25min, 30%~35%A; 25~31
min, 35%~42% A; 31~46 min, 42%~53% A;
46~66 min, 53%~68% A; 66~75 min, 68%~100%
A; 75~85 min, 100% A), K 260 nm,
1 30 C, ABWRE 1.0 mL/min. BEFEEA 10 plL.
1E LR R ob, BRI S AT
PIAMET 5000, 5HHAE L 70 1 43 B8 BE 35 KT 1.5,
g SRR T H47E 0.95~1.05.
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2.2 = RNA R

BENLPRIE 3 MREM KM, 77IF% 100 mg
FEATHT BRI R AR . ARZE 1, i &
PRIEWTEE, SRS RNA RGO & Mo
MRS HEHUE RNA, F 1.2%3 gkt s
JKAIEL RNA 5884, FH ND2000 7€ & RNA 1]
AasolAzgo FIIEL, IZLEHE AzsolAzeo ¥ 1.8~2.0 112 RNA
AT RFE 5%
2.3 cDNA XEMESRFYHER

BEME MR, MRZE. 1) RNA B EESESE
AR ZTRHA PR A RIS, A 1llumina
HiSeq 2000 71 & HEAT % s A DOR il o
2.4 Unigenes BYINAE T FE

R JFE AT Y 78 T e Sk AR E P )
Je, 7373 clean reads. f# Trinity!®l%} clean reads
BEATPHHE, RIS FPa SRR A CorsetlOMfiidt—30
JRHIPHERN L TUARALEE, 152 Unigenes. # Unigenes
FP31) 5 B LB 7E Ny Nt Swiss-Prot. Pfam. KEGG.
COG #1 GO f# BLASTX LtX} (e {H<0.000 01), 73
F| Unigenes 18 A D RgIER(E B
25 EBEREFTEERSH

F RSEM AT 25 5 i idE AT 2k PR R I8 7K1
IIMT o GUi AL i BT 21 225 7 B 5% . 52 TR 1)

1 SELES

reads % (read count), ¥ HAE i FPKM
(fragments per kilobase of exon model per million
mapped reads) 12, Ffj5H TMM X} 2 K ik K-
Sy MR 2 read count BUE BT hRUEILACER,
Fl DEGseq®! i i% 22 s ik 3 K (differentially
expressed gene, DEG), i ik #r #E 4 |log2(Fold
Change)|>1 H. g-value<<0.005.
2.6 ERFTIEEE

JH R R AR A 23 FE (gene Ontology, GO)
BAEE (http://geneontology. org) FH 5T #R 3 P& Al L
R ZH H B4 15 (Kyoto encyclopedia of genes and
genomes, KEGG) ##fi /& (https://www. genome.jp/
kegg/pathway.html) #47 GO F1 KEGG 41, FIH
GOseq fil KOBAS (2.0) #A114-15153 511 %} DEG #:47
GO 1 KEGG & 45T
2.7 QqRT-PCR ##h

196 B B s) 2H 72 S BE PR EAT qRT-PCR 2341, LASS:
UEEE B v 52 . gRT-PCR SI#FIF Primer
Premier 6 #XF it 18R VE WA 144 FF i RNA
FH A3 S e kR SR B 5 9 cDNA, - LK
T actin BN 2, Bl fE RO E & PCR X
BT QPCR ¥ 38. SAMFEMIXE 3 MY EE,
SRR 27ANCHg T B R PR AR G 3R A F 1T
PCR FTAIRIS14

Table 1 Primers for gRT-PCR analysis

s S Fas 519
1 MenB2 Cluster-7329.77811 5’-CGGTATTATTCCCGCATCG-3’
5’-TTCACCCACAGCCTTCTCG-3’
2 DXPS6 Cluster-7329.42310 5’-GCCATAGTTCTAATAGCATCTCGG-3’
5’-GCATAGGTCCTCCAATCGTCTT-3’
3 MCT1 Cluster-7329.52884 5’-CACCAGATAGAAGCACTGAAAGC-3’
5’-GACATCACTGTTGAGGACGAAAA-3’
4 SMK1 Cluster-7329.70484 5°-S-CCTCAAACGCCTCGCCTCACTTC-3’
5’-GCACCATTTCCAGCATTCACA-3’
5 SDH2 Cluster-7329.78100 5’-CAAGCAATGCCCGTATCCC-3’
5’-CCAACAGCCTGCCTAAAGAACA-3’
6 BHLH4 Cluster-7329.30018 5’-CCTCCTATCATACCAACCTCCTTT-3’
5’-GGCTTCGGCTATCTCCACTTT-3
7 ER4 Cluster-7329.54336 5’-GGCGACGACGATGACGAA-3’
5’-TGCTCCGAATCAGCCAAAG-3’
8 NAC4 Cluster-10565.0 5’-CAAACGACGGTCAACGACTACAT-3
5’-TTCCACTTGGGCTCGCTCT-3’
9 WRKY1 Cluster-7329.88028 5’-GGCTTCAGAGGCGGTGG-3’
5’-AAGTTGCGGCTTTGGGTG-3’
10 WRKY4 Cluster-7329.53296 5’-CCACTCATCCTCAACAAACCCT-3’
5’-CTTGCTGCGGCATACTACCC-3’
11 MYB1 Cluster-7329.58558 5’-CCTGGACATCTGAGGAGCATAG-3’
5’-CATTTGTTCTTCGGGCACTG-3’
12 MYB12 Cluster-7329.96022 5’-TTGAGGAGGATAAGGCATTCG-3’
5’-CCCGAGAAGAAATAACCTGTGC-3’
13 actin Previously identified 5-AGGTCCAATGCTTTATC-3’

5’-CAGTCTTCTCCACCACAA-3’
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3 HR5N &R NR N, HAER. WZE. & EAE

31 EMKEDRBEMKTHINE

BRI RZE. 1 HPLC (il fird S n
R 2Fn, 10 P B AR S OR AR ARZE i
Py RS 2, Fodr 5 R 1R B AR ORI AR |
WRZE. M ESAHE, WLRR. KEHR-8-0-
HIERET . PERHER. KHERKR. KEER. KEm

MR 7S, K M-8-O-Hl M . W R TR &S
H B ERMRZEN & EERE KT HAENFRE
B, RERWBERZSH PSR Z LT
RS R B4R RS IR AR R R
&, HIRGEHESEER, PeREM R TR
PACHHR AR BT A 73 H

*2 EMXER. RE. Hep 10 FEEFRR S S

Table 2 Contents of 10 main chemical composition from leaves, rhizome, and roots of R. palmatum

R RSB %
HETR IBS S FEH B KW -8-O- I B HE K E-8-0-HE
s 0.0196+0.0009a 1.0669+0.1830a  23643+0.1284a  0.5824+0.183 %a 2.837240.952 0a
iRE 0.012240.0022a  09105+0.0723a 2263 1£0.0576a  0.560 9+0.165 6a 2.893240.2162a
H 0.009240.0008b  0.8254+0.1062a  1.08534+0.0218  0.013 6+0.002 5b 1.592 2+0.827 0a
Hhr SR U %
FPERER KER K& KHER KER T

ics 0.005240.0007a  0.04514+0.0108a  0.0465+0.0018a  0.151 6+0.020 5a 0.436 6+0.017 7a
T ES 0.005840.0004a  0.0395+0.0271a  0.0323+0.0027a  0.0873+0.027 2b 0.178 3+0.007 8b
It 0.0048+0.0005a  0.01784+0.0085a  0.0231£0.0095a  0.006 8+0.001 2c 0.160 8+0.009 9b

AFF ORI RS, "P<0.05
different letters indicate significant differences, "P < 0.05

3.2 NIRRT

FIFH Mumina HiSeq™ 2000 77 &, L4535
28.04 Gb [t clean read pairs 3 HA AT A HdE #5_F A%
#| NCBI SRA ##ii /&=, 1534 55 SRP10855670.
W o, FraEdETh i) GC S8 47.98%,
Q20+ QaofH 45N 97.26%. 92.59%. Trinity LS4
BRI 140 224 4> unigenes, “T-HIKE 1429 nt, #ix
ik 3 15 389 nt, £ 474179 201 nt, Nso Ay 2045 nt.
Unigenes 73 fii 7, 42 178 %% unigenes K JE i
i 1000 nt, 33 679 257 %IKT 2000 nt. HR#ESET
25 R DUR BRIy 45 R s n] 5, LA T R 221
7T
3.3 Unigene THRE 7%

¥ PF15 2011 unigene 5 7 KEHE EEAT LLXT,
WRAE R 3 Fos, Hrb Nr il B R Y
unigene 2% 95 643 & unigene £ 68.2%; Nt
BOAE PEVERE AL DI unigene 4%y 62 133 5L
unigene (1) 44.3%; KO FEVERERLINM unigene %
¥ 39 641, (5 unigene %111 28.26%; SwissProt
JEVERE R E Y unigene 2531 17 unigene £ (1) 52.98%;
PFAM JEJERE I 1) unigene 264Ch 70 460, 55
unigene 0/ 50.24%; GO PRI unigene 5%
o~ 71152, 15 5 unigene 31 50.74%, KOG JFEiE
PRI unigene 254 28 603 5L unigene %)
20.39%; 1 7 M 2= — AN R R

=3 BHURE unigenes EERE 2K
Table 3 BLAST analysis of unigene sequences in seven
public databases

B F unigenes & i /%
FENREEE 95 643 68.20
ACG ] ke 62 133 44.30
SRR R 2 R A TR 39 641 28.26
AT HEE 74 300 52.98
EHSEY e 70 460 50.24
DRI AR AR B B Hi e 122 71152 50.74
[RIVR & A R H e P2 28 603 20.39
B Bl e e R 15 683 11.18
B AE— AN B R R 102 626 73.18
unigenes 140 224 100.00

I unigene 2% 5% (5 & unigene %1% 73.18%. f£
FirA A b 7 AN B e rh T R R DY unigene
2% . unigene i 11.18%.
34 EREARIKKESH

— A FPKM B A P R 2238 7K 7, FPKM 1)
M SATE T 7 IR FE AL R FE XS reads THEUTI 5
e #1525 FE gk 25 o Ik %R SRR 1 FPKM AR I 2
WAL AT LA S R i () B R SR Rk B
TES> A AN BSOS FRIUH — 2 2 5%, i 1 FR,
VLB HE IR EE MR, MRZE. MR RRIE R G E
S
35 EFFRIEEEMFFIE

R4 DEG K iz bifE|log2(Fold Change)|>1 H.
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Fig. 1 Comparison of genes expression of different samples of R. palmatum

g-value<<0.005, AILEM KR GHHAHEL, 257
FISFEF SHCH 4175 4>, Horp 2388 N EER RIS F
W, 1787 MEFERE T SR, 27K
REER S0 992 Ay, Horp 665 SRR Rk 1,
327 NMERFRE N R, ZRRIAH
RS BN 4469 4, Hidr 2479 ANFE K2R IA Ff, 1990
MEFEKIETH (E2).
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L BB 55

2000+

Z R ITEIEFHA

10004
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B2 TRE#REERERRESH
Fig. 2 Gene differential expression analysis

36 EREMRE GO stEEN

X REH AR AR ZER P EL fifi H ) DEG
HAT GO IhReE L, WAL (biological
process, BD) F4ffifizH % (cellular component, CC).
2y FIhfe (molecular function, MF) 3 NI AHIK
2 IR AR DRt . T 2 R RAR S
RZE, FreAAsess Fokim SR o SARZERf b,
o, HEORRL HECARZE 3 3142, 3425 DER
FERIPARE . AT, ZERrERNHREEET
RPHIFE (GO: 0008152) FIAEMIA HELFE (GO:
0009058, - HIAR ] i) 22 S HEPRIAE i 25 & 3 T ST L
AR FE (GO: 0044710); # F3EKAEANARLAL K
W, #REEEE T4 (GO: 0005623). 4iA41s
(GO: 0044464); 731 Ihaed, ZRILHTFEHSE
UL JEEEEE (GO: 0016491). 45M4 ikt (GO:

0005198). #ZHEARRIZEHI K5 (GO: 0003735). MY
ntkng 4k 4 (GO: 0046906). IMLAT Z 45 A (GO: 0020037)
% (E3.
3.7 KEGG EENHMERFRIEERA
KEGG g4 R iox, fEMLURYr, Z R
PevE RS 100 FZdEEf, GWREEMESRS
(ko04075) RN KLY A K (ko00940) JiE# FlE
PEACHT (ko00500). RN ZEAKH (ko00360). i
HKEAEYIE K (Ko00900) 25, MEbiZEd, 27
B T 112 K@ IERE, B N RAE
Y& R (ko00906). AR 2 A 7 2 ik Ak
Y& R (ko00290). TEFRNLEEAET (ko00562). A
0 B A0 2 i (Ko00061 ) A5 45 11 9 I 1) I ik
(ko00903) %, HHR R L EMAY)E ilad 6 4 i
EEE, BIMEFEFPTFREZ@E S, ZRE
R 2 M E R 1 Pathway 7] BE & BB RAL Ak
Y& R AR SR (B 4.
38 SEMRAERMEXMXHEERTAEAME
Z 5B A EIRAEYE B MVA,
MEP. ZEHR K RNISE M ZERRIEER K 4,
MVA 42 H1 G 8 R A AACT HMGS. HMG-CoA
HMGR Jz MPD. J:rf AACT F1 MPD 7ER ) ik
B Em T HAN MRZD R REE, HMGS.
HMGR 7E M ) 300K & 15 3 vy T HAE AR AR ZE
MEP i&ferh, SCHEEGH 2 R EA DXS.
MCT/ispD. CMK/ispE Fl HDR/ispH. - DXS flI
MCT/ispD 7EAR H 1) 38 5 B 6 3 v T HLAE - S AR
ik, MCT/ispD. HDR/ispH fEmH o)
REERE ST HER AR ZEFRILAE,
RIS, ZERFTEERIRIDIIEFE DHQS.
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Fig. 3 GO analysis of differentially expressed genes
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Fig. 4 Scatter diagram of pathway enrichment analysis

SDH. SMK }z MenB. iX 4 ANFERI7EM b ) ik &
W E T HERIRZ P RILE. KWgEHH
KR 22 57 I AFE R B PRSI, X ANFERIAEH - )
FILERE S T HANIARZEFRL &,

BEALIEE 12 A5 R0 & B S I R A g Aeriil
X5, AEMREEN actin BTN SEER, #HT

gRT-PCR il . 45 F 11 NERRIEFEFD
gRT-PCR I 5& 45 2R 15 e s 4 o3 i 45 SR — 3
BHLH4 (1l 52 25 555 20 7 o W 45 SRA— B (A
5), AIREsEHTSCIRmE A THREUY RNA i,
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Table 4 Expression of key differentially expressed genes
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Fig.5 Selective validation of transcriptome sequencing data by gRT-PCR
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