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Abstract: In order to study the biosynthesis pathway of esculentoside A, the Illumina HiSeq 4000 high-
throughput sequencing method was used to analyze the transcriptome of Phytolacca americana seedlings. The
9.60 Gb clean data were obtained after the transcriptome of P. americana assembled by Trinity software. The
total 63957 unigenes were obtained after assembly and the average length was 988.82 bp, among them 24 517
unigenes (38.33%) were annotated in the public databases Nr, Swiss-Prot, COG, KOG, Pfam, GO and KEGG.
According to the assignment of KEGG pathway, 53 unigenes were involved in terpenoid backbone biosynthesis
and 8 unigenes involved in triterpenoid biosynthesis. Additionally, there were 417 unigenes assigned to other
secondary metabolic pathways in P. americana. The post-modification enzyme genes involved in the esculen-
toside A biosynthesis were also analyzed in the transcriptome of P. americana. The results indicated that 130
unigenes may have the function of CYP450 which was involved in oxidation/hydroxylation modification of
P. americana secondary metabolites. Furthermore, 46 unigenes had the function of glycosyltransferase UGT.
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The transcriptome data of P. americana laid a foundation for studying the biosynthesis pathway of esculentoside
A and other secondary metabolites, and also provided theoretical basis for formation of medicinal materials

quality.
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Figure 1 HPLC chromatograms of esculentoside A (EsA) standard and different tissues of P. americana. A: ESA standard; B: Roots;

C: Stems; D: Leaves; 1. ESA

Tablel Thequality of the RNA sample

Samplename  Concentration/ng-plL Volume/uL

Total content/pg

OD260/OD2go OD260/OD230 RIN value 285/18S

Pa 415 24 10

2.18 2.05 7.7 2.2

97.93%, 300~2000 bp 1 5 1.94%, 2000 bp PA_F 1) &
0.13% (% 2), A . contigs /7> 41| f#] 43 #ii LA 200~300 bp
RN, HAARERF A Mumina U5 1 BUYI45 5, AT
NG SRR AR R AP M . 7E contigs ¥ 1)
SERb b, FEREAT 4133515 128964 4 Transcripts, JT51
MK E N 176102380 bp, P4+ A 1365.52 bp, N50
H 2097 bp (% 2). X331 Transcripts /7413 — 4
YR 5R15 63957 % unigenes, [FAI MK N 63241
729 bp, ¥ 5 A 988.82 bp, N50 4y 1541 bp (£ 2).

Table 2 Summary of tanscriptome data assembly from
P. americana
ral?g;%tzp Contig Transcript Unigene
200-300 6717497 (97.93%) 12763 (9.90%) 9 956 (15.57%)
300-500 67 803 (0.99%) 22024 (17.08%) 15 969 (24.97%)
500-1 000 45582 (0.66%) 32254 (25.01%) 18 711 (29.26%)
10002000 19751(0.29%) 33214 (25.75%) 11 614 (18.16%)
2 000+ 8975(0.13%) 28709 (22.26%) 7 707 (12.05%)
Total number 6 859 608 128 964 63 957
Total length 412 722 676 176 102 380 63241729
N50 length 66 2097 1541
Mean length 60.17 1365.52 988.82

4 Unigene ThRE;T %

itk BLAST % E-vaue A KT 1x107°
A HMMER 2% E-value A KT 1x107%°, 43545
24517 /> (38.33%) A ER:AE 1 unigenes (% 3), H
HHREBE Nr E0HE PRV R0 24176 4> (37.80%); REH
Swiss-Prot ¥# EVER 4T 15161 4> (23.70%); #
Pfam %4 FEVE R AT 16428 1 (25.69%); RE#H KOG

BRI R A 13 755 4 (21.51%); A KEGG %1
P ETE R 8252 4 (12.90%); Atk GO %i¥E JEiE
A 131721 (20.60%); Aedlt COG Hidfs i R 1)
A 6945 > (10.86%); A 39 440 4> unigenes (61.7%)
ARewE A ERE F R .

Table 3 Summary statistics of unigenes functional annotation
for P. americana tanscriptome

Annotated databases h:;?;iir;’f pgr Zzs::‘g ;ZA)
Nr 24 176 37.80
Swiss-Prot 15 161 23.70
Pfam 16 428 25.69
KOG 13 755 2151
KEGG 8252 12.90
GO 13172 20.60
CoG 6 945 10.86
All 24 517 38.33
Total 63 957 100

Unigenes 7t Nr 4 P2 AHALL A 51 UL i 13 22 )
Fheh, #3E (Beta wulgaris) FIT 5 HLfil s (14654 %%,
60.64%), HVEMIA] (Vitisvinifera, 1492 %, 6.17%)-
Jt2E =K (Picea sitchensis, 485 %%, 2.01%). AL/
¥ (Nicotiana sylvestris, 341 4%, 1.41%). 3% (Nelumbo
nucifera, 329 %%, 1.36%). %k & M % (Nicotiana
tomentosiformis, 290 %%, 1.20%). #] 7] (Theobroma
cacao, 286 4%, 1.18%). {i#% (Citrus sinensis, 223 4%,
0.92%). #k (Prunus persica, 201 %%, 0.83%). HiJR
(Ricinus communis, 200 %, 0.83%) &1 H: fih 4 Fh
(5663 %, 23.44%) .
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Table4 Candidate genesinvolved in esculentoside A biosythesis pathway

No. Gene name Abbreviation KO No. Number of unigenes
1 Acetoacety1-CoA transferase AACT K00626 2
2 Hydroxy methylglutaryl-CoA synthase HMGS K01641 3
3 Hydroxy methylglutaryl-CoA reductase HMGR K00021 5
4 Mevalonate kinase MK K00869 1
5 Phosphomeval onate kinase PMK K 00938 1
6 Mevalonate 5-diphosphate decarboxylase MPD K01597 2
7 1-Deoxy-D-xylulose-5-phosphate synthase DXS K 01662 2
8 1-Deoxy-D-xylulose-5-phosphate reductoisomerase DXR K00099 3
9 2-C-Methyl-D-erythritol-4-phosphate cytidyltransferase MCT K00991 1

10 4-(Cytidine-5-diphospho)-2- C-methylerythritol kinase CMK K00919 1

11 2-C-Methylerythritol-2,4-cyclodiphosphate synthase MCS K01770 2

12 4-Hydroxy-3-methyl-but-2-enyl diphosphate reductase HDR K03527 1

13 Isopentenyl diphosphate isomerase IDI K01823 2

14 Geranyl diphosphate synthase GPPS K 14066 3

15 Geranylgeranyl diphosphate synthase GGPPS K13789 3
16 Farnesyl diphosphate synthase FPPS K00787 4
17 Squalene synthase SQS K00801 3
18 Squalene epoxidase SE K00511 1
19 S-Amyrin synthase B-AS K15813 1
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Figure 3 The possible biosynthesis pathway of esculentoside A (The dashed arrows indicate the supposed reaction, the functions of
enzymes in dashed boxes are not yet elucidated)
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Figure4 Unigenes related to other secondary metabolism from tanscriptome of P. americana
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P B R I 36 f A A R L e 0 b e B e SR 4
s 1E Swiss-Prot £# i B RE S B, R E] 130 %
A HEM) CYP450 ZE X, SR J& T 24 4> CYP450 Kk (%
5).J& T CYP71 X unigenes i %, 14 17.69%; I
& CYP72.CYP86 F1 CY P90, 434N 9.23%.8.46%
M1 7.69%; 1fii CYP73.CYP77.CYP83.CYP84.CYP85
A1 CYP703 ik i b e /b, AN 1> unigene.

AR A ) A AR R A T B — R i

B, PRAF IR - FE R % BB (UDP-glycosyl-
transferases, UGT) REMSMEAL JR T IR L IER TE
PERERE A2 B 2 Fhsz ok, nm] DAL RS B = s 2 A 1
g b, BRI =S R, oG AL AR R AR )
T, DR O AL AR A = s B R AR A R e
o MR I S 4 R AF Swiss-Prot %t
MIERRSH, LR BE T 14 4 UGT XK 46 4~
UGTs, H$f 1 4 UGT73. 2 4~ UGT74. 2 4
UGT75. 64~ UGT76. 14> UGT79. 64 UGT80. 5
A~ UGT85. 6 1> UGT86. 11> UGT87. 8 1> UGT89.
14~ UGT90.14~UGT91.2 /4~ UGT92 f1 44~ UGT 709,
e il 9 3% 2H b K B CY P450 F UGTS [ & B Ay gk — 25
Sy BT ELAR CY P40 A UGT I L ThaE, 19 B 7 it EsA
A AR R T B BSR4 FURE R A S
N B 5E LAl o
10 SSR ##f

FMH MISA BAFX e 31 1 kb BLEK
unigenes i SSR 73 #fr, JLiw & 7924 /> SSR. 1%
6 Fin, milfife k4 SSR fikF 5, RETRES R
N IR E R R, (H& KM MR A
HERIIZER. FbiERd SSR FhZk Ml R &
EH%, 5 SSR EHH 50.92%, HxE HZIFRE
BM=FHRESL, /7nlh SSR &1 24.41% Al
19.13%. fEfuith SSR o, JLRI 76 MhE H A IT, H
AT AR EREZETHIRZ, § 3638 1,
5 SSR s E 1) 45.91%; AG/TC. CT/GA. AT/TA %5 3
PR IR E R B IR 2, 7l f 7754
(9.78%). 727 A~ (9.17%) F1 303 1~ (3.82%); TF =%
TR EE HcH, CCA/GGT M CTT/GAA HHli %,
IR A1 (1.40%) F196 4 (1.21%). %X & SSR
fs e, Kot — B0k M & fE SSR ARid B
TR, X RS 2 AT o TR IC B R
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Figure5 Phylogenetic trees analysis of MVA pathway enzymes. A: Phylogenetic tree of AACTS; B: Phylogenetic tree of HMGSs; C:
Phylogenetic tree of HMGRs; D: Phylogenetic tree of MKs; E: Phylogenetic tree of PMKSs; F: Phylogenetic tree of MPDs

Table 5 Summary of CYP450 genes in the transcriptome of P.
americana

o 1% y _ 1%
name unigenes name unigenes
cvPrl | 23 17.69 cvpe7 2 154
cypr2 12 9.23 cvPs9 3 231
cyp73 0.77 CYPY 10 7.69

CYP76
CYP77
CYP78
CYPsl

231 CYP94
0.77 CYP98
6.92 CYP102
4.62 CYP703

6.92
3.85
3.08
0.77

P P P O O © Fr WwR

CYP82 6.92 CYP704 154
CYP83 0.77 CYP710 154
CYP84 0.77 CYP714 154
CYP85 0.77 CYP734 3.85

~N 00N NN PR A~ OO

CYP86

=y
=

8.46 CYP736 5.38

bR B E AL iR 2, EsA R bl 1) = B2
BAy, e T AR 2 R gy AN 25 FAE 5 TH R R B
R 7 PR R, g i s 1 R DR LA R AR e, 7 PR A
T EsA HEWE AR MR KR D RE B A BT . Neller
2B Hi R (jasmonate acid, JA) &b PR T 5 i
T S A ARG AT R AL, R ZE e RIE I £ 4R
HH L U A O B DR AN B T AR R R O T, AR
YLK AR R R AR M B . ARFF SR A Hlumina
HiSeq 4000 =3t &l 77 B AT 7 il 8y v AT % s 21
MFF, 3% 9.60 Gb (1) clean data, #H%: 53513 63957
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Table6 Distribution of SSRs with the numbers of repeat motifsin transcriptome of P. americana
Number of repeat Percentage
Type of repeat 5 6 7 8 9 10 1 12 >12 Tota 1%

Mono-nuleotide 0 0 0 0 0 1856 832 501 846 4035 50.92
Di-nulectide 0 887 471 297 182 78 19 0 0 1934 24.41
Tri-nucleotide 1013 373 121 8 1 0 0 1516 19.13
Tetra-nuclectide 40 5 0 0 0 0 45 0.57
Penta-nucleotide 6 0 0 0 0 0 6 0.08
Hexa-nucleotide 5 3 0 0 0 0 8 0.10
Compound formation 0 0 0 0 19 29 33 299 380 4.80
Total 1064 1268 592 305 183 1953 880 534 1145 7924 100
Percentage /% 13.43 16.00 7.47 3.85 231 24.65 11.11 6.74 14.45 100

% unigenes, V1)K J&¥ 988.82 bp, N50 A 1541 bp, 1
HH 24176 % unigenes BEME Nr £ Ay e, sk 4Ll
J7 B0 RN P A R R, A B ) R R H T
Hlo 3K b 58 B2 B AR I Wi 7 s 0 20 3 ORI
AT kG KB AR P AIE R, T L S 2
HriE R, 1llumina HiSeq 4000 =i & 5 45 A AT 1
ot EAZ I ESA WG ORI D) RESEE I A AL T A .

B FAE R REZh i BORR . 25, M EsA SR ZERK
K, EsA FEAAE T b RAR T, X 5k LURIE S
NZHERAL— B AR 7 il 4 s AL R 1) KEGG 43t
gE RS LAY T =R RS RE 1R, ESA
(AR R AR K BT 43 i SRR 4 & s =
i R SR A AN G 8 3 AN B . T B
fr TR 19 MVA 2SR T A b i) MEP 32
PRI i S I R (0 B PR R A B TR IR (1PP)
11 PP (1) XU S ) R — R S TN S AE 9 2 (DMAPP);
I BOE T SQS. SE. -AS L5 Sk EE AL A K -
FW G GPEURGE R IR =), PR EEES
CYP450 1 UGT AL % Fh 52 2% H A S B AR AN [F) 25
R R bl 2, H2 TR BeA Wkee CYP450 Al UGT
25 EsA EY) G RCH BT HEANTE 1 . 75l 4% 21
i H A 53 A unigenes WL 35 S5 484 pGE B E
(ko00900), # 8 > unigenes W5 3| =ik & B % b
(ko00909), fLHE 6 > MVA & 121H, 6 1~ MEP 1%
(IfE, LLK GPPS. FPPS. GGPPS % 3 Mtk 258
B BB e R SR B AL I, SQS. SEL B-AS S 34
EAE R p-F PR GRIBR BB IR = 05) 1Bk .

=il B A A BOR T B IR NI A
Z B, Bl X T AS B EWE IR 5E 13 A HE
R AR EG B AR B KR, CINASEEY
(NS, TES, TS, = 4%) wEEE TR
50 N2 5 AN B EMA BORFIEER, Frxds
20 AR AT T DhRER AL, A R AR H G A

ApE NS RFEE T HME . ASBIREN S RS
20 Z LI ER AL S N AR, e R S B g AT
R RS A JCJEE (HMGR). V% J8 5 £E T
& Hy (FPPS). &M & (SQS). &I (SE).
KIIE T 1 A (D). p-F IR A R (B-AS)-
CYP450 1 UGT % . HMGR 2 A& 2FH AW A Rig
B —ABRERE, 53 A Ef 14 HMGR £
KA, fEMH HMGR N8 T 2 B N Kk, 18
NS 24 HMGR3E A (PgHMGRL fil PgHMGR?2),
i HMGR Rf 5 25 1) 40 ) S€ 4E ¥ K (mevinolin)
EAPEIIH HMGR MBS TE, S RERIKASAE
WP ASBEHR S S E, MERIEA PgHMGRL K
W £ 76 NS B B % =i e 8. e i B 1
SEHBHETH 54 unigenes #E R A HMGR, Hirh
3 AHEA KNI EAE (ORF), Hr 62237 5
PgHMGR1 Z £ 74— Btk 47.09%, 7l Re HA
HMGR &, B AR HMGR i) 71 sl 3 ki %
AT B HMGR 2k R, B 9% 7 Bili 52 7 & 28 A0 A
HMGR & &Rk BB MBI R R, BAHE M
fii HMGR 2 [K 75 i b 2 1 AR ) & BUS A2 I DR

ANZ ) DS it 2,3-% 40 & i A Bk Fh M 1 1,
SRIGHE CYP450 (CYP716A47. CYP716A53 %&) Al
UGT (UGT71A27. UGT74AE2 %5) 1L N A4 ik
MR N2 21 (Rbl. Rb2. Rc. Rd. Rgl. Rg2
S X KA BHE TR =R 2T, A3
AR FEE RS T B-AS L 2,3-A B K B-
FWE, SRJGTE CYP450 (CYP716A52) fiEfk K47
FRER, B UGT HIMEIL R A2 s 1R e Y
ANB B (RO, XKNZ BHET I =5 2
. BARMEASBHAEMEREGEF CHM S
CYP450 Fl UGT K47 T hResf 7T, {H CYP450 Al
UGT #J@ T8 5 K 5k, H A K & 2k R 505 ik
RIIREARE . WA E5H 0T EsA & T R e 2
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FUIR =G, AR 7 i S 4 1) o AT 4 R, 7 R B
 23-FMERE B-AS AR B-EWIR)E, p-&
P RE T BETE CY P450 FMEAL R AP~ S5 R R, it — 25
2 UGT M A BT OR b Y i Bl 2 EsA, (H2
HWpLE CYP450 Al UGT NS 5iX—id 2, Huj
AN AE, TS CAITIRER CYP450 B¢ UGT J&[A
BEAT P A LERE, vk I 51 04 1 w5 ki 1) CYP450 F
UGT Jk [R, B35 il i % 5 4 4 i 6 2% 1 B2 R I
(MeJA) Kb PR J5 B8 R Fifi AR 2F 47 L A s) 20 22 0t 7T
k25 EsA A& &L H) CYP450 F1 UGT
DR R4 A BF 3R 45 110 7 s e S A B9 4F. Swiss-
Prot i iz 2 17 B 45 2R, 313R45 130 %% unigenes 1] fig
HA CYP450 fEALINfER 46 45 unigenes Al fEEA
UGT WBEZEALThAE, LUK 5kl oAb kAR iR 2
(17 417 % unigenes. AT 7t 3845 1K1 2 5 i i o A AR
AR unigenes, VT FT ESA W& BGR1R K S HL
il T R DG B R DN Je T RE A AT S T AEA, AR
LM T TR AR A B AR A
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