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ARTICLE INFO ABSTRACT

Chrysanthemum indicum L. is a type of herb that is widely used in China, Korea, and Japan. It has been used as an
ingredient in traditional medicines, tea, and functional food because of its various anti-inflammatory and anti-
oxidant bioactivities. Such bioactivities have been associated with flavonoids such as apigenin, luteolin and
linarin in C. indicum. However, the biosynthesis pathway has not been investigated. In this study, using tran-
scriptomic analysis and targeted metabolic profiling from five different tissues, we characterize the levels of
flavonoids and mine the corresponding genes involved in flavonoid biosynthesis. Transcriptomic analysis re-
vealed that 103 unigenes are involved in flavonoid-related biosynthesis pathways. Flavone synthase (FNS) is the
key enzyme responsible for flavone synthesis and provides precursors for acacetin and linarin biosynthesis. One
putative FNS II gene, with the highest Reads Per Kilobase per Million mapped reads (RPKM) in flower and flower
bud was cloned. Quantitative real-time polymerase chain reaction (RT-qPCR) revealed that CiFNSII exhibited a
similar expression pattern to that in the transcriptome in terms of RPKM. In addition, a targeted metabolic
profiling of three flavanones (naringenin, eriodictyol, and liquiritigenin), three flavones (apigenin, luteolin, and
7,4’-dihydroxyflavone), and two flavone derivatives (linarin and acacetin) was performed to characterize the
distribution of these flavonoids in different tissues of C. indicum. The recombinant FNSII protein expressed in
yeast was able to catalyze the conversion of three flavanones into the respective flavones. Based on the tran-
scriptome analysis, metabolic profiling, and activity assays, a linarin biosynthesis pathway is proposed. Our
study provides insight into the potential application of molecular breeding and metabolic engineering for im-
proving the quality of cultivated C. indicum.
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2016; Zhang et al., 2015). In 2012, the Ministry of Health of the Peo-
ple’s Republic of China listed C. indicum as an item in the list of func-

1. Introduction

Chrysanthemum indicum L. (Asteraceae) is a native plant of Asia and
Northeastern Europe. In China, the dried inflorescence of C. indicum has
been used as medicine for hundreds of years. Besides China, it also has a
long history of application in Korea and Japan as an ingredient for
traditional medicinal products, tea and functional foods because of its
multiple bioactivities such as anti-inflammatory, anti-oxidant, anti-no-
ciceptive, anti-bacterial, and anti-viral activities (Dong et al., 2017;
Jeong et al., 2013; Kim et al., 2015; Luyen et al., 2015a; Nepali et al.,
2018; Sun et al., 2016; Wu et al., 2013; Yang et al., 2017a, b; Yoo et al.,
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tional food, which increased its potential market demand (Zhang et al.,
2007).

Many bioactive components of C. indicum responsible for its phar-
maceutical and bioactive activities have been reported. These include
flavonoids, essential oil, terpenoids and polysaccharides (Matsuda
et al., 2002; Sun et al., 2015; Yoshikawa et al., 1999, 2000). Flavonoids
including acacetin, linarin (acacetin-7-O-rutinoside), apigenin, luteolin
were identified by HPLC analysis as the main active pharmacological
components of C. indicum responsible for its anti-inflammatory,
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immunoregulatory and analgesic effects (Kim et al., 2016, 2013; Lee
etal., 2015; Luyen et al., 2015a; Wu et al., 2013). Although major focus
has been placed on identifying the bioactivities of phytochemicals in
the previously-mentioned studies, genes responsible for the synthesis of
the bioactive components in C. indicum remains unidentified.

Flavonoids, a group of valuable secondary metabolites, are ex-
tensively distributed among plants and more than 10,000 flavonoids
described to date (Mathesius, 2018). These phenolic compounds play
important roles in plants, such as protecting tissues from UV damage,
flower coloration and signals for interspecific interactions (Dixon and
Pasinetti, 2010; Mathesius, 2018; Xiao et al., 2016). All flavonoids are
synthetized from the precursor naringenin (Falcone Ferreyra et al.,
2012). The synthesis of flavones, one of the most abundant flavonoid
subclass, is catalyzed by flavone synthase and is a rate-limiting step
(Jiang et al., 2016). Based on their chemical structures, bioactive fla-
vonoids in C. indicum, namely acacetin, linarin (acacetin-7-O-rutino-
side), apigenin, luteolin, are classified as flavones or flavones deriva-
tives.

FNS is responsible for the conversion of flavonones (e.g., nar-
ingenin, eriodictyol, liquiritigenin etc.) to flavones (e.g., apigenin, lu-
teolin, 7,4’-dihydroxyflavone, etc.) (Wu et al., 2016). FNS is encoded by
two gene families, namely flavone synthase I (FNSI) and flavone syn-
thase II (FNSII) (Britsch et al., 1981; Kochs and Grisebach, 1987; Stotz
and Forkmann, 1981). FNSI has been reported in rice, maize, Arabi-
dopsis and in the Apiaceae genus (Ferreyra et al., 2015; Kim et al.,
2008; Wang et al., 2018b), while the presence of FNSII is extensive in
plants. FNSII enzymes are cytochrome P450 monooxygenases
(CYP450s), FNSII enzymes belonging to the CYP93B subfamily are
present in dicot plants, while those belonging to the CYP93 G subfamily
are found in monocot plants (Akashi et al., 1998; Lam et al., 2014;
Zhang et al., 2007). FNS enzymes have been characterized in Lonicera
japonica, Lonicera macranthoides, and Glycine max to convert flavonones
(e.g., naringenin, eriodictyol, Liquiritigenin, etc.) to flavones (e.g.,
apigenin, luteolin, 7,4’-dihydroxyflavone, etc.) (Fliegmann et al., 2010;
Wu et al., 2016). However, little is known about FNS genes from C.
indicum plants. This study aims to determine whether FNS genes encode
FNSI or FNSII type enzymes, and to investigate the enzymatic reactions
catalyzed by FNS enzymes from C. indicum.

In this study, transcriptomic sequencing and analysis of five tissue
types of C. indicum were performed to uncover candidate genes in-
volved in flavonoid synthesis pathway. Of the five candidate flavone
synthases, one unigene with the higher RPKM in flower and flower bud
was cloned and transcript levels of the unigene in different tissues were
determined by RT-qPCR. The recombinant protein expressed in the
WAT11 yeast strain was able to convert flavanones (naringenin, erio-
dictyol, and liquiritigenin) to the respective flavones (apigenin, lu-
teolin, and 7,4’-dihydroxyflavone) in in vitro activity assays. Combined
with the fact that liquiritigenin and 7,4’-dihydroxyflavone were not
detected in any tissues of C. indicum, we provide evidence that CiFNSII
might be an active flavone synthase enzyme involved in the conversion
of naringenin and eriodictyol to apigenin and luteolin, respectively.
These results provide a good basis for pathway elucidation, molecular
breeding, and metabolic engineering for improving the quality of C.
indicum.

2. Materials and methods
2.1. Materials

2.1.1. Chemical sources

Naringenin (NAR), eriodictyol (ERI), liquiritigenin (LIQ), luteolin
(LUT), apigenin (API) were purchased from Sigma (Sigma, USA). 7,4’-
dihydroxyflavone (DHF), linarin and acacetin were purchased from
Shanghai yuanye Bio-Technology Co., Ltd, China.
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2.1.2. Plant materials

Chrysanthemum indicum L. was planted in the nursery field of
Guangzhou University of Chinese Medicine (Guangzhou City,
Guangdong Province, China) in natural environment. The root, stem,
leaf, flower and flower bud from healthy plants were collected from 2-
year-old healthy plants in November and frozen at —80 °C.

2.2. RNA extraction, reverse transcription, and sequencing

Total RNAs from the root, stem, leaf, flower, flower bud of C. in-
dicum were isolated with Magen HiPure Plant RNA Mini Kit (Magen,
China). We used a DNase I (GeneMark, China) treatment before cDNA
synthesis to remove gDNA. After extraction, the degradation and con-
tamination of RNA were checked in 2% agarose gels. The concentration
of RNA was evaluated using an Agilent 2100 169 Bioanalyzer. RNA
with OD,g0/ODogo at 1.8-2.2 was used for further analysis. The RNA
was converted into first-strand cDNA using SuperScript III (TransGen,
China) and was ligated to Illumina sequencing adapters. Paired-end
sequencing was done using an Illumina HiSeq~ 2000 system by Gene
Denovo Biotechnology Co. (Guangzhou, China).

2.3. Sequence de novo assembly and gene annotation

The de novo assembly of RNA-Seq was performed using the Trinity
software (Haas et al., 2013). The expression level of the assembled
contigs was examined by Bowtie version 0.12.8, and normalization
using RPKM values were calculated by a program containing the RSEM
algorithm (https://github.com/deweylab/RSEM), distributed by the
Trinity group. The sequencing data were assessed by FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/), per sequence
quality scores, per sequence GC content and sequence duplication le-
vels.

2.4. Differentially expressed gene analysis and screening of the unigenes
involved in flavonoid biosynthesis

The analysis of gene expression levels in five different tissues of C.
indicum was performed using the edgeR program (http://www.
bioconductor.org/packages/release/bioc/html/edgeR.html). The iden-
tified differentially expressed genes (DEGs) were analyzed based on a
FDR (false discovery rate) of <0.05 and fold change of =2 to de-
termine significant differences between the five tissues. The gene se-
quences were subjected to KEGG pathway analysis by using the blastx
program (E value threshold set at 10~ °). After annotation by the KEGG
database, MEGA7 (Kumar et al., 2016) and iTOL (http://itol.embl.de/)
were used for multiple sequence alignments and for preparing phylo-
genetic analysis.

2.5. Cloning of CiFNSII, sequence alignment and phylogenetic analysis

A candidate FNS gene, CiFNSII, was chosen for cloning. The full-
length open reading frame (ORF) for CiFNSII was amplified using
PrimerSTAR max DNA polymerase (Takara, Japan) according to the
manufacturer’s protocol. PCR conditions were as followed: 98 °C, 1 min;
98 °C, 10s, 55 °C, 15s, 72 °C, 10s, 30 cycles; 72 °C, 5min. The se-
quences of gene-specific primers CiFNSII-F and CiFNSII-R were listed in
Table S1. PCR product was cloned into pENTR/D vector (Invitrogen,
USA), and the Trans1-T1 Phage resistant chemically Escherichia coli
competent cells (TransGen, China) were consequently transformed with
the recombinant plasmid pENTR/D-CiFNSII. Subsequently, DNA se-
quencing was performed. Motif analysis and sequence alignment were
performed after confirming the sequence using DNAMAN version 7.0.
The phylogenetic analysis was conducted by the maximum likelihood
method in MEGA 7 (Kumar et al., 2016).
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2.6. RT-qPCR Experiments

RNA isolation and c¢DNA synthesis method were described pre-
viously. RT-qPCR was carried out using EvaGreen 2 X qPCR MasterMix
(ABM, Canada) in Bio-Rad CFX96 Touch™ Real-Time PCR Detection
System (Bio-rad, USA) according to the manufacturer’s instructions.
GAPDH (KC508619) and EFla (KF305681) were used as reference
genes for normalization (Gu et al., 2011; Shen et al., 2010). The relative
expression levels of CiFNSII in different tissues were calculated using
the 2724¢T method (Schmittgen and Livak, 2008), AACT = (Ctiarger-
CTreprarger-(Cliarget-CTredrer. Each reference gene was calculated sepa-
rately, and the geometric mean (Gharbi et al., 2015) of the two genes
was used as the standardization result of the double reference genes.
The primer sequences designed by Primer Premier 5.0 which used for
RT-qPCR were shown in Table S2. The analysis of each tissue type was
performed in biological replicates of three and technical replicates of
two.

2.7. Construction of expression vector and Western blot analysis

Infusion cloning (Clontech, Japan) system was used to construct
yeast expression vector in this study. The pENTR/D vector with the
CiFNSII construct was used as templates to amplify the CiFNSII frag-
ment. EcoRI and Spel were chosen as digestion sites for the linearization
of expression vector of pESC-URA linearization. Then, we designed PCR
amplification using internal primers pUF-CiFNSII and pUR-CiFNSII, as
shown in Table S1, with 15 bp extensions that are complementary to
the ends of the linearized pESC-URA vector. In addition, we added six
histidines between core sequence and vector extensions as his tag for
western blot detection in the reverse primer. PCR procedures were as
described in Section 2.5. The PCR reaction mixture was incubated for
15 min at 50 °C. Subsequently, Saccharomyces cerevisiae WAT 11 yeast
strain (Urban et al., 1997) was transformed with pESC-URA-CiFNSIT
using a standard lithium acetate protocol (Gietz and Woods, 2002).

PESC-URA contains an URA3 marker for galactose-regulated ex-
pression; this system can be induced by galactose and is repressed by
glucose. After incubation for 24 h in SC-U culture medium containing
2% glucose, transformant WAT 11 was isolated and resuspended in SC-
U medium without sugar donor for depletion of glucose. Then the yeast
cells were collected and resuspended in SC-U medium with 2% ga-
lactose for further induction of the recombinant protein expression. An
equivalent of two OD600 cells from duplicate of the inductive culture
were harvested at seven time points (Oh, 4h, 8h, 16 h, 24 h, 32h, 48 h)
over a period of 48h (Zheng et al., 2015). Harvested cells were re-
suspended in 800 pL of dd H,0, 200 pL of lysis buffer (2 M NaOH, 7.5%
B-mercaptoethanol) was added, and the mix was incubated at 30 °C for
5 min. Cell suspensions were shaken for 15 min with a 0.2-g glass bead
(diameter 300 uM) and added to 150 puL of 55% trichloroacetic acid
before being spun at 12,000 x g; the total protein of the yeats cells was
subsequently extracted. His mouse monoclonal antibody (Transgene,
China) was used to identify target proteins with a His epitope by
Western blotting (Mahmood and Yang, 2012).

2.8. In vitro CiFNSII activity assays

The yeast strain WAT11 transformed with pESC-URA-CiFNSII was
precultured as previously described and harvested after growth for 8 h,
which is the time with the highest cell concentration. The cells were
resuspended in pH 7.5 Tris-EDTA buffer (10 mM Tris, 1 mM EDTA) and
disrupted using a high-pressure homogenizer with 20,000 psi at 4 °C.
The microsomes were precipitated with CaCl, at a final concentration
of 18 mM (Liu et al., 2018). The resulting mixture turned into emulsion
after 15-min of incubation on ice, which means that the microsomal
fractions of the yeast cells were precipitated by CaCl,. Microsomes were
harvested through centrifugation at 4480 xg and resuspended in
100 mM potassium phosphate buffer (pH = 7.6). The enzyme assay for
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CiFNSII was conducted with a 1-mL final volume containing 100 mM
potassium phosphate buffer (pH = 7.6), 5mM NADPH, 2mM DTT,
30 ug/mL substrate (naringenin, eridictyol, or liquiritigenin), and
100 ug of total proteins. Protein concentration was determined by
Bradford reagent (Tiangen, China). After incubation for 30 min at 30 °C,
each reaction was terminated by two extractions with ethyl acetate
(1mL), vacuum dried, and redissolved in HPLC-grade methanol
(500 pL) for HPLC-MS analysis.

2.9. The determination of flavonoid contents and HPLC-MS analysis

The root, stem, leaf, flower and flower bud of C. indicum were
ground into powder in liquid nitrogen. In total, 500 mg of powder was
precisely weighed and transferred to a conical flask. 40 mL of methanol
was added, and the mixture was extracted ultrasonically for 45 min at
55 °C. Extracts were concentrated with a hypobaric drying method.
1 mL HPLC-grade methanol was used to re-dissolve the residues to
obtain the extraction solution for HPLC-MS analysis. The identity of
flavonoids detected in this study, including linarin, acacetin, luteolin,

eriodictyol, liquiritigenin, apigenin, naringenin. and 7.4’-dihydroxy-
flavone, were confirmed by HPLC-MS analysis using authentic stan-

dards. The quantification of these flavonoids were performed based on
by their corresponding standard curves. Each tissue type was analyzed
in biological replicates of three and technical replicates of three in this
experiment.

The HPLC-MS analysis was performed as follows: an Agilent 1290
Series UHPLC system was coupled online with a hybrid quadrupole
time of flight (Q-TOF) mass spectrometer (6540B, Agilent Technologies,
Inc., CA, USA). 2 uL of a filtered sample was applied to a reversed-phase
column (SB-C18 RRHD, 2.1 X 100 mm, 1.8 um; Agilent) with an in-line
filter (1290 infinity in-line filter; Agilent). The system was operated in
the negative ion mode at the flow rate of 0.4 mL/min using solvent A
(water with 0.1% formic acid) and solvent B (acetonitrile with 0.1%
formic acid). The gradient started from 28% B for 15 min, followed by
28% B to 100% B in 1 min, held for 4 min, and a post run time of 4 min
for re-equilibration. Data were collected in the negative ESI mode se-
parate runs on a Q-TOF (Agilent 6540B) operated in full scan mode
from 100 to 1100 m/z. The capillary voltage was 3500 V with a scan
rate of 3 scans per second; the nebulizer gas flow rate was 11 L/min;
drying gas flow was 8L/min; gas temperature was 300 °C, and the
skimmer voltage was 65 V.

3. Results
3.1. The de novo assembled transcriptome of C. indicum and annotation

To gain insight into flavone biosynthesis in C. indicum, next gen-
eration sequencing was performed on RNA isolated root, stem, leaf,
flower, and flower bud of C. indicum. After performing high-throughput
sequencing using the Illumina HiSeq 2000 platform, we obtained
97.69%-98.23% high quality reads from the raw reads in five different
tissues, and the GC percentage ranged from 42.85% to 43.27% (Table
S3). After removing the redundant sequences, 89,206 unigenes were
generated with an N50 of 1138 and an average length of 714 bp (Table
S4). The length distribution and reads coverage are shown in Fig. S1. It
can be seen that the unigenes with length =500 nt account over 50% of
the total unigenes, which leads to high quality of sequence assembly.
The RPKM values were applied to normalize and evaluate the expres-
sion level of these assembled unigenes (Wagner et al., 2012). A total of
54,171 unigenes were annotated with a cut-off E-value of 10> on four
databases including 53,751 (60.25%) on NCBI non-redundant (nr),
37,908 (42.49%) on Swiss-Prot, 31,973 (35.84%) on KOG (EuKaryotic
Orthologous Groups) and 20,604 (23.09%) on KEGG (Kyoto En-
cyclopaedia of Genes and Genomes), respectively (Table S5). A venn
graph of the four database annotation results is shown in Fig. S2a, in-
dicated that 15,941 of them being annotated by the Nr, Swiss-prot, KOG
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and KEGG databases simultaneously, which is approximately 29.4% of
all the mapped unigenes. Based on the KOG annotation (Fig. S2b), most
unigenes (10,155) were annotated as ‘General function prediction only’.
Additionally, 1761 unigenes were annotated as ‘Secondary metabolites
biosynthesis, transport and catabolism classification’. In the GO (Gene
Ontology) similarity analyses shown in Fig. S3, 7473 unigenes were
annotated into 3 groups: Biological Process, Cellular Component and
Molecular Function. In ‘Biological Process’, 4332 unigenes were
grouped as metabolic process, while 3615 unigenes were assigned to
cellular process. Single-organism process ranked third, with 2863 uni-
genes. In ‘Cellular component’, most of the unigenes were classified to
cell and cell part. For ‘Molecular Function’ terms, it was clearly shown
that most of the unigenes were grouped as catalytic activity and
binding.

3.2. Identification of differentially expressed genes

To determine differentially expressed genes (DEGs) from five dif-
ferent tissues of C. indicum, |log2FC| > land FDR < 0.05 was applied
as the screening thresholds. The number of DEGs in ‘Leaf vs Flower
bud’, ‘Leaf vs Flower’, ‘Leaf vs Stem’ and ‘Leaf vs Root’ were 39,335,
36,589, 23,802, and 31488, respectively, with up-regulated DEGs of
22,165, 18,406, 13,170 and 20,353, and down-regulated DEGs of
17,170, 18,183 10,632 and 11,135, respectively (Fig. S4). Based on this
analysis, in comparison with stems and roots, more differences in gene
expression exist in flower and flower bud when compared with leaf,
indicating that the number of genes under active transcription in flower
buds and flowers is more abundant than in other tissues.

3.3. Annotated genes involved in flavonoid biosynthesis

KEGG database provides us with a basic platform for systematic
study of gene function acted in the metabolic networks of gene products
(Kanehisa et al., 2012). Of the 11,290 unigenes enriched in KEGG da-
tabase, 103 of these belonged to the flavonoid biosynthesis related
pathways (Table 1). On the other hand, 1408 unigenes were annotated
by KEGG database as belonging to the secondary metabolite pathways
(Fig. 1). The expression patterns of the unigenes related to flavonoid
biosynthesis (Table S6) in the five different tissues (Fig. 2a) were gen-
erated by the heatmap package of the R software (Fig. 2b). In total, five
unigenes were annotated and classified as part of the CYP93 family.
Three unigenes were classified as part of the CYP93 A subfamily, and
two unigenes—namely 0028351 and 0043683—were classified as part
of the CYP93B subfamily (Table S7). Some members of the CYP93B
subfamily have been previously reported as FNSII and favanone 2-hy-
droxylase (F2H) (Akashi et al., 1998, 1999; Martens and Forkmann,
1999; Yan et al., 2014; Zhang et al., 2007). The expression level of
unigene0043683 in the flower and flower bud was much higher not
only than that of unigene0028351 but also than that of other tissue
types (Table S7 and Fig. 2b). Furthermore, analysis using blastx
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and ORFfinder (https://
www.ncbi.nlm.nih.gov/orffinder/) programs revealed that only the
unigene0043683 contains a complete ORF. Therefore, unigene0043683
was selected as a candidate gene for further cloning and biochemical
characterization.

Table 1

Distribution of unigenes involved in flavonoids related pathways.
Pathway All genes with pathway Pathway ID

annotation (11290)

Flavonoid biosynthesis 87 (0.77%) ko00941
Anthocyanin biosynthesis 10 (0.09%) ko00942
Isoflavonoid biosynthesis 2 (0.02%) ko00943
Flavone and flavonol 4 (0.04%) ko00944

biosynthesis
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3.4. Isolation of full-length ORF for CiFNSII and sequence analysis

Based on sequence analysis, the unigene0043683 ORF encodes a
protein with 514 amino acids and a molecular mass of 58.6 kDa. For the
comparison of characteristic sequence signatures of FNSIIs, we aligned
the amino acid sequences of unigene0043683 with 4 characterized
FNSII enzymes: LjFNSII-1.1 and LjFNSII-2.1 from Lonicera japonica
(AMQ91109.1,AMQ91111.1), LmFNSII-1.1 from Lonicera macranthoides
(AMQ91113.1), and CYP93B2 from Gerbera hybrida (AAD39549.1) by
DNAMAN version 7 (Fig. 3a). It shares the highest identity (84.47%)
with CYP93B2 at the amino acid level. Consequently, we named uni-
gene0043683 as CiFNSII (GenBank MK419957). We found that four
cytochrome P450-featured conserved motifs are present in the CiFNSII
amino acid sequence using the 'Conserved Domains’ search at the NCBI
website (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
The highly conserved proline-rich hinge region typically obeys the
consensus LPPPPXXXP motif, and is supposed to serve as a ‘hinge’ that
is required for proper orientation of P450 enzymes (Chapple, 1998).
Furthermore, the oxygen binding pocket motif AATDTT is found to be
essential for oxygen binding and activation (Hasemann et al., 1995).
We also found an E-R-R triad residue that encodes a pocket locking
motif that stabilizes the core structure of the meander region and the
‘folding in’ of the heme (Chapple, 1998; Hasemann et al., 1995). The
heme-binding domain contains the signature sequence PFGXGRRXCPG
is often highly conserved in all P450 polypeptides which gives these
enzymes the carbon monoxide-binding ability (Chapple, 1998). A
phylogenetic analysis was conducted by using the deduced amino acid
sequence of CiFNSII and 11 FNSII proteins from 9 different plant species
(Table S8) to investigate the relationship between them (Fig. 3b). Some
FNSII enzymes have been reported to catalyze the direct conversion of
flavanones to flavones by introducing a double bond between the C-2
and C-3 residues in flavanones, such as CYP93B2 from G. hybrida
(Martens and Forkmann, 1999), CYP93B3 from Antirrhinum majus, and
CYP93B4 from Torrentia (Akashi et al., 1999). However, F2H CYP450
enzymes catalyze the hydroxylation of flavanones generating 2-hydro-
xyflavanones; for example, in the Fabaceae family, it was demonstrated
that CYP93B1 from Glycyrrhiza echinata and CYP93B10/11 from Med-
icago truncatula have F2H activity (Akashi et al., 1998; Zhang et al.,
2007). CiFNSII is clustered closely with CYP93B2 (Martens and
Forkmann, 1999) in the same clade as FNSII (Ayabe and Akashi, 2006),
CYP93B1 and CYP93B10 (Akashi et al.,3 1998; Zhang et al., 2007) are
involved in 2-hydroxyflavanone biosynthesis and clustered together
and separated from the FNSIIs.

3.5. Expression analysis of the CiFNSII in different tissues of C. indicum

To determine the expression pattern of CiFNSII, RT-qPCR was per-
formed on five different tissues of C. indicum. including root, stem, leaf,
flower, and flower bud, with GAPDH and EFla as reference genes.
Higher transcript levels were detected in flower and flower bud than in
other tissues (Fig. 4a—c). The expression pattern observed for CiFNSII is
almost in agreement with the transcriptome data represented by RPKM
value, which indicates that CiFNSII might be the most active flavone
synthase in flower and flower bud tissues in C. indicum (Fig. 4d).

3.6. CiFNSII heterologous protein expression and in vitro enzyme activity
assays

To gain insight into the functions of CiFNSII, cDNA was obtained
from C. indicum. A pair of primers were designed to amplify the ORF of
CiFNSII (Table S1). To investigate the catalytic activity of the enzyme
encoded by the isolated putative CiFNSII gene, the ORF region was
inserted into the pESC-URA vector and transformed into the WAT11
yeast strain. WAT11 cells expresses the Arabidopsis NADPH-cytochrome
P450 reductase, which provides the reducing equivalents necessary for
the activity of plant CYP450 s, including FNSII enzymes. Western blot
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Ubiquinone and other terpenoid-quinone biosynthesis, 6.96%

Cutin, suberine and wax biosynthesis, 3.41%

Flavonoid biosynthesis, 7.32%
Sesquiterpenoid and triterpenoid
biosynthesis, 5.26%
‘\Steroid biosynthesis, 5.11%
Tropane, piperidine and
pyridine alkaloid
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Isoquinoline alkaloid biosynthesis, 3.84%

Stilbenoid, diarylheptanoid and gingerol
biosynthesis, 5.40%

Phenylpropanoid
biosynthesis, 23.22%

Fig. 1. Distribution of unigenes in different secondary metabolism categories based on KEGG classifications. Numbers follow pathway description in brackets indicate

the relative percentage.

assay was performed to explore the protein expression level of CiFNSII
in yeast. CiFNSII-expressing yeast cells were cultured and sampled at six
different time points during a 48-h period, after induction with
Galactose. CiFNSII was successfully expressed during the 48-h induc-
tion period, with a maximum expression level at 8h, as shown by
Western blot analysis (Fig. S5). Consequently, induction with galactose
for 8h was selected for the collection of cells used for microsomes
preparation.

(a)

Root Stem

Leaf Flower

Microsomes were prepared from harvested cells and tested in FNSII
enzyme assays with three flavanone substrates, namely naringenin,
eridictyol, and liquiritigenin. Reaction products were analyzed by
HPLC-MS analysis. A new candidate product peak was detected from
the products of the enzyme assays.

When narigenin was used as a substrate, the product showed a
molecular ion of m/z 269 in the negative ion mode, which is close to
naringenin’s molecular ion of m/z 271 (Fig. 5a). This product exhibits

lcm

Flower Bud

(b)

Flower Bud

Flower Root

Leaf Stem

- HnigeneOntases

Fig. 2. (a) Representative images of C. indicum tissues used for transcriptome and metabolic profiling analysis. (b) Expression pattern analysis of unigenes involved in

flavonoid-related biosynthesis pathway.
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Fig. 3. (a) Multiple sequences alignment of the CiFNSII protein and four other flavone synthases, Gerbera hybrida CYP93B2 (AAD39549.1), Lonicera japonica LjFNSII-
1.1&LjFNSII-2.1 (AMQ91109.1,AMQ91111.1), Lonicera macranthoides LmFNSII-1.1 (AMQ91113.1). Alignment was carried out with gap penalty of 7 and K-tupe of 2
by DNAMAN version 7. Light-blue, yellow, and pink coloration reflect 100%, 75% and 50% amino acid residues conservation. CYP450-specific conserved motifs
including proline-rich membrane hinge LPPPPXXXP (I), oxygen binding pocket motif AATDTT (II), E-R-R triade motif (III), and heme-binding domain PFGXGRR-
XCPG (IV) are shown with black frame. (b) Maximum likelihood tree illustrating the phylogenetic relationship of CiFNSII with flavone synthases from several plant
species. Phylogenetic analysis was performed by MEGA 7.0 and test of phylogeny was carried out by bootstrap method with 500 replications. Substitution model was
built by poisson correction data subset to use pairwise deletion. CiFNSII is marked in red.

the same retention time and mass fragmentation pattern as an authentic
standard of apigenin. Therefore, we propose that the reaction product is
apigenin, which has a m/z ratio of 2 less than that of naringenin. Si-
milarly, eriodictyol (m/z 287) was converted luteolin (m/z 285) fol-
lowing the enzyme reaction (Fig. 5b), while liquiritigenin (m/z 255)
was converted to 7,4’-dihydroxyflavone (m/z 253) (Fig. 5¢). The MS/
MS fragmentation profiles were shown in Figure S6-S11. Therefore,
CiFNSII-expressing microsomes appear to metabolize eriodictyol, nar-
ingenin, and liquiritigenin to luteolin, apigenin, and 7,4’-dihydroxy-
flavone, respectively. In our test, moreover, 2-hydroxynaringenin (m/z
287) and 2-hydroxyliquiritigenin (m/z 271) could be identified through
the extracted ion peak (Fig. 5a,c), although the respective standard
samples were inaccessible to us. This supports the hypothesis that

249

CiFNSII encodes a flavone synthase, catalyzing the conversion of fla-
vanones to flavones, probably through 2-hydroxyflavanone inter-
mediates. Thus, a first step seem to involve the hydroxylation of fla-
vanones, followed by a second step of dehydration, as both 2-
hydroxyflavanones and flavones could be identified without acid
treatment.

3.7. Profiling of Flavonoid Metabolites in different tissues of C. indicum

The biosynthesis of flavones (apigenin, luteolin and 7,4’-dihydrox-
yflavone) from flavanones (naringenin, eridictyol, and liquiritigenin,
respectively) is catalyzed by FNSII enzymes (Fliegmann et al., 2010; Wu
et al., 2016). Flavone derivatives (linarin and acacetin) are important
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Fig. 4. (a,b,c) RT-qPCR analysis of CiFNSII ex-
pression in different tissues. The relative mRNA
expression levels were calculated using the
2744CT method and were normalized to
GAPDH, EFla and the double references of
GAPDH and EFla. Each tissue type was per-
formed in three biological replicates. Error bars
represent the standard deviations between
biological replicates. (d) RPKM values of
CiFNSII expression in different tissues from the
transcriptome data.

Different tissues

X
o
®

Relative expression level to two ref genes

Different tissues

pharmaceutical integredients. To explore the distribution of FNSII-re-
lated flavones and flavones derivatives such as linarin and acacetin
accumulated in C. indicum, we gathered methanolic extracts from root,
stem, leaf, flower, and flower bud for HPLC-MS analysis. The results are
shown in Fig. 6, Fig. S12 and Table 2. From eight targeted compounds
(naringenin, apigenin, eridictyol, luteolin, liquiritigenin, 7,4’-dihy-
droxyflavone, linarin, and acacetin), 6 flavonoids except liquiritigenin
and 7,4’-dihydroxyflavone were found among the different tissues, and
the composition was very different from each other. The phytochemical
results showed that some common constituents, such as linarin, lu-
teolin, and apigenin, were present in all the tissues. Flower represent
the organ with the most abundant flavonoid variety, i.e., six flavonoids
detected in our experimentt. Notably, acacetin was not detected in
flower bud. The total contents of flavonoids detected in flower and
flower bud were higher than those of the other organs such as root,
stem and leaf. It was obvious that luteolin and apigenin were the most
abundant metabolites among all the tissues, and they also exhibited
much higher concentration in flower and flower bud sections as com-
pared with other tissues. The flower had the highest luteolin
(27.635 pg/mg FW) and apigenin (2.353 ug/mg FW) levels. As luteolin
and apigenin are produced by CiFNSII, we hypothesize that the higher
contents of luteolin and apigenin are possibly related to higher FNSII
transcript levels in C. indicum. This hypothesis is consistent with our
transcriptomic data. It is interesting that the root but not flower has the
highest level of linarin (0.364 ug/mg FW), which are about 6-fold
higher than those in flower.

4. Discussion

In recent years, the integration of both gene transcription and me-
tabolism analyses has been widely used to reveal the biosynthesis
pathways of the bioactive components, such as flavonoids, caffeoyl-
quinic acids, and bornyl acetate in medicinal plants (Wang et al.,
2018a; Yang et al., 2018). In the present study, bioinformatics analysis
was carried out based on the acquired unigenes data from five different
tissues of C. indicum. The genes of the main flavonoid pathways were
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identified by KEGG, covering the majority of enzymes in key processes
such as flavonoid biosynthesis.

Based on data from our transcriptomic and enzyme activity assays, a
putative linarin pathway was proposed. As illustrated in Fig. 7, enzymes
involved in the proposed pathway encompass phenylalanine ammonia-
lyase (PAL), trans-cinnamate 4-monooxygenase (C4H), 4-coumarate-
CoA ligase (4CL), chalcone synthase (CHS), chalcone reductase (CHR),
chalcone isomerase (CHI), FNSII, flavonoid 3’-hydroxylase (F3'H),
methyltransferase (MT), and UDP-glycosyltransferase (UGT). Eight
candidate unigenes of methyltransferases were found as putative ones
involved in the catalysis of apigenin to acacetin. Acacetin and linarin
(acacetin-p-rutinoside) have been detected in C. indicum and Chry-
santhemum boreale (Gao et al., 2008; Nugroho et al., 2013). Further-
more, acacetin-7-O-glucoside has been observed in Chrysanthemum
morifolium cv. Hangju and Chrysanthemum morifolium cv. Kotobuki
(Nishina et al., 2019; Zhang et al., 2019a). Therefore, UGTs might be
involved in acacetin-7-O-glucoside biosynthesis, and this glucoside
derivate might be further rhamnosylated by another UGT (or the same
UGT) to form linarin. In addition, apigenin-7-O-glucoside and luteolin-
7-0O-glucoside have been identified in C. indicum (Feng et al., 2010; Gao
et al., 2008; Wu et al., 2013). Therefore, UGTs, not yet identified, are
probably involved in flavone glycosides biosynthetic pathways. There-
fore, the 53 flavonoid O-glucosyltransferase unigenes reported in our
transcriptome have to be functionally characterized to demonstrate
their involvement in acacetin-7-O-glucoside, linarin, apigenin-7-O-glu-
coside, or luteolin-7-O-glucoside biosynthesis.

Flavone synthase is a rate-limiting enzyme that catalyzes the bio-
synthesis of flavones (Martens and Mithofer, 2005). The metabolic flux
from flavanones to the biosynthesis of flavones controlled by rice FNSII
has been demonstrated (Lam et al., 2014). Given the importance of FNS
in flavonoid biosynthesis, RT-qPCR of a unigene 0043683 encoding
FNSII was performed with the highest transcript levels observed in
flower and flower bud. This result is consistent with the expression
pattern of flavonoid transcriptome (Fig. 4). In other words, tran-
scriptomic analysis has provided insights for elucidating the molecular
signatures of flavonoid accumulation in C. indicum.
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Fig. 5. Analysis of reaction products generated by CiFNSII recombinant protein by HPLC-MS. Chromatographic profiles show the conversion of (a) naringenin (NAR)
to apigenin (API), (b) eriodictyol (ERI) to luteolin (LUT), and (c) liquiritigenin (LIQ) to and 7,4’-dihydroxyflavone (DHF). * represents a contamination peak.

Two FNS enzymes, FNSI ans FNSII, have been shown to be re-
sponsible for the conversion of flavanones to flavones by catalyzing a
double bond formation between C2 and C3 of flavanones. At present,
most identified FNSII enzymes are classified as CYP450s, and are
widely distributed in dicot plants. On the other hand, FNSI has been
reported in Arabidopsis thaliana, rice (Oryza sativa) and several species
of Apiaceae (Ferreyra et al., 2015; Jiang et al., 2016; Wang et al.,
2018b; Wu et al., 2016; Zhao et al., 2016). In our study, a C. indicum
FNS with a higher expression in flower and flower bud was clustered
with FNSIIs from the other plants (Fig. 3b). C. indicum FNS is closely
related with FNSIIs and distantly related with F2Hs. Thus, we predicted
that FNS in C. indicum is a FNS II, and named it as CiFNSII.

For enzyme assays, CiFNSII was expressed in WAT11 yeast cells, and
the recombinant protein was demonstrated to convert flavanones
(naringenin, eriodictyol, and liquiritigenin) into the corresponding
flavones (apigenin, luteolin, and 7,4’-dihydroxyflavone) in vitro

(Fig. 5). When low amounts of substrates and total proteins were used
for activity assays (10 ug and 50 pg, respectively), negative results were
achieved (Fig. S13). The CYP93B1 (F2H) enzyme from G. echinata has
been reported to catalyze the NADPH-dependent hydroxylation of
naringenin and liquiritigenin to the corresponding 2—OH flavanones.
Furthermore, eriodictyol is converted into luteolin by microsome of
yeast expressing CYP93B1 only after dehydration by acid treatment
(Akashi et al., 1998). Currently, it have been reported that CYP450
AFNS2 and TFNS5 from snapdragon and torenia, respectively, are FNSII
enzymes whose reaction mechanisms for flavone biosynthesis involve
2-hydroxyflavanone intermediates (Akashi et al., 1999). The second
type of reaction mechanism of FNSII introducing a C2 = C3 double
bond without 2-hydroxyflavanones formation has been observed in
Gerbera hydrida, G. max, L. japonica, and L. macranthoides (Fliegmann
et al., 2010; Martens and Forkmann, 1999; Wu et al., 2016). In our
assays, 2-hydroxynaringenin (Fig. 5a) and 2-hydroxyliquiritigenin
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Fig. 6. Flavonoid contents (a) and HPLC-MS chromatographic profiles of (b) linarin and (c) luteolin in different tissues of C. indicum.

Table 2

Flavonoids in different tissues of C. indicum.

Name Formula Mass [M—H] "~ RT Contents of flavonoids (ug/mg FW)

Root Stem Leaf Flower Flower bud
Luteolin C15H1006 285.0405 9.57 0.069 * 0.005 9.535 * 0.072 4.230 * 0.087 27.635 * 0.055 18.324 + 0.093
Eriodictyol C15H1206 287.0561 9.14 0.007 + 0.001 0.002 + 0.001 2.274 = 0.03 0.294 + 0.014 0.57 = 0.002
Apigenin C15H100s 269.0455 14.09 0.010 + 0.002 0.244 = 0.008 0.301 + 0.012 2.353 = 0.020 1.307 = 0.025
Naringenin Cy5H1205 271.0612 13.75 n.d. n.d. 0.070 = 0.005 0.179 = 0.010 0.146 = 0.009
7,4’-Dihydroxy flavone C15H1004 253.0506 8.92 n.d. n.d. n.d. n.d. n.d.
Liquiritigenin C15H1204 255.0663 7.36 n.d. n.d. n.d. n.d. n.d.
Acacetin C16H1205 283.0612 17.08 0.163 + 0.012 nd. n.d. 0.019 + 0.001 n.d.
Linarin CagH32014 591.1719 8.33 0.364 + 0.014 0.133 = 0.012 0.070 * 0.005 0.052 + 0.001 0.064 = 0.007

n.d., not detected.
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(Fig. 5¢) could also be identified through the extracted ion peak. Our
results suggest that CiFNSII catalyzes the conversion of flavanones to
flavones, probably through the generation of 2-hydroxyflavanone in-
termediates. Additional experiments are needed to investigate the
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Fig. 7. A schematic outline of flavonoid
pathway proposed for C. indicum.

PAL, phenylalanine ammonia-lyase;
C4H, trans-cinnamate 4-mono-
oxygenase; 4CL, 4-coumarate-CoA li-
gase; CHS, chalcone synthase; CHR,
chalcone reductase; CHI, chalcone iso-
merase; F3’H, flavonoid 3’-hydroxylase;
FNGSII, flavone synthase II; MT, methyl-
transferase; UGT, UDP-glycosyl-
transferase. Enzymes highlighted in red
represents the FNSII that has been bio-
chemically characterized, while com-
pounds highlighted in green represents
the compounds detected in our study.
The purple colored range shows the
proposed pathway of flavanone to fla-
vone identified in C. indicum according
to the biochemical and phytochemical
results. The solid arrows represent the

OH common upstream pathway of flavo-
O noid biosynthesis in many plants
HO. @ (Artigot et al., 2013; Casas et al., 2014;
Koes et al., 1994), the dashed arrows
represent proposed conversion in C. in-
OH © dicum (Nugroho et al., 2013).
Eriodictyol

luteolin-7-0-glucoside

catalytic mechanism of CiFNSIL.

In our enzyme reaction assay, the extracted ion peak (271) in the
second plot (from top to bottom) of the panel (Fig. 5a) exhibited two
peaks. The reason why two peaks were present when the m/z search
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corresponds to the specific product could be the O'® isotopic peak
leading to the double peaks. The ratio of the peak areas in 271 to 269 is
0.2483% (the red arrow in Fig. S14a,b). The ratio of the intensity of the
ions in 271 to 269 (Fig. S14c) is 0.2476%. The two values are similar to
the natural abundance of O'® (0.20%). Consequently, we concluded
that the confused peak of naringenin in Fig. 5b is the isotopic peak.

Traditionally, the dried flowers of C. indicum have been used for the
extraction of metabolites to perform phytochemical and pharmacolo-
gical analysis (Cha et al., 2018; Cheon et al., 2009; Matsuda et al., 2002;
Seo et al., 2013; Zhang et al., 2019b). Different drying methods can
affect the chemical composition and abundance of metabolites (Abdul-
Hamid et al., 2015; Farag et al., 2017; Pariyani et al., 2017). In our
study, the fresh root, stem, leaf, flower, and flower bud of C. indicum
were used to determine the levels of flavonones, flavones and their
derivatives in these different tissues and elucidate the metabolic
pathway with the help of transcriptome. As a result, two flavonones
(narigenin and eriodictyol), two flavones (apigenin and luteolin) and
two flavone derivatives (acacetin and linarin) were identified in C. in-
dicum. Unfortunately, liquiritigenin and 7,4’-dihydroxyflavone were not
detected in any tissues of C. indicum in our study. Recently, it has been
identified in C. indicum flavonols and their derivatives such as quer-
cetin, isorhamnetin, quercimeritroside and astroside (Cha et al., 2018;
Luyen et al., 2015b). Future studies will be performed to compare the
levels of flavone and their derivatives with other accumulated flavo-
noids, such as flavonols, anthocyanins and isoflavonoids in order to
learn more about flavonoids accumulated in C. indicum.

In Pharmacopoeia of the People’s Republic of China, linarin level is
used as the standard for determining whether certain C. indicum pro-
duct is qualified for medicinal use (Zhang et al., 2007). Notably, a
precursor of linarin (acacetin-7-O-rutinoside), acacetin has been re-
ported to have anti-inflammatory, antioxidative and cardioprotective
activities (Kim et al., 2016; Liu et al., 2016; Sun et al., 2017). In our
study, both acacetin and linarin were highly accumulated in root, with
concentrations of over 6-times higher than those in flower (Fig. 6b,
Figs. S12d, S15). It is interesting that linarin levels are lower in leaf,
flower, and flower bud than those in root and stem. Our hypothesis is
that C. indicum is a perennial plant, which means it dies during winter
and grows back from its rootstock. If linarin synthesis occurs all year
round, this may explain higher accumulation levels of linarin (acacetin-
B-rutinoside) observed in root and stem than flower, flower bud, and
leaf. One possible explanation is that acacetin and linarin may use
apigenin as a substrate or precursor, resulting in low accumulation of
apigenin in root and stem. Likelywise, luteolin levels are higher in
flower and flower bud than those of the other tissues. It has also been
reported higher levels of flavonoid aglycones (luteolin and apigenin)
than glycosides (linarin glycosylated acacetin) in Chrysanthemum mor-
ifolium with yellow petals and Chrysanthemum morifolium cv. Noble
Wine with purple striped white petals (Han et al., 2017). The reason
why flavone aglycones are higher than linarin in C. indicum is worth
further exploring. Luteolin, one of the most common flavones, exists in
vegetables and fruits such as celery, parsley, and peppermint. It has
been reported to exhibit antitumor, anti-inflammatory, and anti-obesity
effects (Kwon et al., 2018; Negro et al., 2012). These observations are
consistent with luteolin-rich artichoke, an important vegetable in the
Mediterranean (e.g., Italy, Spain, France, and North Africa) and
America diet (Kwon et al., 2018; Negro et al., 2012).

Recently, quercitrin present in C. indicum flowers has been reported
to reduce high-fat diet-induced obesity in mice (Cha et al., 2018; Nepali
et al., 2018). Quercitrin is a flavonol glycoside consisting in the flavonol
quercetin and the deoxy sugar rhamnose. Quercetin is formed from
eriodictyol by flavanone 3-hydroxylase (F3H) and flavonol synthase
(FLS) enzymes (Winkel-Shirley, 2001). In our transcriptome analysis,
genes of five families of enzymes, namely F3H, FLS, dihydroflavonol 4-
reductase (DFR), and glucosyltransferase (GT) involved in flavonol and
anthocyanidin biosynthesis were also identified, respectively (Table
S6). These unigenes displayed a cluster pattern (Fig. 2b) similar to the
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common intermediates of flavonoid pathway, such as naringenin, api-
genin, luteolin, and eriodictyol in the different tissues of C. indicum
(Fig. 6a). If gene expression and metabolite accumulation are con-
sistent, it could be hypothesized that F3H, FLS activities and quercetrin
might have similar accumulation patterns in C. indicum. Further studies
to explore this hypothesis are warranted.

In our phytochemical analysis, liquiritigenin and 7,4’-dihydroxy-
flavone were not detected in any tissues of C. indicum. To date, liquir-
itigenin and 7,4’-dihydroxyflavone have been found only in a few
plants, such as licorice and soybean (Akashi et al., 1998; Fliegmann
et al., 2010). Both F2H from licorice and soybean are able to catalyze
the conversion of liquiritigenin to 7,4’-dihydroxyflavone (Akashi et al.,
1998; Fliegmann et al., 2010): Although no unigene for CHR has been
found in the transcriptome analysis of C. indicum, here, we demon-
strated the enzymatic conversion of liquiritigenin to 7,4’-dihydroxy-
flavone by CiFNSII. Similarly, FNSII proteins from L. japonica and L.
macranthoides have been reported to catalyze the conversion of liquir-
itigenin to 7,4’-dihydroxyflavone, although neither liquiritigenin nor
7,4’-dihydroxyflavone were detected in these plants (Wu et al., 2016).
In the root of Scutellaria baicalensis, FNSII-2 uses pinocembrin rather
than naringenin as an intermediate to produce chrysin (Zhao et al.,
2016). In our studies, both naringenin and eriodictyol were detected in
C. indicum by phytochemical analysis, and their conversions into api-
genin and luteolin, respectively, by in vitro activity assays were con-
firmed. As a result, our results suggest that CiFNSII is an active flavone
synthase in planta involved in the conversion of naringenin and erio-
dictyol to apigenin and luteolin, respectively, in planta. Future studies
with knock-out and knock-down plants are needed to verify this hy-
pothesis. Finally, we propose a linarin biosynthesis pathway (Fig. 7)
based on transcriptomic analysis, metabolic profiling, and enzyme ac-
tivities of CiFNSII. These results provide genomic resources for future
enhancement of linarin production using genetic strategies and meta-
bolic engineering in C. indicum.

5. Conclusion

In this study, we report the use of transcriptomic analysis and in-
tegrative metabolomics to reveal genes involved in flavone biosynthesis
and flavonoid accumulation levels in C. indicum. It is clearly demon-
strated that flavonoid distribution differs considerably among different
tissues of C. indicum. Based on transcriptomic data, CiFNSII was iden-
tified as the key enzyme responsible for flavone biosynthesis in C. in-
dicum. We further confirmed the biochemical function of CiFNSII in
converting naringenin, eriodictyol and liquiritigenin directly to their
respective flavones. Our study provides insight into the potential ap-
plication of molecular breeding and metabolic engineering for im-
proving the quality of cultivated C. indicum.
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