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ARTICLE INFO ABSTRACT

Keywords: The genetic relationship between Taraxacum species, also known as the dandelion, is complicated because of
Taraxacum asexual and mixed sexual apomictic reproduction. The usage of Taraxacum species in traditional medicines make
Asteraceae

their specialized metabolism important, but interspecific chemical difference has rarely been reported for the

S:éozgﬁiﬁ genome genus. In this study, we assembled the chloroplast genome and 45S rDNA of six Taraxacum species that occur in
Metabolomics Korea (T. campylodes, T. coreanum, T. erythrospermum, T. mongolicum, T. platycarpum, and T. ussuriense), and
LC-MS performed a comparative analysis, which revealed their phylogenetic relationships and possible natural hy-
Specialized metabolites bridity. We also performed a liquid chromatography-mass spectrometry-based phytochemical analysis to reveal
interspecific chemical diversity. The comparative metabolomics analysis revealed that Taraxacum species could
be separated into three chemotypes according to their major defensive specialized metabolites, which were the
sesquiterpene lactones, the phenolic inositols, and chlorogenic acid derivatives. The CP DNA- and 45S rDNA-
based phylogenetic trees showed a tangled relationship, which supports the notion of ongoing hybridization
of wild Taraxacum species. The untargeted LC-MS analysis revealed that each Taraxacum plant exhibits species-
specific defensive specialized metabolism. Moreover, 45S rDNA-based phylogenetic tree correlated with the
hierarchical cluster relied on metabolite compositions. Given the coincidence between these analyses, we rep-

resented that 45S rDNA could well reflect overall nuclear genome variation in Taraxacum species.
1. Introduction polyploidy and widespread agamospermous reproduction prevail in
Taraxacum species (Kirschner et al., 2015). This genetic complexity
The genus Taraxacum (Asteraceae), generally known as the dande- causes taxonomic complexity in the genus; some botanists classify the
lion, is characterized by complex genetic diversity. Hybridity, frequent entire genus into about 60 macrospecies, while others divide it into 2000
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DA, orthogonal partial least squares discriminant analysis.
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Fig. 1. Maps of the complete chloroplast genomes and 45S rDNA units of six Taraxacum species and the locations of polymorphic regions. The number of variable
regions for each species is in Table 2 for the chloroplast genomes and Table 3 for the 45S rDNA. (A) The chloroplast genome map of the six Taraxacum species.
Polymorphic regions among the species are indicated inside the circle in black and red bars for SNP and InDel, respectively. The innermost graph is Pi value rep-
resenting nucleotide diversity. (B) The 45S rDNA coding region of the six Taraxacum species. SNPs and IndeLs among the six Taraxacum species are represented in
blue and red, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Summary of NGS amounts and the assembly of the complete chloroplast genome and 45S rDNA of six Taraxacum species.
Genome information Species®
T. campylodes T. coreanum T. erythrospermum T. mongolicum T. platycarpum T. ussuriense
Filtered NGS Reads (Mbp) 875 902 2374 718 1092 1191
CP Assembly Coveragel‘ xX) 296.54 458.78 1238.61 196.51 416.26 397.80
Total Length (bp) 151,324 151,338 151,173 151,451 151,307 151,451
LSC (bp) 83,895 83,914 83,812 84,052 83,922 84,019
IRA/B (bp) 24,400 24,431 24,420 24,429 24,439 24,466
SSC (bp) 18,549 18,562 18,521 18,541 18,507 18,500
45S rDNA Assembly Coverageb X) 619 305 5832 556 472 698
Total Length (bp) 5826 5826 5826 5.825 5826 5826
18S 1810 1810 1810 1810 1810 1810
5.8S 159 159 159 159 159 159
26S 3349 3349 3349 3349 3349 3349

? Indicating that CPs and 45S rDNA were reported in Kim et al. (2016a); Kim et al. (2016b).

b Coverage indicates the total WGS read depth for the complete genomes.

Table 2
Information of SNP and InDel in chloroplast genomes of six Taraxacum species.

T. campylodes T. coreanum T. erythrospermum T. mongolicum T. platycarpum T. ussuriense
T. campylodes 6 48 80 43 80
T. coreanum 24 50 79 42 79
T. erythrospermum 240 248 76 46 56
T. mongolicum 414 424 429 80 48
T. platycarpum 207 196 285 458 471
T. ussuriense 446 435 463 200 84
The upper triangle shows the number of InDels, while the lower triangle indicates the total nucleotide substitutions.
Table 3
Information of SNP and InDel in 45S rDNA genomes of six Taraxacum species.
T. campylodes  T. coreanum- T. coreanum- T. erythrospermum  T. mongolicum  T. platycarpum  T. ussuriense- T. ussuriense
NR1 NR2 NR1* -NR2*
T. campylodes 0 0 0 1 0 0 0
T. coreanum-NR1* 0 0 0 1 0 0 0
T. coreanum-NR2* 4 4 0 1 0 0 0
T. erythrospermum 0 0 4 1 0 0 0
T. mongolicum 47 47 51 47 1 1 1
T. platycarpum 23 23 27 23 58 3 2
T. ussuriense-NR1* 26 26 30 26 61 0 0
T. ussuriense-NR2* 23 23 27 23 58 0 5

The upper triangle shows the number of InDels, while the lower triangle indicates the total nucleotide substitutions. *T. coreanum and T. ussuriense have heterotypes of
nrDNA sequence, which are indicated as T. coreanum-NR-1 and -2, and T. ussuriense-NR-1 and -2, respectively.

microspecies, which are further classified into 34 sections (Richards,
1970). The leaves and buds of dandelions are edible and have been eaten
for over a thousand years (Guarrera and Savo, 2016). Dandelions are
also important in traditional medicines, and have been used for treating
infections, spleen and liver disorders, and diarrhea (Schiitz et al., 2006).
One species, Taraxacum kok-saghyz L.E.Rodin, was recently identified as
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an industrially important species because of its potential for rubber
production (Stolze et al., 2017). Despite their importance and value, the
genetic and chemical diversity of many Taraxacum species remain
unknown.

Chloroplast (CP) is the subcellular organelle that are maternally
inherited in angiosperm (Daniell et al., 2016). The chloroplast genome
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Fig. 2. The phylogenomic relationship of Taraxacum species based on chloroplast (CP) and 45S rDNA. The phylogenetic position of each species was analyzed using
74 protein coding sequences from the CP genomes and 45S rDNA transcription unit sequences, along with previously reported CP sequences and 45S rDNA (Genbank
accession number: MT003979) of Artemisia fukudo (Asteraceae) (Whitehead and Bowers, 2013).
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mainly consists of quadripartite structure, such as one large single copy,
one small single copy, and two inverted repeat regions (Palmer, 1985).
Several mutational events including inversions, oligonucleotide repeats,
microstructural changes, InDel, and substitution are mainly occurred in
the CP genomes (Jheng et al., 2012). Since the high conservation of CP
during the evolution, the mutational events allow to develop CP
genome-based markers that can be exploited for the plant barcoding
(Park et al., 2020) and complex taxonomical classification (Abdullah
et al., 2020; Henriquez et al., 2020a, 2020b). Recent advances in
next-generation sequencing technology and newly developed de novo
assembly of low coverage whole genome shotgun (dnaLCW) methods
enable complete CP genome sequencing to be used to understand ge-
netic diversity and evolutionary information (Kim et al., 2015). A pre-
vious study has shown that complete CP genome sequencing can
discriminate T. kok-saghyz from its weedy relatives, Taraxacum officinale
Weber ex F.H. Wigg and Taraxacum brevicorniculatum Korol. (Zhang
et al., 2017). Another study revealed that genotypic diversity in the
plastomes of three apomictic triploids from T. officinale, Taraxacum
obtusifrons Markl, Taraxacum stridulum Travnicek ined, and Taraxacum
amplum Markl. could be identified by sequencing their complete CP
genomes (Salih et al., 2017). However, much of the genetic diversity in
this genus remains unexplored.

Specialized metabolites, also known as secondary metabolites, are
small molecules produced by higher plants for chemical defense,
reproduction, and ecological interactions (Hartmann, 2007). Up to date,
more than 200,000 phytochemicals have been isolated from plants and
identified (Hartmann, 2007; Wink, 2003). The chemical diversity of
plant metabolites is one of phenotypic results of evolution, which means
the distribution of specialized metabolites could provide us with insights
into the evolution and taxonomy of different plant species (Wink, 2010).
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is
considered the most advanced method for profiling the chemical di-
versity of semipolar specialized metabolites in plants (Ernst et al., 2014).
LC-MS/MS analyses provide separation of metabolites followed by
relative quantification based on MS1 signal intensities and putative
annotation based on MS/MS fragmentation (Nakabayashi and Saito,
2013). Thus, LC-MS/MS-based metabolite profiling is an effective tool
for chemotaxonomic studies, which can give insights into taxonomic
relationships between genetically diverse and complex species (Mar-
tucci et al.,, 2014). There were a few studies that describe
LC-MS/MS-based chemical profiling of Taraxacum species (Chen et al.,
2012; Huber et al., 2016; Kenny et al., 2014; Schiitz et al., 2005).
However, most of these studies focused on certain classes of metabolites
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or a single Taraxacum species. Mingarro et al. performed a comparative
LC-MS-based study on five South European Taraxacum species (Tarax-
acum obovatum (Willd.) D¢, Taraxacum marginellum H.Lindb, Taraxacum
hispanicum H.Lindb, Taraxacum lambinonii Soest, and Taraxacum lacis-
trum Sahlin); however, this study was mainly focused on the effect of
different polyphenol contents on pharmaceutical activities, and did not
discuss on the interspecific differences in detail (Mingarro et al., 2015).

About a dozen Taraxacum species live in the wild on the Korean
peninsula. Among these, Taraxacum campylodes G.E.Haglund (previ-
ously known as T. officinale) and Taraxacum erythrospermum Andrz. Ex
Besser (also known as T. laevigatum (Willd. DC.)) are exotic species from
Europe, and are currently considered as some of the most problematic
invasive species in Korean ecosystems. In this study, we collected these
two introduced species and four other Taraxacum species (Taraxacum
coreanum Nakai, Taraxacum mongolicum Hand.-Mazz, Taraxacum platy-
carpum Dahlst, and Taraxacum ussuriense Kom. (also known as
T. ohwianum Kitam.)), which are native in Korea and other Asian
countries (Ryu et al., 2017). Here, we investigated and report on the
phylogenetic relationship and phytochemical variation between these
species to expand our knowledge on the genetics and chemistry of
Taraxacum, by applying chloroplast and 45S rDNA genome
sequences-based genomics, and LC-MS/MS-based untargeted metab-
olomic analyses.

2. Results

2.1. Assembly of chloroplast genomes and 45S rDNA, and comparative
analysis in Taraxacum species

Previously we reported the complete chloroplast genomes of three
Taraxacum species: T. campylodes (NC 030772.1), T. platycarpum (NC
031395.1), and T. mongolicum (NC 031396.1) (Kim et al., 2016a,
2016Db). In this study, we additionally completed the de novo assembly of
chloroplast genome sequences from three more species (T. coreanum,
T. ussuriense, and T. erythrospermum) and of the 45S rDNA from six
Taraxacum species (Fig. 1; Table 1; and Supplementary Table 1). The
complete chloroplast sequences of three newly assembled species had
lengths from 151,173 to 151,451 bp, which was similar to those of three
previously reported species (151,307-151,451 bp) (Kim et al., 20164,
2016b). The chloroplast genomes of T. coreanum, T. ussuriense, and
T. erythrospermum showed a typical quadripartite structure with a pair of
inverted repeats (24,420-24,466 bp), a large single copy region (83,
812-84,019 bp), and a short single copy region (18,500-18,562 bp). The
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Fig. 3. LC-MS base peak ion (BPI) chromatograms of 13 Taraxacum extracts. The selected major chromatographic peaks are annotated with peak numbers.
T. campylodes, T. coreanum, and T. platycarpum were triplicated, while T. erythrospermum and T. ussuriense were duplicated. Gaps between the chromatograms were
added to help visualize the differences, so the y-axis values do not equal the absolute intensities.



Y.S. Lee et al.

45S rDNA consisted of 18S, ITS1, 5.8S, ITS2, and 268S transcription units
in the six Taraxacum species, and was 5826 bp in length with 18S rRNA
(1810 bp), 5.8S rRNA (159 bp), and 26S rRNA (3349 bp).

The six Taraxacum species had 112 genes in the same order, which
consisted of 79 protein-coding genes, 29 transfer RNA (tRNA) genes, and
four ribosomal RNA (rRNA) genes (Supplementary Table 2). We per-
formed multiple alignments to compare the chloroplast genome se-
quences of the six Taraxacum species. The comparative genome analysis
revealed that non-coding regions showed higher sequence variation
than the coding regions, with high sequence diversity in the three
intergenic regions trnM(CAU)-aptE, rbcL-psal, and trnL(UAG)-ccsA
(Fig. 1A; Supplementary Figure 1). A comparison of the SNP or InDel
regions in the six Taraxacum species showed that the lowest sequence
variation was between T. campylodes and T. coreanum (six InDels and 24
SNPs), while the highest sequence variation was between T. platycarpum
and T. ussuriense (84 InDels and 471 SNPs) (Table 2). We also analyzed
and compared the 45S rDNA from the six Taraxacum species (Fig. 1B).
T. coreanum and T. ussuriense had heterogeneous types of 45S rDNA
(Table 3). We specifically examined the heterotypes referred to as
T. coreanum-NR-1 and T. coreanum-NR-2, and T. ussuriense-NR-1 and
T. ussuriense-NR-2, respectively. These heterotypic 45S rDNAs had the
following sequence variations: T. coreanum had four nucleotide variants
and T. ussuriense had 5 nucleotide variations. The ITS1 and ITS2 regions
were the most variable regions with the number as well as the density.
26S rDNA also showed comparable number of polymorphic sites with
ITS regions but the density was low and 18S rDNA region was the most
conserved with only 2 SNPs. Although T. coreanum and T. ussuriense had
heterotypes of the 45S rDNA, the sequence comparison analysis of the
six species revealed that the 45S rDNAs had high sequence similarity. A
total of 71 SNPs and one InDel were identified across all Taraxacum
species, among which T. platycarpum and T. ussuriense-NR-1 had the
lowest sequence variation with two substitutions, while T. mongolicum
and T. ussuriense-NR-2 had the highest sequence variation with 61
substitutions.

A phylogenetic analysis was conducted using 74 protein coding se-
quences from CP genomes and 45S rDNA, and the taxonomic

Table 4
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relationships between the six Taraxacum species were compared based
on the phylogenetic trees produced (Fig. 2). A phylogenetic analysis
based on the whole CP genome was also performed, and it gave a tree of
which topology was same to one of the 74 protein coding sequences-
based tree (Supplementary Figure 2).

2.2. The tentative identification of specialized metabolites

The LC-MS analyses on the whole parts of five Taraxacum species
(excluding T. mongolicum due to insufficient sample material) were
performed in the negative ion mode using electrospray ionization
(ESI-). Compared to the positive ion mode (ESI+), the ESI— provided
better sensitivity and lower detection limits, as reported previously
(Liigand et al., 2017). Taraxacum species are known to contain various
phenolics and sesquiterpene lactones (Martinez et al., 2015), so the
formation of anions was preferred because of the carboxyl and phenyl
groups in these compounds. The stacked chromatogram showed that the
specialized metabolites of the five tested species were qualitatively
similar (Fig. 3).

The MSF method (Plumb et al., 2006) allowed us to acquire
high-energy collision-induced dissociation (CID) MS (pseudo tandem
MS) data, which supported the tentative identification of the major
chromatographic peaks. Many peaks were cautiously identified by
comparing their relative retention time, UV absorption spectra, and
high-energy CID MS spectra to the literature, as shown in Table 4 (the
MSE pseudo-fragmentation spectra and chemical structures of selected
compounds are shown in Supplementary Figure 3). The investigated
metabolites belonged to various classes, including mono- and di-isomers
of caffeoylquinic acids, flavonoid glycosides, sesquiterpene lactones,
and phenolic inositols, as described in the literature (Chen et al., 2012;
Huber et al., 2016; Kenny et al., 2014; Mingarro et al., 2015; Schiitz
et al., 2005).

2.3. Specialized metabolite diversity between the five Taraxacum species

A total of 5283 MS features were acquired from the entire LC-MS

The putative identification of metabolites in Taraxacum extracts analyzed by LC-MSE.

Peak Identity tr Observed m/z Molecular Calculated m/z UV Amax Key MSF fragment ions

no. (min) (Da) formula (Da)” (nm) (Da)

1 cis-caftaric acid” 2.63 311.0400 C13H1209 311.0403 179, 149, 135, 133

2 3.33 359.0808 C11H2003 359.0826

3 chlorogenic acid” 3.51 353.0810 Ci16H1809 353.0873 243, 327 191, 135, 85

4 4.85 305.0668 C15H1407 305.0661

5 5-O-feruloylquinic acid 6.13 367.1032 C17H2009 387.1029 246, 282,

325

6 luteolin dihexoside 6.64 609.1445 Ca7H30016 609.1456 246, 328 469, 285

7 austricin 8-0-p-p-glucopyranoside® 7.18 469.1700 Co1Hag00 469.1710° 248, 324 427, 343, 161

8 luteolin 7-O-rutinoside” 7.33 593.1507 Co7H30015 593.1506 447, 285, 179, 151, 135

9 sesquiterpene lactone glycoside 7.35 467.1562 CooHog011 467.1533

10 chicoric acid® 7.54 473.0709 CooH18012 473.0720 223, 244, 293, 179, 153, 133, 112

328

11 luteolin 7-O-glucoside® 7.71 447.0927 C21H0011 447.0927 285

12 8.00 473.0732

13 8.33 505.0988 Co3Hp2013 505.0982

14 3,5-di-O-caffeoylquinic acid® 8.91 515.1183 CosH24012 515.1190 249, 325 353, 191, 179, 135

15 9.32 457.0779 Cy2H18011 457.0771

16 10.07 343.0848 235, 122

17 taraxinic acid 10.43 261.1125 Ci15H1804 261.1127 248, 325

18 1D-4,5,6-tri-O-p-hydroxyphenylacetyl-chiro- 13.26 581.1651 C30H30012 581.1659 429, 295, 161, 151, 133
inositol”

19 1D-1,2,3-tri-O-p-hydroxyphenylacetyl-chiro- 13.51 581.1664 C30H30012 581.1659 429, 295, 161, 151, 133
inositol”

20 14.32 453.2123 Ca3H3400 453.2125

21 14.89 545.2154 C35H340g 545.2175 261, 217,173

 Identifications were confirmed by comparing tg and MS spectra to standard compounds.

> [M-H]" except peak 7.
¢ [M + HCOOH-H] .
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profiles of the five Taraxacum species. A principal component analysis
(PCA) was applied to analyze the chemical diversity between the tested
Taraxacum species. At first, the PCA model was built using every tested
and quality control (QC) sample (a mixture of every analyzed samples).
In the PC (principal component)1-PC2 score plot of this PCA model,
every QC sample was placed at the center of the score plot, which
validated our experimental method (Supplementary Figure 4). Further
multivariate analyses were performed without the QC samples to
maximize the variance between samples. Another PCA model was built
using the 13 tested samples; the PC1-PC2 score plot from this analysis is
shown in Fig. 4A. In this model, PC1 and PC2 accounted for 32.1% and
26.3% of the total variance, respectively (Supplementary Figure 5). Two
clusters were formed in the score plot, the first comprising T. campylodes
and T. coreanum, and the second containing T. ussuriense and
T. platycarpum (Fig. 4A). T. erythrospermum was relatively more different
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from the other species. The PC1-PC2 loading plot revealed that the
separation of T. erythrospermum from the other species was caused by the
relatively high concentration of phenolic acid derivatives, such as
chlorogenic acid (3) and 3,5-di-O-caffeoylquinic acid (14), and a rela-
tively low concentration of chicoric acid (10). On the other hand,
T. campylodes and T. coreanum showed relatively higher concentrations
of 1D-4,5,6-tri-O-p-hydroxyphenylacetyl-chiro-inositol (18) (Fig. 4B).
An unknown metabolite (16) was abundant in T. ussuriense and
T. platycarpum; however, it could not be annotated because its possible
molecular formula did not match any compounds previously reported in
Taraxacum species.

The metabolomic diversity between T. campylodes and T. coreanum,
and between T. ussuriense and T. platycarpum was analyzed further using
a stepwise orthogonal partial least squares discriminant analysis (OPLS-
DA) (Fig. 4C-F). The R2X values of the OPLS-DA models for
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Fig. 4. The multivariate analysis of the metabolite data derived from 13 Taraxacum extracts. (A) The score plot and (B) loading plot of the PCA model showing PC1-
PC2. (C) The score plot and (D) S-plot of the OPLS-DA model for T. campylodes (TCA) and T. coreanum (TCO), showing PC1-PC2. (E) The score plot and (F) S-plot of
the OPLS-DA model for T. platycarpum (TP) and T. ussuriense (TU), showing PC1-PC2. In the score plots, the orange hexagons, blue squares, brown plus signs, pink
circles, and yellow triangles correspond to T. platycarpum, T. ussuriense, T. coreanum, T. campylodes, and T. erythrospermum (TE), respectively. In the loading plots,
important markers are labelled with xxx/yy, where xxx means m/z values and yy means retention time. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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T. campylodes/T. coreanum and T. ussuriense/T. platycarpum were 0.511
and 0.598, respectively, which indicated that 51.1% and 59.8% of the
variation between analyzed species were characterized by the OPLS-DA
models. The OPLS-DA S-plot for T. campylodes and T. coreanum showed
relatively high concentrations of chlorogenic acid (3) in T. coreanum,
and taraxinic acid (17) in T. campylodes (Fig. 4D). For T. ussuriense and
T. platycarpum, the OPLS-DA S-plot revealed high concentrations of
taraxinic acid (17) in T. ussuriense, and 3,5-di-O-caffeoylquinic acid (14)
and the unknown metabolite (16) in T. platycarpum (Fig. 4F).

To investigate the relative quantitative differences in the specialized
metabolites of the tested species, we compared the ion abundance of the
MS features, which were selected based on the multivariate analysis. As
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shown in Fig. 5, the relative abundance of selected ions agreed with the
pattern observed in the PCA and OPLS-DA. Concentrations of chloro-
genic acid (3) and 3,5-di-O-caffeoylquinic acid (14) showed were
significantly higher in T. erythrospermum, while phenolic inositols (18
and 19) were abundant in T. campylodes and T. coreanum. Taraxinic acid
(17) concentrations were relatively higher in T. ussuriense and
T. campylodes than in other species. Austricin 8-O-f-p-glucopyranoside
(7) was not found as a marker compound in the multivariate analyses,
but it also showed a species-specific distribution. In contrast, caftaric
acid (1) and chicoric acid (10) concentrations were similar in every
analyzed extract (Supplementary Figure 6).

We performed a hierarchical cluster analysis (HCA) to find out if the
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Fig. 5. Bar plots showing the ion intensities of selected defensive metabolites (3, 5, 7, 9, 14, 16, 17, 18, and 19) in analyzed Taraxacum samples. TCA: T. campylodes;

TCO: T. coreanum; TE: T. erythrospermum; TU: T. ussuriense; TP: T. platycarpum.
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Fig. 6. The chemical dendrogram obtained by HCA (Euclidean distance and
Ward’s linkage method) on the LC-MS feature table. TCA: T. campylodes; TCO:
T. coreanum; TE: T. erythrospermum; TU: T. ussuriense; TP: T. platycarpum.

tested samples could be grouped into different chemotypes (Fig. 6). The
chemical dendrogram acquired from the HCA resembled the phylogram
drawn by the nrDNA (Fig. 2); T. ussuriense and T. platycarpum were
clustered into one subgroup, while T. campylodes, T. coreanum, and
T. erythrospermum formed another subgroup. When this relationship was
compared to the relative ion abundances (Fig. 5), it was found that
species in the same subgroup shared defensive metabolites in similar
scaffold. T. ussuriense and T. platycarpum showed high concentrations of
austricin 8-O-p-p-glucopyranoside (7) and an unidentified sesquiterpene
lactone glycoside (9), which made us assume that the unknown
metabolite 16 might be a sesquiterpene derivative; however, the pres-
ence of another sesquiterpene, taraxinic acid (17), did not follow the
subgrouping pattern. Phenolic inositols (18 and 19) were abundant in
T. campylodes and T. coreanum, while phenyl propanoidal quinic acids
(3, 5, and 14) were dominant in T. erythrospermum (Fig. 5).

3. Discussion

In this study, we assembled completed chloroplast genomes from
three Taraxacum species, T. coreanum, T. erythrospermum, T. ussuriense
and conducted comparative genome analysis with previously reported
three other Taraxacum (Kim et al., 2016a, 2016b). The six Taraxacum CP
genomes have a highly similarity in genome size, structure, and gene
numbers (Zhang et al., 2017), indicating that genome feature is
conserved between the species. However, three intergenic regions such
as trnM(CAU)-aptE, rbcL-psal, and trnL(UAG)-ccsA show sequence vari-
ation between the six Taraxacum species. Especially high frequency
sequence variations were found in two intergenic regions rbcL-psal and
trnL(UAG)-ccsA in Stipa species (Krawczyk et al., 2018) and Bupleurum
species (Li et al., 2020), suggesting that those two regions could be
further consider barcoding markers to discriminate Taraxacum species.
Additionally, we also assembled 45S rDNA simultaneously from them
and found that heterogeneous form of 45S rDNA occurred in T. coreanum
and T. ussuriense. Comparison of whole 45S rDNA showed 26S rDNA had
enough amount of interspecific variations comparable with both ITS1
and ITS2. Together with ITS polymorphisms, the variations in 26S rDNA
can help to increase molecular phylogenetic resolution.

In genome-based comparative analyses, the CP genome- and 45S
rDNA-based trees showed an incongruence, which is common because of
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the maternal inheritance of CP genomes (Liu et al., 2017; Pelser et al.,
2010). In the chloroplast-based phylogenetic tree, the Korean native
species (T. coreanum and T. platycarpum) were clustered with
T. campylodes and T. erythrospermum, which mainly grow in Europe or
certain parts of North America (Chon and Park, 2012; Kim et al., 2009).
This indicated that these four species possibly have close maternal an-
cestors, despite their different geographical origins. The two heterotypes
of T. coreanum-NR-1 and T. coreanum-NR-2 were clustered in the same
clade with T. campylodes and T. erythrospermum in the 45S rDNA-based
phylogenetic tree. One of the possible explanations for this genetic
similarity between the Korean native species and the introduced species
was natural hybridization between T. campylodes, T. coreanum, and
T. erythrospermum. The incongruence between the CP DNA and the nu-
clear genome analyses have been reported in many other Taraxacum
studies, and were regarded as evidence of an ancient persistent hybridity
in the genus (King, 1993; Kirschner et al., 2015; Van Der Hulst et al.,
2003). Previous studies on wild Taraxacum in Japan reported that wild
Taraxacum species were under ongoing hybridization at a fast rate
(Matsuyama et al., 2018; Shibaike et al., 2002), which supports the
possibility of natural hybridization between T. campylodes, T. coreanum,
and T. erythrospermum. T. platycarpum was different to T. coreanum and
clustered with T. ussuriense in the 45S rDNA-based tree, while
T. ussuriense formed a clustered clade with T. mongolicum in the CP
genome-based tree. T. mongolicum showed close phylogenetic distances
to the other species in the CP tree, while it did not cluster with any other
species in the 45S rDNA-based tree. This suggests that the maternal
ancestor of T. mongolicum was close to other species, especially
T. ussuriense, while the paternal ancestor may be genetically distant from
the other species analyzed in our study.

Most of the specialized metabolites analyzed in our study are known
as defensive metabolites against root herbivores. Caffeoylquinic acids (3
and 14) were implicated in plant resistance to thrips, a pest that Tar-
axacum species can be hosts of (Leiss et al., 2009; Smith et al., 2011). A
glucoside of taraxinic acid (17) and phenolic inositol derivatives (18 and
19) were also reported as defensive metabolites of T. campylodes against
insect herbivores (Agrawal et al., 2018; Huber et al., 2016). Chicoric
acid (10) was discovered from multiple taxa of the plant kingdom, and
was reported to help protect against insects, viruses, bacteria, fungi, and
nematodes (Lee and Scagel, 2013). Specialized metabolism is usually
regulated by two critical factors: genotype and environmental stimuli.
As all of the individual plants we tested were maintained in a same
botanical garden, we can assume that any observed differences in
defensive chemicals we measured were driven by genetic differences
between species, not by environmental stimuli. This assumption is also
supported by the congruence between the 45S rDNA-based phylogenetic
tree and the chemical dendrogram. The consistency between the two
was interesting, because in most other studies, chemical dendrograms
generally do not correlate with phylogenetic trees (Ernst et al., 2019;
Kang et al.,, 2018). From the matched pattern of the two trees, we
assumed that nucleus was involved in species-specific specialized
metabolism in Taraxacum rather than the chloroplast. However, this
hypothesis is only tentative owing to the low number of samples tested
and a lack of whole genome data. Considering the high possibility of
ongoing hybridization between Taraxacum species in wild, we can
suppose that the chemotypes of wild dandelions will be further diver-
sified in the future. Interspecific hybridization is considered as one of the
most important events driving diversification of plant specialized
metabolism (Orians, 2000; Whitehead and Bowers, 2013), because hy-
bridization can give a chemical trait introgression. From this point of
view, tracking alterations in defensive metabolism in Taraxacum plants
would provide further insights about the effects of hybridization on
chemical diversity.

Despite their universal presence, Taraxacum species have rarely been
investigated for their genomic and chemical diversity. In the present
study, we reported on the complete CP DNA and 45S rDNA sequences of
six Taraxacum species that inhabit Korea. Through the CP DNA- and 45S
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rDNA-based phylogenetic study, we showed that Taraxacum species did
not cluster by their geographic origin. Instead, there was a tangled
relationship between the CP DNA- and 45S rDNA-based phylogenetic
trees, which supports the notion of ongoing hybridization of Taraxacum
species in the wild. Additionally, we investigated the chemical diversity
of five Taraxacum species using untargeted LC-MS analysis, which
revealed that each Taraxacum plant exhibits species-specific defensive
specialized metabolism. More intensive investigations are needed to
discover the associations between the genetic and chemical relation-
ships of Taraxacum species; however, we expect that our comparative
study will be a small cornerstone for further studies on this cosmopolitan
genus.

4. Experimental
4.1. Chemicals and reagents

High performance liquid chromatography (HPLC) grade water,
MeOH and acetonitrile were purchased from Avantor Performance
Materials, Inc. (Center Valley, PA, USA). Formic acid, leucine-
enkephalin and sodium hydroxide were bought from Sigma-Aldrich
(St. Louis, MO, USA). Ultrapure water was triple deionized using the
Super-Q water purification system (Millipore, Bedford, MA, USA).
Reference standards of cis-caftaric acid (1), chlorogenic acid (3), luteolin
7-O-rutinoside (8), chicoric acid (10), luteolin 7-O-glucoside (11) and
3,5-di-O-caffeoylquinic acid (14) were purchased from InterPharm
(Koyang, Korea). 1D-4,5,6-tri-O-p-hydroxyphenylacetyl-chiro-inositol
(18) and 1D-1,2,3-tri-O-p-hydroxyphenylacetyl-chiro-inositol (19) were
isolated from T. campylodes (Choi, 2018). Austricin
8-0O-f-p-glucopyranoside (7) was isolated from T. ussuriense through
successive preparative chromatography and then identified by NMR
spectroscopy.

4.2. Plant materials

Taraxacum campylodes G.E.Haglund, Taraxacum coreanum Nakai,
Taraxacum erythrospermum Willd. DC, Taraxacum mongolicum Hand.-
Mazz, Taraxacum ussuriense Kom, and Taraxacum platycarpum Dahlst.
were collected from the Hantaek Botanical Garden, Yongin, Korea (GPS
N37°05/, E127°24'), at the same time (April 2015). These plants had
been maintained in the botanical garden for years, which might mini-
mize the effects of the surrounding environment on the specialized
metabolite profiles. The original collection sites for the plants are as
follows: Yongin (GPS N37°13', E127°13’; T. campylodes and
T. ussuriense), Seosan (GPS N36°47’, E126°27’; T. coreanum), Cheong-
won (GPS N36°44/, E127°25; T. erythrospermum), Namwon (GPS
N35°24', E127°23'; T. mongolicum), and Chuncheon (GPS N37°53',
E127°44'; T. platycarpum). Collection of the wild-grown Taraxacum
plants were performed under the permission of land owners. The sam-
ples were authenticated by Mr. T. J. Lee (Hantaek Botanical Garden),
and voucher specimens (SUPH-1504-01, T. coreanum; SUPH-1504-02,
T. erythrospermum; SUPH-1504-03, T. mongolicum; SUPH-1504-04,
T. campylodes; SUPH-1504-05, T. ussuriense, SUPH-1504-06,
T. platycarpum) are deposited in the Herbarium of the Medicinal Plant
Garden, Seoul National University (Koyang, Korea).

4.3. Sample preparation

4.3.1. Whole genome sequencing

Total genomic DNAs were extracted from the fresh leaves of each
species using the cetyltrimethylammonium bromide method (Allen
et al., 2006). After checking the quality and quantity of DNAs on agarose
gel, a library was constructed using the DNAs, followed by genomic
sequencing with Illumina Miseq and Nextseq according to manufac-
turer’s protocols (Illumina, San Diego, CA, USA).
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4.3.2. Assembly of the CP genome and the 45S rDNA sequence, and
phylogenetic analysis

The paired-end whole genome sequences from each species were
assembled by a CLC de novo genome assembler (v. beta 4.6, CLC Inc,
Aarhus, Denmark), as described in our previous studies (Kim et al, 2015,
2017). Draft CP genomes and 45S rDNA were edited by manual curation
using mapping of the raw reads. After assembly, CP gene annotation was
performed using the GeSeq program (Tillich et al., 2017) by compari-
sons with homologous genes from other chloroplast sequences in
Asteraceae. Among the assembled genomes, CP genome sequences of
three species, T. campylodes, T. platycarpum, and T. mongolicum were
previously reported by our group (Kim et al., 2016a, 2016b). 45S rDNA
was annotated based on comparisons with other plant 45S rDNA by
BLAST in NCBI (http://www.ncbi.nlm.nih.gov/BLAST/) (Camacho
et al., 2009). The CP and 45S rDNA sequences were aligned by the
MAFFT program (https://mafft.cbre.jp/alignment/server/) (Katoh
et al., 2002), while the phylogeny was drawn using the neighbor-joining
(NJ) method with 1000 bootstrap values in MEGA 6.0 (Tamura et al.,
2013). Previously reported CP sequences and 45S rDNA (Genbank
accession number: MT003979) of Artemisia fukudo (Asteraceae) was
applied as an outgroup (Lee et al., 2016). The pi value for nucleotide
divergence was calculated by using DnaSP v6 (Rozas et al., 2017) with
parameter of 600bp of windows size, 200bp of sliding size and exclusion
of gap.

4.4. The LC-MS analysis of specialized metabolites

The powdered whole plant bodies were accurately weighed for
100.0 mg and then were extracted with 1.0 ml of MeOH/H50 (5:5, v/v),
sonicated at room temperature for 15 min, centrifuged at 10,000 g for 5
min, and then the 0.5 ml supernatant was collected. The supernatant
was filtered with a polyvinylidene difluoride (PVDF) filter for the LC-MS
analysis. Samples were biologically multiplicated using different in-
dividuals from the same species; T. campylodes, T. coreanum, and
T. platycarpum were triplicated, while T. erythrospermum and
T. ussuriense were duplicated due to the lack of maintained individuals.
A Branson 8510 ultrasonic bath (Branson Ultrasonics Corporation,
Danbury, CT) was used for extractions. Centrifugation was performed
using a HANIL micro centrifuge (Microl7TR, Hanil scientific industrial,
Seoul, Korea).

The LC-MS analysis was performed on a Waters Acquity UPLC sys-
tem (Waters Co, Milford, MA, USA) coupled to a Waters Xevo G2 QTOF
mass spectrometer (Waters MS Technologies, Manchester, UK), which
was equipped with an electrospray ionization interface (ESI). Chro-
matographic separations were performed on a Waters Acquity HSS T3
(100 x 2.1 mm, 1.8 pm) column. The mobile phase was comprised of
H50 (A) and acetonitrile (B), both of which were acidified with 0.1%
formic acid. The column temperature and sample organizer were
maintained at 40 °C and 15 °C, respectively. A stepwise gradient method
at a constant flow rate of 0.3 ml/min was used to elute the column with
the following conditions: 10-11% B (0-3 min); 11-20% B (3-6 min);
20% B (6-11 min); 20-40% B (11-14 min); and 40-100% B (14-17
min), followed by 3 min of washing and 3 min of reconditioning. The
photo diode array (PDA) detector scanning range was from 200 to 500
nm with a resolution of 1.2 nm and a sampling rate of 20 times/s. An-
alyses of the samples (1.0 pL injected into the partial loop in the needle
overfill mode) were performed in the negative ion mode in the m/z
50-1200 Da range, with acquisition times of 0.2 s in the centroid mode.
The ESI conditions were set as follows: the capillary voltage was 3.0 kV,
the cone voltage was 25 V, the source temperature was 120 °C, the
desolvation temperature was 450 °C, the cone gas flow was 50 L/h, and
the desolvation gas flow was 800 L/h. High-purity nitrogen was used as
the nebulizer and auxiliary gas, and argon was used as the collision gas.
The [M — H] "~ ion of leucine enkephalin at m/z 554.2615 was used as the
lock mass to ensure mass accuracy and reproducibility. The MSE meth-
odology was applied to acquire high-energy CID MS spectra for tentative
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identification of the metabolites (Plumb et al., 2006). The low collision
energy for the detection of the precursor ions was set to 3 eV, while the
high collision energy for fragmentation was set to 20-40 eV. For data
acquisition, pooled samples were used for quality control checks. Sam-
ple acquisition was randomized and the QC sample was analyzed every 5
injections to monitor and correct for changes in the instrument response.

4.5. Data preprocessing and multivariate analyses for metabolomic data

LC-MS raw data were preprocessed into an ion marker table using
MarkerLynx XS software (version 4.1, Waters Co.). The data matrix was
created with a method using the following parameters: retention time
(tg) 2.0-17.0 min, mass range m/z 100-1200 Da, mass tolerance of 0.02
Da, and an intensity threshold of 100 counts. The alignment of peaks
across the samples was performed within the range of £0.02 Da mass
and +0.20 min tg windows. For the parameters in the ApexTrack algo-
rithm, the control peak detection by peak width (peak width at 5%
height) and baseline threshold (peak-to-peak baseline ratio) were
automatically calculated by MarkerLynx. The noise elimination level
was set to 100. As a result, 5283 ion features were extracted from the
LC-MS profiles and arranged into a peak table. Peak areas were
normalized to the total peak area of each sample, then PCA and OPLS-
DA were performed using SIMCA 13.0 (Umetrics, Umed, Sweden). Hi-
erarchical clustering analysis (HCA) was performed using the R func-
tions dist and hclust, with Euclidean distance and Ward’s linkage
method.

Data availability

Assembled genomes were deposited in NCBI and Genbank with the
following accession. CP data: T. coreanum, MN689809;
T. erythrospermum, MN689810; T. ussuriense, MN689808.45S rDNA data:
T. campylodes, MT077849; T. coreanum-NR-1, MT077854; T. coreanum-
NR-2, MT077855; T. erythrospermum, MTO077856; T. mongolicum,
MTO077853; T. ussuriense-NR-1, MT077851; T. ussuriense-NR-1,
MT077852; T. platycarpum, MT077850. All LC-MS raw data files and the
extracted ion table are deposited in MassIVE (https://massive.ucsd.edu)
with the accession number MSV000084931.
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