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Abstract: Anthraguinones are not only the main active constituents but also the index components for
the quality control of Rhei Radix et Rhizoma. To study the anthraquinone biosynthesis, Rheum palmatum L.
seedlings were subjected to a high-throughput transcriptomic sequencing analysis by Illumina HiSeq ™ 2000
150PE. The Illumina sequencing generated a total of 11.04 G clean data resulting in 736 309 74 clean reads,
deposited in the sequence read archive (SRA accession SRP160030). Trinity do novo assembly yielded 93 646
unigenes, with an average of 1108 nt. Functional annotation revealed that all unigenes were successfully
annotated in the NR, NT, Swiss-port, PFAM, and KOG databases. GO enrichments showed that 57 subgroups
were involved in biological process, cellular component, and molecular function. KEGG analysis indicated that
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1107 unigenes were implicated in 19 standard secondary metabolic pathways. 172 unigenes were analyzed to
encode 28 key enzymes during the MV A, MEP, shikimic acid, and polyketide pathways related to anthraquinone
biosynthesis. 125 CYP450 and 73 UGTs unigenes were related the modification of secondary metabolites in
R. palmatum L. Furthermore, seven unigenes with full length cDNAs were successfully verified by RT-PCR
and sequencing analyses. Then, MISA prediction produced a number of 18 885 simple sequence repeats
(SSRs). Herein, the transcriptomic gene expression profiles of R. palmatum L. and candidate genes during the
anthraguinone biosynthesis pathway were obtained for the first time. The results provided basic information
for subsequent gene function characterization, secondary metabolic pathway analysis, and anthraguinone
biosynthesis and regulation elucidation in R. palmatum L.
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Tablel Seven candidate genes and ORF amplification primers
Unigene Size/bp Gene symbol Primer sequences 5'-3' ORF size/bp

Cluster-5019.54375 1754 AACT S ATGGCGGTAGAGAATTCTTCCAG 1245
AS: TCATAGCTTTGAGTGACCTGACCA

Cluster-3447.0 1568 MK S ATGGAGGTAACTGCGAGAGCTC 1158
AS: TCAGGAGCCAAAGCAGATTTC

Cluster-21445.0 4502 DXS S: ATGAGCGCTGCTCCTATCGA 2163
AS: TCAGCACATCAAGAGAAGTGCTT

Cluster-16015.0 1239 MCT S ATGGGAGTATTAGGAATGGAGCAG 930
AS: TTATGAGCTTAAATTCAGTATCCTCTCA

Cluster-8002.0 2635 PAL S: ATGGAGATCGCAAACGG 2178
AS: CTAGCAAATAGGAAGAGGAGCA

Cluster-5019.18786 1774 C4H S ATGGATTTGGTTCTGCTCC 1518
AS: TTAGAAGCTCCTGGGCTTC

Cluster-5019.36107 1485 F3H S: ATGGCGCCGGCAGCA 1095

AS: TCAAGCAAGGATATCATCAATGGT

TaKaRaExTaq (5U-pL ™) 0.1 uL, #b ddH,O % 25 L.
PCR f£/F*4: 95 C 3min, 95 C 305,60 C 30s,72C
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Figure1l HPLC anayses of mixed reference substances (A) and R. palmatum L. (B) seedlings.

1: Gallic acid; 2: Catechin; 3: Senna

glycoside B; 4: Chrysophanol-8- O-glucoside; 5: Emodin-8- O-glucoside; 6: Aloe-emodin; 7: Rhein; 8: Emodin; 9: Chrysophanol; 10:

Physcion
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Figure 2 Species distribution of transcriptomic unigenes against
NR database
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Figure3 GO classification of transcriptomic unigenes
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Figure5 KEGG classification of assembled unigenes
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Table2 Secondary metabolism KEGG pathway analysis of transcriptomic unigenes

No. KEGG pathway No. of unigenes Percentage/% KEGG ID

1 Phenylpropanoid biosynthesis 233 21.04 ko00940

2 Ternenoid backbone biosynthesis 201 18.16 ko00900

3 Carotenoid biosynthesis 183 16.53 ko00906

4 Zeatin biosynthesis 77 6.95 ko00908

5 Flavonoid biosynthesis 70 6.32 ko00941

6 Tropane, piperidine and pyridine alkaloid biosynthesis 65 5.87 ko00960

7 Isoquinoline alkaloid biosynthesis 55 4.97 ko00950

8 Stilbenoid, diarylheptanoid and gingerol 49 4.42 ko00945

9 Limonene and pinene degradation 46 4.15 ko00903

10 Diterpenoid biosynthesis 45 4.07 ko00904

11 Sesquiterpeniod and triterpenoid biosynthesis 36 3.25 ko00909

12 Brassinosteroid biosynthesis 15 1.35 ko00905

13 Anthocyanin biosynthesis 10 0.90 ko00942

14 Caffeine metabolism 8 0.72 ko00232

15 Flavone and flavonol biosynthesis 6 0.54 ko00944

16 Indole alkaloid biosynthesis 3 0.27 ko00901

17 Betalain biosynthesis 2 0.02 ko00965

18 Flavonoid biosynthesis 2 0.02 ko00943

19 Monoterpenoid biosynthesis 1 0.01 ko00902

Table3 Unigenesinvolved in anthraguinone biosynthesis
Pathway Gene name Enzyme symbol EC No. of unigenes  Average FKPM

MVA Acetyl-CoA acetyltransferase AACT 2319 11 4.14
HGM-CoA synthase HMGS 2.31.10 9 3.89
HGM-CoA reductase HMGR 1.1.1.88 3 14.38
MVA kinase MK 2.7.1.36 16 191
MVP kinase PMK 2742 6 2.19
MV PP decarboxylase MPD 41.1.33 9 248
IPP isomerase IPPs 5332 3 29.15
MEP 1-Deoxy-D-xylulose-5-phosphate synthase DXS 2217 5 113
1-Deoxy-D-xylul ose-5-phosphate reductoisomerase DXR 1.1.1.267 1 0.85
2-C-Methyl-D-erythritol 4-phosphate cytidylyltransferase MCT/ispD 2.7.7.60 2 0.09
4-Diphosphocytidyl-2- C-methyl-D-erythritol kinase CMK(/ispE 2.7.1.148 6 4.10
2-C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase MDS/ispF 4.6.1.12 2 48.85
4-Hydroxy-2-methylbut-2-en-1-yl diphosphate synthase HDS/ispG 11773 6 3.62
4-Hydroxy-3-methylbut-2-enyl diphosphate reductase HDR/ispH 11774 5 87.91
Shikimate 3-Deoxy-D-arabino-heptulosonate 7-phosphate synthase DAHPS 25154 10 4.26
3-Dehydroquinate synthase DHQS 4234 2 1.63
Shikimate dehydrogenase SDH 1.11.25 13 291
Shikimate kinase SMK 27171 9 5.08
3-Phosphoshikimate 1-carboxyvinyltransferase EPSPs 25119 2 14.64
Chorismate synthase Cs 4235 1 34.24
Isochorismate synthase IS/IMenF 5.4.4.2 7 1.07
O-succinylbenzoic acid coa ligase MenE 6.2.1.26 15 5.50
Naphthoate synthase MenB 4.1.3.36 2 3.24
Polyketide Chalcone synthase CHS 23174 12 5.49
Polyketide synthase PKS - 1 2.68
Polyketide synthase 111 PKSIIT - 3 171

Polyketide cyclase PKC - 4 16.61
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Hl (PMK). MVPP Jii2§ (MPD) 1 IPP S
(IPPs), 3t 57 % unigenes. L+, 4if MK unigenes
HEmz, A 16 %, (HPYREEASR, X 1.91; 3
% unigenes Zi 4 IPPs, V353 ik &, 153 29.15.

33 % unigenes #ifid MEP & 12 it fig, 45 1-
it 45 - D- 7] %) R -5- W g & B ((DXS). 1-Jli %A -D- i 4
Wi -5- W i L JR 7 A B (DXR). 2-H1 3 -D- 7R fiE b % -4-
WEFR MU B IL 5 Rl (MCT/ispD)~ 4- W R ¥ -2-
I 3E-D- R A B 1B (CMK/iSpE) .« 4-F83E-3-FHJE T
W-2-Jf 2 -1- R & (ispG/HDS). 2-C-H 3&-D-
TR BE B -1,4- IR B R — W5 R & R (MDSlispF) Al
4-F2 3L -3-F L T -2- 0% 2 -1- R IE JR B (HDR/
ispH). HDR/ispH /7741 5 5%, V¥ I8 B s, v87.91;
MDS/ispF “FijgRik sk 2, 5 48.85;, HARHEFFKIL
KPR, MCT/ispD V#4215 21X 0.09.

61 % unigenes ZwtdFF FIRIE AT N, I 3-
it 48 -D- BT 43741 BE B 4 -7- 05 R 7 B (DAHPS). 3-
i 2 Je IR & il (DHQS). FEE IR/ AN (SDH).
FRE RS (SMK). EPSP & il (EPSPS). 4r ¢
IRE R (CS) F 0 X IRA il (ISIMenF). HH,
CS FRiLF N 34.24, ISIMenF V€L &L 1.07.
2- B8 FEE -5- 45 B 74 R R -6-F2 3E -3- A O -1- R IR &
i (MenD). 2-BRHIME-6-F22EL-2,4-2F O M- 1- R R
i (MenH). 2-3RHIM K F IR &1 (MenC) WA
PEvERE

Wi/ unigenes 3t 21 4%, 2 HlgniD REH &
Rl (PKS). AL SR & il (PKSII). 5 i 3 4k
i (PKC) Kk#E/REIAEE (CHS). PKC FiERILE
B, N 16.61, PKSIIPF#43 ik & K1Y 1.71, CHS
unigenes 3 & £ 1k 12 4%, (L 1 % PKS B 751,
42 BEEREWHEXERE WRIE NR ERER, L
FI| 125 % CYP450 [, 8T 22 /> CYP450 Kk
J& T CYP71 5% unigenes #x %, 1 25.40%; ik
J& CYP94.CY P87 11 CYP76, 434 15.08%-10.32%

Table4 SSRsanalysis of transcriptomic unigene

Al 7.2%. 1fi CYP89. CYP8L FKk kit /b, MN&H
1/~ unigene. 3 FJE T 134 UGT R KEK 73 4
UGTs, H A5 21 4> UGT80. 2 4> UGTPg19. 10
A UGT71. 34> UGT70. 154> UGT92. 2 > UGT84.
34 UGT7.2 /> UGT89.4 /> UGT72.1 4~ UGTPg26.
4/ UGT88. 1> UGTPg35. 44> UGTSS.
5 SSRs 4

FIFH MISA x40 unigenes #E4T SSRs
M (F 4), 93646 /> unigenes Hitit 18885 A4~
SSRs, M, ML EE SSR HEixEE, A 7542
A (39.94%), H A EEHKE . "I ES SSRs £
BIRZ, H 5714 4, |5 SSRs & & 30.26%, HF
AGICT HERMHER L . VUG AL HEE
BN 249 A1 82 4, %15 1.32%. 0.43%; NGk EE
XD, A 0.41%. Ak, BRI SSRs B A H
TR A — TR
6 £ unigenes E£FH RT-PCR i

FIHE 1 7 5 ORF ¥ 14 5|47 RT-PCR
oA, Bl 6 gRERH, 7 AN R S R H bR
itro HE—30 PCR =W EHM P R, X 74
F K5 J5 unigenes ORF — 2K, 4 B 1X L4 {5 1% unigenes
NAKEE .

M AACT MK DXS  MCT  PAL C4H  F3H

2000 bp

1000 bp
750 bp
500 bp
250 bp
100 bp

Figure 6 Agarose gel electrophoresis of seven candidate genes
amplified by RT-PCR

Type Repeat number Total Percentage/%
6 7 8 9 10 11 12 13 14 15 >16

mono 0 0 0 0 0 3614 1352 635 427 234 273 1001 7542 39.94

di 0 1996 1199 717 490 259 245 182 107 75 69 375 5714 30.26

tri 3007 1224 458 285 77 63 28 14 12 19 2 32 5221 27.65
tetra 170 49 23 5 1 0 0 0 0 249 132
path 55 26 1 0 0 0 0 0 2 82 0.43

hex 35 23 12 6 0 1 0 0 0 77 0.41
Total 3267 3318 1693 1013 568 3937 1625 832 546 328 344 1410 18 885 100.0
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g VA ) R R A o T e 4R R A o EE o LR T

b o e E BT R AR Wk s, T A
TEZ5 IR0 S AL o M vhr, PG B K kS ). AT
FUAE B K B B0 v A RO A B AR B, SR
A llumina HiSeq™ 2000 100PE il 5-F &, & AT
BRI i, HAA T K EFHAER
M2 H. mdEEN T L 11.04 G R Trinity 4H
BIL19 5] 93646 1 unigenes, & R UF. JRfE™
¥, FHIKELY reads 47 A X o B4 B, ST
TfE R EER, BiEREAME SR FHGE, s
WA J52 A% 435 Hh 245 A8 K3 11 66 DR R OB R AE, TR AN F
RRBEKEE . AR Bl Syl 2
Ty it 22 R A i B R R (S

BT I I S 2 B I R R R A s
K5y b SR AT R DR R R AN ) R 43 28 o AR LRI
Z P AEYE B, 0 B K e s 2 AT VR R AN
Thee 2 BT BLAST 7041, # BT A unigenes 5 NR.
Swiss-port. PFAM. KOG Z##E FELLx, X 52k
B LEATO NS MR ALy B e AL
GBS VRN AU N L R N s
FRAE J T g M AR A1 unigenes. GO 73 547 Bk

TSR VE S AR AR L A0 2E 23 R O3 T DI REAR G,

KOG Ihfig /1 Ik R 2K 4R B R [RIJE A,
KH ORF WIAW2-Thie, AT R KHE & K Th g i R
HERfE o ASHT 7T 3575 3 25 N ) KOG J58E, it
HH B K i e 5 2H KOG MR L 4 1T - 130 /> KEGG
AR U I B 22 TR T R 2 5 A RS K W
B LA AE AR AR S5 A A AR S B 4k,
R ILKE unigenes Z 538 B A0, wHEH
F. HRZFEWA BAEKN 19 AR R
¥, B BT R R R AR ED & g
Har, BEERRy EE S NREARBAEEER
B OEEVONETE BRI &R AR, SEH MVA/
MEP B FEHRIETN T, HEEY P ERAEY S
FSCIE B AT ANE . P8 R /MEAR B Ophiorrhiza
pumilal™ 1 = ¥ ] Cassia obtusifolial™ % 5% 411 7t
KIKE MVA. MEP. ZERRJCRERAS RN, 12
N A S IX A A BARAE I AR AT DL R
TR R, 7E B R R AE 1 i o) B B I AR A L
F e el @ =0 P BOR RGu00E, 3R19 57, 32,
61. 21 % unigenes 7 A4S MVA. MEP. ZEELFR K&
KW EAR) 28 Ak, Hrf RT-PCR Rk 7 4
unigenes A4 KIER, T — DR FT KT R A KRR AR

MenD/MenH/MenC 3 [ fil &y — AN A, %3 ]
AE S5 /N MR R R e ) o 4 e D L R g R AR
M ZE] MenD/MenH/MenC 13RIA, AR & ISR B &4
polyketide hydrolase ¥ 3K, "JRe S5 MMAEKKE
IREAH %o AN, T FPKM 4811 iX L8 o F i 3L [N 1)
RIEFHEARAE — € 2 5, N EATE A R 1) Rk
WENLSIZ 5 7 EEEEY S .

TEMG 2 B & AR U AT AR B IR FE
CYP450 F1 UGT = ZEEe fii A S A /32 AL AR FE AL 1
AR AU, B R A I P S DR A AR
HIHH 78 » 3 A% fld 8 Cladosporium fulvum CY P450 R %
4L B R 2% nataloe-emodin — B AL D8 I A AF
Bacillus licheniformis DSM13 UGT REfg7E4& N 41 bl
FEAL R 2 M 25 R R AN S e o s M, R e
P 8 AR Y AHE TR B S 41 K CY P450,
UGTs /741, 175 K3 BB R AT AR B i /R H
WELL unigenes Wi 2 5 BB RAT A AR AN 75 IR
W5t

SSR Fric B $E EST-SSR. #E [K4H SSR. % T cDNA
S JEE RV SR 4L 1Y) EST-SSR fEAEM3iA% 2 FEIE
Oy T AR SR 7 S )2 P AW 5 MISA KL
SSR MEMZ BRI M B /N IR R B 4%, RIPHE
RN H N B AR FER) SSR. EE KM
SRRERANE, SIZHRT Sk . X5U=#%
IR H B RN F 1) FLEAEYIKRE . R ZEZE B0 Fi4h
FARFP, A% H SSRs 1 AG/CT %, =
AR E St AAGICTT %, 5 A=P3% 15—
, UiHH SSRs H & KA T BEAFAE — & BRI

AR EREH - AEEENFEARITRE T #
BN EI RN 2T S N NN AL N
AT A JE R R IR RRAE, AR T R 28 Ok A A
AR A OB R OB RN, s Wk — i TR
PR 2 2 W RS TR e [ e T R 43 BT B AL SRR ik 5
A BT RN R R A= & B B A A ML,
SR B R AR KRR L A B R T R AL
PR B A
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