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[ABSTRACT] Anemone flaccida Fr. Schmidt is a perennial medicinal herb that contains pentacyclic triterpenoid saponins as the major
bioactive constituents. In China, the rhizomes are used as treatments for a variety of ailments including arthritis. However, yields of the

saponins are low, and little is known about the plant’s genetic background or phytohormonal responsiveness. Using one-quarter of the

454 pyrosequencing information from the Roche GS FLX Titanium platform, we performed a transcriptomic analysis to identify 157
genes putatively encoding 26 enzymes involved in the synthesis of the bioactive compounds. It was revealed that there are two biosyn-
thetic pathways of triterpene saponins in 4. flaccida. One pathway depends on f-amyrin synthase and is similar to that found in other
plants. The second, subsidiary (‘“backburner”) pathway is catalyzed by camelliol C synthase and yields f-amyrin as minor byproduct.
Both pathways used cytochrome P450-dependent monooxygenases (CYPs) and family 1 uridine diphosphate glycosyltransferases
(UGT5) to modify the triterpenoid backbone. The expression of CYPs and UGTs were quite different in roots treated with the phyto-

hormones methyl jasmonate, salicylic acid and indole-3-acetic acid. This study provides the first large-scale transcriptional dataset for

the biosynthetic pathways of triterpene saponins and their phytohormonal responsiveness in the genus Anemone.
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Introduction

Anemone flaccida Fr. Schmidt, belonging to the Ranun-
culaceae family, is a perennial medicinal plant. The genus
consists of about 150 species distributed in the temperate
areas of both Northern and Southern hemispheres . China
has 53 species, 9 subspecies and 36 varieties which are natu-
rally distributed in all provinces except Guangdong and
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Hainan. A field survey performed by Xiao PG et al. indicates
that there are at least 38 species/varieties being used ethno-
pharmacologically in China, including Anemone raddeana,
Anemone rivularis, Anemone davidii, and Anemone begoni-
ifolia " Traditionally, 4. flaccida’s dried roots, or rhizomes,
(called ‘¢ zhang cao’, ‘di wii’, ‘wu gdng san qi’ or ‘er lin qT’
in Chinese) are used as painkillers, antipyretics, detoxifiers
and immunosuppressors, and the plant also is considered as a
valuable Chinese medicine for treating punch injury and
rtheumatoid arthritis 31, Natural products identified from
Anemone spp. include triterpenoids, saponins, steroids, sac-
charides, flavonoids, actheroleas, and organic acids [4-6] Ppre-
vious phytochemical studies show that the pentacyclic triter-
penoid saponins, especially oleanane-type oleanolic acid gly-
cosides and glycoside ivy ligands, are very abundant in this
genus rr-101
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Five triterpenoid saponins have been characterized from
the rhizomes of A. flaccida ™). These saponins share a common
oleanane core that is conjugated with one or more sugar chains .
Similar glycoconjugated oleanane-type triterpene saponins
have been isolated from more than one thousand plant species,
including important food and medicinal plants such as Panax
ginseng, Panax quinquefolius, Glycyrrhiza uralensis, Polygonum
cuspidatum and Bupleurum chinense. The oleanane-type
triterpene saponins extracted from 4. flaccida exhibit multiple
desirable biological activities, including anti-tumor ' 3141,
anti-inflammatory ')
total saponins of the rhizomes of A. flaccida are undergoing

, and anti-theumatic ™ 1. Moreover,

phase III clinical trials in China for treatment of rheumatoid
arthritis (RA) ") However, the saponins accumulate at very low
concentrations in Anemone rhizomes, posing a serious obstacle
to obtaining sufficient amounts for medical application %,

In order to improve the yields of triterpene saponins in
medicinal plants, it is necessary to understand the relevant
biosynthetic pathways. In this study, we extracted total RNAs
of A. flaccida to perform 454 pyrosequencing and transcript
annotation. By de novo transcriptome assembly, we identified
a series of putative genes involved in traditional and back-
burner biosynthetic pathways of triterpene saponins. Through
gRT-PCR detection, we observed the different expression
levels of the CYPs and UGTs involved in the triterpene
saponins biosynthetic pathways in roots of 4. flaccida treated
with methyl jasmonate, salicyclic acid and indole-3-acetic
acid. These data will be very useful for future transcriptional
regulation and functional studies, and thereby provide mecha-
nistic guidance of increasing yields of these important bioac-
tive natural products.

Materials and Methods

Plant material

Five-year-old 4. flaccida roots were harvested from
plants cultivated for medical purposes from the fields in Enshi,
Hubei Province, China. After washing and cleaning, samples
of the root tissues were cut into small pieces, immediately
frozen in liquid nitrogen and stored at —80°C until further use.
RNA preparation and cDNA synthesis

Total RNA was extracted from the root samples using
Trizol reagent according to the manufacturer’s instructions
and then treated with RQ1 RNase-free DNase to reduce re-
sidual genomic DNA. The concentration and purity of total
RNA were evaluated by electrophoresis on 1% agarose gels
and measured using a NanoDrop 2000/2000c spectropho-
tometer. The cDNA was synthesized using PrimeScript RT
Reagent Kit (Takara, Japan) according to the manufacturer’s
instructions. For reverse transcription, the reaction consisted
of the following ingredients: 0.5 pg of total RNA, 0.5 pL of
50 pmol-L™" oligo dT, 0.5 pL of 100 pmol-L™' random
hexamers, 2 pL of 5X PrimeScript Buffer, 0.5 pL of
PrimeScript RT Enzyme Mix I. Nuclease-free water was
added to a final volume of 10 pL. Reactions were performed

®

in a GeneAmp PCR System 9700 at 37 °C for 15 min, fol-
lowed by heat inactivation of reverse transcriptase at 85 °C
for 5 min. Nuclease-free water was added to the finished re-
action mix to a final volume of 100 pL and stored at —20 °C.
Library construction

Five microliters of reverse transcription products were
subjected to electrophoresis on 1% agarose gels to determine
the reaction efficiency and quality. The ds cDNAs were puri-
fied using the PureLink PCR Purification Kit (Life Technolo-
gies, USA). The purified cDNAs were then digested with
Bsgl overnight at 37 °C and recovered with QIAquick PCR
Purification Kit (Qiagen, Germany). Finally, about 10 pg of
ds cDNAs was used for pyrosequencing with GS FLX Tita-
nium Rapid Library Preparation Kit (Roche, Germany) fol-
lowing the manufacturer’s instructions.
The 454-EST assembly and isotigs annotation

The 454 raw reads sequences were subjected to quality
control, which included trimming the adapters and poly (A/T)
tails, removing short sequences (< 50 bp) and low quality
bases were trimmed (quality score threshold of 20) using
SeqClean (version Lastest 86_64) and Lucy (version 1.20p).
The trimmed reads were assembled into unique sequences
(including isotigs and singlets) using Newbler 2.6 software
with the default parameters. Functional annotations were
initially performed using NCBI blastx algorithm. The assem-
bled unique sequences then were searched for sequence simi-
larities against the NCBI non-redundant nucleotide database
with the blastn algorithm with an e-value cut-off of 107 so
that the ribosomal sequences were found and removed ',
The remaining sequences were searched against the following
public databases: UniProt, SwissProt and trEMBL
(http://uniprot.org/uniprot/), KEGG (http://genome.jp/kegg/),
NCBI non-redundant protein (http://ncbi.nlm.nih.gov), Clus-
ters of Orthologous Groups (http://ncbi.nlm.nih.gov/COG/),
Pfam (http://pfam.xfam.org/) and Conserved Domains Data-
(http://ncbi.nlm.nih.gov/cdd). The GO database
(http://geneontology.org) was used to analyze the functional
categories of unique sequences. The assembled unique genes

base

were categorized according to GO terms based on similarities
with the protein sequences of Arabidopsis thaliana using the
Arabidopsis Information Resource (http: //arabidopsis.org/).
The KEGG database, containing metabolic pathways that
represent molecular interactions and reaction networks 2,
was used to annotate pathways in which unique genes are
involved 1. Unique sequences were assigned EC numbers
after blastx searches against the KEGG database. Biochemical
pathways for unique sequences were identified according to
the corresponding EC distribution in the KEGG database.
Candidate genes involved in triterpene saponins biosynthesis
Based on known biosynthesis pathways of triterpene
saponins, the candidate genes could be classed as HGMR,
IPPI, FPPS, SS, SE, OSC, P450 and UGT. According to their
gene names and synonyms, they were searched in the anno-
tated unique genes. Repeated items from different annotation
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databases were manually erased.
Primer design and qRT-PCR

To evaluate our transcriptomic analysis and screen for
CYPs and UGTs that may be involved in biosynthesis of
triterpene saponins, the QRT-PCR was performed to analyze
all isotigs annotated as CYPs and UGTs in A. flaccida roots
treated with one of three concentrations of three plant hor-
mones (methyl jasmonate, MeJA; salicylic acid, SA; indole-
3-acetic acid, IAA): 0.05 mmol-L™! (MeJA1, SAI, and IAA1),
0.5 mmol'L™" (MeJA2, SA2, and IAA2) and 5 mmol-L™'
(MeJA3, SA3, and TAA3). The primers were designed using
Roche LCPDS2 software (http:/lightcycler-probe-design-
software.software.informer.com/2.0/) according to the trans-
criptome sequences in this study and synthesized at Shanghai
Generay Biotech (Shanghai, China). The primers for qRT-
PCR were listed in Table 2. Quantitative PCR was performed
using LightCycler 480 SYBR Green I Master kit and a
LightCycler 480 System (Roche, Germany). The reaction mix-
ture was as follows: 5 uL of 2X LightCycler 480 SYBR Green
I Master, 0.2 uL of 10 pmol-L™" forward/reverse primers each,
1 uL of cDNA and 3.6 pL of nuclease-free water. Reactions
were incubated in a 384-well optical plate at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s.
Each sample was assayed in triplicate for analyses. At the end
of the PCR cycles, melting curve analyses were performed to
evaluate the specific PCR products. The melting curve was

Biological Process

u cell proliferation

u cellular component organization or biogenesis
 metabolic process

W growth

m developmental process

359,2%

1,0%
sLow)
15,0%

15, 0%.

o, 0% 501, 2%

1317,7%

u response to stimulus.

u carbon utilization

u reproductive process

= cell killing

u negative regulation of biological process
 multicellular organismal process
W immune system process

u viral reproduction

u death

= rhythmic process

= biological regulation

u regulation of biological process
= multi-organism process

= reproduction

1340,7%

obtained by increasing the temperature slowly from 60 °C to
97 °C and continuously performing five acquisitions per degree
Celsius. The expression levels of the mRNAs were normalized to
the 18S rRNA reference gene and were calculated using the
9AACT L othod [2426]

Results

Transcriptome sequencing, sequence assembly and transcript
annotation

A cDNA library of five-year-old A. flaccida roots with a
total of 234,551 high-quality reads with an average length of
335 bp was produced. After trimming adaptor sequences and
removing reads shorter than 50 bp, 20 3146 reads were obtained,
which were assembled into 3 0494 unique sequences. The
lengths of these unique sequences were sufficient to enable
annotations with high accuracy *”* Unique sequences of 4.
flaccida were annotated using public databases. Only half
(50.28%) of 4. flaccida unique sequences could be annotated
the remaining (49.72%) unique sequences had no match to
any sequences in the databases.
GO and KEGG annotation

Based on sequence homology, 3 0494 isotig sequences
were categorized into 56 functional groups: 27 in biological
processes, 16 in cellular components, and 13 in molecular
functions (Fig. 1). Using KEGG annotation to identify the
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signaling

establishment of localization

110,1%_/ 94, 0%
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Fig. 1
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GO analysis of unique sequences based on (A) biological process, (B) cellular component and (C) molecular function. The

labels indicate the number and percentage of genes in each category
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most active biological pathways, 1 1572 unique sequences were
annotated to 299 KEGG pathways. There were 1 8970 unique
sequences not assigned to any known biochemical pathway.
The most represented pathways were “metabolic pathways”
(5084 isotigs), “genetic information processing” (1803 isotigs),
and “cellular processes” (1153 isotigs). The top three were
phenylpropanoid biosynthesis (108), stilbenoid, diarylhep-
tanoid and gingerol biosynthesis (72), and flavonoid bio-
synthesis (26).

Candidate genes related to triterpene saponins backbone
biosynthesis

Based on the current knowledge of biosynthesis of all
terpenoids found in nature, isopentenyl pyrophosphate (IPP)
and its allylic isomer dimethylallyl diphosphate (DMAPP) are
universal donors of C5-units for triterpene saponins backbone
biosynthesis ¥, There are two independent routes for IPP
synthesis in a plant cell: one is the mevalonate (MVA) path-
way operating in the cytosol, the other is the non-mevalonate
pathway in plastids, also called the 2-C-methyl-D-erythritol-
4-phosphate (MEP) pathway %!, In our analysis, almost all
of the known enzymes of triterpene saponins biosynthesis
were discovered in the 4. flaccida 454-EST dataset (Table 1),
indicating that both the MVA pathway and the MEP pathway
are active in the roots.

In the MVA pathway, the conversion of HMG-CoA into
MVA is an irreversible, two-step biochemical reaction that is
catalyzed by hydroxymethylglutaryl-CoA reductase (HMGR)
(EC 1.1.1.34). Usually, HMGR is considered as an important
rate-limiting enzyme in the MVA pathway ', We found
transcripts of seven homologous HMGR genes, indicating that
HMGR might be encoded by multiple genes in 4. flaccida.
Interestingly, only one isotig encoding PMK involved in the
MVA pathway was found in this dataset.

The MEP pathway is commonly considered to synthesize
monoterpenes and diterpenes ¥, In the transcriptome of A.
flaccida, 16 isotigs were found to encode enzymes involved
in this pathway. Among these enzymes, DXSs (EC 2.2.1.7)
are responsible for the formation of 1-deoxy-D-xylulose
5-phosphate through the condensation of pyruvate and glyce-
raldehydes-3-phosphate.

In the putative triterpene biosynthetic pathways in A.
flaccida, the C5 unit IPP produced by MVA and MEP path-
ways are assembled into geranyl pyrophosphate (GPP, C10),
farnesyl diphosphate (FPP, C15), and geranylgeranyl diphos-
phate (GGPP) by a series of prenyl transferases. Subsequently,
two units of FPP join in a “tail-to-tail” fashion to form
squalene (C30) catalyzed by squalene synthase (SS). The
squalene is oxidized by squalene epoxidase (SE) to yield
2,3-oxidosqualene (C30), which is considered as another im-
portant precursor of triterpenoid saponins, phytosterols, and
steroidal saponins **3%. The IPP is often transformed into its
isomer, dimethylallyl diphosphate (DMAPP, C5), by isopen-
tenyl diphosphate isomerase (IPPI) before it is assembled. In
the A. flaccida transcriptome, there were 1 IPPI, 2 GPPS, 2

®

FPPS, 3 GGPPS, 2 S8, and 4 SE isotigs.
Candidate genes related to biosynthesis of triterpenoid agly-
cones

The pentacyclic triterpenoid saponins, especially oleanane-
type oleanolic acid glycosides, are characteristic of Anemone.
The typical structure of an oleanolic acid glycoside is shown
in Fig. 2. To date, over 60 triterpenoid saponins have been
isolated from Anemone spp. As previously reported, the
2,3-oxidosqualene is cyclized to various tetra- or pentacyclic
triterpene skeletons, such as phytosterol, dammarane, lupane
or oleane (f-amyrin), via protonation and epoxide ring opening
by a family of 2, 3-oxidosqualene cyclases B7¥. This cycli-
zation of 2,3-oxidosqualene is the first committed step and is
a critical branch-point for the biosynthesis of phytosterol and
triterpenoid biosynthesis.

Enzymes involved in the cyclization process are called
oxidosqualene cyclases (OSCs, EC 5.4.99.x). Many different
kinds of OSCs, such as cycloartenol synthase, lanosterol
synthase, and f-amyrin synthase, have been cloned from
B4 and their mechanisms of action also
d 3 Nearly 200 different
triterpene skeletons have been found from natural sources or

various plant species
have been well-documente

enzymatic reactions. The molecular diversity and the pro-
posed mechanisms of formation of triterpene skeletons have
been comprehensively reviewed P*. However, only a limited
number of possible cyclization products are involved in
saponins biosynthesis . Among the OSCs, cycloartenol
synthase (CAS, EC 5.4.99.8) catalyzes the formation of the
tetracyclic plant sterol precursor cycloartenol from 2,3-oxi-
dosqualene B”* and g-amyrin synthase (BAS, EC 5.4.99.39)
catalyzes 2,3-oxidosqualene to yield the pentacyclic oleanane-
type triterpenoid backbone f-amyrin B7 %! In this study, 3
lanosterol synthase isotigs, 4 CAS isotigs, | CAMSI isotig
and 7 BAS isotigs were identified (Table 1). BAS is generally
regarded as the key enzyme for the formation of f-amyrin,
which CAMS]1 only generates with a yield of 0.2% ™. It
seems that there are two pathways to form oleanane-type
triterpenoid backbone f-amyrin in A. flaccida. The traditional
pathway, depending on BAS, is same as other plants. The
second, ancillary pathway makes f-amyrin as minor byprod-
uct and thus functions as “a backburner pathway”.

After the basal triterpenoid aglycones backbone structure
is formed by OSCs, these cyclization products undergo
various modifications prior to glycosylation. Such modifica-
tions, usually designated as “decorating” or “tailoring” steps,
introduce various functional groups at different positions of
the aglycone skeletons, thereby greatly increasing the struc-
tural diversity of saponins. The three types of sapogenin
decoration are: substitution, bridging, and unsaturation. The
substituents are usually small functional groups, including
hydroxyl- (-OH), keto- (=0), aldehyde- (-CHO), methyl-
(-CHj3), hydroxymethyl- (-CH,OH), and carboxyl- (-COOH)
moieties. For the oleanane-type triterpenoid backbone, multiple
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Fig.2 The chemical structure and formulas of
oleanolic acid glycosides

decorations at various positions create a large structural di-
versity % The type and extent of modifications greatly vary
among different saponins-containing plant species . Fur-
thermore, decoration of similar cyclization products also dif-
fers between organs and tissues of an individual plant 14
well as between intact plant and derived cell cultures

, as
[45]
Therefore, regulation of sapogenin decoration is a possible
mechanism to maintain specialized pools of tailored saponins.

Most sapogenin decorations are catalyzed by cytochrome
P450-dependent monooxygenases (CYPs, EC 1.14.x.x) [,
As one of the largest and most diverse enzyme families in
plants, many CYPs capable of decorating the f-amyrin skele-
ton have been identified in dicotyledonous plants. Among
them, only CYP51H10 has been identified in monocots. Other
CYPs have multiple catalytic activities in dicots for different
C position of the f-amyrin backbone. In this study, 40 isotigs
were annotated as CYPs (Table 1).

Candidate genes related to the formation of sugar chains

After being decorated with hydroxy- and carboxy-moieties
by CYPs, the decorated sapogenin backbone usually under-
goes glycosylation. Glycosylation reactions of natural prod-
ucts are catalyzed by family 1 uridine diphosphate glycosyl-
transferases (UGTs, EC 2.4.1.x) ™!, which introduces saccha-
ride side chains to the decorated sapogenin skeleton for
modulation of saponins stability, biological activity, solubility,
and signaling for storage or intra- and intercellular transport [**],
Glycosylation of saponins is considered as one of the major
factors in determining the bioactivity and bioavailability of
natural plant products, such as flavonoids and terpenoids M.
The number and type of saccharide chains vary enormously
from oligomeric sugar chains to 2—5 monosaccharide units, or
to 1-2 monosaccharide units. Moreover, different saccharide
chains have their own preference to the position of glycosyla-
tion on the skeleton **). In the oleanane-type saponins, the
saccharide chains commonly involve glucose, arabinose,
rhamnose, xylose, and glucuronic acid. In addition, there are
some rare monosaccharide residues including apiose, fucose,
quinovose and ribose .

UGTs comprise the largest glycosyltransferase (GT) su-
perfamily in plants with 92 known families and also some
non-classified sequences at the superfamily level (www.cazy.
org/GlycosylTransferases.html) B, UGTs specifically utilize

®

UDP-sugars as donors and then transfer various sugars to plant
metabolites (73", Generally, they are localized in the cytosol
and are involved in the biosynthesis of plant natural products
such as flavonoids, phenylpropanoids, terpenoids and steroids >,
A few reported UGTs are involved in glycosylation of triter-
penoid sapogenins, such as UGT71G1, UGT73K1, UGT74M1,
UGT73F3, UGT73P2, and UGT91H4 ®*>") In our 454 trans-
cript dataset, 58 unique sequences were found to encode GTs.
The gRT-PCR analysis of CYPs and UGTs in phytohormone-
treated root of A. flaccida

Methyl jasmonate (MeJA) is an important inducer of
plant secondary metabolites 158591 MeJA, TIAA, and SA also
are key phytohormones regulating multiple physiological
processes of plants %% Using the qRT-PCR assay, we
checked if MeJA, SA and IAA could induce or enhance the
expression of CYPs and UGTs involved in the biosynthesis of
triterpene saponins in root of 4. flaccida. The phytohormonal
responsiveness of the CYPs and UGTs expression appeared
greatly different depending on the identity and concentrations
of the hormone (Fig. 3). In the control group, 12 CYPs (CYPI2,
CYPI8, CYP20, CYP21, CYP22, CYP24, CYP25, CYP26,
CYP27, CYP34, CYP36, CYP38, and CYP39) and 3 UGTs
(UGT4, UGT10, and UGT15) could not be detected. However,
after treatment with any concentration of MeJA, with the
exception of CYP21, all other CYPs were detected. Expres-
sion levels of 13 CYPs (CYPI1, CYP2, CYP6, CYPS, CYPI0,
CYPI5, CYP19, CYP23, CYP28, CYP32, CYP33, CYP35, and
CYP40) increased at least two-fold, and those of 5 CYPs
(CYP1, CYP6, CYPS, CYP15, and CYP28) increased at least
four-fold. UGTs were also not dose-dependent after MeJA
treatment: 7 UGTy (UGTI, UGT2, UGT3, UGTS5, UGTS,
UGTI11, and UGT12) increased two-fold, and 4 UGTs (UGT2,
UGTS, UGTI1, and UGT1) increased four-fold.

In the SA-treated groups, in addition to CYPs and UGTs
were not detected in the control group, CYP7 also could not be
detected. Except for 9 CYPs (CYPS, CYP16, CYP17, CYPI9,
CYP23, CYP28, CYP33, CYP37, and CYP40) and 4 UGTs
(UGTI1, UGT2, UGTII, and UGTI2), all others inspected
genes increased less than two-fold. The IAA-treated group had
the same undetectable CYPs and UGT5 as the SA-treated group.
Six CYPs (CYPI14, CYP19, CYP29, CYP30, CYP31, and CYP32)
and four UGTs (UGT6, UGT7, UGTY, and UGTI4) increased
less than two-fold; all others increased more than two-fold.

Some of CYPs and UGTs genes were highly induced in
roots of A. flaccida treated with MeJA, SA and IAA. The top
five highly induced gene candidates had more than two-fold
changes in expression (Table 3). Three CYPs were highly
induced by two hormone treatments. CYP28 increased more
than 36 and 16 times by 0.05 mmol-L™' MeJA and SA respec-
tively. CYPI7 increased 6 and 49 times by 0.50 mmol-L™' SA
and 0.05 mmol-L™" IAA. CYPI increased 7 and 26 times by
0.50 mmol-L™" MeJA and 0.05 mmol-L™" IAA. Five UGT
genes were highly induced by one hormone treatment. For
UGTS, three were highly induced by all three hormone treat-
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ments: UGT2 increased 25, 16 and 340 times by 5 mmol-L™
MeJA, 0.50 mmol-L™! SA and 0.05 mmol-L™' 1AA. UGTII
increased 6, 8 and 13 times by 5 mmol-L™' MeJA, 0.05
mmol-L™! SA and 5 mmol-L™' IAA; and UGT]I? increased 5,
13 and 20 times by 0.05 mmol-L™" MeJA, 0.05 mmol-L™' SA

and 5 mmol-L ™' IAA. The expression of two genes was highly
increased under two hormone treatments: UGTS increased 3
and 24 times by 5 mmol-'L™" MeJA and 0.05 mmol-L™' TAA,
while UGTI increased 2.5 and 34 times by 0.05 mmol-L™
SA and IAA.

CYP1
CYP2
CYP3
CYP4
CYP5
CYP6
CYP7
CYP8
CYP9
CYP10
CYPI1
CYPI12
CYP13
CYP14
CYP15
CYP16
CYP17
CYP18
CYP19
CYP20
CYP21
CYP22
CYP23
CYP24
CYP25
CYP26
CYP27
CYP28
CYP29
CYP30
CYP31
CYP32
CYP33
CYP34
CYP35
CYP36
CYP37
CYP38
CYP39
CYP40
UGTI
UGT2
UGT3
UGT4
UGTS5
UGT6
UGT7
UGT8
UGT9
UGTD
UGT1
UGTR
UGTB
UGTH#
UGTB
UGTb
UGTr

]
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0.00001 - 0.10000

A3 1AA1 1AA2  1AA3

Fig. 3 The qRT-PCR analysis of CYPs and UGTs in MeJA-, SA-, and [AA-treated roots of A. flaccida. MeJA1/SA1/IAAL1,
0.05 mmol-L™"; MeJA2/SA2/TAA2, 0.5 mmol-L™'; MeJA3/SA3/IAA3, 5 mmol-L™. CYPs are cytochrome P450-dependent
monooxygenases (EC 1.14.x.x); UGTs are family 1 uridine diphosphate glycosyltransferases (EC 2.4.1.x). The corresponding
unique sequence names represented by CYPs and UGTs are listed in Table 2

Discussion and Conclusion

A. flaccida is a medicinal plant that biosynthesizes
bioactive ingredients classed as oleanane-type triterpene
saponins . Its phytochemical and ethnopharmacological

properties have been studies mostly in the context of tradi-
tional Chinese medicine. Contemporary research has
shown that triterpene saponins have important pharmacol-
ogical effects, but their low content in A. flaccida and
other plants limits their potential in the drug market 2%
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Up-regulating biosynthesis is the key to improve the con- it is necessary to understand the biosynthetic pathways of
tent of triterpene saponins in medicinal plants. Therefore, triterpene saponins.

Table 2 Primers for qRT-PCR analysis of CYPs and UGTs

Unique sequence name Primers for qRT-PCR (5'—3') Product size (bp)

. CYPI-F: ATTGTTTCTTCTTTGGCATAGC
isotig02871 139
CYPI-R: ATCAGAAAGAGATTGTAGAGACCG

CYP2-F: ATCTGTTATTGTCGCCTCGTC
isotig03344 155
CYP2-R: CGCAAGTAAGGTCCATAGTCTC

CYP3-F: TCCACACTCACAACATCATCAG
isotig04974 105
CYP3-R: CGTATTCCAAGATGGGTGTTC

CYP4-F: TAAGCCTTGGAAACGAGTCTG
isotig05047 128
CYP4-R: TATATGCAGAGTCGCTTTTGG

CYP5-F: AACTTACCGAACCAGATTTGC
isotig05706 114
CYP5-R: CTTGAAGGAGTCTAGCTAACAACATA

CYP6-F: CATGTCCACAGGTGTCCAATC
isotig06020 110
CYP6-R: TGAAGCGTATGAAGGCAGTAAG

CYP7-F: AAAACGATGATTAGCTCTGGG
isotig06965 110
CYP7-R: CACAGTTGGTCCATTGTTTCA

CYPS-F: TGTTACACATGGTTCGGTACTATTC
isotig07049 104
CYP8-R: TTTCTAGTCTTCCCAAAGTGCC

CYP9-F: TAAGGCTTCACCCTCCTCTAAT
isotig08321 118
CYP9-R: GGGGATGTAGCGACTATATGC

CYP10-F: ATGATTTGAGAATGGTGTGTGAC
isotig08843 133
CYP10-R: CACAACTCTTTTGCACACGAA

CYP11-F: TTTGAACATTGAGTAGAACATCCA
isotig09353 92
CYPI11-R: TGGCGAAATAATCGACGAG

CYPI12-F: GCTCTTTTCTCTTCATCGGC
isotig09684 139
CYPI12-R: CGGACTTCATACCCTGGCT

CYP13-F: CCGACTTTGACATTGGCAT
isotig09723 113
CYP13-R: CCGATTTCTCAAGCCTGC

CYP14-F: GCACCTCCGACGACCTGT
isotig10101 132
CYPI14-R: ATTGGACGGGACCCTGAT

CYP15-F: GAAGAAGATCAGCCACTCGG
isotigl11233 115
CYP15-R: CCATTGCCCATTCCACAG

CYP16-F: CAACAAGCAACAAAATCTCGTC
isotig1 1595 105
CYP16-R: GGAACACATATGCCCTATTTACTT

CYP17-F: GACAGGGCTCAGAAGAAAATG
isotig1 1847 128
CYP17-R: GGCGTCCATCTTTGTATTGTT

CYPI18-F: TGATATTAGCAGGAATGAAAACAAC
isotig1 1862 119
CYPI8-R: GAGCCCCACAATTTGGTCTA

CYP19-F: AGCCCGGAAGTGACAAAA
isotig12183 109
CYP19-R: GACACAGTTTAAGTAGTCCAAATGAT

CYP20-F: GACTTTTTACAATAATGTCTCCTACCA
isotig12820 97
CYP20-R: CGGTCCCATAGAGTGAAGAAAG

CYP21-F: CTTTTGTTGAATTGCCTTAGGA
isotig12824 150
CYP21-R: CAGCATTAGGGGGCCATAC

CYP22-F: TGAACGACCGCCTGAAAC
isotig12981 98
CYP22-R: GACGGAGAGAACGCCAAA

®
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Continued

Unique sequence name

Primers for qRT-PCR (5'—3’)

Product size (bp)

isotig15430

HSAPGDX01DEGI8

HSAPGDX01AV38C

HSAPGDX01BUS52G

HSAPGDX01D3WVD

HSAPGDXO01DLALS

HSAPGDX01CNHZ2

HSAPGDXO01EAELL1

HSAPGDX01CLXCM

HSAPGDX01EOTHB

HSAPGDXO01ELSCl1

HSAPGDXO01ELR98

HSAPGDX01A8CC4

HSAPGDX01BQ3UJ

HSAPGDX01BB98P

HSAPGDX01AX7JH

HSAPGDX01B301K

HSAPGDX01BK7D9

isotig00569

isotig00626

isotig00779

isotig01355

CYP23-F: CTAAGTTTAGTAAAGATGGGCAGG
CYP23-R: TCTTAGGAGAGAAAAGCTCAATAGT
CYP24-F: GGGTCCAAGGATCTGTTTAGG
CYP24-R: CAACATGCCCTTTTGCTACTG
CYP25-F: GGCTGTTCTCTCCGAGTCAC
CYP25-R: GTGGGAACCGAGACGATG
CYP26-F: TATTTCCTATAAACAAGAGACGACC
CYP26-R: CACCCCTTTGCATATCCATT
CYP27-F: ACAACAGCGAACTTGCTAACAT
CYP27-R: AATGGTTAAGATTTTGAATACTAGGC
CYP28-F: CGACTTCTTCCCATCTGTATTTAG
CYP28-R: CAGGACAAGAGCATGGAGTATC
CYP29-F: CTACTTCTTCTTTGTTGTGGGC
CYP29-R: CATTTCTCGCAGTTGCTCAG
CYP30-F: GATTATCATCCACATTTACAACCAT
CYP30-R: CGGTAGTGTGGTTTTCCAAGAT
CYP31-F: ATATGACCATGTGGGCTACTGT
CYP31-R: TGGTGGTATGTTCTTTACAATCTCT
CYP32-F: CTTCTTCCTTGGTCATTTTGG
CYP32-R: TCATTGGAGTTCTGTTTGCTG
CYP33-F: CGAAATAGATGTCTCGGAATGG
CYP33-R: CAGCCTTCCCATCTTCATAGC
CYP34-F: GTTCCGGCAACAAACAAGTC
CYP34-R: CACACACGAAAATCTTAGAGCAAT
CYP35-F: TGAACAAGACGACCAATAGTGAT
CYP35-R: TGACGCAAGCGGTAATGAC
CYP36-F: GGACGGCGAAGATGATTTAT
CYP36-R: ATGGCGGGAGTGGAATGT

CYP37-F: CACCTCAGCCACTGGGATG
CYP37-R: TTATGGAACTCTGGCTTCAATG
CYP38-F: TTACAACATATTAAGTCATGGGAGA
CYP38-R: CGAGTTTTCGAGCTCAAATAAG
CYP39-F: CATTTTCCTTTTCAAACCTCG
CYP39-R: CTATTCCGGGCTCGCACT

CYP40-F: GACGCATTGAACGATCTTATTG
CYP40-R: ATACTAGGATCTTGCTCATTCATGT
UGTI-F: TTCCCACTTCGTTTTACCCT

UGTI-R: GGTTAGAACAGAGTGAACAAAGATT
UGT2-F: CCAAGTCTGTTGCCGATGA

UGT2-R: CGTCCCGTTCTGGTTCTTT

UGT3-F: CAACCAACTAATGCAAAGTATGTG
UGT3-R: CTTGACTACCCTCCCTTGTTCT
UGT4-F: AGCAAGATGAAGAGTGTCTGAAAT
UGT4-R: GTGTCCTGAATTCGCAAGC

102

107

129

110

132

144

137

126

98

145

92

131

114

144

128

134

112

98

130

138

144

137
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Continued
Unique sequence name Primers for qRT-PCR (5'—3’) Product size (bp)
UGT5-F: AGAACAAGTAAGTGTCACGGTCA
isotig02200 137
UGTS5-R: CACCTTCTTTTACAGCCATCTT
UGT6-F: GTGAGCAGCAAGTGCAAGAG
isotig03161 138
UGT6-R: CTTCTGGTAACACTTCCTCGG
UGT7-F: GTGGATGGAACTCTACTGTTGAAG
isotig04308 116
UGT7-R: CCAACTTCCCACACATCCTG
UGTS-F: GCAGAGCTGTCAGAGGCAAC
isotig07731 112
UGTS-R: CCATCCACTATGTGTCTAAAAACC
UGT9-F: ACAAATCTGTGCCTTCTCCTG
isotig09627 102
UGT9-R: GTTGAGACATACATAAGAAGGCTAAT
UGTI10-F: TTGATAAGCCCGTTGAAAGAG
isotig09875 140
UGTI0-R: ATTCATTTGCTTGTTGGTCAGT
UGTI1I-F: CAGATGGAAGAACTAATCACGG
isotigl0675 132
UGTI1I-R: TGGCAGCAACAGTCCTTTATC
UGTI12-F: GAAGATTTATGCAATGTCCCAG
HSAPGDX01DVS71 141
UGTI2-R: CCTGCTTTGCTGCCATAAC
UGTI3-F: CACGAACAAGAACAACACCG
HSAPGDXO01C65EF 99
UGTI3-R: TCTCCGATGGCTTACCTCC
UGTI4-F: AGTCCTTTCGCTCGCCTT
HSAPGDXO01C4E7C 136
UGTI4-R: GCTGGTAATGAAGTCTGGAATG
UGTI15-F: CTCATGCAACTCCATCGCT
HSAPGDX01BYVLC 117
UGTI15-R: GTTAGAGTCTGTGAAGGTGTTGATAC
UGTI16-F: CCGCAATGGCTCAAGAAC
HSAPGDX01B4J70 153
UGTI6-R: TCAGTTTTTATGGATAGTGAGGTCT
UGTI7-F: GCCTCTATTGACGAACACCAC
HSAPGDX01C60A2 132
UGTI7-R: ATCAAGCCCGAATGCGAG
18sRNA-F: CCTGTTATTGCCTCAAACTTCC
18s ribosomal RNA 140

18sRNA-R: GTGGAGCGATTTGTCTGGTT

Table 3 Top S genes highly increased fold changes of expression in root of A. flaccida treated with MeJA, SA and IAA

Gene No.  Fold changes MeJA (mmol-L™")  Gene No. Fold changes  SA (mmol'L™") GeneNo.  Fold changes IAA (mmol-L™")

CYP28 36.00187 0.05 CYP28 16.87326 0.05 CYPI7 49.86653 0.05
CYP6 12.81712 5.00 CYPI17 6.10504 0.50 CYP40 37.18546 0.05
CYPI 7.63873 0.50 CYP33 6.07689 5.00 CYP35 26.90869 0.05
CYPS 7.51618 5.00 CYPI6 4.70219 0.50 CYPI 26.05220 0.05
CYPIS 5.80247 0.50 CYP37 4.56305 0.05 CYP23 24.19550 0.05
UGT2 25.33980 5.00 UGT2 16.60255 0.50 UGT2 340.93038 0.05
UGTI11 6.75833 5.00 UGTI2 13.23849 0.05 UGTI 34.13863 0.05
UGTI2 5.51489 0.05 UGTI1I 8.71399 0.05 UGTS5 24.19550 0.05
UGTS 4.52108 0.05 UGTI 2.56093 0.05 UGTI2 20.15874 5.00
UGTS5 3.25653 5.00 UGT1I 13.42329 5.00
In this study, 454 pyrosequencing was employed to Given the paucity of data for non-model plants, de novo assembly
perform a large-scale 454-EST investigation of A. flaccida was the only option for sequence assembly (!, The resulting
roots. This technology generated a high-quality sequence 454 dataset was used for the discovery of novel genes involved
dataset for understanding this non-model medicinal plant. in saikosaponin biosynthesis and other secondary natural
?
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products of Anemone and perhaps other Ranunculaceae plants.

In particular, we focused on the biosynthetic pathways of
triterpene saponins in 4. flaccida at the transcriptional level
and showed that there are two possible biosynthetic pathways
of triterpene saponins in A. flaccida. One is the well eluci-
dated pathway for making f-amyrin using f-amyrin synthase
(BAS), similar to that found in other plants. The other is an
ancillary or “backburner” pathway catalyzed by a family 1
camelliol C synthase (CAMS1) which makes f-amyrin as a
minor byproduct. Triterpenoids are usually formed in the
cytoplasm via the mevalonate pathway (. Our dataset had
157 unique sequences annotated to 26 candidate genes en-
coding enzymes involved in triterpene saponins biosynthesis.
This indicated that triterpene saponins backbones of this plant
were biosynthesized not only via the MEP pathway in the
plastids but also via the mevalonate pathway operating in the
cytoplasm. B-amyrin is the basal pentacyclic oleanane-type
triterpenoid aglycone backbone structure and is generally
considered to be a product of 2,3-oxidosqualene cyclization
catalyzed by BAS B * In our dataset, seven unique se-
quences encoding BAS were discovered. In addition, one
unique sequence was identified to encode CAMSI1, which is
the cyclase that generates predominantly a monocyclic triter-
pene alcohol and can catalyze 2, 3-oxidosqualene to produce
p-amyrin (0.2%), achilleol A (2%), and camelliol C (98%) in
Arabidopsis ", Thus, it could be inferred that there is a
“backburner” pathway in A. flaccida to produce trace f-amyrin
for maintaining the biosynthesis of triterpene saponins under
dysfunctions of the BAS enzyme.

Using qRT-PCR analysis for all known isotigs annotated
as CYPs and UGTs we showed that some isotigs had corre-
spondingly increased expression more than four-fold respec-
tively in response to MeJA, SA and TAA treatment. Several
CYPs and UGTs were not detected in the negative control;
we inferred that MeJA induced their expression. Those CYP
and UGT isotig candidates with highly increased expression
were likely to be functional genes, necessitating further
investigations.

There are multiple copies of HMGR genes in Anemone.
Based on predictions, they seemed to be fragmentized with at
best one-quarter of the functional domain remaining. Two
possible explanations for these dramatic differences of pre-
dicted functional domains are: a) HMGR genes contain new
functional domain sequences that are not contained in current
protein domain databases; b) HMGR genes do not have im-
portant functions in Anemone having lost their conserved
sequences by mutations. Further experiments will be neces-
sary to distinguish these possibilities.

It is noteworthy that some deduced protein sequences of
unique sequences of ABC transporter genes, HMGR, DXS,
OSC and UGT, were extremely short and lacking a structural
domain. If the deduced sequences are real, they may represent
new genes which were formed after the original genes un-
derwent exon shuffles and fusions with near sequences or

®

after they were inserted into new positions after being copied
and fused with new sequences. This raises a few questions:
What are the functions of extremely short isotigs? Why are
there two enzymes to catalyze 2, 3-oxidosqualene to yield the
pentacyclic oleanane-type triterpenoid backbone f-amyrin in
the dataset of this study? When will CAMSI be activated to
make f-amyrin in 4. flaccida? What will activate CAMSI to
catalyze 2,3-oxidosqualene to produce f-amyrin? And does
CAMSI have the same function as BAS? All these questions
must be addressed through structured experiments.

In summary, an overview of transcriptomic information
on the biosynthetic pathways of triterpene saponins for 4.
flaccida was obtained in this study. By investigating the ex-
pression of CYPs and UGTs involved in the biosynthetic
pathways of triterpene saponins in phytohormone-treated
roots, different isotigs annotated as CYPs and UGTs were
found to have increased expressions. More importantly, these
data should help to understand and guide future research on
Anemone species and establish an important foundation for
improving the content of triterpene saponins by up-regulating
biosynthesis. The long-term aim of our research program is
the sustainable development of drug resources. This tran-
scriptomic dataset provides comprehensive information on
gene discovery, transcriptome profiling, transcriptional regu-
lation and molecular markers for 4. flaccida, but thereby con-
tributes to further improvements through marker-assisted
breeding or genetic engineering on this species, as well as for
other medicinal plants in the Anemone genus.

List of abbreviations:

AACT: acetyl-CoA acetyltransferase

ABC: ATP-binding cassette

BAS: f-amyrin synthase

BLAST: Basic Local Alignment Search Tool

CAS: cucurbitadienol synthase/cycloartenol synthase
CAMSI1: family 1 camelliol C synthase

CDD: Conserved Domains Database

CMK: 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
COG: Clusters of Orthologous Groups

c¢DNA: complementary DNA

CYPs: cytochrome P450-dependent monooxygenases
DMAPP: dimethylallyl diphosphate

DXR: 1-deoxy-D-xylulose-5-phosphate reductoisomerase
DXS: 1-deoxy-D-xylulose-5-phosphate synthase

EC: enzyme commission

EST: expressed sequence tag

FPP: farnesyl diphosphate

FPPS: farnesyl diphosphate synthase

GGPP: geranylgeranyl pyrophosphate

GGPPS: geranylgeranyl pyrophosphate synthase

GO: Gene Ontology

GPP: geranyl pyrophosphate

GT: glycosyltransferases

HDR: 4-hydroxy-3-methylbut-2-enyl diphosphate reductase
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HDS: 4-hydroxy-3-methylbut-2-enyl diphosphate synthase
HMGR: hydroxymethylglutaryl-CoA reductase

HQ: high-quality

TAA: indole-3-acetic acid

ID: identity

IPP: isopentenyl pyrophosphate

IPPI: isopentenyl diphosphate isomerase

KEGG: Kyoto Encyclopedia of Genes and Genomes
MCT:2-C-methyl-D-erythritol-4-phosphate-
cytidylyltransferase

MDR: multidrug resistance proteins

MDS:2-C-methyl-D-erythritol-2,
thase

4-cyclodiphosphate  syn-

MeJA: methyl jasmonate

MEP: 2-C-methyl-D-erythritol-4-phosphate
MRP: MDR-associated proteins

MVA: mevalonate

MVD: mevalonate diphosphate decarboxylase

MVK: mevalonate kinase

NCBI: National Center for Biotechnology Information

nt: non-redundant nucleotide

nr: non-redundant protein

OSC: oxidosqualene cyclase
P450: cytochrome P450

PDR: pleiotropic drug resistance

PMK: phosphomevalonate kinase

SA: salicylic acid

SE: squalene epoxidase

SNV: single nucleotide variation
SS: squalene synthase

SSR: Simple Sequence Repeat

TAIR: the Arabidopsis Information Resource
UGT: family 1 uridine diphosphate glycosyltransferases
WBC: white-brown complex homologs
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