Vol.35, No.4, pp.323-336, 2023

Journal of Agricultural, Life and Environmental Sciences

pISSN 2233-8322, eISSN 2508-870X
RESEARCH ARTICLE https://doi.org/10.22698/jales.20230026

Characterization of Genes Related to Cirsimaritin
Biosynthesis From Cirsium pendulum Fisch

Seungki Lee', Nam-ll Park?, Yeri Park®, Kyong-Cheul Park*, Beom-Soon Choi®>, Nam-Soo Kim®*, Ik-Young Choi**
Scientist, Biological Resources Assessment Division, National Institute of Biological Resources, Incheon 22689, Korea
’Professor, Department of Plant Science, Gangneung-Wonju National University, Gangneung, 25457, Korea

3Phd. course student, Department of Plant Science, Gangneung-Wonju National University, Gangneung, 25457, Korea
4Professor, Department of Smart farm and Agricultural Industry, Kangwon National University, Chuncheon, 24341, Korea
>Scientist, NBIT Co., Ltd. Chuncheon, 24341, Korea

*Corresponding author: Nam-Soo Kim (E-mail: kimnamsu@kangwon.ac.kr), Ik-Young Choi (E-mail: choii@kangwon.ac.kr)

ABSTRACT
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. Cirsium setidens Nakai and C. pendulum Fisch are Korean endemic thistle plants. Cirsimaritin is a
Revised: 5 September 2023

major biocompound present in the genus Cirsium. We quantified cirsimaritin from the leaves of C.
Accepted: 25 September 2023 ¢ o1/ 705 Nakai and the stems and flowers of C. pendulum Fisch. Genes encoding the biosynthesis
of cirsimaritin were identified from the transcriptomes of C. setidens Nakai. Gene Ontology
analysis of the transcriptomes revealed that 5,000 transcripts were classified in the molecular
function categories of cyclic compound binding proteins, transferase activity proteins, and
heterocyclic compound binding proteins. More than 10,000 transcripts were identified in the
biological process categories of organic metabolic process, primary metabolic process, cellular
metabolic process, and biosynthetic process. Because chalcone synthase (CHS) and chalcone
isomerase (CHI) are key enzymes in flavonoid biosynthesis, detailed phylogenetic and sequence
analyses were carried out for these two enzymes. The phylogenetic analysis revealed that the CHS
and CHI proteins of C. setidens were closely related to the CHS and CHI proteins of the artichoke
thistle, Cynara carducunlus.

Keywords: Chalcone isomerase, Chalcone synthase, Cirsimaritin, Cirsium pendulum Fisch,
Cirsium setidens Nakai, Flavonoid

Introduction

The genus Cirsium is one of the largest genera in Asteraceae. It contains about 250 perennial and biennial species
that distribute worldwide (Kadereit, 2007, Yildiz et al., 2016). Some of the Circium species are known as thistles
which are common name for a group of flowering plants characterized by having prickles on the margins of leaves
and Cirsium species differ from other thistle genera (Carduus, Onopordum, Silybum, Cynara etc) by having
feathered hairs on their achenes (Rose, 1981). Ten Cirsium species have been identified in wild in Korea (Song and
Kim, 2007). Cirsium pendulum Fisch, known as Korean thistle, is a Korean endemic Cirsium species. Antioxidant

activities were reported from various parts of C. pendulum (Chon et al., 2006). Cirsium setidens Nakai is also an
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endemic Cirsium species and known as its common name Gondrae in Korea where young leaves of Gondrae have
long been used for side dish vegetable. C. sefidens has herbal medicinal effect such as recovery from fatty liver
injury (Kim and Chung, 2016), antioxidant activities (Lee et al., 2016), and neuroprotective (Chung et al., 2016).
Thao et al. (2011) analyzed the bioactive flavonoids from selected Korean thistles including C. pendulum Fisch and
C. setidens Nakai. Their results revealed six flavonoids luteolin 5-O-glucoside, luteolin 7-O-glucoside, hispidulin
7-O-neohesperidoside, luteolin, pectolinarin, and apigenin and suggested these flavonoids as the chemical markers
of the thistles. Cirsium japonicum Maxim is a wild thistle plant in east Asia. It has been widely used for herbal
medicine in east Asia including Korea, China, and Japan (Luo et al., 2021). Extracts from C. japonicum Maxim
have been known to be effective in treatments of diabetes and Alzheimer’s disease (Wagle et al., 2019), breast
cancer (Kim et al., 2010; Park et al., 2017) and other chronic diseases (Mahmood and Alkhathlan, 2019).

Plant secondary metabolites have been highly utilized in pharmaceutical industry for medicinal purposes. They
are not essential for plant growth, but plants produce them for coping with biotic and abiotic stresses (Bourgaud et
al., 2001). Plant secondary metabolites are categorized into three classes by their structures: terpenoids and steroids,
phenolic compounds, and alkaloids (Bourgaud et al., 2001; Hussein and El-Anssary, 2017). Cirsimaritin
(4’,5-Dihydroxy-6,7-dimethoxyflavone) is a member of flavonoids in a class of polyphenolic secondary
metabolites. It was also known as 7-O-methylated flavonoid in a class of polyphenolic secondary metabolites.
Cirsimaritin is a major alkaloid in genus Cirsium (Benali et al., 2022; Lee et al., 2017), but it was also found in other
plant species (Mahmood and Alkhathlan, 2019). In the analysis of flavonoid contents in C. japonicum var. Maakii,
the compounds in the EtOAc (ethyl acetate) fraction were identified as the cirsimaritin, hisidulin, and cirsimarin, in
which the cirsimaritin was the main constituent (Lee et al., 2017).

Like many other alkaloid biosynthesis, cirsimaritin biosynthesis starts with tyrosine and also with phenylalanine
(Lichman, 2021; Winkel-Shirley, 2001). L-tyrosine convert to P-coumaric acid by tyrosine ammonia lyase (TAL),
then, the P-coumaric acid is transformed to P-coumaryl-CoA which is converted to naringenin chalcone by
chalcone synthase (CHS) (Kreuzaler and Hahlbrock, 1972). A consecutive enzyme chalcone isomerase (CHI)
converts the narignenin chalcone to a flavonoid naringenin by flavone synthase (FNS). The flavonoid naringenin is,
then, converted to other flavonoids, apigenin, genkwanin, scutellarein-7-methyl and finally to cirsimaritin by
stepwise enzyme meditated reactions. The biochemical synthetic steps from tyrosine to genkwanin were
demonstrated with Escherichia coli system by incorporating involved genes (Lee et al., 2015). Of the enzymes
involved in the pathway, CHS and CHI are key enzymes for syntheses of chalcone and flavones.

In the current study, we identified all genes in the biosynthetic pathway of cirsimaritin from the transcriptomes
from Korean endemic C. setidum Fisch. We present here the molecular detail of the gene involved in the
cirsimaritin biosynthetic pathway in Cirsium species. Phylogenetic analyses of the CHS and CHI are also
presented. Prior to our study, cirsimaritin biosynthesis genes were reported from a study of transcriptomes of C.

Jjaponicum (Park et al., 2020)
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Materials and Methods

Plant materials and cirsimaritin extraction

Cirsium plants were obtained from local native plants in Gyeonggi province, South Korea. We extracted
cirsimaritin from fresh and dried tissues that were collected when the flowers were full in bloom in middle August
2020. For dried tissue preparation, the tissues were left in a drying oven at 60°C for 48 hours. Then, the tissues were
ground with a mortar and pestle. Extraction and measurement of the cirsimaritin were followed by the protocol of

Lee et al. (2017).

Cellular RNA extraction and transcriptome sequencing

Cellular RNAs were extracted from fresh tissues of leaf of C. setidum Nakai when the flowers were full bloomed
using Hybrid-RTM kit (Genes All Biotechnology Co., Seoul, Korea). cDNA libraries were constructed in each
tissue separately using the TruSeq RNA Sample Prep Kit v2 (Illumina) and paired-end sequencing was carried out
with the Illumina HiSeq 4000 at Macrogen, Inc. (Seoul, South Korea). We discarded the low quality reads (Phred
score < 20), shirt reads (< 50 bp), and empty nucleotides (N at the endof reads). After removed the adapter
sequences with Trimmomatic software, sequencing quality was checked using FastQC software (https://www.

bioinformatics.babra ham.ac.uk/projects/fastqc/).

De novo assembly

Transcriptomes from three libraries were pooled for de novo assembly with RNA-Seq Assembly Pipeline using
Trinity v2.13.2 with the default option (https://github.com/trinityrnaseq/trinityrnaseq/wiki). Duplicated contigs
were removed using CD-HIT-EST software (http://weizhong-lab.ucsd.edu/cd-hit/). The low coverage contigs (<10
hits) were removed using Samtools v1.13 (http://www.htslib.org/) with the default option. The coding region was,

then, finally confirmed using TransDecoder (v3.0.1) (https://github.com/TransDecoder/TransDecoder/wiki).

Functional annotations

The transcriptome sequences were blasted on the known public protein databases InterProScan in the European
Bioinformatics Institute (EBI) and NR in NCBI using the Basic Local Alignment Search Tool (BLAST) program
with the cut-off parameters e-value 1¢* and > 70% similarity. The candidate transcripts with InterProScan and
BLASTP hits were sorted to import to the Blast2GO suite 6.0 (https://www.blast2go.com/, BioBam Bioinformatics

SL, Valencia, Spain) for gene ontology (GO) analysis which was carried out with an E-value cut-off of 1 x 107,

Isolation of cirsimaritin pathway genes

Cirsimaritin biosynthetic pathway was elucidated in Dracocephalum kotschyi (Poursalavati et al., 2021), which
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were used as query sequences in BLAST analysis in the NCBI database. We downloaded the whole set of protein
sequences of each enzyme in the biosynthetic pathway in Arabidopsis thaliana and Glycine max from NCBI, then,
selected the representative sequences in each set of enzymes using the option of “Identical protein groups” in the
NCBI. The selected set of enzymes sequences were used for query in the transcriptome sequences of Cirsium
species using NBLAST program with a selection criteria > 60% similarity in > 100 amino acids (Choi et al., 2022).

The genes isolated were blasted again in NCBI database to be sure their functions.

Phylogenetic analysis

The protein sequences were aligned using Clustal W software and the phylogenetic tree was constructed with the
neighbor-joining method using MEGA v5.0 with 1000 bootstraps. A maximum likelihood phylogenetic tree was
built using MEGA X (v10.2.4).

Results

Cirsimaritin content

We extracted the cirsimaritin from leaves of C. setidum Nakai, and stem and flower of C. pendulum Fisch (Table
1). In fresh tissues, flowers of C. pendulum Fisch had highest amount of cirsimaritin, but the cirsimaritin content in
the leaf of C. setidens Nakai and C. pendulum Fisch were not different as amount as 0.019 = 0.000 mg/g in dried

tissues. Stem tissues of C. pendulum showed least amount of cirsimaritin in both fresh and dried tissues.

RNAseq results

We obtained 62.5 million raw reads with 6,311Mbp (million base pair), which were trimmed into 60.4 million
reads with 6,046 Mbp (Table 2). After removed the redundant sequences (> 98%) from the trimmed results, the
number of reads over 240 nucleotides was 42,250 with 44.43 Mbp. Detailed RNAseq result is shown in Table 3.

Functional annotation

For functional annotation, we queried the sequences of the 42,668 transcripts BLASTX search against
non-redundant nucleotide sequences (Nt) and non-redundant protein sequence (Nr) databases in NCBI. Of the

obtained transcripts, 71.8% of the transcripts were blasted in the NCBI database and the number of function

Table 1. Cirsimaritin content in leaves, stems, and flowers of Cirsium species

Species Tissue mg/g (fresh tissue) mg/g (dry weight)
Circium setidens Leaf 0.053 +0.001 0.019 + 0.000
Cirsium pendulum Stem 0.064 + 0.002 0.004 £+ 0.000

Circium pendulum Flower 0.096 + 0.001 0.019 +0.000
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annotated transcripts was 23,870 (Fig. 1a). The list of the annotated transcripts is available in the http://nbitglobal.
com/cirsium. High numbers of C. sefidens transcripts were matched with the transcripts of Cyanra cardunculus
(14,674) and Articum lappa (9,614). Transcripts of Helianthus annus, Artemisia annua, and Ambrosia artemisiifolia

were also matched more than 500 transcripts with those of C. setidens (Fig. 1b).

GO and KEGG analyses

In GO analysis, the 42,668 transcripts were categorized into three functional categories; cellular component,
molecular function, and biological process (Fig. 2). In cellular function, four sub-functions were recognized such as
membrane, intracellular anatomical structure, organelle, and cytoplasm. In molecular functions, four sub-functions
were with over 5000 transcripts such as organic cyclic compound binding, heterocyclic compound binding, ion
binding, and transferase activity. In biological process, three sub-functions were predominant with over 10,000
transcripts such as organic substance metabolic process, primary metabolic process, cellular metabolic process, and

biosynthetic process.

Table 2. The pre-processing results of the transcriptomes of leaf tissues of C. setidens Nakai

Raw Reads Trimmed data Retained Rate
No. Reads Total length (nt) No Reads Total length (nt))
62,491,880 6,311,679,880 60,377,360 6,046,251,791 93.0 (%)

Table 3. De novotranscriptome assembly and unigene transcripts of C setidumtranscriptomes

De novo transcriptome assemble Unigene transcripts
No of total contig 40,250
Total length (nt) 44,439,694
Maximum length (nt) 15,615
N50 1,561
B.
A Cynara cardunculus - I
40000 Arctium lappa NG
35000 Ambrosia artemisiifolia R
30000 Artemisia annua [l
25000
Helianthus annuus
20000
Cichorium endivia i
15000
10000 Lactuca sativa [l
5000 l Cichorium intybus il
0 Smallanthus sonchifolius |
BLASTED ANNOTATED NO-BLAST MAPPED

Mikania micrantha |
0 2000 4000 6000 8000 10000 12000 14000 16000

Fig. 1. A:Number of unigenes in the transcritomes of C setidensfound in the annotated genes in the NCBI database. B:
Number of unigenes matched with transcriptomes of other species.
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Fig. 2. Gene Ontology analysis of C setidens transcripts.

In KEGG analysis, over 700 transcripts were involved in the purine metabolism (772 transcripts) and thiamine
metabolism (725 transcripts), respectively. There were 157, 72 and 62 transcripts in the phenylpropanoid
biosynthesis, tyrosine metabolism and phenylalanine metabolism, respectively. The KEGG annotation result is

available at http://nbitglobal.com/cirsium.

Isolation of genes in the cirsimaritin biosynthesis

Fig. 3 shows the cirsimaritin biosynthesis pathway which starts from either phenylalanine or tyrosine via
stepwise enzyme mediated reactions to lead synthesis of cirsimaritin (Berim and Gang, 2016). We found genes for
all enzymes in the pathway from the transcriptome of C. setidens (Table 4). In the annotation, the same gene was
annotated to either phenylalanine ammonia (PAL) or tyrosine ammonia lyase (TAL). The number of copies varied
from one in trans-cinnamic acid 4-hydroxylase (C4H), flavone 7-O-methyltransferase (F70OMT), and flavone-6-
hydroxylase (F6H) to six copies in chalcone synthase (CHS). The genes for cirsimaritin biosynthesis were reported
previously by Park et al. (2020) and found out that some genes in our analysis were identical to the genes in their
report, but our result revealed extra copies in most genes. Sequences of the enzymes in the pathway are listed at the

end of the manuscript.
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Fig. 3. Biochemical synthetic pathway of cirsimaritin.
Table 4. Cirsimaritin biosynthesis genes in Cirsium setidens Nakai
Full Name Abbreviation EC Number Copy number*
Phenylalanine ammonia lyase PAL 43.1.24 3(1)
Trans-cinnamic acid 4-hydroxylase C4H 1.14.14.91 1(1)
p-coumarate-CoA ligase 4CL 6.2.1.12 4(1)
Chalcone synthase CHS 2.3.1.74 6(3)
Chalcone isomerase CHI 5.5.1.6 3(1)
Flavone synthase FNS 1.14.11.22 4(3)
Flavone 7-O-methyltransferase F70MT 2.1.1 1
Flavone-6-hydroxylase F6H 1
Cirsimaritin synthase (Flavonoid-6-O-methyltransferase) CRS 2

Note: The number in bracket is the number of copies that are identical to the genes reported by Park et al. (2020).

Phylogenetic analysis

Chalcone synthase (CHS) and chalcone isomerase (CHI) are key enzymes in the flavonoid synthesis. Various
kinds of flavonoid-O-methyltransferases play key roles in the flavonoid synthesis (Park et al., 2020) and two
flavonoid-O-methyltransferasess, flavonoid-7-O-methyltransferase (F70OMT) and flavonoid-6-O-mehtytransferase
(cisimaritin synthase, CRS) are involved in the cirsimaritin biosynthesis. Thus, phylogenetic analyses were carried
out with the CHS and CHL.

We downloaded all copies of CHS and CHI from Cynara cardunculus (artichoke thistle), Helianthus annus
(sunflower), Silybum marianum (milk thistle) and Glycine max (soybean) in the NCBI protein database. We
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selected these species because their transcriptomes were highly matched with the transcriptomes of C. setidens. The
G. max was selected because soybean was known to contain high amount isoflavones (Wang et al., 2013) and the
genes for isoflavone synthesis were well characterized (Gutierrez-Gonzalez et al., 2009). We selected only
representative copies by eliminating the duplicated identical proteins in each species using “Identical protein
groups” option in the NCBI and Clustal W2 multiple sequence alignment program (https://www.ebi.ac.uk/Tools/
msa/clustalo/).

We analyzed 33 CHS proteins that consist of 6, 4, 12, 6, 4, and 1 from C. setidens, C. cardunculus, H. annum, G.
max, S. marinum, Neurospora crassa, respectively (Fig. 4A). The CHS of N. crassa, a filamentous fungus, was
placed in an out-group in the phylogenetic analysis. The rest 32 CHS proteins were divided into six sub-clades in
which the subclade VI formed an out-group clade with a sole CHS of DN16589 c1g4 of C. setidens. The subclade
IV contains only two CHS protein of C. setidens with high bootstrap value. The three remaining CHS proteins from
C. setidens were fell into one of each subclade I (DN20655 c4 g7), IT (DN20865 c3 g2), and III (DN20865 c3 g2).
We identified six copies of CHS in C. setidens in which three (DN20655 c4g7, DN20865c3g1, DN16589 cl1g4)
revealed to be the ones reported by Park et al. (2020), but the other three (DN20865 ¢3 g2, DN19671 ¢3 gl,
DN20104 c4g5) were not present in their analysis.

We analyzed 20 CHI proteins such as 3, 5, 8, 3 and 1 from C. setidens, C. cardunculus, H. annus, G. max and N.

A. B.
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Fig. 4. Phylogenetic tree of the chalcone synthase (A) and chalcone isomerase (B).
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crassa (Fig. 4B). As expected the CHS of N. crassa formed an out-group in the phylogenetic tree. The rest 19 CHI
were divided into four clades in which the three CHI of C. sefidens were placed into clade I (DN21482 c1 gi), 11
(DN21282 ¢0 g4), and IV DN14290 c0 gl. Of the three CHI proteins in our analysis, one (DN21482 c1 gl) was
present in the report of Park et al. (2020), but the other two (DN21282 c0g4, DN14290 c0 g1) were noble report in

C. setidens.

Discussion

Circium is a large genus that distribute worldwide with about 250 species and ten species have been identified in
Korea, including C. setidens Nakai and C. pendulum Fisch that are research subjects of the the current study (Lee,
2002; Song and Kim, 2007). Extracts of the C. setidens have been used for folk medicine to treat various illness
such as diabetes, inflammatory symptoms, breast cancer, and other various illnesses (Lai et al., 2014; Park et al.,
2017; Wagle et al., 2019). Cirsimaritin is a major bioactive compound in the genus Cirsium. Although several
reports are available on the cirsimaritin in C. japonicum (Benali et al., 2022; Lee et al., 2017; Park et al., 2020), it
has not been characterized in the C. setidens Nakai and C. pendulum Fisch. We quantified the contents of
cirsimaritin from leaves of C. setidum Nakai, and stem and flower of C. pendulum Fisch. Park et al., (2020) reported
cirsimaritin was present highest in the leaf as much as 16.55 mg/g, dry weight in C. japomicum. However, we did
not obtain this much cirsimaritin in our analysis in C. setidens Nakai and C. pendulum Fisch, implying that
cirsimaritin may not present as much as high in C. japonium in the latter two species.

In BLASTX search revealed about 71.8% of the transcriptomes of C. setidens matched in the public database in
NCBI in our analysis, which means that 28.2% of the transcripts were unknown their functions. Similar results were
obtained in Berberis koreana that is a medicinal plants producing an alkaloid berberine (Roy et al., 2021) and in
terpenoids producing Euphorbia maculata (Jeon et al., 2022). Except of the top two species of C. cardunculus and
A. lappa, number of matching transcripts were less than 1000 in BLASTX analysis. The C. cardunculus and A.
lappa belong the same subtribe Arctiinae in the Asteraceae family (Herrando-Moraira et al., 2019). Thus, the
transcriptome sequences may be differentiated more in the subtribe Arctiinae to limit sequencing matching in the
BLASTX.

High number of organic cyclic compound binding and intercyclic compound binding in the molecular function
and metabolic processes in the biological process in GO analysis is interpreted that the C. japonicum contains many
secondary metabolites (Benali et al., 2022; Lee et al., 2017). The cyclic and intercyclic binding proteins as well as
the proteins in the metabolic processes may function in the biosynthetic synthesis of the secondary metabolites in C.
Japonicum.

The genes in the cirsimaritin biosynthesis in our analysis were also reported in a previous study in C. japonicum
(Park et al., 2020). However, we identified extra copies in each gene in PAL, 4CL, CHS, CHI, and FNS so that these
extra copies are noble in our report in C. setidens. The genes of flavone 7-O-methyltransferase (F70MT),

flavone-6-hydroxylase (F6H) and cirsimaritin synthase (CRS) in our analysis were not reported previously in the
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genus Cirsium. Gene duplication and functional differentiation are common among the genes encoding secondary
metabolites (Ober, 2005; Roy et al., 2021). We also observed multiple copies of the genes encoding the flavonoid
synthesis pathway in the current study.

CHS and CHI are key enzymes for various flavonoids in plants so that we further analyzed these two enzymes.
We identified 6 and 3 copies of CHS and CHI, respectively, from the transcriptomes of C. setidens. Flavonoids
have played indispensable roles in embryophytes (land plants) after colonizing into the lands by providing UV
protection, plant defense, and regulatory roles of many genes. More than 6,900 flavonoids with different structures
were identified in land plants (Mouradov and Spangenberg, 2014). Enzymes involved in plant metabolism have
catalytic promiscuities to catalyze reactions coincidently other than those resctions for evolved (Waki et al., 2020).
CHS belongs a broad class family of polyketide synthase enzymes (PKS), known as type III PKS (Abe and Morita,
2010), and CHS is an example of catalytic promiscuity and CHI rectifies the promiscuous CHS activity to ensure
flavonoid production by mediating the bidirectional reaction between chalcone and flavone (Jez et al., 2000). CHS
is a ubiquitous enzyme in higher plants and mediates the catalyzing reaction of the first step for biosynthesis of
various flavonoids that are important plant secondary metabolites (Tohge et al., 2007). CHS converts the
malonyl-CoA and 4-coumaroyl-CoA to narignenin chalcone, CoA, and CO,. The six copies of CHS in C. setidens
were placed in different clades in clade I, II, III, and V with CHS proteins from other species in the phylogenetic
tree, alluding that the CHS genes were differentiated independently in C. setidens. The two copies in the clade IV
(DN19671 c3 gl and DN20104 c4 g5) might have duplicated within the genome of C. setidens.

Chalcone isomerase (CHI) is also called as chalcone-flavone isomerase because it participates in flavonoid
biosynthesis (Moustafa and Wong, 1967). Morita et al.(2014) isolated a chalcone isomerase like (CHIL) enzyme
from morning glory. Although CHIL lacks the CHI activity, CHIL-mediated flavonoid production was confirmed
in various plants in their study. Moreover, it was claimed that the CHIL had evolved from fatty-acid binding protein
(Nagaki, 2012). It was proposed that CHIL interacts with CHS and CHI to serve as an activator of them in
Arabidopsis thaliana (Jiang et al., 2015). Of the three CHI identified in our study, DN21482 clgl was CHI, but
DN14290 c0g1 and DN21282 c0g4 were identified as CHIL in blast analysis. However, but the DN14290 c0g1 and
DN21282 c0g4 showed very close relationship with chalcone-flavone isomerase or chalcone isomerase of Cynara
cardunculus (Fig. 4). Thus, sequence similarity analysis was conducted with the CHIL of C. setidens and CHI C.
cardunculus (Fig. 5) and the results showed very high similarity in sequences except of the variable regions in
N-terminal or C-terminal regions. Thus, annotation of CHI and CHIL are unequivocal, which might be limit in large
scale annotation in genomics without biochemical verification.

One notable feature is the high sequence similarity between the proteins of cirsimaritin biosynthesis between C.
setidens and C. cardunculus. In functional annotation, the transcriptomes of C. setidens had highest number of
sequence matching with the transcriptome of C. cardunculus. In our phylogenetic analysis of CHS and CHI, seven
of the eight proteins of C. setidens showed deepest branch clade with the proteins of C. cardunculus. The common

name of the C. cardunculus is cardoon and also called as artichoke thistle. It has been used as folk medicine in
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XP_024969524 .1 MALQPSSTSIQVEFIVF 17
DN21482_c1_g1 IWSNSPLFFHT IHLPLPFLYKYLPTHTT I TPNNSSSCFSDL | IMALPPSSTSIQVESIVF 60
*kKk kkkkkkkkk *kkx
XP_024969524 .1 PPSVKPPGAT TTLFLGGAGVRGME | QGNFVKFTG I GVYLEDKAIPSLAGKWKCKTAAELK 77
DN21482_c1_g1 PPSVKPPGAT TTLFLAGAGVRGME | QGNFVKFTG I GVYLEDKA I PSLAGKWKGKTAAELT 120
XP_024969524 . 1 DSVQFYRD I VTGPFEKFTQVTMILPLTGKQYSEKVSEMC | GVWKAQGTYTDADTAT IEKF 137
DN21482_c1_al DSVQFYRD I VTGPFDKFTQVTMILPLTGKQYSEKVSEMCTG I WKAQGTYTDADATT IQKF 180
. * ik Ikk
XP_024969524 .1 LQVFKDENFLPGSSILFTTSPNGSLT ISFSKDGI | PEVAIVVLENEKLAQAVIESVIGEH 197
DN21482_c1_a1 LQVFKDENFLPGSSILFTTSPNGSLT I SFSKDGI I PETATVVLENEKLAQAVIESVIGEH 240
*
XP_024969524 .1 GYSPATKQSLASRLSEFMNQVDEKATTSVESK I GLESQTGL238
DN21482_c1_g1 GYSPQAKQSLASRLSDFMKQFDEKATTSVESK | SLA————— 275
kkkk Dk Ik L
KVG40999. 1 MGLDEGRPKFFPVEALSAGRYLYN | SSLVDSSPHHSRHWYRPGSVALEETFSCISKFTGT 60
DN14290 cOg1 MGLDEGRPKFFPVEALSAGRYLYH | SLLVDSSSHHSRHWYRPGSVALQETFSCISKFTGT 60
Dk okkkk -
KVG40999. 1 VLQWCASGSNSN | SHKVSDCSHGSFPKRCEFSQTSYVFSTKLDLPRI FCNYRKNALQIPE 120
DN14290 cOg1 VLLWCANGTNSN | SHKVSDCSHGSHPKRCEF SQN-—————KLDLPGVFCNYRKRALEIPE 114
kK kkk k! . 3 Kkkkk kkkkkk Kk Ikkk
KVG40999. 1 FFNKFSRFATRQLLGRAKELQF PALSLAGNLVPPLDN | YRNFLAVSHENGNAVVERSLN 180
DN14290 cOg1 FFNKFSRFA TRQLLGKAKELQF IPALSLAGNLVPPLDN | YRNFLAVSHENGNAIVERSLN 174
KVG40999. 1 HSPCEVEQRRCGDLHYENFNCPAHAVEPRTGIEFPTILDN I FEGSNTSLNMESEQPQSVF 240
DN14290 cOg1 HSPCEVEQRRCGDLYYGNFNCTAHAVEPRTGIEFPT I LON | FGGSNTSLNME—————- 226
RkkRdedekdkikakd & ddkd Fkdkkdk *kk *
KVG40999. 1 QVLVGTGSKTMK | VK TKSLKLYAF——DVHPYDVCNKLASKYASLPENEVDKQHKFFSDLL 298
DN14290 cOg1 —VLVGTGSKTMK | VK TKSLKLYAFGFYVHPYDVCNKLASKYAS | PENEVDKQHKFFSDLL 285
KVG40999. 1 RED | SMTIRLVVSCNG K | STVRDAFEKSLRARL IKMNPDTDYDCLRSFGSLFSEDIPIQ 358
DN14290 cOg1 RED I SMTIRLVVSCNG K | STVRDAFEKSLRARL |KMNPDTDYDCLRSFGSLFSEDIPIR 345
KVG40999. 1 ALKAIRSVQF | VG C——-AGLSLT-———-——CTSEMV—————- PSLSRQKRRLD-KMSQ 400
DN14290 cOg1 AGTTINFQRTADGHLVTE | EGNQ| GAVHSRDLCRAFFDMY | GDGPVSEQTKTE | GANVAN 405
x ik, % x x 1o x Uk .o
KVG40999. 1 |—— 401
DN14290 cOg1 IMRRCx* 410

*

Fig. 5. Sequence comparison of chalcone isomerase of C cardunculus (XP-024969524.1, KVG40999.1) and C
Japonicum (DN21481 c1g1, DN14290 cOg1).

Mediterranean region since Roman period (Sonnante et al., 2007). It was known that the cardoon contains variety of
bioactive compounds including flavonoids such as naringenin and apigenin, (Silva et al., 2022). Both genera
Circium and Cynara belong to the family Asteraceae which is one of the large plant family to contain about 10% of
all extant angiosperm species with 250,000 ~ 300,000 species (Mandel et al., 2019). The genera Circium and
Cynara are in the same subfamily Carduodeae, tribe Cardueae, and subtribe Carduinae (Herrando-Moraira et al.,

2019), thus it is not surprising the close phylogenetic relationships between genes from both species.



334 - Journal of Agricultural, Life and Environmental Sciences Vol. 35, No. 4, 2023

Conflicts of Interests

All authors have read the manuscript and have no conflict of interest.

Acknowledgement

This work was supported by the National Institute of Biological Resources (NIBR202322101).

References

Abe, 1., Morita, H. (2010) structure and function of the chalcone synthase superfamily of plant type III polyketide
synthase. Natural Prod Rep 27:809-838. Doi: 10.1039/b6909988n

Benali, T., Jauuadi, I., Ghchime, R., El Omai, N., Harboul, K., Hammani, K., Rebezov, M., Ali Shariati, M.,
Mubarak, M. S., Simal-Gandara, J., Zengin, G., Park, M., Kim, B., Mahmud, S., Lee, L. H., Bouyahya, B. (2022)
The current state of knowledge in biological properties of cirsimaritin. Antioxidants 11:1842. Doi: 10.3390/
antiox 11091842

Berim, A., Gang, D. R. (2016) Methoxylated flavones: occurrence, importance, biosynthesis. Phytochem Rev
15:363-390. Doi: 10.1007/s11101-015-9426-0

Bourgaud, F., Gravot, A., Milesi, S., Gontier, E. (2001) Production of plant secondary metabolites: a historical
perspective. Plant Sci 161:839-851. Doi: 10.1016/S0168-9452(01)00490-3

Choi, B. S., Choi, S. K., Kim, N. S., Choi, I. Y. (2022) NBLAST: a graphical user interface-based two-way BLAST
software with a dot plot viewer. Genomics Inform 20:e36. doi:10.5808/gi.22053.

Chon, U. C., Boo, H. O., Lee, S. Y. (2006) Assessment on in vitro antioxidant properties of common thistle (Cirssium
peendulm Fisch.) plant parts. Kor J Med Crop Sci 14:82-86.
Chung, M. J., Lee, S., Park, Y. L., Lee, J., Kwon, K. H. (2016) Neuroprotective effects of phytosterols and flavonoids
from Cirsium setidens and Aster scaber in human brain neuroblastoma SK-N-SH cells. Life Sci 148:173-182.
Gutierrez-Gonzalez, J. J., Wu, X., Zhang, J., Lee, J. D., Ellersieck, M., Shannon, J. G., Yu, O., Nguyen, H. T,, Sleper,
D. A. (2009) Genetic control of soybean seed isoflavone content: importance of statistical model and epistasis in
complex traits. Theor Appl Genet 119:1069-1083. Doi: 10.1007/a00122-009-1109-z

Herrando-Moraira, S., Calleja, J. A., Galbany-Casals M., Garcia-Jacas, N., Liu, J. Q., Lopez-Alvarado, J.,
Lopez-Pujol, J., Mandel, J. R., Masso, S., Motens-Moreno, N., Roquet, C., Saez, L., Sennikov, A., Susanna, A.,
Vilatersana, R. (2019) Nuclear and plastid phylogeny of Cardueae (Compositac) with Hyb-Seq data: A new
subtribal classification and a temporal diversification framework. Mol Phylogenet Evol 137:313-332. Doi:
10.1016/j.ympev.2019.05.001

Hussein, R. B., El-Anssary, A. A. (2017) Plants secondary metabolites: The key drivers of the pharmacological
actions of medicinal plants. Herbal Medicine, Jan. 2019, doi: 10.5772/intechopen.76139

Jeon, M. J., Roy, N. S., Choi, B. S., Oh, J. Y., Kim, Y. I, Park, H. Y., Um, T. Y., Kim, N. S., Kim, S., Choi, L. Y.
(2022) Identifying Terpenoid Biosynthesis Genes in Euphorbia maculata via Full-Length cDNA Sequencing.
Molecules 27:4591. https:// doi.org/10.3390/molecules27144591

Jez, J. M., Bowman, M. E., Dixon, R. A., Noel, J. P. (2000) Struture and mechanism of evolutionary unique enzyme
chalcone isomerase. Nat Struc Biol 7:786-791. Doi: 10.1038/79025.chung

Jiang, W., Yin, Q., Wu, R., Zheng, G., Liu, J., Dixon, R. A., Pang, Y. (2015) Role of chalcone isomerase-like enzyme



Seungki Lee et al. / Characterization of Genes Related to Cirsimaritin Biosynthesis From Cirsium pendulum Fisch « 335

in flavonoid biosynthesis in Arabidopsis thaliana. J Exp Bot 66:7165-7179.

Kadereit, J. W. (2007) Flowering Plants. Eudicots: Asterales. Jeffrey C. Edited, Berlin, Germany: Springer.

Kim, D. Y., Kang, S. H., Ghil, S. H. (2010) Cirsium japonicum extract induces apoptosis and antiproliferation in the
human breast cancer cell line MCF-7. Mol Med Rep 3:427-432. Doi: 10.3892/mmr 00000275

Kim, E. H., Chung, J. (2016) Protective effects of Cirsium setidens ethanol extracts against alcoholic fatty liver injury
in rats. J Nutr Health 49:420-428.

Kreuzaler, F., Hahlbrock, K. (1972) Enzymatic synthesis of aromatic compounds in higher plants: formation of
naringenin (5,7,4’-trihydroxyflavanone) from p-coumaroyl coenzyme A and malonyl coenzyme. FEBS Lett
28:69-72. d0i:10.1016/0014-5793(72)80679-3

Lai, W-C, Wu, Y. C., Danko, B., Cheng, Y. B., Hsieh, T. J., Hsieh, C. T., El-Shazly, M. E., Martins, A., Hohmann, J.,
Hyunadi, A., Chang, F. R. (2014) Bioactive constituents of Cirsium japonicum var. australe. J Nat Prod
77:1624-1631. Doi: 10.1021/np500233t

Lee, H., Kim, B. G., Kim, M., Ahn, J. H. (2015) Biosynthesis of two flavones, argenin and genkwanin, in Escherichia
coli. ] Microbiol Biotechnol 25:1442-1448. Doi: /10.4014/jmb.1503.03011

Lee, J., Rodriguez, J. P., Lee, K. H., Park, J. Y., Kang, K. S., Hahm, D. H., Huh, C. K,, Lee, S. C,, Lee, S. (2017)
Determination of flavonoids from Cirsium japonicum var. maackii and their inhibitory activities against aldose
reductase. App Biol Chem 60:487-496. Doi: 10.1007/s13765-017-0302-z

Lee, J. H., Jung, H. K., Han, Y. S., Yoon, Y. M., Yun, C. W., Sun, H. Y., Cho, H. W., Lee, S. H. (2016) Antioxidant
effects of Cirsium setidens extract on oxidative stress in human mesenchymal stem cells. Mol Med Rep
14:3777-3784.

Lee, Y. N. (2002) Flora of Korea. Seoul: Kyohaksa p.843.

Lichman, B. R. (2021) The scaffold-forming steps of plant alkaloid biosynthesis. Nat Prod Rep 38:103-129. Doi:
10.1039/DONP0003 1K

Luo, W., Wu, B., Tang, L., Li, G., Chen, H., Yin, X. (2021) Recent research progress of Cirsium medicinal plants in
China. J Ethnopharmacol 2800:114475. Doi: 10.1016/j.jep.2021.114475

Mahmood, A., Alkhathlan, H. Z. (2019) Isolation, synthesis and pharmacological applications of cirsimaritin — A
short review. Acad J Med Plants 7:252-260. DOI: 10.15413/ajmp.2019.0159

Mandel, J. R., Dikow, R. B., Siniscalchi, C. M., Thapa, R., Watson, L. E., Funk, V. A. (2019) A fully resolved
backbone phylogeny reveals numerous dispersals and explosive diversifications throughout the history of
Asteraceae. Proc Natl Acad Sci USA 116:14083-14088. Doi: 10.1073/pnas.1903871116

Morita, Y., Takagi, K., Fukuchi-Mizutani, M., Ishiguro, K., Tanaka, Y., Nitasaka, E., Nakayama, M., Saito, N.,
Hoshino, A., Ida, A. (2014) A chalcone isomerase-like protein enhances flavonoid production and flower
pigmentation. Plant J 78:294-304. Doi: 10.111/tpi.12469

Mouradov, A., Spangenberg, G. (2014) Flavonoids: a metabolic network mediating plants adaptation to their real
estate. Front Plant Sci 5:620.

Moustafa, E., Wong, E. (1967). Purification and properties of chalcone-flavanone isomerase from soya bean seed.
Phytochem 6:625-632. doi:10.1016/S0031-9422(00)86001-X

Nagaki, M. L. (2012) Evolution of the chalcone-isomerase fold from fatty-acid binding to stererospecific catalysis.
Nature 485:530-533.

Ober, D. (2005) Seeing double: Gene duplication and diversification in plant secondary metabolism. Trends Plant Sci
10:444-449. doi:10.1016/j.tplants.2005.07.007

Park, J. Y., Kim, H. Y., Shibamoto, T., Jang, T. S., Lee, S. C., Shim, J. S., Hahm, D. H., Lee, H. J., Lee, S., King, K.
S. (2017) Beneficial effects of a medicinal herb, Circium japonicum var. maackii, extract and its major
component, cirsimaritin on breast cancer metastasis in MDA-MB-231 breast cancer cells. Bioorg Med Chem Lett



336 ° Journal of Agricultural, Life and Environmental Sciences Vol. 35, No. 4, 2023

27:3968-3973. Doi: 10.1016/j.bmcl.20°7.07.070.
Park, Y. J.,, Baek, S. A., Kim, J. K., Park, S. U. (2020) Integrated analysis of transcriptome and metabolome in
Cirsium japonicm Fisch ex DC. ACS Omega 5:29312-29324. DOI: 10.1021/acsomega.0c04001

Poursalavati, A., Rashdi-Monfred, S. R., Ebrahimi, A. (2021) Toward understanding of the methylated flavonoid
biosynthetic pathway in Dracocephalum kotschyi Boiss. Sci Rep 11:19549. Doi: 10.1038/s41598-021-99066-6

Rose, F. (1981) The Wild Flower Key. Frederick Warne & Co. pp.377-380. ISBN 0-7232-2419-6

Roy, N. S., Choi, I. Y., Um, T. U,, Jeon, M. J., Kim, B. Y., Kim, Y. D., Yu, J. K., Kim, S., Kim, N. S. (2021) Gene
Expression and Isoform Identification of PacBio Full-Length cDNA Sequences for Berberine Biosynthesis in
Berberis koreana. Plants 10:1314. Doi: 10.3390/plants10071314

Silva, L. R., Jacinto, T. A., Coutinho, P. (2022) Bioactive compounds from cardoon as health promoters in metabolic
disorders. Foods 11:336. Doi: 10.3390/foods11030336

Song, M. J., Kim, H. (2007) Taxonomic study on Cirsium Miller (Asteraceae) in Korea based on external
morphology. Kor J Plant Taxon 37:17-40. Doi: kjpt.2007.37.1.017

Sonnante, G., Pignone, D., Hammer, K. (2007) The domestication of artichoke and cardoon. From roman times to the
genomics age. Ann Bot 100:1095-1100. Doi: 10.1093/aob/mcm

Thao, N. T. P., Cuong, T. D., Hung, T. M., Lee, J. H., Na, K., Son, J. K., Jung, H. J., Fang, Z., Woo, M. H., Choi, J. S.,
Min, B. S. (2011) Simultaneous determination of bioactive flavonoids in some selected Korean thistles by
high-performance liquid chromatography. Arch Pharm Res 34:455-461. Doi: 10.1007/s12272-011-0314-x

Tohge, T., Yonekura-Sakakibara, K., Niida, R., Watanabe-Takahasi, A., Saito, K. (2007) Phytochemical genomics in
Arabidopsis thaliana: A case for functional identification of flavonoid biosynthesis genes. Pure Appl Chem
79:811-823. Doi: 10.1351/pac200779040811

Wagle, A., Seong, S. H., Shrestha, S., Jung, H. A., Choi, J. S. (2019) Korean thistle (Cirsium japonicum var. maackii
(Maxim.) Matsum) A potential dietary supplement against diabetes and Alzheimer’s disease. Molecules 24:649.
Doi: 10.3390/molecules24030649

Waki, T., Mameda, R., Nakano, T., Yamada, S., Terashita, M., Ito, K., Tenma, N., Li, Y., Fujino, N., Uno, K.,
Yamashita, S., Aoki, Y., Denessiouk, K., Kawai, Y., Sugawara, S., Saito, K., Yonekura-Sakakibara, K., Morita,
Y., Hoshino, A., Takahashi, S., Nakayama, T. (2020) A conserved strategy of chalcone-like protein to rectify
promiscuous chalcone synthase specificity. Nat Comm 11:870. Doi: 10.1038/s41467-020-14558-9

Wang, Q., Ge, X., Tian, X., Zhang, Y., Zhang, J., Zhang, P. (2013) Soy isoflavone: The multipurpose phytochemical
[review] Biomed Rep 2013 1:691-701. Doi: 10.3892/br.2013.129

Winkel-Shirley, B. (2001) Flavonoid biosynthesis/ A colorful model for genetics, biochemistry, cell biology, and
biotechnology. Plant Physiol 126:485-493.

Yildiz, B., Arabaci, T. T., Dirmeci, T., Kosteci, S. (2016) A taxonomic revision of the genus Circium Mill. Sec.
Cirsium (Asteraceae: Cardueae) in Turkey. Turk J Bot 40:514-530. Doi: 10.3906/bot-1503-35



