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1. INTRODUCTION

Only about 69,000 of the more than 391,000 plant species that exist worldwide have been the
focus of scientific research (Kattge et al., 2011; RBG Kew, 2016). Plants produce a broad range
of secondary metabolites in addition to the basic metabolic pathways necessary for growth and
development. The synthesis of secondary bioactive molecules may seem random from a
phylogenetic standpoint, but these metabolites have prominent and distinct roles that we might
have not been precisely aware of yet. Generally, these compounds are important for defense
mechanisms, pollinator and seed disperser attraction, and interspecies communication, even
though they are not necessary for the plant’s fundamental physiological processes. For instance,
flavonoids function as antioxidants that reduce photooxidative stress (Fini et al., 2011), terpenoids
are involved in signaling (Rider et al., 2005) and allelopathic interactions (Fernandez et al., 2016;
Fischer et al., 1994), and alkaloids offer chemical defenses against pathogens and herbivores
(Adler and Kittelson, 2004; Baldwin, 1988; Manson et al., 2010). Many of these secondary
metabolites are bioactive compounds that have toxicological or pharmacological impacts on both
humans and animals. Bioactive plant compounds can affect health when ingested or absorbed
through the skin, although they are not necessary for nutrition like vitamins and minerals are.

Scientific knowledge of the connection between diet and health has progressed dramatically
over the last forty years. It is now clear that diet affects almost all physiological systems, including
fetal development, gene expression, hormone regulation, and long-term disease risk, whereas
nutrition research previously concentrated mostly on preventing deficiency diseases through
essential nutrients (Gupta and Gupta, 2014). The health impacts of dietary toxins and non-nutrient
bioactive substances are also being highlighted by growing data. Thus, the idea that "we are what
we eat" is supported by contemporary nutritional science, which emphasizes the necessity of
identification and characterization the actual plant-derived compounds that cause physiological
and biological effects. The distinction between nutrition and medicine has become hazier as
interest in the medicinal potential of bioactive plant compounds has grown. More than 100 plant-
based compounds have been shown to have potential medical uses (Wilson, 1988), many of them
have their roots in traditional medicine. Powders or extracts from medicinal plants were
historically the main active ingredients in pharmaceutical medicines until the early 20" century
(Bernhoft, 2010). Moreover, special attention should be paid to the Traditional Chinese Medicines

with more than 20,000 ingredients listed, most of which are plant derived (Zhang et al., 2022).

For a large portion of the world's population, traditional medicine is still the mainstay of
healthcare. The World Health Organization (WHO) reports that about 80% of the world's
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population, especially in developing nations, still rely on plant-based medicines for their primary
healthcare needs, and that about 25% of all medical prescriptions are based on substances derived
from plants or their synthetic analogues (Gurib-Fakim, 2006). This persistent reliance underscores
the medicinal plants' cultural and historical significance as well as their ongoing value as sources

of pharmacologically active chemicals in contemporary medicine.

The considerable variation in plant quality makes it difficult to manage the quality of raw plant
materials and the products that are developed from them. Many nations have put in place
mechanisms to control the quality of herbal medicines in order to address this problem. Legally
permitted medications must pass identification and purity tests, include standardized amounts of
important bioactive ingredients, and adhere to microbiological safety and plant conservation
regulations. Establishing unambiguous rules and regulations is crucial, and national and
international organizations like the EMA (European Medicines Agency, 2010) and WHO (World
Health Organization, 2007) are currently working on developing a common set of rules. The
Committee on Herbal Medicinal Products (HMPC) was established in 2004 under Directive
2001/83/EC, as amended by Directive 2004/24/EC (European Parliament & Council, 2004a). Its
primary function is to develop community herbal monographs and documentation supporting the
inclusion of traditional herbal medicinal products on the community list, which is formally adopted
by the European Commission. While community monographs are not legally binding, they must
be taken into account during product registration. In contrast, the community list is binding across
EU and EEA (European Economic Area) member states, granting automatic registration to
compliant traditional herbal medicines that meet established quality standards. Also, Directive
2004/24/EC stipulates that products should comply with quality standards in relevant European
Pharmacopoeia monographs or those in the pharmacopoeia of a Member State.

Herbal plant quality issues also come into play when we consider herbs as food ingredients. In
this case, Regulation (EC) No 178/2002 (the General Food Law) (European Parliament & Council,
2002), and Regulation (EC) No 852/2004 on the hygiene of foodstuffs (European Parliament &
Council, 2004b) serve as the main legal basis. The former regulation mandates that all food put on
the market be safe and that traceability be established, and the latter requires food business
operators to put in place, also implement and maintain procedures based on the principles of
Hazard Analysis and Critical Control Points (HACCP) (Codex Alimentarius Commission, 2003).
The HACCP system should be modified to account for the unique risks and properties of plant raw

materials when employing herbs as food components.

The natural consequence of complying with these regulations and also to meet the consumer’s

demand in food properties must be the standardization of plant cultivation conditions in order to



ensure consistent raw material quality. This task is exponentially more difficult in the case of plants
that are harvested in the wild, which is true of most of our medicinal plants. At the same time, even
with adequate quality assurance, thousands of secondary metabolites can be present in plants in a
wide range of concentrations and with a wide range of chemical properties, that can also be altered
with different production technologies, making any qualitative or quantitative analysis of them a

challenge for analysts.

In this current work | attempted to investigate the qualitative and quantitative composition of
various medicinal plants, contributing to further scientifically based decisions on the use of these
plants. Furthermore, | attempted to improve both the quality of the plant material and the

production technology used to manufacture a plant derived beverage product.



2. AIMS

The population may have different attitudes towards medicinal plants: they may regard them
as a food source or as medicine. However, regardless of their use, there is a common need for more
accurate knowledge about the composition of medicinal plants and plant-based products, the
consequences of the effects to which the plants are exposed, and the results of the production

technology used.

In my research, the first aim was to find cultivation/lighting conditions that increase the yield
of high-value chemicals by examining how LED light spectrum alterations impact the metabolic
profile of a medicinal plant (Ouzounis et al., 2015; Zhiponova et al., 2025). The target species was
Catharanthus roseus (Madagascar periwinkle), which is an important herb historically and
medicinally as well, since it contains indole alkaloids used in cancer treatment (Goswami et al.,
2024). 1 used targeted and untargeted metabolomics approaches (using ultrahigh-performance
liquid chromatography coupled with electrospray ionization ion mobility spectrometry quadrupole
time-of-flight mass spectrometry, or UPLC-ESI-IMS-QTOF-MS), in order to measure and
compare the accumulation of pharmaceutically valuable alkaloids (particularly dimer alkaloids
like vinblastine and vincristine) and related metabolites in the leaves of the plant when grown
under various LED light compositions.

My second aim was to conduct metabolomic fingerprinting during a food production
technology which uses a medicinal plant. For this purpose, | chose Taraxacum officinale
(dandelion) and the marketed liqueur product that is made from the flowers of the plant. Since
dandelion is consumed in a variety of ways, including as an edible plant and herb, its composition
is significant from both a plant biological and nutritional perspective. In addition, during the
development of the analytical methods (Brezo-Borjan and Svarc-Gaji¢, 2024; Khan et al., 2018),
the volume of material obtained from the plant had to be maximized in order to achieve the highest
possible concentration of the final extracts (Chen et al., 2020; Liu et al., 2020). The actual
objectives were to learn more about the secondary metabolites contained in dandelion plants and
to investigate how their metabolomic profile varies in a liqueur made from dandelion flowers.
Additionally, we made an effort to monitor the changes that took place throughout the liqueur’s

maturation process.



3. LITERATURE OVERVIEW

3.1. Metabolomics approaches on the characterization of

medicinal plants and derived products

It is noteworthy that despite the enormous progress made in the field of phytochemistry, only
a relatively small proportion of the plant world has been subjected to thorough chemical analysis.
Prior to the 1990s, the majority of therapeutic candidates came from natural sources; however,

synthetic compounds have gained prominence since then.

Phytochemistry, often known as plant chemistry, has emerged as a separate field that is closely
related to both plant biochemistry and natural product organic chemistry. It addresses the vast
array of organic compounds that plants biosynthesize or uptake, as well as their chemical
structures, biosynthesis, turnover, metabolism, their natural distribution and biological role.
Techniques for separating, purifying, and identifying the numerous compounds found in plants are
required to implement the processes mentioned above. Therefore, the effective application of
established protocols and the continuous development of new methods to address emerging
unresolved issues are closely linked to the advancement of our knowledge of phytochemistry. The
limited amount of test material that can be obtained from medicinal plants in some cases, on which

the above-mentioned test steps must be performed, also poses a major challenge for researchers.

The development of quick, reproducible, and robust methods to screen plants for specific
compounds, primarily using chromatographic techniques, has greatly aided phytochemical
advancement. According to Harborne (1984), the separation and purification of plant constituents
is mainly carried out using one or other, or a combination, of four chromatographic techniques:
paper chromatography (PC), thin layer chromatography (TLC), gas liquid chromatography (GLC)
and high performance liquid chromatography (HPLC). Over the past forty years, the available
techniques have expanded and refined, and the role of PC and TLC has also changed. PC has
become almost completely obsolete; according to the Scopus database, 63% of the publications
regarding the topic were published between 1965 and 1975. TLC is now used mainly in preparative
laboratories for rapid testing, with its automated and high-performance version playing a relatively
minor role in analytics (HPTLC) (Kowalska and Sajewicz, 2022). Currently, a number of
integrated technologies and methodologies (with or without a hyphenation to chromatography),
such as non-destructive NMR (nuclear magnetic resonance spectroscopy), mass spectrometry
(MS) based techniques like GC-MS (gas chromatography—MS), LC-MS (liquid chromatography—
MS), CE-MS (capillary electrophoresis—MS), and FI-ICR-MS (Fourier transform ion cyclotron
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resonance—MS), enable large-scale analysis of highly complex mixtures (Hong et al., 2016).
However, the basic principle still applies today: the choice of technique depends largely on the
general purpose of the analysis (“fit-for-purpose”), the financial limitations (‘“value-for-money”),
the sample preparation chosen for the set of metabolites to be screened, the solubility properties

and the volatility of the compounds to be separated (if applicable).

Previously, the identification of plant components used to be based on traditional qualitative
analytical tools. Once a plant compound has been extracted and purified, it was vital to define the
chemical class it belongs to before determining which specific substance it is. The compound's
response to color tests, solubility, R (retention factor) characteristics on PC or TLC, and UV
spectral features typically revealed its class. Additionally, biochemical studies could also be very
helpful. Plant compounds should be accurately identified by measuring their physical and spectral
characteristics and comparing the results with known information. Initial identification data were
provided by physical characteristics such Re values, melting and boiling points, and optical
rotation. Spectral analyses, such as UV, IR, NMR, and later on, MS spectroscopy, provided more
conclusive characterization (Shriner et al., 2004). When authentic reference materials were
available, identification was verified by direct comparison; if not, literature data may have been
utilized. In most cases, complete characterization of new compounds could be accomplished by

combining these physical and spectral datasets.

Since its increasingly widespread introduction in the 1960s, mass spectrometry has developed
into a key method in the study of natural products because of its great sensitivity and capacity for
identification and quantification (McLafferty, 2011). Since the introduction of the first high
resolution (HR) quadrupole time-of-flight (QTOF) devices during the late 1990’s, it could also
offer precise molecular mass measurement and distinctive fragmentation patterns that support
compound identification with just microgram amounts of sample (Chernushevich et al., 2001).
The high accuracy of modern, HR-MS instruments [that could be linked to the merchandising of
the first Orbitrap and internal mass calibration assisted QTOF mass spectrometers in 2005 (Eliuk
and Makarov, 2015)] has enabled the determination of a compound’s exact molecular formula,
rendering traditional elemental analysis largely unnecessary. The implementation of the ion
mobility spectrometry (IMS) into MS instruments with the launch of the first commercial traveling
wave IMS-QTOF system in 2006 could be regarded as the latest important instrumental leap to
consider in plant metabolomics (Dodds and Baker, 2019). Afterwards, although the resolution and
mass accuracy parameters of the state-of-the-art instruments have been upgraded several folds, the

main emphasis has been put on the development of high data throughput software tools, which are



usually assisted by multivariate statistical approaches and at least entry-level artificial intelligence

toolkits such as artificial neural networks (ANN).

There are several approaches available for establishing the most comprehensive metabolomic
fingerprint of plant samples by combining the various methods for creating a metabolomic profile
with MS setup. The following are the most common methods aimed at the secondary metabolite
set:

(i) Authentic standards - Running targeted searches on authentic standard sets.

(i) Literature - Search for metabolites formerly reported for the plant species or plant genus.

(iii) Major compounds - Semi-targeted or untargeted identification of major components

based on high intensity GC-HRMS, LC-HRMS or UV/VIS peaks.

(iv) Statistics - Running multivariate statistical analysis, then focusing on the largest

discriminating features (molecular entities) between predefined groups, with an intention to

identify them.

The primary drawback of targeted metabolic profiling techniques that are based on authentic
standards (i.e., a commercially available or in-house synthesized form of the analyte with the
highest available structure matching and purity), is that they can analyze compounds that are either
commercially available or have already been identified and deeply characterized by orthogonal
techniques including HR-MS and NMR. This is because targeted analyses require authentic
reference compounds for the identification and quantification of the measured compound.
Therefore, one of the main obstacles in metabolomics research is the structural elucidation of an
unknown analyte that does not match any of the commercially accessible reference molecules.
Higher-dimension NMR techniques, which can be considered the ultimate reference methods,
enable the true de novo determination of the final structure and stereochemistry of a small
molecule; however, this method requires demanding sample purification and enrichment steps for
most test samples, which makes it considerably more difficult to identify metabolites in complex
mixtures. Due to the challenges associated with compound identification, a hierarchical annotation
system was established for MS-based metabolomics, defining distinct levels of confidence in

compound identification.

Cicek et al. (2024) proposed the latest classification of identification confidence levels. This
system is ranging from level A to level F and is meant to account for the unusual chemical
complexity of plant metabolites, which sometimes contain multiple stereocenters and numerous
isomeric possibilities, a feature hardly seen in mammalian metabolomics or environmental studies.
Level A demands full structural elucidation utilizing highly orthogonal techniques such as high-

resolution MS/MS, multidimensional NMR spectroscopy, and, where appropriate, X-ray



crystallography, supported by chiroptical measurements and classical chemical approaches.
Critically, level A identification also demands the exclusion of all potential isomers, including
enantiomers. Level B (B1 and B2) identification softens the criterion for full stereochemical
confirmation, allowing for one or more chiral centers to remain unresolved. Level C relates to
tentative identification based on authentic standards and is typically the greatest practically
available confidence level in routine phytochemical investigations, particularly for complex
metabolites. Level D identification is based mostly on analytical databases (spectral libraries),
requiring a match of retention time, MS and MS/MS data. Achieving level A identification is
exceptionally demanding. It requires sufficient sample amounts to permit NMR or X-ray analysis,
as well as access to all relevant stereoisomers or the ability to experimentally distinguish between
them. For highly complicated natural products, such as multiple glycosylated flavonoids or
diterpenoids, level A is sometimes attainable only when repeating the original structural
characterization of a known chemical. Consequently, most published identifications in plant
metabolomics correspond to levels C or D, representing tentative assignments based on standards
or library matches. Due to the strict nature of the classification, it is not yet possible to assess
layered identification without an authentic standard. Taking into account the identification
potential of additional orthogonal techniques (e.g., ion mobility data), further intermediate
identification levels could be defined, thereby refining the assessment of the work of those
involved in the earliest stages of untargeted analysis.

The use of plant-based active ingredients in drug research has persisted despite the latter's
successes in synthetic drug development. Screening assays have been and still are used to find
possible novel active substances. The objective is obvious: to choose species from the >391,000
plants mentioned above that have not yet been investigated or are worth re-examining, that show
promise from a pharmacological and therapeutic perspective, and that can be suggested for
additional phytochemical, pharmacological, preclinical, and clinical testing. The selection and
gathering of plant material and the isolation of active substances with complicated chemical
structures are frequently major drawbacks, despite the benefits of plant-based chemicals, such as

increased structural richness and more targeted effects.

Thanks mostly to a program started by the US National Cancer Institute (NCI), extensive
screening for anticancer activity of plants, microbes, and marine organisms started in the late 1950s
(National Cancer Institute (U.S.), 1977). Assuming that tumor-inhibiting compounds can be found
anywhere in the plant and animal kingdom and that their synthesis is frequently unique to a single
genus or even a single species, this set of experiments was based on random selection. Random

screening programs were only used for diseases with an urgent medical need, such as cancer,



because they were very expensive. The NCI gathered plant samples from 60 nations between 1960
and 1982 and examined 114,000 extracts from 35,000 different species. The 1980s saw an increase
in screening efforts due to worries that many of these important natural sources would be
irreversibly destroyed by human activity and environmental pollution. Although camptothecin
(1966) and taxol (1971) were isolated as a result of the NCI program, screening programs carried
out parallel revealed the components of C. roseus, vinblastine and vincristine (Svoboda et al.,
1959).

New biologically active substances can be identified through two main screening approaches:
phytochemical and biological testing. Phytochemical screening focuses on detecting known or
novel metabolites to expand knowledge of plant chemical diversity. In contrast, biological
screening evaluates plant extracts for new biological activities or active constituents, while also

assessing potential toxicity.

Over the past two to three decades, advances in separation techniques and the emergence of
new methods have made it quicker and easier to analyze the chemical composition of plant
extracts. In plant research, metabolomics has emerged as a crucial method for chemical
fingerprinting and compositional analysis. The thorough mapping of metabolites in biological
systems is now more feasible than ever because of important developments in analytical equipment
and data processing. Metabolomics is a particularly useful technology in medicinal plant research
because it makes it possible to understand the molecular basis behind the benefits of traditional
treatments that have been empirically seen. This method aids in the creation of more accurate,
scientifically supported medicinal and nutritional uses of plants by describing the metabolomic

profile.

3.2. Catharanthus roseus (L.) G. Don

Madagascar periwinkle (see Figure 1), or Catharanthus roseus (L.) G. Don, is an evergreen
perennial plant, semi-shrub, or herbaceous species that belongs to the Apocynaceae family. It was
formerly known as Vinca rosea. Although it is indigenous to Madagascar, it has spread over many
tropical and subtropical areas, becoming the only species of the eight belonging to the
Catharanthus genus found worldwide. It has gained popularity as an ornamental plant all over the
world because of its long flowering period and adaptability (Nejat et al., 2015). The plant has

opposite glossy, green leaf pairs. In addition to its naturally occurring pink and white flower
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variations, many hybrids, including blush pink with red eye,
crimson, and white with red eye, are commercially available
as seeds (Wilson, 1988).

Based on its usage in traditional medicine, Madagascar
periwinkle gained recognition in scientific research in the
late 1950s, when Svoboda et al. (1959) included it in a
comprehensive screening program of Apocynaceae plants
intended to detect hypoglycemic components. Certain
fractions of the plant extract had delayed toxic effects in

experimental animals, while no compounds affecting blood

glucose levels or carbohydrate metabolism were  Figure 1. Catharanthus roseus (L.) G. Don

. . . . (Photo by the author)
discovered. Numerous indole alkaloids with notable
pharmacological activity were eventually found as a result of the research being turned toward the

isolation of alkaloid fractions causing the reported toxicity.

Nearly 200 monoterpenoid indole alkaloids have now been found among the secondary
metabolites of C. roseus thanks to extensive phytochemical and metabolomic research (De Luca
et al., 2014). However, a complete picture of the plant's metabolomic and regulatory processes is
hampered by the fact that the entire biosynthesis pathways of these complex molecules are still

only partially understood, with numerous important enzymes remaining unidentified.

C. roseus has been included in comprehensive screening programs intended to find plant-
derived bioactive chemicals for medicinal uses since its rediscovery in the middle of the 20™
century. Vincristine sulfate and vinblastine sulfate, two potent anticancer drugs, were developed
as a result of this research (Yaniv and Bachrach, 2005). These vinca alkaloids are essential parts
of combination chemotherapy treatments for diseases such acute leukemia, lung cancer, Hodgkin's
disease, and choriocarcinoma (Vici et al., 2002). However, the plant's restricted worldwide
availability limits the industrial-scale production of vinblastine and vincristine, which as a result
fetch extraordinarily high market prices of roughly $2 million/kg and $15 million/kg, respectively
(Kumar et al., 2022).

3.2.1. The alkaloids of C. roseus

The condensation reaction of secologanin, which is obtained from geraniol via the
monoterpene pathway, and tryptamine, which is formed from L-tryptophan, with the aid of the

enzyme strictosidine synthase (EC 3.5.99.13), forms strictosidine as the first step in the
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biosynthesis of indole alkaloids (see Figure 2). Numerous alkaloids identified from plant samples
are produced during the complicated synthesis route, many of which have well-known biological
effects. The most important dimer alkaloids in medicine are formed by the reaction between
catharanthine and vindoline to form 3',4'-anhydrovinblastine, which is the bottleneck reaction of
the synthesis pathway. Although a peroxidase that can catalyze this reaction has been discovered

(Sottomayor et al., 1998), the precise nature of this enzyme-catalyzed reaction is yet unknown.

Geraniol Tryptamine

‘-\‘/

Strictosidine
synthase

Y%

Strictosidine
|

}
}

Catharanthine

Stemmadenine \ 3’4’-anhydrovinblastine
Tabersonine - —+— Vindoline ) J’ .
Vinblastine
Vincristine

Figure 2. Schematic diagram of the bisindol alkaloid’s synthesis route (KEGG Indole

alkaloid biosynthesis - Reference pathway)

The two main dimer alkaloids of periwinkle that have anticancer properties are vinblastine and
vincristine, which represent the currently known end of the synthesis pathway. For patients with
advanced Hodgkin's disease who were resistant to alkylating agents and unable to receive radiation
therapy, it was found that vinblastine was an effective medication (Sohier et al., 1968). Vincristine
has antitumor effects in leukemia and several types of childhood tumors. Both vinblastine and
vincristine play a significant role in disrupting the microtubule dynamics of tumor cells, inhibiting
the chromatin filaments that pull toward their respective poles, thereby inhibiting mitosis during
metaphase, which leads to cell death. In addition, vincristine also inhibits microtubule
polymerization, inducing cell cycle arrest and apoptosis in the G2/M phase (Al-Amin et al., 2022).
In addition to dimer alkaloids, intermediates and other branches of the biosynthetic pathway are
also considered useful (health promoting or medically important) bioactive compounds. While
serpentine has a relaxing effect (Moreno et al., 1995), ajmaline, which is derived from catenamine,
is also used to treat high blood pressure and other circulatory disorders (Van Der Heijden et al.,
1989).
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Vinblastine and vincristine are frequently referred to as bisindoles because they have two
distinct indole units in their structure: the velbanamine or cleavamine part (upper unit) and the
vindoline part (lower unit) (see Figure 3). Vinblastine and vincristine are obvious starting points
for preparative chemists who have attempted to design more potent but less toxic semi-synthetic
analogues. Looking at the molecular effects and structures of the approved derivatives that have
entered production, it is clear that relatively small structural changes lead to significantly different
oncological and toxicological profiles.

vinblastine vincristine

Figure 3. Structure of the major dimeric alkaloids of periwinkle. The link of the velbanamine

and vindoline molecular entities are marked in purple.

For instance, vinflunine, a fluorinated derivative, is used to treat bladder cancer; vinorelbine,
a derivative of vinblastine that differs from the parent molecule by just one hydroxyl group in its
structure, is used to treat breast cancer and non-small cell lung cancer (Béni et al., 2012).

3.2.2. Production of bisindol alkaloids

The plant material contains bisindol alkaloids in very low concentrations: the concentration of
vinblastine and vincristine in field grown leaves are generally in the mg-kg™ range (Banyal et al.,
2023; Mujib et al., 2017; Salama et al., 2020). Their extraction is often unprofitable, involving the
processing of large quantities of plant material and time-consuming and costly purification steps.
The primary reasons for beginning to synthesize these chemicals via different methods were the
dimer alkaloids' low yield [0.0001-0.0005% leaf DW (Sharma et al., 2022)] and high cost. An
obvious solution is to produce the compounds using cell and tissue cultures, but even the
biosynthesis of one of their monomers, vindoline, requires cell differentiation. Accordingly,
dimeric alkaloids can only be produced from differentiated callus cultures or organ cultures (Van
Der Heijden et al., 1989).
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Apart from plant extraction, other feasible options include total synthesis of the compounds
and semi-synthetic production of dimeric alkaloids from monomers (Rahman (Ed.), 1994).
However, the complex bisindole structure of dimer alkaloids (the C-C bond connecting the
velbanamine moiety to vindoline) and their possible isomers had to be taken into account. While
vindoline occurs together with vinblastine in the leaves of periwinkle, the velbanamine moiety
cannot be detected separately in the plant, and experiments aimed at synthesizing vinblastine or
vincristine must necessarily include the production of this interesting indole system, which carries
a nine-atom, nitrogen-containing ring. In semi-synthetic production, the dimers are most often
produced by the oxidative coupling of monomer precursors. For this purpose, vindoline is
extracted from periwinkle leaves, while catharanthine can be obtained from the roots of the plant
or from in vitro cultures (Mishra et al., 2001).

Since the procedure of extracting alkaloids from grown plants is still crucial, we can endeavor
to apply agrotechnological solutions to enhance the useful metabolites of periwinkle. This requires
understanding how biosynthesis is regulated during plant development and where it takes place in
plant cells. Tabersonine accumulation can be observed in seedlings grown in the dark (since the
enzymes necessary for its production are present in all parts of the plant), as well as the restriction
of vindoline and its precursors to the cotyledons (DeLuca et al., 1986). While tabersonine and
catharanthine are found in all tissues of the plant, vindoline and the dimer alkaloids formed from
it are restricted to the aerial parts of the plant and their appearance is developmentally regulated.
The formation of the main leaf alkaloids requires the participation of at least two cell types in the
plants and the intercellular translocation of an intermediate. The genes involved in strictosidine
formation are expressed only in the epidermis of the aerial tissues and in the cells of the root apical
meristem, while the enzymes required for the last two steps of vindoline biosynthesis
(deacetoxivindoline  4-hydroxylase and deacetylvindoline 4-O-acetyltransferase) occur

exclusively in the laticifers and idioblasts of the aerial tissues (Schroder et al., 1999).

The 2-C-methyl-D-erythritol-4-phosphate pathway (KEGG Terpenoid backbone biosynthesis
pathway), which provides the carbon skeletons necessary for secologanin biosynthesis, and
geraniol 10-hydroxylase, which is involved in the first step of this pathway, have been localized
in biochemically specialized internal phloem parenchyma cells. In contrast, loganic acid
O-methyltransferase and secologanin synthase, which catalyze the terminal reactions of
secologanin biosynthesis, are expressed exclusively in the epidermis of young leaves and stems.
This suggests that an as yet uncharacterized intermediate is transported between the internal
phloem parenchyma and epidermal cells for the formation of the secologanin molecule at the
appropriate location (Roepke et al., 2010).
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The concentration of vindoline, catharanthine, and 3',4'-anhydrovinblastine in the leaves of the
plant is age-dependent. During the ripening process of the leaves, the concentration of
catharanthine and vindoline decreases, while the concentration of 3',4'-anhydrovinblastine
increases (Moreno et al., 1995). It is important to note that transport mechanisms directed towards
alkaloid biosynthesis are linked in the leaf epidermis to enable the selection of catharanthine into
the surface wax, while vindoline accumulates in special idioblast/laticifer cells found in the leaf.
This spatial separation of monomeric alkaloids provides a clear explanation for the low levels of

dimeric alkaloids found in periwinkle (Roepke et al., 2010).

Various stress factors affecting plants can influence their alkaloid content. According to
Frischknecht et al. (1987), in healthy, non-stressed plants, the youngest part of the shoot tip
contained more than 3% alkaloids; moving down the shoot, the alkaloid content of successive leaf
pairs decreased. Drought had little effect on the concentration of alkaloids within the plant. Wound
stress increased the alkaloid content in the shoot by 100%, but wounding did not increase alkaloid

accumulation in non-growing tissues.

The generation of alkaloids by the plant is also influenced by lighting. Treatment with UV-A
and UV-B radiation can increase the accumulation of alkaloids, including dimers (Fukuyama et
al., 2017; Zhong et al., 2021), but UV irradiation can cause unpredictable physiological effects.
Treating the plant with LED light, which has been utilized for roughly ten years to create the

appropriate amount of active compounds (Fukuyama et al., 2013), is one possible answer.

3.3. Taraxacum officinale (L.) Weber ex F.H. Wigg

Plants in the genus Taraxacum, which is a member of
the Asteraceae family and Cichorioideae subfamily, have
long been utilized for their medicinal properties. Dandelion
(see Figure 4), Taraxacum officinale (L.) Weber ex F.H.
Wigg, is widely distributed throughout the northern
hemisphere and is listed in both the European
Pharmacopoeia (European pharmacopoeia, 2022) and plant
monographs (European Medicines Agency, 2020; World
Health Organization, 2007) because of its widespread use in

folk medicine. Related species, including T. mongolicum

and T. sinicum, are native to China and the Korean

Figure 4. Taraxacum officinale (L.) Weber ex
F.H. Wigg (Source: https://unsplash.com)

Peninsula.
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As T. officinale is a common weed, and its collection in the wild is as common as its cultivation,
making it difficult to identify its main suppliers. However, according to Bisset (1994), Hungary
was one of the main suppliers of dandelion in the 1990s.

Dandelion drug (Taraxaci herba cum radice) has a variety of use in traditional medicine. It is
well recognized for its "blood-purifying” qualities and is used as a tonic, laxative, and
galactagogue. Among the several conditions it is used to treat include boils, sores, diabetes, fever,
eye irritation, insomnia, sore throat, lung abscesses, jaundice, and urinary tract infections.
Additionally, it is also applied to treat dermatitis, rheumatism, arthritis, and other skin conditions
(Bisset et al., 1994; Gruszecki et al., 2024; Schitz et al., 2006). T. officinale drug is a mild
choleretic, diuretic, and appetite-stimulating bitter that can be used as an adjuvant in cases of
incomplete fat digestion, liver and gallbladder diseases, and digestive symptoms (Bisset et al.,
1994; Schiitz et al., 2006). Additionally, upper respiratory tract infections have been treated with
dandelion flower infusions and syrups (Bylka et al., 2010). These diverse effects are mainly
believed to be caused by the presence of various sesquiterpenes and polyphenolic compounds. The
plant may be a valuable source of bioactive components and natural antioxidants (Hu and Kitts,
2003; Kisiel and Barszcz, 2000).

Though to differing degrees, the effort of putting many folk medicine applications on a
scientific foundation is still in progress. It was discovered that the dandelion aqueous extract had
a protective effect on acute liver inflammation (Park et al., 2010), acute anti-inflammatory activity
on cholecystokinin-induced acute pancreatitis (Seo, 2005), and a significant action on sodium
dichromate-induced hepatotoxicity, oxidative stress, and genotoxicity (Hfaiedh et al., 2016).
Additionally, it has the potential to treat endogenous and/or exogenous-originated kidney toxicity
in rats (Karakus et al., 2017) as well as chemically induced or viral hepatitis (Park et al., 2007).
The effects of numerous bioactive metabolites found in dandelions have also been studied
individually. In Swiss albino mice under chronic stress, Kour and Bani (2011) reported that
chicoric acid at a dose of 1 mg-kg™ had a substantial antidepressant and stress-reducing effect.
Chicoric acid also possesses antioxidant and anti-adhesive qualities and according to to a human
blood test by Lis et al. (2019), it does not exhibit cytotoxic side effects against platelets. By
secreting interleukin (IL)-1p and tumor necrosis factor-a (TNF-a), the dandelion extract induced
apoptosis in human Hep G2 cells (Koo et al., 2004). Additionally, based on experiments conducted
on the lung adenocarcinoma cell line A549 (Man et al., 2022), it may inhibit tumor cell growth,
disrupt cell membrane stability, and reduce cell adhesion — all of which are important aspects of
its anti-cancer effect. According to in vitro experiments (Hu and Kitts, 2003), luteolin and luteolin

7-O-glucoside are primarily responsible for the antioxidant and cytotoxic properties of dandelion
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flowers. Luteolin and luteolin 7-O-glucoside reduce the generation of nitric oxide and
prostaglandin E2 in LPS-activated RAW 264.7 macrophage cells by blocking inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) (Hu and Kitts, 2004). The advantages of
employing these bioactive compounds in medicine, such as their potential to lessen reliance on
expensive, high-tech, or chemical-based therapies frequently employed in Western medicine, are

supported by ongoing research.

In addition to its medicinal applications, T. officinale can be recommended as a food source
(Escudero et al., 2003). Its roots, leaves, and flowers are used to make a range of culinary products.
While the roots are roasted and used as a coffee substitute, young leaves are eaten raw in salads
(Hadjichambis et al., 2008). Additionally, a wide range of culinary products, including cheese,
gelatins, baked goods, frozen dairy desserts, alcoholic beverages, soft drinks, and candies, use
dandelion extracts as flavoring ingredients (Cacak-Pietrzak et al., 2021; Gatto et al., 2011). Dried
dandelion flowers are available as a dietary supplement (Wappel and Schulte, 2004) for turtles,
rabbits and horses due to their high polyphenol content, and adding dandelion extract to feed can
improve the antioxidant capacity and non-specific immunity of common carp (Chen et al., 2023).

Like most herbs used in traditional medicine, T. officinale's health benefits are empirically
proven, but surprisingly little is known about the bioactive components and mechanisms
underlying its effects. However, T. officinale is the only species within the genus that has been
researched in terms of its biochemical and nutritional composition in relation to its economic
relevance. This is mainly because it is widely distributed around the world, incorporated into
various ethnobotanical activities, and commonly found in pasturelands used for cattle grazing
(Martinez et al., 2015; Zhang et al., 2024). Despite all these advantages, only a few scientific
publications discussed the chemical composition of dandelion, as Williams et al. pointed out in
1996. In their study, Schiitz et al. (2006) reported a lack of data from human or clinical studies,
while Martinez et al. (2015) cited the low level of interest in clinical studies related to the topic as
the reason for this phenomenon. Clare et al. carried out a pilot study in 2009 to look into the
diuretic effect of dandelion over the course of a one-day period. An ethanolic extract of fresh
leaves (1 g-mL™) increased the frequency of urination and the amount of fluid excreted in healthy
individuals, according to the results. Also, there were attempts to conduct clinical trials, for
example to prove the effectiveness of the natural dandelion product in treating obesity in
premenopausal women or treating vesicular hand eczema with the ingestion of dandelion juice
(Clinical Trials 1.; Clinical Trials 2.).

T. officinale has been recognized as a useful bioindicator plant due to its capacity to absorb

and store toxic metals. According to Bini et al. (2012), dandelions can tolerate and accumulate
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high levels of metals like lead (up to 200 mg-kg™) and zinc (up to 160 mg-kg™), especially in leaves
and roots, with minimal visible damage. Their ability to uptake and move essential metals like zinc
and iron throughout the plant makes them promising for phytoremediation and erosion control,
offering a low-cost and effective solution. However, growing in toxic metal contaminated soils
raises health concerns due to the plant’s role in the food and pharmaceutical industries. Also,
dandelion can be used as a bioindicator for the genotoxicity of nebulized dispersions of ZnO and
CuO nanoparticles as representative atmospheric nanostructured pollutants (Abrica-Gonzélez et
al., 2023).

3.3.1. The secondary metabolites of T. officinale

Our understanding of the dandelion plant's secondary metabolites has grown significantly
during the last 20 years. Terpenes, flavonoids, and phenolic compounds are the most studied and
discovered compounds, making about 45% of the relevant literature (Martinez et al., 2015). More
than 200 small molecular secondary metabolites have been found in dandelions or in various plant
tissues, according to the literature (see App. A2: Table 2., based on the research of Budzianowski,
1997; Bylka et al., 2010; Choi et al., 2018; Grauso et al., 2019; Hansel et al., 1980; Hu and Kitts,
2003; Jedrejek et al., 2019; Jedrejek and Pawelec, 2024; Jung et al., 2011; Kamal et al., 2022; O.
Kenny et al., 2015; Owen Kenny et al., 2015; Kikuchi et al., 2016; Kisiel and Barszcz, 2000; Krist6
et al., 2002; Lis et al., 2020; Lopez-Garcia et al., 2013; Melendez-Martinez et al., 2006; Mitek et
al., 2019; Pedneault et al., 2002; Saeki et al., 2013; Schiitz et al., 2005; Sergio et al., 2020;
Tsagkaris et al., 2022 and Zou et al., 2023), and this number only rises when we consider reports
of related species in the Taraxacum genus. The plant's flowers and the essential oil that was
extracted from them have been found to contain a variety of aliphatic hydrocarbons, alcohols,
aldehydes, and organic acids. However, the flowers, as well as the much more studied leaves and
roots, contain a variety of terpenoids, phenolic acids, flavonoids, and their derivatives. These three
metabolite groups comprise over half of all metabolites discovered so far. Interestingly, Williams
et al. (1996) found that dandelion flowers contained free luteolin and chrysoeriol in addition to
high concentrations of yellow carotenoids. These flavonoids are presumed to contribute to the
plant’s protection against ultraviolet radiation. In comparison to outdoor cultivation, Pedneault et
al. (2002) examined the effects of greenhouse hydroponic cultivation on the levels of caffeic acid,
chicoric acid, and chlorogenic acid in dandelions. According to their research, plants grown in the
field had far higher concentrations of these phenolic compounds (31.2 mg-g* DW) than plants

produced hydroponically in greenhouse (5.0 mg-g™* DW). The authors hypothesized that exposure
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to UV-B radiation may be the cause of the increased phenolic acid accumulation in field-grown T.

officinale.

However, when it comes to dandelion — (or any herbal —) based products and dishes, it's crucial
to consider the impact of the technologies and cooking methods employed during production, as
these can have a significant impact on the quantitative and qualitative composition of the particular
product to be consumed (Sergio et al., 2020). Based on the health promoting properties of some
compounds found in dandelion, alcoholic extracts made from dandelions can be used to produce
new food or medicinal products, provided that the tradition of folk medicine production is
followed. There is a lack of trustworthy quantitative data that is verified by authentic standards
and occasionally contradicts one another. For instance, Hu and Kitts (2004) found
0.85+0.09 pg-mg* caffeic acid in the flowers> aqueous extract and 7.26+0.03 pg-mg™ in the ethyl
acetate extract (related to unspecified dry material content), although Lopez-Garcia et al. (2013)
detected no caffeic acid in the dandelion flowers they studied. There are also significant differences
between the reported concentrations of compounds. Hu and Kitts (2004) were unable to detect
luteolin in the aqueous extract of dandelion flowers, but the ethyl acetate extract yielded a luteolin
concentration of 25.20+0.56 pug-mg™ (related to unspecified dry material content), while Mitek et
al. (2019) found that the acetone extract of the flower contained 11.87+1.19 mg-g* DW luteolin.
The scarcity of consistent and comparable data, coupled with the consequent under-regulation of
this field, underscores the need for further research to support the evidence-based utilization of
dandelion and other common plants rich in bioactive compounds that remain largely overlooked

in everyday practice.

3.4. Plant cultivation under controlled conditions

In addition to natural diversity among individual plants, cultivation practices and
environmental conditions have a significant impact on plant traits, including alterations in their
metabolomic pathways. Many plants, particularly herbs and legumes, are cultivated in controlled
environments to attain optimal quality and output. Environmental parameters (temperature, light,
humidity) may all be fixed or changed adequately in these artificial environments to suit the unique
requirements of different plant species. LED technology is frequently used in modern indoor
cultivation systems to give the ideal light intensity and spectral composition for plant growth and
development (Darko et al., 2014; Olle and Virsile, 2013; Singh et al., 2015). Targeted secondary
metabolite production can be promoted by modifying plant biosynthesis pathways with LED
lighting assistance. This method may be more ecologically friendly than conventional chemical
synthesis and provides a workable substitute for creating chemicals that are challenging to
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synthesize. In order to increase the production of valuable plant-derived substances, this method
has been widely used in horticulture, the food industry, and more recently, the pharmaceutical
sector (Darko et al., 2022; Kubica et al., 2020).

Researchers have been using LED lights to increase the stability of C. roseus's vinca alkaloid
output for almost a decade. The main goal of these investigations was to increase the production
of vinblastine precursors, vindoline and catharanthine, by optimizing light conditions. Red light
significantly increased plant growth, however under various lighting conditions, Fukuyama et al.
(2013) did not see a significant rise in vindoline or catharanthine levels. They subsequently found
that the optimal red light intensities for producing these precursors per plant were
150-300 pmol-m2-s7! (Fukuyama et al., 2015). Red light, however, did not increase vinblastine
production. To resolve this, increased exposure to UV-A light was demonstrated to elevate
vinblastine levels in C. roseus leaves in the plants grown under red light (Fukuyama et al., 2017),
whereas UV-B exposure similarly enhanced alkaloid accumulation (Zhong et al., 2021). Despite
these benefits, UV treatment may induce unwanted physiological alterations, including diminished
internode length, indicating that gentler, less stressful approaches to enhance vinca alkaloid

content may be more desirable (Chen and Chen, 2013).

3.5. Metabolomics of C. roseus alkaloids and T. officinale

secondary metabolites

During structural determination for small molecule secondary metabolites, including alkaloids,
NMR and MS are key techniques. Together, NMR and MS often enable the unambiguous
determination of the structure of an unknown compound, even if only small quantities are present.
In Hungary, Richter Gedeon Plc. is a leader not only in the research of the two main alkaloids of
periwinkle, but also in the structural determination of by-products and metabolites generated
during the production of active pharmaceutical ingredients (Dubrovay et al., 2013; Hada et al.,
2013).

Although both NMR and MS techniques have advanced significantly in recent decades, their
limitations should not be overlooked. NMR analysis still requires at least 1-3 mg of sufficiently
pure (>95%) extracted/produced compound, which is extremely difficult to collect in the case of
for example, surrogating contaminants in the order of pg-kg™ concentrations during the production
of active pharmaceutical ingredients, or relatively less abundant (“minor”) components found in
similar concentrations in plants. Without independent NMR-based identification, GC/LC-HRMS

techniques are suitable "only" for the tentative identification of compounds, based on accurate
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mass measurement and fragmentation pattern analysis. In addition, both NMR spectrum
interpretation and MS fragment spectrum analyses typically require researcher-level expertise and
cannot be fully automated, meaning that human errors cannot be ruled out. With the advancement
of analytical techniques and instruments, new publications continue to appear to this day, targeting
the determination of metabolites from their original plant matrix (Hisiger and Jolicoeur, 2007;
Jedrejek and Pawelec, 2024; Kenny et al., 2014; Lourengo et al., 2022). Compared to gas
chromatography and capillary electrophoresis techniques, HPLC combined with a diode array
detector (DAD), fluorescence detector (FLD), or mass spectrometry (MS) is the most commonly
used method when it comes to involatile compounds. The latter is considered a fundamental
technique, given that no authentic standards are available for most of the secondary metabolites
(Kulagina et al., 2022).

For the detection and identification of secondary plant metabolites without authentic standards,
high-resolution mass spectrometry systems coupled with liquid chromatography (LC-ESI-
IQ/ITOF-MS, LC-ESI-Orbitrap-MS) offer an adequate alternative that is even suitable for
retrospective analysis. After quadrupole—time-of-flight (QTOF) mass spectrometers became
commercially available 30 years ago (Chernushevich et al., 2001), the analytical community
quickly embraced them as powerful, robust instruments with unique features. ESI-QTOF systems
can be viewed either as an ESI-TOF augmented with a quadrupole and collision cell, or as a triple
quadrupole instrument in which the third quadrupole is replaced by a TOF analyzer. In both cases,
the resulting tandem mass spectrometer provides high sensitivity, high mass resolution, and high
mass accuracy in MS (and partly in MS/MS) modes. The excellent full-scan sensitivity of TOFMS
over a broad mass range, made possible by parallel detection, is one of its main advantages in both
modes. In addition, the examination of the isotopologue profile of unknown components, together
with their accurate mass determination, reduces the uncertainty of spectral analysis, enabling the
determination of the metabolic profile of the plant. Also, the accurate mass spectral data can be

analyzed retrospectively for newly emerging substances of interest.

Analytes are separated by liquid chromatography and assigned by their measured m/z and
retention time parameters (together often referred to as molecular features) in a standard LC-MS
procedure. High selectivity and reproducibility in mass accuracy are provided by HRMS;
nonetheless, interferences and chromatographic instability can make the identification based only
on retention time and m/z problematic in complicated matrices or in the presence of numerous
background signals (matrix ions). Therefore, separation and identification certainty can be
enhanced by an extra orthogonal property that separates ions with identical retention durations and

closely spaced m/z values. This attribute is achieved by ion mobility, which makes it possible to
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quantify a molecule's collision cross section (CCS) under specific circumstances. The ion mobility
device in the Vion IMS QTOF system (see Figure 5) is situated between the StepWave and the
quadrupole, where ions are segregated according to their gas phase dimensions and reported as
drift time or CCS.

Figure 5. System diagram of Vion IMS QTof platform (Source: www.waters.com)

By employing less selective sample preparation to look at a wide variety of substances at once,
applying untargeted analysis on LC-HRMS instruments provides a more thorough approach.
However, compared to the few hours usually needed for targeted analysis, the resulting enormous
data sets require considerable processing, frequently requiring weeks or months for evaluation.
Because of this, untargeted methodologies are currently mostly employed in research and
development. Untargeted analysis can produce rich insights, allowing the detection of particular
differences and the finding of distinguishing traits between samples, despite being time-consuming

and requiring a high level of analytical skills.

Determining the concentration levels of vinca alkaloids in C. roseus, in related pharmaceutical
products, and in human serum samples is crucial from a clinical perspective, also it shouldn’t be
overlooked in the case of dandelion, regards to its medicinal and food industry uses. Triple
quadrupole LC-ESI-MS instruments in multiple reaction monitoring (MRM) mode or HR-MS
instruments in MRM or single ion monitoring (SIM) modes can be used to quantitatively determine
target analytes in very low concentrations for which authentic standards are commercially
available; however, additional members of the biosynthetic pathway can only be determined with
some degree of uncertainty and quantified to another component (semi-quantitative approach)

(Ferreres et al., 2010; Kumar et al., 2018). Since there is no single group of compounds in
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dandelion that is attributed with any strong medicinal properties, the goal in this case is to map the
metabolome as completely as possible. In contrast, the vinca alkaloid metabolome has been the
subject of relatively few papers to far (Al-Amin et al., 2022; Jeong and Lim, 2018; Yu et al., 2022),
and none of them have attempted to cover the most important, related alkaloid biosynthetic
pathway.
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4. MATERIALS AND METHODS

4.1. Plant materials and growth conditions of C. roseus

A total of 300 seedlings, raised from seeds (source: Rédei Kertimag Zrt., Réde, Hungary;
undisclosed cultivar), were cultivated for two months in a PGR-15 growth chamber (Conviron
Ltd., Winnipeg, Canada) under controlled conditions: 26/20°C day/night temperature, light
intensity of 300 pmol m2-s™! supplied by metal halide lamps with 16/8 h photoperiod, and relative
humidity sustained at 70-75%.

Following two months of initial growth, the seedlings were transferred to LED chambers and
subjected to various light treatments (as shown in Table 1) for a period of two weeks.

Table 1. Experimental settings of the LED treatment

SUM PPFD*
No. Type Blue % Green % Red % Far-red %

(umol m2-s1)

1 High blue 350 43 15 41 1

2 High red 350 11 15 73 1

3 High far-red 350 20 15 44 21

Medium light
4 350 20 15 64 1
(control)
5 Low light 115 20 15 64 1

* Photosynthetic photon flux density

For each lighting condition, 12 seedlings were selected, as illustrated in Figure 6. After the
two-week exposure, five plants from each LED group were chosen for vinca alkaloid analysis.
From each plant, four fully developed leaves were collected from the top of the plant. The leaf

samples were immediately frozen in liquid nitrogen and stored at —80 °C until further processing.
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Figure 6. C. roseus plants during the LED treatment (No. 5 low light on the left side and No.
1 high blue to the right). (Photo by the author)

4.2, Plant materials and product samples of T. officinale

Dried dandelion leaf-root drug (Taraxaci herba cum radice) was purchased from a local
market (Mecsek-Drog Kft., Pécsvarad, Hungary). The drug contained the dried roots and rosettes
since it was collected before the flowering period. Dandelion flowers were collected in Gyomrd,
Hungary (47°25'05.5"N 19°23'54.8"E) in spring 2023. The freshly collected flowers were
mechanically cleaned and frozen at -80°C until sample preparation.

The dandelion liqueur products were made from the flowers collected in Gyomrd. The liqueur
was produced by macerating fresh dandelion flowers in ethanol (40 V/V%) at room temperature
in the dark, which is then aged for two months before being bottled and commercialized. The leaf-

root drug and liqueur samples were stored in a dark and dry place until analysis.

A test batch was used to examine extraction optimization and monitor maturation. The
extraction solvent in this case was ethanol (70 V/VV%). This test batch was sampled weekly over a
period of two months.
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4.3. Chemicals and reagents

As for authentic standards to measure periwinkle samples, vincristine sulfate (> 99 %) and
vinblastine sulfate (> 97 %) were purchased from the Merck-Sigma group (Darmstadt, Germany).
63 authentic standards were used for the identification, quantitation and semi-quantitation of the
dandelion samples. For the details of the authentic standards and the stock solutions, see A8: App.
Table 5.

Sample preparations was carried out with UPLC gradient grade ethanol, methanol and HPLC
grade n-hexane, all obtained from VWR (Radnor, PA, USA). Deionized water (18.2 MQ-cm) was
obtained from a Millipore purification system (Merck-Millipore; Darmstadt, Germany). For the
LC-MS analyses, UPLC-MS-grade acetonitrile and MS-grade formic acid were used (VWR).

4.4, Sample preparation for C. roseus samples

Leaf samples were powdered in liquid nitrogen using a mortar and pestle. 0.2 g portions of the
powdered sample were weighed, and extraction was carried out twice using 1.0 mL of a methanol—
water mixture (2:1, V/V) for 2 minutes each in a 1600 MiniG® Automated Tissue Homogenizer
and Cell Lyser (SPEX; Rickmansworth, UK) at 1250 rpm. The extracts were then centrifuged at
16,500 g for 10 minutes at 4 °C, and the supernatants were collected. These were mixed and
subjected to liquid-liquid partitioning by adding 1.0 mL of n-hexane to remove carotenoids. Prior
to LC-MS analysis, the methanol-water phase was filtered using a 0.22 um PTFE syringe filter.
Following filtering, 0.5 mL of the filtered sample was diluted either two-fold (using 0.5 mL of
Milli-Q water containing 0.2% formic acid) or ten-fold (using 4.5 mL of Milli-Q water containing
0.11% formic acid). The diluted samples were filtered using 0.22 um hydrophilic PTFE syringe

filters before injection.

4.5. Sample preparation for T. officinale samples

Dried leaf-root drug samples were ground by an electric grinder. Fresh flower samples were
powdered in liquid nitrogen in a mortar with a pestle. In both cases, 0.5 g sized subsamples were
weighed and vortexed with 8.0 mL ethanol (80 V/V%). The extraction was performed using an
ultrasonic bath for 1 hour, followed by shaking for 3 min in the 1600 MiniG® at 1250 rpm. After
centrifugation (20 min, 4 °C, 8000 g), the supernatants were evaporated. The evaporation residues
were taken up in 0.8 mL of methanol and complemented to 2.0 mL final volume with MQ water
containing 0.1 V/V% formic acid. After centrifugation (10 min, 4 °C, 16,000 g), the supernatants
were filtered through a 0.22 um pore sized PTFE syringe filter.
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The liqueur samples were diluted four-fold with MQ water containing 0.4 V/V% formic acid,
then were filtered through a 0.22 um PTFE syringe filter. Ten-fold dilutions were conducted for
the quantification of caftaric acid, chicoric acid, chlorogenic acid, luteolin, luteolin 7-O-glucoside

and caffeoylsucrose. Each sample group was measured in seven replicates.

The test batch samples obtained were analyzed in three technical replicates using the same

sample preparation method as for the original liqueur sample.

4.6. Metabolomics and multivariate statistical analysis

A Vion ESI-IMS-QTOF-MS instrument (Waters; Milford, MA, USA) and equipped with a
Z-spray ion source was connected to a Waters Acquity I-Class ultra-performance liquid
chromatography (UPLC) system with a PDA detector to perform the analyses. A BEH-Cig
reversed-phase UPLC column (100 mm x 2.1 mm, 1.7 um; Waters) kept at 40 °C was used for the
separation. Both acetonitrile and water with 0.1% formic acid (\V/V) were used for gradient elution.

The injected sample volume was 1 uL. Tables 2 and 3 include the related instrumental parameters.

Table 2. UPLC gradient conditions for C. roseus and T. officinale analyses

C. roseus analysis T. officinale analysis
Gradient conditions
Eluent ’A’: water with 0.1 % V/V formic Gradient conditions
acid Eluent °A’: water with 0.1 % V/V formic
Eluent ’B’: acetonitrile with 0.1 % V/V acid
formic acid Eluent °B’: acetonitrile with 0.1 % V/V
i formic acid
(Tr:ms (TTII(I)-VrVn :r?tf) A% B% . .| Flow rate
Time (min) - A% B%

0.0 0.4 95 5 (ml-min™)
05 0.4 95 5 0.0 0.4 96 4
8.0 04 82 18 0.5 0.4 % 4
12.0 04 60 40 15.0 0.4 85 15
15.0 0.4 20 80 18.0 0.4 60 40
16.0 0.4 0 100 20.0 0.4 0 100

21.0 0.4 0 100
18.0 04 0 100

21.5 0.4 96 4
19.0 0.4 95 5

23.0 0.4 96 4
22.0 04 95 5
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Table 3. ESI-IMS-QTOF-MS parameters applied for the analyses

C. roseus analysis T. officinale analysis
PDA - 220-600 nm; 20 scans/s at | PDA - 220-550 nm; 20 scans/s at
Detector 1
2.4 nm resolution 1.2 nm resolution
Detector 2 Vion IMS QTOF MS with ESI ion source
Resolution > 40 000 (calculated for leucine enkephalin)
Capillary voltage 0.5 kV
Polarity negative and positive
Source temperature 120°C
Desolvation
550°C
temperature
Nebulizer gas 6.5 bar N
Cone gas voltage 30V
Desolvation gas flow 1000 L h't N,
Cone gas flow 150 L h't N3 100 L ' N,
Collision gas flow 0.15 ml mint Ar 5.0
IMS ON
MS scan m/z 90 — 2000
MS scan time 0.4s
Lock mass ON
MS/MS scan m/z 50 — 2000
MS/MS collision o o
individually optimized
energy
MSE low collision
6.0 eV
energy
MSE high collision
20.0-30.0 eV 10.0-40.0 eV
energy ramp

In the case of C. roseus measurements, a validation study that included evaluations of
specificity/selectivity, linearity, accuracy, analytical range, the limits of detection (LOD) and

quantification (LOQ), and the matrix effect was conducted to show the method's applicability.
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Authentic standards of vinblastine and vincristine were utilized to set up the calibration for the
measurement of the samples using the standard addition method. Since the concentration of
3',4'-anhydrovinblastine was determined using the authentic vinblastine standard, this method can

be considered semi-quantitative for this compound.

For T. officinale samples, standard addition method with authentic standards was used for
the quantification (for 30 identified compounds). The concentration of further 38 compounds was
determined in relation to the most suitable authentic standard, which can therefore be regarded as
a semi-quantitative approach. The list of compounds semi-quantified with the authentic standards

is presented in Table 4.

Table 4. Compounds quantified using the semi-quantitative method in dandelion samples and the
authentic standards used for this purpose

- Authentic standard used for semi-
Identified compound e .
quantification
1-Caffeyllaminaribiose
Caffeic acid derivative_1
Caffeic acid glucoside_1
Caffeic acid glucoside 2
Caffeic acid sulfate_1 Caffeic acid
Caffeic acid sulfate_2
Caffeic acid derivative_2
Caffeoylglycerol
Caffeoylsucrose
Dicaffeoylquinic acid_1
Dicaffeoylquinic acid_2
Apigenin derivative

Chlorogenic acid

Schaftoside isomer_1 Apigenin
Schaftoside isomer_2
Chicoric acid derivative Chicoric acid
Chr_ysoen(.)I : Hesperetin
Chrysoeriol rutinoside
Esculetin sulfate Esculetin
Isorhamnetin 3-glucoside
Isorhamnetin disaccharide 1 Isorhamnetin 3-rutinoside

Isorhamnetin disaccharide 2
Luteolin/kaempferol glycoside
Luteolin/kaempferol rutinoside
Luteolin/kaempferol dihexoside_1 Luteolin 7-O-glucoside
Luteolin/kaempferol dihexoside_2
Luteolin/kaempferol dihexoside_3
Quercetin rutinoside
Quercetin derivative 1 Quercetin 3,4'-diglucoside
(pentose+hexose moiety)
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- Authentic standard used for semi-
Identified compound e .
quantification
Quercetin derivative_2
(pentose+hexose moiety)
Quercetin derivative_3
(pentose+hexose moiety)
Quercetin derivative_4
Quercetin dihexoside_1
Quercetin dihexoside_2
Quercetin dihexoside_3
Quercetin glucoside

Quercetin pentoside 1
Quercetin pentoside 2

Quercetin hexosyl derivative

Quercetin 3,4'-diglucoside

Only normalized intensity values (to compensate for differences arising from different
sample preparation methods) were indicated for the remaining 16 components. The analytical
range for the standard addition process was 25-1000 pg-L™*. The limit of quantification (LOQ)
values of the compounds were defined as a signal-to-noise (S/N) ratio of 10:1 and the LOQ
concentrations were equated accordingly (see Table 5). For compounds determined by the semi-

guantitative approach, the LOQ value of the authentic standard used for quantification is indicated.

Table 5. LOQ values of the authentic standards

Authentic standard LOQ [ug-L1]
Apigenin 20.56
Caffeic acid 16.08
Caftaric acid 22.37
Chicoric acid 0.56
Chlorogenic acid 1.01
Chryptochlorogenic acid 26.68
Chrysin 2.60
Daidzein 1.31
Daphnetin 19.56
Eriodictyol 1.06
Esculetin 3.09
Esculin 5.02
Ethyl caffeate 26.21
Ferulic acid 22.47
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Authentic standard LOQ [ug-L1]
Fraxin 1.02
Hesperidin 1.00
Isorhamnetin 3-rutinoside 0.77
Kaempferol 3-O-rutinoside 0.11
Luteolin 0.02
Luteolin 7-O-glucoside 0.01
Naringenin 0.74
Neochlorogenic acid 24.33
Phlorizin 2.74
Quercetin 3,4'-diglucoside 2.51
Quercitrin 1.04
Robinin 1.04
Rosmarinic acid 10.61
Rutin 1.32
Sebacic acid 4.81
Umbelliferone 4.56

Data processing and multivariate statistical analyses were performed using UNIFI (version
1.9.4; Waters), Waters Connect (version 3.4.0.19; Waters), Progenesis QI (for Principle
Component Analysis /PCA/; Version 27.26.1020; Nonlinear Dynamics, Quayside, Newcastle
Upon Tyne, UK), EZinfo (for Partial Least Squares Discriminant Analysis /PLS-DA/, S-plot and
variable importance of projections /VIP/ analyses; version 3.0.3; UMetrics AB, Umeei, Sweden),
R (version 4.1.2; R Core Team; Vienna, Austria) and IBM SPSS (v29) software packages. The
data are expressed as the mean + standard deviation (S.D.).

In the case of periwinkle samples, the height of the plants (n =12 in each experimental group)
was compared by one-way ANOVA. The model residuals were tested for normality and
homogeneity of variances by Shapiro-Wilk's and Levene's tests, respectively (p > 0.05). The effect
of LED parameters on vinca alkaloids and metabolites was tested by one-way MANOVA. During
this process, vinblastine was transformed by 1/sqrt(x) to ensure the distribution requirement. The
normality of the residuals was accepted according to Shapiro-Wilk's test (p>0.05). The
homogeneity of variances was checked by Levene's test; it was violated in cases of catharanthine
and vincristine. With a significant overall MANOVA result, one-way ANOVA tests were run with

Bonferroni's correction to avoid familywise error rate inflation. In cases where a significant factor
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effect was detected, pairwise comparisons were made using Games-Howell's post hoc test, which

can manage the homoscedasticity violation.

In the case of dandelion samples, one-way ANOVA with Welch correction was used to
compare the mean values of the samples of the leaf-root drug, the flowers, and the liqueur samples
as the three levels of the independent factor variable. When ANOVA vyielded a significant result
(p < 0.05), the Games-Howell post hoc test was employed to separate the homogeneous groups of
means.

The maturation process was analyzed by repeated measures of ANOVA, considering the
initial, the fourth, and the seventh time points of measurement. The within-subject effects were
tested using Greenhouse-Geisser Type | error correction. The estimated marginal means were then

compared across the three time points using Sidak’s confidence interval adjustment.

The normality requirements were tested for all models by means of the Shapiro-Wilk test
(p > 0.05).
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5. RESULTS AND DISCUSSION

5.1. Results regarding C. roseus

5.1.1. Plant morphology

The main indicator of phenotypic variations in the response to light conditions was
considered to be plant height. Plants exposed to strong far-red irradiation (group No. 3) were
considerably higher than those in the other groups, as shown in Figure 7, although a one-way
ANOVA revealed that the impact was not significant (F(4;55)=2.12, p = 0.09). The effect of far-
red light, which can encourage stem elongation in plants through a process known as shadow
avoidance syndrome (Tan et al., 2022), is generally consistent with higher plant length. This
observation cannot be directly collated with former studies on C. roseus (Fukuyama et al., 2015,

2013).
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N

Figure 7. Plant heights after two weeks of treatment. [1 — high blue, 2 — high red, 3 —
high far-red, 4 — medium light (control), 5 — low light]. Error bars represent £ 1 SD, n = 12.

5.1.2. Metabolomic profiling

A dataset of 64 vinca analytes with their elemental composition (also referred to as
chemical formula or molecular formula) and accurate mass information was set up (App. A2: Table
1.), together with the favored ionization mode. Based on this list, the full scan
UPLC-ESI-QTOF-MS spectra were screened for indole alkaloids, their metabolites, and

precursors. Apart from vincristine and vinblastine, the other compounds were tentatively identified
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with the help of their HR-MS and HR-MS/MS spectra and retention time order. Finally,
14 compounds of the related pathway could be assigned from the 64 targeted analytes (Table 6)
on the basis of authentic standards (vinblastine, vincristine), of the reference MS/MS spectra from
the MoNA database (catharanthine, deacetylvindoline, loganic acid, strictosidine, vindoline,
vindolinine) and of the studies of Kumar et al. (2016) (serpentine), Abouzeid et al. (2017)
(vincadifformine), Wang et al. (2022) (alstonine), Pan et al. (2019) (3’,4’-anhydrovinblastine,
secologanin), Eng et al. (2022) and Ferreres et al. (2010) (19-S-vindolinine).

Other than chromatography and MS data, the compounds’ VIP scores were also given in
Table 6. A VIP score quantifies how important a variable is in a PLS-DA model by summarizing
its overall contribution to group discrimination. As a rule of thumb, in the case of LC-MS

measurements, VIP > 2 values are considered to be significant in distinguishing the groups.

Table 6. List of the identified compounds of the indole alkaloid biosynthesis pathway in
C. roseus leaves. (*) VIP scores of alstonine and serpentine could not be determined because of

their partially resolved chromatographic elution. (#) Not analyzed in the positive ion mode.

Elemental . . . VIP
No. Component name composition Detected | Theoretical | Experimental | Difference, R-t, (group
(neutral) % miz miz ppm min #1 vs. #4)
1 19-S-vindolinine C21H24N202 | [M+H]* 337.1911 337.1916 1.48 7.06 3.0
2 | 3'4'-Anhydrovinblastine | C46H56N408 | [M+2H]**| 397.2122 397.2129 1.76 11.74 32.3
3 Alstonine C21H20N203 | [M+H]* 349.1547 349.1554 2.00 10.65 -*
4 Catharanthine C21H24N202 | [M+H]* 337.1911 337.1909 -0.59 10.41 <2
5 Deacetylvindoline C23H30N205 | [M+H]* 415.2228 415.2231 0.72 10.13 5.3
6 Loganic acid C16H24010 [M-H] 375.1297 375.1301 1.07 3.17 #
7 Secologanin C17H24010 | [M+Na]* | 411.1262 411.1267 1.22 6.64 6.6
8 Serpentine C21H20N203 | [M+H]* 349.1547 349.1543 -1.15 10.46 -*
9 Strictosidine C27H34N209 | [M+H]* 531.2337 531.2339 0.38 9.63 <2
10 Vinblastine C46H58N409 | [M+2H]* | 406.2175 406.2176 0.25 11.12 6.6
11 Vincadifformine C21H26N202 | [M+H]* | 339.2067 339.2070 0.88 10.55 <2
12 Vincristine C46H56N4010 | [M+2H]** | 413.2071 413.2076 1.21 10.72 2.9
13 Vindoline C25H32N206 | [M+H]* 457.2333 457.2327 -1.31 11.25 2.6
14 Vindolinine C21H24N202 | [M+H]* 337.1911 337.1915 1.19 8.01 <2

The discovery of numerous vincristine isomers made the use of the authentic standard of
vincristine crucial (see Figure 8 for the extracted ion chromatogram of the accurate mass of
vincristine). Therefore, the resolution of isomers from the authentic compound with the help of

UPLC was a key feature for the accurate quantification of vincristine.
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Figure 8. Extracted ion chromatogram of vincristine (from C. roseus leaf sample — blue light treatment), detected as [M+2 H]** in the positive ESI

mode. The retention time of the analyte (Rt = 10.72 min) was validated with the use of an authentic standard.
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Figure 9. Schematic diagram of the indole alkaloid biosynthesis pathway (Eng et al., 2022;
KEGG Indole alkaloid biosynthesis - Reference pathway). The framed components could be
identified in the analyzed samples. The components that showed significantly higher abundance

as a result of the high blue LED treatment are marked in bold.
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Appendices 4. (App. Figure 1), 5. and 6. (App. Figure 2) also presents the extracted ion
chromatograms and all full scan MS spectra of the 14 analytes assigned in the study that are shown
framed in Figure 9. Some of the metabolites of the indole alkaloid pathway (see the unframed
compounds) could not be unambiguously detected in any of the samples, because of either
inadequate retention on the applied C1g column, low concentration hampering high quality MS/MS
acquisition, or the lack of authentic standards that would have been required to assign the target
analytes among the series of isomers.

5.1.3. Quantification and statistics

For both vinblastine and vincristine, the performance characteristics were examined using both
the standard addition method and external calibration (Table 7). For external calibration, the
analytical range was 10-250 pg-L™; for the standard addition procedure, it was 25-100 pg-L™.
Both vincristine and vinblastine showed signal enhancement (Table 7) however the calculated
matrix effect never exceeded 10%. Therefore, standard addition was eventually addressed for the
more accurate quantification, even though external calibration would still have been an appropriate

option.

Table 7. Performance characteristics of the UPLC-MS/MS method.

_ _ LOD LOQ | Matrix
Regression equation
[ug-L™'] | [ng-L7] | effect
External
o y = 3.6459x R?=0.9991 5 10
calibration
Vinblastine 8.1%
Standard
N y = 4.0083x + 182.33 | R? =0.9944 10 25
addition
External
o y = 3.3054x R? = 0.9998 5 10
calibration
Vincristine 10.0%
Standard
o y = 3.6450x + 294.39 | R? =0.9954 10 25
addition

Two primary statistical analyses were conducted to establish the light dependence of the
production of recognized or assigned indole alkaloids. Initially, the target analyte abundances were
used to calculate the overall MANOVA, and the outcome was significant (the unexplained
variance rate: Wilk's lambda < 0.001, p < 0.001). For loganic acid, 3',4'-anhydrovinblastine,
vinblastine, vincristine, vindolinine, and 19-S-vindolinine, the subsequent univariate ANOVA
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tests with Bonferroni's correction showed a significant factor effect (F(4;20) > 6.01, p <0.01). The
factor effect was insignificant for strictosidine, deacetylvindoline, and vincadifformine
(F(4;20)<2.96, p > 0.4), but it was slightly significant for vindoline, catharanthine, and
secologanin with F(1:20) values between 3.3 and 4.9 (Bonferroni's: 0.05 < p <0.1).

Ultimately, the findings of the five different light treatments were directly comparable
according to Games-Howell's pairwise comparison (App. A7: Table 3). The two primary
precursors of 3',4'-anhydrovinblastine, catharanthine and vindoline, did not exhibit significant
changes at any light intensity or spectral combination, despite the fact that the amount of
3',4'-anhydrovinblastine was significantly higher under blue light and at low light intensity than at

other spectral combinations (App. A7: Table 3, App. A7: Figure 4).

Fukuyama et al. (2015) investigated how red light intensity affected the accumulation of
vindoline and catharanthine and they discovered that the highest concentration of alkaloids was
observed at low light intensity of 150 pmol-m2-s* as opposed to 300 or 600 pmol-m2-s*, This
outcome is consistent with our discovery that alkaloids accumulated more at lower light intensities.
However, a highly significant effect was induced when blue light was used.

When a large proportion of blue light was employed, the concentrations of vinblastine,
vincristine, and 3',4'-anhydrovinblastine were significantly higher (group No. 1). When compared
to other spectrum combinations, it produced an impressive 15-fold increase in the concentration
of these important vinca alkaloids. This increase was as significant as the findings of Yu et al. (Yu
et al., 2015) under UV-B treatment or Fukuyama et al. (Fukuyama et al., 2017) under UV-A

treatment.

Although not to the same degree as under UV-A irradiation, blue light also increased the
vinblastine content in the latter study. The authors recommended using UV light only briefly prior
to harvest because UV treatments have negative effects on the growth. Our experiment showed
that blue light used for two weeks can also be as effective as UV treatment. These findings
confirmed that the short wavelength of light can likewise stimulate the synthesis of these alkaloids,
in line with previous results (Li et al., 2022; Ouzounis et al., 2015).

To match the dynamic range of the UPLC-ESI-QTOF-MS setup, multivariate statistical
analyses were performed for both the two-fold and ten-fold diluted samples. In both cases, the
PCA analysis was able to successfully separate group No. 1 (see Figures 10 and 11); but, group
No. 4 (the control group) could not be clearly distinguished from the other experimental groups.
To emphasize the metabolic changes generated by blue light, VIP scores for the modeling
coefficients of PLS-DA were determined.

38



A 800

600
400
200

t[2]

-200
-400
-600
-800

&
w

200 O

{[1]

B 800

600
400
200

to[1]

-200

-400

-600

-800

-1400 -1200 -1000 -800 -600 -400 -200 O

1]

200 400 600 800 1000 1200 1400

200

100/

2]

-100]

-200]

4| 2 N
4
4 ? \
4 1 \\\
3 1 i
2 .3 ”f
] /
1 1A
3 %
///

-200 -100 O 100 200 300 400 500
1]

300

200

100

to[1]

-100

-200

-300

=700

-300 -200 -100 O 100 200 300 400 500 600 70O
1]

Figure 10. Multivariate statistical analyses of the two-fold (A, B) and ten-fold (C, D) diluted dandelion sample extracts. A, C — PCA; B, D — PLS-DA
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Experimental groups Nos. 1 and 4 (high blue and control conditions, respectively) were
included in the PLS-DA, S-plot, and VIP scores due to the ANOVA results and the higher
abundance of key compounds in these groups. In these, 4858 molecular entities (molecular
features) were encountered in the positive ion mode analysis, out of which the entities with a VIP
score > 2 were regarded as the most contributory variables; finally 165 entities exceeded this limit.
The two most significant vinca alkaloids (vinblastine and vincristine) as well as their direct
precursors — catharanthine, vindoline, and, lastly, 3',4'-anhydrovinblastine — which had the highest
VIP score (32.3) of the 165 metabolites (see Table 8) — proved to be highly discriminative in group
No. 1 (high blue) when compared to the control group (group No. 4).

The results showed that among the metabolites that were particularly activated by high blue
light exposure, the important metabolites of the vinca alkaloid pathway were highly represented.
These VIP scores should anyhow be regarded in the view of the Games-Howell's post hoc test
results to match the discriminative power with the abundance/concentration data; accordingly, the
high blue LED application was finally responsible for the significant enrichment of four vinca
alkaloids, that is, vinblastine, vincristine, 3',4'-anhydrovinblastine and vindolinine (App. A7: Table
3). Table 8 and Figure 12 show the final concentration ranges (961 mg-kg* DW, 33.8 mg-kg™
DW, and 11.7 mg-kg™* DW for 3',4'-anhydrovinblastine, vinblastine, and vincristine, respectively).
The concentration of vinblastine in the high blue light group exceeds some of the recently
published levels in screening studies (13.1 mg-kg™* DW) (Mujib et al. 2022) and even after UV-A
irradiation (2-30 mg-kg? DW) (Fukuyama et al., 2017). This is also true for vincristine
(4.22 mg-kg* DW) (Mujib et al. 2022). However, the concentration levels reported in the literature
cannot always be directly compared with our study in a straightforward manner due to either
different production schemes (e.g., callus culture) or different analytical approaches.

Table 8. Average concentrations of 3°,4’-anhydrovinblastine, vinblastine and vincristine in the

five experimental groups

Concentration (mg-kg™ DW) (+ 1 SD)
G,:I%Up 3’,4’-anhydrovinblastine Vinblastine Vincristine
1 961 £+ 137 33.8+x4.71 11.7+0.85
2 69.9 £ 8.50 2.68 £0.26 0.59+0.11
3 123 £28.8 4.38 £0.85 0.92+£0.13
4 83.0+£15.7 3.66 £0.46 0.78+0.12
5 337 +£119 15.1+451 4.44 +£1.50
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The light-dependent regulation of the synthesis of indole alkaloids is poorly understood.
Comparing etiolated and light-treated C. roseus seedlings, Vazquez-Folta and Luca (1998)
demonstrated the participation of photoreversible phytochromes in the regulation of the enzymes
responsible of vindoline biosynthesis at gene expression level. Red light treatment promoted, while
far-red light reversed these effects. Some transcriptional factors, like GATA and PIF were
identified in the regulatory pathway responsible for the vindoline and vinblastine synthesis, but
the blue-light-induced accumulation of these metabolites is not yet known.

Yu et al. (2015) reported that while the majority of the structural genes in the alkaloid
biosynthesis pathway were upregulated, UV-B radiation also increased the indol alkaloids in C.
roseus. It is possible that UV and/or blue light photoreceptors are also engaged in these processes,
even though a thorough analysis has not yet been done. Our results confirmed this hypothesis, but
more research is needed to identify the blue-light-mediated photoreceptors implicated in the
production of vinblastine and vindoline. This is especially important as the dimerization
(formation) of 3’,4’-anhydrovinblastine is often regarded as a bottleneck in the synthesis (and
evidently, when aiming at the high production yield) of vinblastine and vincristine (Asano et al.,
2016), and our experiments revealed this bottleneck might be eliminated by the application of blue

light irradiation.

5.2 Results regarding T. officinale

5.2.1. Metabolomic profiling

Given the production process of dandelion liqueur, liquid chromatography considered the most
suitable analytical technique for assessing both the qualitative and quantitative composition of
metabolites extracted from the flowers and for comparison with the raw plant material. The
bioactive secondary metabolites of dandelion are predominantly organic acids, flavonoids, and
terpenoids (see App. A2: Table 2), which are particularly suitable to analysis by reversed-phase
UPLC methods.

At first look, the total ion chromatograms of the measurements performed in ESI “-* mode
revealed the anticipated differences in the metabolite profile of dandelion leaf-root drug, flowers,
and flower-based liqueur (Figure 13). The accumulation and detection of different metabolites in
the various plant parts is the primary cause of the differences. Additionally, the production method
has a significant impact on the composition of the liqueur product: the average intensity of the
compounds is one or even several orders of magnitude lower than that of the plant parts, and the

chromatogram of the liqueur shows surprisingly few detectable peaks.
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Figure 13. Typical total ion chromatograms (TICs) of dandelion leaf-root drug (A),

dandelion flowers (B), and dandelion liqueur (C) in the negative ion mode

44



This is explained by the use of a low recovery extraction technique (mechanically unassisted
maceration) during production. A tangible way to interpret the differences between sample groups
is to identify as many secondary metabolites as possible, thus providing a snapshot of the
biochemical processes that took place in different parts of the plant, as well as which metabolites
from the flowers made it into the liqueur product and what transformations they may have

undergone during its maturation process.

Detailed analysis was performed for all four approaches described in Chapter 3.1., A3. and
App. A6: Figure 3 contain the chromatographic, ion mobility and MS data of the components
identified to any degree in any of the examined sample groups (except for the fragmentation
patterns of daphnetin and ferulic acid, as the low-mass fragments of these two components cannot
be detected at adequate quality). By running the available standard set of 63 compounds used for
plant metabolite profiling, | could identify and quantify 30 compounds (see App. A8: Table 5).
Subsequently, the list of potential target compounds was determined using the methods described
above. A total of 84 components were identified — of which 54 were tentative —, on the basis of
authentic standards, of the reference MS/MS spectra from the MoNA, MassBank and LIPID
MAPS® databases, and of the studies listed (Commisso et al., 2019; Fan et al., 2020; Gidda et al.,
2003; Marinaccio et al., 2025; Piazzon et al., 2012; Plazoni¢ et al., 2009; Wu et al., 2016; Yang et
al., 2017; Zuo et al., 2020) in App. A2: Table 2 and A3. The degree of identification according to
Cicek et al. (2024) is also included.

Here, it should be highlighted that the selectivity parameters of the validation process in the
case of analytes identified without authentic standards cannot be compared to the cases when the
ISO/IEC 17025:2017 (International Organization for Standardization, 2017) standard is regarded
as a reference. For tentatively identified compounds where even the MS/MS data might also be
missing, selectivity is limited to some of the reproducible but highly instrumental setup dependent
data such as retention time (=a function of the actual LC system and chromatographic column),
ESI adducts (=a function of the actual chromatographic eluents, the ion source and its settings),
ion mobility data (=recorded with an inherent standard deviation of +/- 1%), and MS/MS data (=a
function of vendor-dependent default instrumental characteristics and actual settings). All these
cannot exclude the possibility of not only the co-eluting sterecisomers but simpler isomers (e.g.,
whether any of the hexoside moieties is galactose or glucose) too. Hence, the use of the degree of
identification (analytical confidence level, which is not meant here as a statistical term) is the only

straight way to characterize selectivity.

When referring to the four approaches listed in section 3.1., I could identify 35% of the

84 compounds using authentic standards; 11% was based on literature data, 34% were regarded as

45



major compounds, while multivariate statistical analysis drew my attention to the remaining 20%,
respectively. Overall, it can be said that the standards at my disposal were important starting points
for further investigations, because they included several secondary metabolites that are
characteristic of dandelion, and also the information obtained during their investigation

contributed greatly to the identification of their derivatives.

Twenty components were identified from a large family of compounds derived from caffeic

acid using the fragmentation pattern of caffeic acid in negative mode (Figures 14 and 15).
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Figure 14. The formula of caffeic acid and a few derivatives identified in the dandelion

samples. The caffeic acid fragment appearing in the compounds is marked.

To identify the derivatives, it was necessary to analyze characteristic fragment ions of other
parts of the molecules or losses occurring during fragmentation, such as the hexose loss
(C6H1005, Am/z = 162.0528) found in the fragmentation pattern of caffeoyl glucosides, the SO3
loss (Am/z = 79.9568) in the caffeic acid sulfates, the fragment derived from the tartaric acid part
(C4H5067, m/z = 149.0092) of chicoric acid and caftaric acid, or the quinic acid fragment
(C7H11067, m/z = 191.0561) found among the fragments of chlorogenic acid derivatives. No
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corresponding MS/MS spectrum was found for the caffeic acid derivative with the molecular

formula C21H28014 (compound no.12), but the analysis of its fragment pattern suggested that a

caffeoyl glucoside moiety is linked to a hexose (the neutral loss was observed), so this component

was tentatively identified as caffeoylsucrose.
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Figure 15. The proposed fragmentation pattern of caffeic acid in the negative ion mode. The

insert shows the MS/MS spectrum (ESI ‘-* mode) of caffeic acid from the leaf-root drug sample.

Another family of molecules occurring in large quantities in dandelion is the flavonoids. The

general chemical structure of flavonoids is a 15-carbon skeleton consisting of a heterocyclic ring

(C) and two phenyl rings (A and B). Flavonoid compounds frequently undergo retro Diels-Alder
(RDA) reactions in MS/MS under high-energy collisions (Sliwka-Kaszynska et al., 2022), which

cause a cleavage in the C-ring's C—C bond and produce distinctive diagnostic fragment ions (Figure

16).

1,3At

1
O\

3
4

§Q

1,331

Figure 16. The structure of the flavonoid skeleton and the 1,3-cleavage caused by the retro

Diels-Alder (RDA) reaction.
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These ions offer important information about the type and position of substituents on the A-
and B-rings. The most prominent fragmentations involve cleavage between the heterocyclic
oxygen atom and the second carbon atom and after the third carbon atom, resulting in structurally
informative 3A* jons and the corresponding ®B* ions. The characteristic fragments were
observed in the MS/MS spectra of three flavonoids, luteolin [**A*ion: C7TH304 (m/z = 151.0037),
13B* jon: C8H502" (m/z = 133.0295)], naringenin [1*A*ion: C7TH304 (m/z = 151.0037), 1*B* ion:
C8H70" (m/z = 119.0502)], and apigenin [*3A*ion: C7TH304 (m/z = 151.0037), 1*B* ion: C8H50"
(m/z = 117.0346)], but they had little identification potential because they appeared with too low
intensity in the fragmentation pattern of derivatives during even high-energy fragmentation. For
the same reason, it has become difficult to distinguish between different glycosylated flavonoid
derivatives in which the aglycones are isomers — this problem has arisen primarily in the
determination of luteolin and kaempferol derivatives. Dandelion contains large amounts of luteolin
and its glycosylated forms (Williams et al., 1996), so it can be assumed that the components found
are luteolin derivatives. As regards kaempferol derivatives, | could detect kaempferol
3-O-rutinoside in small quantities using the authentic standard, so it cannot be excluded that

kaempferol derivatives may also be present in the samples.

Among the flavonoids, various quercetin and isorhamnetin (3-methylquercetin) derivatives
were well represented, with a total of 21 compounds identified. The identification of quercetin
glycosides is aided by the characteristic, intense fragment signal of the aglycone, which also often
contains the negatively charged ion of the stabilized ring form, and, with low intensity, the 1,3A*
ion (m/z = 151.0026) from the RDA reaction as well as other characteristic fragments (see
Figure 17 and App. A6: Figure 3). In the case of isorhamnetin derivatives, CH3 loss
(Am/z =15.0235) resulting from the detachment of the methyl group can be noticeable. The
different sugar losses provided information for distinguishing between the various glycosylated
derivatives [pentose loss: CSH804 (Am/z = 132.0423), hexose loss: COH1005 (Am/z = 162.0528),
rhamnose loss: C6H1004 (Am/z = 146.0579), dihexoside loss: C12H20010 (Am/z = 324.1057)
and rutinose loss: C12H2009 (Am/z = 308.1107)]. However, due to the large number of possible
isomers, other orthogonal techniques or the use of authentic standards would be required for

higher-level identification of these compounds.

According to the literature, various long-chain carboxylic acids and their hydroxylated
derivatives have been detected in different parts of the dandelion plant (see App. A2: Table 2).
Hydroxylated derivatives from this compound group can be measured using RP-HPLC technique,
and due to their relatively apolar nature, their appearance can be expected at a longer retention

time.
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Figure 17. The proposed fragmentation pathway of quercetin.
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I could tentatively identify five different hydroxylated fatty acids, all of which have a C18
carbon chain and differ only in the number and location of hydroxyl groups and double bonds in
their structure. Four of them share a common fragment, (C9H1503", m/z = 171.1027), which
appears in all four fragmentation patterns. In addition, three further fragments match in the
fragment patterns of compounds no. 79 and 80, indicating even closer structural similarity (see
Figure 18). The structure of the five hydroxylated fatty acids was proposed using LIPID MAPS®,
without complete stereochemical identification.
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Figure 19. The structural formulas, the proposed fragment structures and the MS/MS fragment

spectra of taraxinositol A and B.

Taraxinositol A and taraxinositol B are two compounds that have been reported from the root
of T. coreanum (Mo et al., 2017). However, their presence in T. officinale has not yet been

demonstrated, nor has their fragmentation pattern been published. During this study | could
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tentatively identify both compounds in plant samples, record their MS/MS spectra, and propose

the structure of their characteristic fragments (see Figure 19).

The results obtained were compared with the list of compounds formerly reported in the
literature (App. A2: Table 2). Partial identifications with low identification levels that appeared in
some of the publications could not be considered here; finally, 24 compounds were found (see
Table 9), that had not previously been reported with a high level of identification in T. officinale,

13 of which were identified using authentic standards.

Table 9. List of compounds that have been reported for the first time in dandelion-related

samples
New identified compound Sample that contains it
Protocatechuoylglucose_1 leaf-root drug, flowers, liqueur
Caffeic acid sulfate_1 liqueur
Protocatechuoylglucose_2 leaf-root drug, flowers, liqueur
Esculetin sulfate liqueur
Caffeic acid sulfate_2 leaf-root drug, liqueur
Caffeoylsucrose leaf-root drug, flowers, liqueur
1-caffeyllaminaribiose leaf-root drug, flowers, liqueur
Daphnetin* leaf-root drug, liqueur
12-Hydroxyjasmonate sulfate_1 leaf-root drug, flowers, liqueur
Taraxinositol A leaf-root drug, flowers, liqueur
Taraxinositol B leaf-root drug, flowers, liqueur
Fraxin* flowers
12-Hydroxyjasmonate sulfate 2 flowers
Robinin* leaf-root drug
Kaempferol 3-O-rutinoside* leaf-root drug, flowers, liqueur
Quercitrin* leaf-root drug, flowers, liqueur
Isorhamnetin 3-rutinoside* leaf-root drug, flowers, liqueur
Rosmarinic acid* leaf-root drug
Hesperidin* leaf-root drug, liqueur
Phlorizin* leaf-root drug, flowers
Sebacic acid* leaf-root drug, liqueur
Ethyl caffeate* leaf-root drug, flowers, liqueur
Naringenin* leaf-root drug, flowers, liqueur
Chrysin* flowers, liqueur

*identified with authentic standards
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5.2.2. Compound distribution in the plant and liqueur samples

Lima et al. (2025) examined the polyphenol content of jaboticaba [Plinia cauliflora (Mart.)
Kausel] dry wine, liqueur, sweet wine, and juice products. The differences in ion intensity results
between the juice and liqueur samples showed that the fermentation process and alcohol
concentration facilitate a more effective transfer of metabolites from jabuticaba fruit to the
beverage. Myrtle [Myrtus communis (L.)] liqueurs' phenolic components alter significantly with
time, as Vacca et al. (2003) showed in a one-year follow-up study. Exposure to air accelerates
these changes, causing the product's proanthocyanidins and flavans to rapidly decline and the
anthocyanins to disappear after just four months. Falcone et al. (2025) examined great yellow
gentian [Gentiana lutea (L.)] and liqueur made from its roots, pointing to changes in the
metabolomic profile, primarily the absence of gentiopicroside and amarogentin in the product.
These former findings highlighted the trends that could be expected from the dandelion samples,

as well as the complexity of evaluating the data in this current study.

Quantitative analysis of the samples was performed (see Table 10). Most of the components
first identified in this actual study in T. officinale clearly fit into the molecular groups described
above. These include caffeic acid derivatives (caffeic acid sulfates, caffeoyl-dihexosides, ethyl
caffeate), coumarin derivatives (esculetin sulfate, daphnetin, fraxin), and products of the flavonoid
biosynthesis pathway and their derivatives (e.g., robinin, quercitrin). Of particular interest are
taraxinositol A and B, which are present in all samples and have so far only been found in T.
coreanum. Most of the newly reported compounds are abundant in all parts of the plant, and most
of them could also be detected in the liqueur samples as well. However, fraxin and crysin were
only found in flower samples, while robinin and hesperidin were only found in the leaf-root drug.
It is also important to highlight the four sulfated derivatives of caffeic acid and esculetin, which |
probably would not have identified by examining the plant samples alone, either because of the
matrix-effect or their low concentration; however, their greater presence in the liqueur samples

drew my attention to them.

Comparing the results with data from the literature (App. A2: Table 2), several compounds
have been detected in dandelion flowers that had previously only been identified in the roots or
leaves of the plant (Hu and Kitts, 2003; Schutz et al., 2006; Williams et al., 1996) (e.g.,
cryptochlorogenic acid, esculetin, esculin, ferulic acid, dicaffeoylquinic acids). This is probably
due to the fact that dandelion flowers have been studied in far fewer publications than roots and
leaves were. The exceptions are daidzein and umbelliferone, which have so far only been identified
in roots (Liu et al., 2020; Schutz et al., 2006), but I only found them in flower samples. Previous
studies (Lis et al., 2020; Mifek et al., 2019; Williams et al., 1996) have only reported chrysoeriol
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in its free form in flowers, but I could also detect it in low concentrations in leaf-root drug samples.
In the case of flavonoid derivatives, it is more difficult to determine how many of the detected
compounds have already been reported, due to their low level of identification. Our results suggest
that, compared to previously published compounds, there are many more glycosylated derivatives
in all plant parts. Another important result is that, in spite of the two hydroxylated fatty acid
components previously detected in dandelion, we identified three additional compounds in the

samples.

Numerous differences were observed between the drug and the flower samples in terms of the
detected metabolites and their absolute or relative quantity. In general, most of the well-described,
known compounds reported in the literature are present in high concentrations in the leaves and
roots of the plant and are either completely absent from the flowers or present in much lower
concentrations (e.g., chlorogenic acids, rosmarinic acid, luteolin 7-O-glucoside). The exception to
this is chicoric acid, which was found in concentrations two and a half-fold higher in the flowers
than in the leaf-root drug. In contrast, chrysoeriol met the expectations of the literature, being
present in two orders of magnitude higher concentrations in the flower samples than in the leaf-root

drug.

The comparison of the flower and liqueur samples shows important characteristics. There are
compounds that are either missing from both groups (e.g., quercetin 3,4 -diglucoside, robinin) or
being present in both. In the latter case, the concentration of the compound may be lower in the
liqueur than in the flowers, but reverse concentration ratios could also be observed. The lower
concentration of a component in liqueur can be explained by insufficient extraction or enzymatic
degradation processes that occur during maturation. The reverse situation occurs when a
compound detected in higher concentrations in the liqueur can be produced during maturation
through the degradation of another compound. An example of this is the change in the
concentration ratios of esculetin and its derivatives. Esculin, the glycosylated derivative of
esculetin, is only present in the flowers, not in the liqueur samples, because it probably
decomposed during the maturing process and released the esculetin aglycone. However, based on
an approximate material balance, it can be concluded that the liqueur had a significantly higher
esculetin content (53.93+1.02 mg-L™) than could have been derived from the esculin content of
the flowers and the initially free esculetin (less than 2.5 mg-kg™* DW in total). This suggests that
there may be other, as yet unidentified esculetin derivatives present in the flowers; also, esculetin

could be derived from the umbelliferone and caffeoyl-CoA content during the maturation process.
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Table 10. Quantitative analysis of the 84 identified compounds within the three sample groups. A complete quantitative analysis was performed on the
compounds of Section A. The concentrations of the compounds in section B were determined by semi-quantitative analysis (see details in the chapter

Metabolomics and multivariate statistical analysis). For the compounds in section C, only normalized intensity values are shown. Mean values + 1 SD

are given (n=7). Capital letters indicate Games-Howell post hoc test results.

Section A Leaf-root drug Flowers Liqueur product
Concentration | C27®" | concentration | S2™ | Concentration | G2
No. Compound [mg kg™ DW] Howell [mg kg™ DW] Howell [mg-L] Howell
gk score gk score g score
9 Neochlorogenic acid 313.3+39.1 C 4.87+0.92 A 21.10+1.02 B
11 Esculin 2.06+0.08 2.20+0.34 <LOQ
14 Esculetin 68.19+2.63 C 0.93+0.18 A 53.93+1.02 B
15 Caffeic acid 545.0+£18.0 C 7.84+1.48 A 57.34+3.08 B
17 | Chryptochlorogenic acid 264.1+14.3 B <LOQ 22.05+3.42 A
18 Daphnetin 0.68+0.07 B <LOQ 0.45+0.07 A
21 Fraxin <LOQ 0.24+0.05 <LOQ
31 Umbelliferone <LOQ 2.81+0.43 B 0.21+0.01 A
34 Ferulic acid 168.3+13.3 B <LOQ 17.16+1.25 A
Quercetin 3,4'-
35 ) ) 0.41+0.06 <LOQ <LOQ
diglucoside
46 Robinin 0.51+0.12 <LOQ <LOQ
48 Rutin 348.9+65.3 C 17.95+4.51 B 0.08+0.00 A
Kaempferol 3-O-
56 o 3.52+0.18 B 4.45+0.73 C 0.01+0.00 A
rutinoside
58 Quercitrin 2.98+0.48 B 3.39+0.66 B 0.02+0.00 A
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. Games- . Games- . Games-
Concentration Concentration Concentration
No. Compound [mg-kg™ DW] Howell [mg kg™ DW] Howell [mg-L1] Howell
9-Kg score 9-Kg score g score
60 | Isorhamnetin 3-rutinoside 0.74+0.07 B 1.04+0.17 C 0.12+0.02 A
63 Rosmarinic acid 79.58+17.31 <LOQ <LOQ
65 Hesperidin 0.21+0.04 B <LOQ 0.07+£0.01 A
68 Phlorizin 0.75+0.15 2.41+0.64 B <LOQ
70 Daidzein <LOQ 0.09+0.01 <LOQ
71 Eriodictyol <LOQ 4,47+0.89 B 0.20+0.02 A
72 Sebacic acid 9.41+1.10 B <LOQ 0.22+0.03 A
74 Ethyl caffeate 1.12+0.21 B 0.17+0.04 A 4.99+0.13 C
75 Naringenin 0.23+0.04 B 4.19+0.76 C 0.04+0.00 A
76 Apigenin 1.44+0.14 B 8.96+0.54 C 0.19+0.01 A
81 Chrysin <LOQ 0.19+0.04 B 0.01+0.00 A
Concentration | 2™ | Concentration Games- Concentration Games-
No. Compound [o-kg™ DW] Howell [o-kg™ DW] Howell oL Howell
9-Kg score g-Kg score g score
8 Caftaric acid 72.79+4.68 C 0.07+0.02 A 2.79+0.29 B
13 Chlorogenic acid 4.07+0.18 C 0.48+0.02 0.04+0.01 A
42 Chicoric acid 1.03+0.12 B 2.51+0.54 C 0.25+0.02 A
51 Luteolin 7-O-glucoside 1.17+0.03 C 0.58+0.07 B 0.001+0.000 A
73 Luteolin 0.17+0.01 B 0.23+0.05 C 0.04+0.00 A
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Section B Leaf-root drug Flowers Liqueur product
Concentration | S | concentration | 2™ | Concentration Games-
No. Compound [mg-kg™ DW] Howell [mg-kg™ DW] Howell [mg-L] Howell
g score 9K score g score

1 Caffeic acid glucoside_1 119.0+5.8 <LOQ <LOQ

2 Caffeic acid derivative_1 <LOQ <LOQ 19.53+0.98

3 Caffeic acid glucoside_2 221.7+12.8 <LOQ <LOQ

5 Caffeic acid sulfate_1 <LOQ <LOQ 29.7945.15

7 Esculetin sulfate <LOQ <LOQ 2.72+0.67

10 Caffeic acid sulfate_2 1.80+0.38 <LOQ 20.27+2.11

16 1-caffeyllaminaribiose 92.01+6.47 C 14.40+£2.51 0.42+0.10 A
23 Caffeoylglycerol 138.615.9 1.28+0.23 B 0.28+0.02 A
24 Quercetin dihexoside_1 8.64+0.55 B 5.39+0.87 <LOQ

Quercetin derivative_1
26 ) 112.0+3.5 B 0.31+0.08 A <LOQ
(pentose+hexose moiety)

27 Chicoric acid derivative 830.2+145.6 B 242.9+58.7 A <LOQ

28 Quercetin dihexoside_2 10.64+0.70 <LOQ <LOQ

32 Quercetin dihexoside_3 <LOQ 1.66+0.28 <LOQ

Quercetin derivative_2
33 ) 62.88+2.24 <LOQ <LOQ
(pentose+hexose moiety)
36 Schaftoside isomer_1 10.00+0.55 B <LOQ 0.07+0.00 A
Quercetin hexosyl
37 o 10.14+0.91 B <LOQ 0.07+0.00 A
derivative
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. Games- . Games- . Games-
Concentration Concentration Concentration
No. Compound [mg-kg™ DW] Howell [mg kg™ DW] Howell [mg-L] Howell
g score g score g score
Luteolin/kaempferol
38 . ] 5.90+0.52 B 36.82+7.67 C 0.02+0.00 A
dihexoside_1
Quercetin derivative_3
39 ) 7.46+0.51 <LOQ <LOQ
(pentose+hexose moiety)
41 Quercetin rutinoside 0.30£0.06 13.29+1.88 B <LOQ
43 Schaftoside isomer_2 11.64+0.70 B <LOQ 0.07+0.00 A
Luteolin/kaempferol
44 ) ] 48.73+7.70 B 560.6+£113.3 C 0.04+0.00 A
dihexoside_2
Luteolin/kaempferol
45 ) ) 11.03+1.04 A 27.62+5.41 B <LOQ
dihexoside_3
47 Quercetin pentoside_1 42.36+1.35 <LOQ <LOQ
49 Quercetin glucoside 28.91+1.87 B 28.17+5.16 B 0.03+0.00 A
Isorhamnetin
50 ) ] 2.77+0.25 B 83.91+21.60 C 1.76+0.03 A
disaccharide 1
Luteolin/kaempferol
52 o 84.05+£11.36 B 189.3+35.6 C 0.19+0.02 A
rutinoside
Isorhamnetin
53 ) ) 0.69+0.06 B 22.69+4.07 C 0.44+0.01 A
disaccharide 2
54 Quercetin pentoside_2 19.97+0.85 <LOQ <LOQ
55 Quercetin derivative_4 12.39+0.90 10.86++2.04 <LOQ
57 Apigenin derivative 25.13+0.96 C 7.00+1.19 B 0.39+0.01 A




. Games- . Games- . Games-
Concentration Concentration Concentration
No. Compound [mg-kg™ DW] Howell [mg kg™ DW] Howell [mg-L] Howell
g score g score g score
59 Dicaffeoylquinic acid_1 166.1+15.7 B 278.6164.0 C 2.56+0.17 A
61 | Isorhamnetin 3-glucoside 1.35+0.11 B 49.08+11.95 C 0.18+0.01 A
62 | Caffeic acid derivative_2 167.6x£14.2 <LOQ <LOQ
64 Chrysoeriol rutinoside 8.29+0.60 <LOQ <LOQ
66 Dicaffeoylquinic acid_2 96.55+4.97 C 0.10£1.42 B 3.91+0.49 A
Luteolin/kaempferol
67 ) 3.16+0.28 A 61.98+9.53 B <LOQ
glycoside
77 Chrysoeriol 1.97+0.19 A 212.4+22.1 C 4.60+0.15 B
] Games- ] Games- ] Games-
Concentration Concentration Concentration
No. Compound . Howell . Howell . Howell
[9-kg™ DW] [9-kg™ DW] [9-L7]
score score score
12 Caffeoylsucrose 0.11+0.01 A 5.34+0.81 C 0.24+0.01 B
Section C Leaf-root drug Flowers Liqueur product
Normalized Games- Normalized Games- Normalized Games-
No. Compound detector counts Howell detector counts Howell detector counts Howell
[cps] score [cps] score [cps] score
4 | Protocatechuoylglucose_1 972+167 B 1209+279 B 2+0 A
6 | Protocatechuoylglucose 2 2528+296 C 1625+293 B o+1 A
12-Hydroxyjasmonate
19 1009+26 C 299+58 B 1140 A
sulfate_1
20 Taraxinositol A/B 1143144 B 1052442271 C 110 A
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Normalized Games- Normalized Games- Normalized Games-
No. Compound detector counts Howell detector counts Howell detector counts Howell
[cps] score [cps] score [cps] score

12-Hydroxyjasmonate

22 n.d. 45361915 n.d.
sulfate 2
25 Pyroglutamylisoleucine 106+9 C 8+2 A 90+2 B
29 Unknownl 788197 C 32+8 B 210 A
30 Unknown?2 1189+63 C 787+126 B 83+2 A
40 Taraxinositol B/A 1353+297 B 28701646 C 5+0 A
69 | Abscisic acid glucose ester 1322+68 B 1465439 B 12+1 A
78 Unknown3 2010+170 B 8439615639 C 954+83 A
9,12,13-trihydroxy-
79 | 10E,15Z-octadecadienoic 8086+231 B 1844614137 C 966146 A
acid
9,12,13-trihydroxy-10E-
80 T 6399+172 B 2562745059 C 1319+15 A
octadecenoic acid

9,10-dihydroxy-12Z-

82 o 1261+52 C 692+84 B 23+1 A
octadecenoic acid
Hydroxyoctadecatrienoic
83 ] o 1870+78 C 337472 B 11+1 A
acid derivative

9-hydroxy-10E,12Z-
84 741+121 C 342+79 B 3+1 A

octadecadienoic acid

<L OQ — Detector count lower than the detector count corresponding to the LOQ concentration specified for the authentic standard
n.d. - The data evaluation software cannot distinguish the received signal from noise; in the absence of an authentic standard, no LOQ concentration

value is assigned to it.
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Furthermore, a new compound — formerly not identified in dandelion — appeared in the liqueur,
the sulfated form of esculetin, which appears to be a product of the maturation process. In addition,
it can be seen that there are compounds that were still present in the flowers but could not be
detected in the liqueur (e.g., daidzein, esculin, fraxin), but there are also reverse cases where

compounds appeared in the liqueur (chryptochlorogenic acid, daphnetin, caffeic acid sulfates).

5.2.3. Quantitative analysis of the maturation process

The quantified results from the batch sample monitored over two months of aging are shown
in App. A7: Table 4. As expected with such a complex matrix and process, it is not possible to
draw clear conclusions for all compounds regarding the transformations that occurred during
maturation and how the background processes are reflected in the concentration ratios obtained.
Looking at the previously identified major molecular families, the maturation process is clearly
evident in the case of esculetin derivatives (see Figure 20).

Esculetin Esculetin sulfate Esculin
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Figure 20. Trends in intensity changes in esculetin derivatives during the maturation process

of dandelion liqueur.

The concentration of esculin decreases throughout the maturation process, presumably due to
the release of esculetin aglycone as a result of enzymatic reactions. Furthermore, the appearance
of esculetin sulfate and a continuous increase in its concentration can be observed during the
process. However, the change in the amount of esculetin in the liqueur should not be overlooked,
as a sharp decline can be observed after an initial increase. Based on this, it can be assumed that

the background processes also caused the degradation of esculetin over time.
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Similar results can be seen for both caffeic acid derivatives and quercetin derivatives (see
Figures 21 and 22). For some compounds, an increase in concentration can be observed during the
first month of aging, partly due to slow extraction process and partly due to the release of these
compounds from other ones in the system. However, during the second month, with a few
exceptions, there is an almost uniform decrease in the amount of secondary metabolites. These
results somewhat contradict the fact that during long maturation processes, glycosylated forms
released are enriched with biologically more active aglycones - the extraction and maturation
process clearly appears to reach a maximum after about one month, when the amount of active
metabolites in the product can be maximized. It is important to note that these products are likely
to lose some of their bioactive compound content even when bottled, especially during improper
and long-term storage.

In order to provide a simplified description of the compound concentration curves, App.
AT: Table 4 contains a maturation profile dataset, on the basis of the ANOVA / Greenhouse-
Geisser Type I error correction / Sidak’s confidence interval calculation. In case the concentration
of the given analyte in the 7™ week of maturation was significantly lower or higher than after the
1%t week sampling without a significant increase or decrease at the 4™ week, a “D” or “R” code
(standing for decrease and rising, respectively) was used. In case the concentration detected at the
4" week was significantly lower or higher than the concentration values detected for the 1% week
and the 7" week, a “V” or “P” code (standing for valleying or peaking, respectively) was used. An
“S” code (standing for stable) was applied if there was no significant difference between any of
the pairwise settings (that is, 1%t week vs. 4™ week and 4" week vs. 71" week). This characterization
could be carried out for 67 of the identified/assigned compounds, out of which 32 showed a
significant decrease in concentration, 16 showed rising, 13 could be considered stable, while five
compounds had a peak and one compound had a valley in concentration. For an additional set of
seven compounds, where the concentration values dropped under the relevant LOQ to the last
weeks of the maturation process (thus hampering the multivariate statistical analyses), a “D” code

was noted.

Comparing the extract of the maturation process with the finished liqueur, it cannot be
clearly determined that switching to ethanol (70 V/VV%) clearly increases extraction efficiency.
The compounds appeared in varying concentrations in the liqueur and in the test batch made with
ethanol (70 V/V%), depending on their polarity and physical properties [e.g. caffeic acid:
57.3443.08 mg-L* (liqueur) vs. 8.40+0.24 mg-L* (test batch); chicoric acid: 0.25+0.02 g-L*
(liqueur) vs. 1.28+0.04 g-L™* (test batch)].
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Figure 21. Trends in intensity changes in caffeic acid derivatives during the maturation process of dandelion liqueur.
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Figure 22. Trends in intensity changes in quercetin derivatives during the maturation process of dandelion liqueur
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6. CONCLUSIONS AND RECOMMENDATIONS

A set of experiments conducted under various LED illumination conditions have
comprehensively examined the biosynthesis of indole alkaloids in C. roseus plants. The UPLC-
ESI-IMS-QTOF-MS setup allowed for the assignment of 14 analytes from the metabolites of the
related pathway, and the concentrations of three alkaloids — vinblastine, vincristine, and
3'4'-anhydrovinblastine — were quantified. The use of high blue light ratio increased the
concentration of these important vinca alkaloids significantly, by up to 15-fold, while none of the
experimental settings led to a significant increase in plant height. Taking into account the large-
scale availability of LED based plant growth devices in vertical (indoor) farming systems, our
results indicate that looking for the applications of tuned spectral illumination is a viable research

direction in the field of plant-derived active pharmaceutical ingredients (APIs).

Keeping reproducible quality of liqueurs or any kind of plant-based products is a common
challenge because of the natural variability of plant metabolites. This especially relates to the
secondary metabolites whose composition and relative/absolute concentration highly influence
sensory attributes. Our study on the comprehensive metabolomic fingerprinting of various plant
parts of T. officinale and its flower-based liqueur highlights the complexity of the extracted
metabolites and their decomposition/build-up during the maceration process. Our observation on
compounds formerly disregarded (e.g., taraxinositol A and B) or undetected (such as the sulfated
derivatives of caffeic acid and esculetin that could be considered as either liqueur or maceration
process-specific metabolites) in dandelion samples calls attention to the need of untargeted
metabolomics: for example, the large amount of caffeoyl sucrose present in the flower samples
(5.34+0.81 g-kg™* DW) points to the possibility that producers might not have been aware of even
some of the major plant metabolites. Also, based on monitoring the liqueur maturation process,
the complexity of extraction and enzymatic processes does not allow for a clear prediction of the
optimal technological approach; however, in this actual case, the concentration of most compounds
reached its local maximum after one month. Clearly, such a product-oriented untargeted
metabolomics approach should have its practical place in the quality control of food products of

plant origin, especially in the higher priced (inclusive) brands.
Further experiments should be considered in the following areas:

e To confirm the effects of light spectrum on alkaloid production in C. roseus plants,
conduct extensive research in controlled vertical farm settings under production-

relevant settings.
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Extend the number of identified metabolites by working with more authentic standards
— collaborate with organic chemistry research groups to synthesize standard materials
that are not commercially available — for both C. roseus and T. officinale.

To capture genetic and environmental diversity, conduct comprehensive metabolomic
investigations of T. officinale from various geographic origins.

Determine and confirm which compounds are principally responsible for the
therapeutic benefits of the dandelion plant. Establish standardized analytical techniques
and concentration thresholds for inclusion in pharmacopoeias or food-quality

documentations.
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7. NEW SCIENTIFIC RESULTS

| developed a comprehensive targeted and untargeted metabolomic analysis using UPLC—
ESI-IMS-QTOF-MS for the simultaneous identification and measurement of vinca
alkaloids in Catharanthus roseus leaves. | identified 14 alkaloid compounds in total,
vinblastine and vincristine confirmed by authentic standards, and 12 other was tentatively

identified based on retention time order, accurate mass and fragmentation spectra.

I demonstrated that the concentration of pharmaceutically important bisindol alkaloids
could be significantly (up to 15-fold) increased by exposing the C. roseus plant to blue

LED illumination without requiring UV stress.

| established a comprehensive metabolomic profile of Taraxacum officinale, covering the
leaf—root drug, flowers, and a commercially available dandelion flower—based liqueur. |
identified 84 compounds, out of which 24 were first reported, which considerably increased

the species' known metabolome.

| tentatively identified taraxinositol A and B for the first time in T. officinale, reported their

ESI ‘- MS/MS fragmentation spectra together with their possible fragmentation patterns.

| described the maturation process of a dandelion flower-derived liqueur through the
UPLC-ESI-IMS-QTOF-MS based monitoring of 60 known and 24 formerly unreported
secondary metabolites. | described a complex accumulation/decomposition pattern for all
the 84 compounds for a period of two months and | could suggest an optimal maturation

period of one month for this food product.
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8. SUMMARY

This work used advanced coupled mass spectrometry techniques to investigate two
complimentary aspects of metabolomic profiling in medicinal plants and plant-derived food
products. The first part concentrated on Catharanthus roseus, with the goal of improving lighting
conditions for increased production of alkaloids with therapeutic value. The second part examined
Taraxacum officinale, evaluating the metabolomic fingerprinting of various plant parts and how it

changed during the maturation of a liqueur made from dandelion flowers.

Without genetic alteration or stress induction, regulated LED lighting for C. roseus provides a
viable biotechnological approach to increase yields of pharmaceutically significant vinca
alkaloids. The findings also support T. officinale's pharmacological significance and its potential
as a bioactive component in foods and beverages by offering one of the most extensive

metabolomic dataset to date.

Overall, the results show how metabolomic profiling can help standardization and quality
control in pharmaceutical and food applications by bridging the fields of plant physiology, food
science, and applied pharmacognosy. The findings collectively demonstrate the power of
integrated targeted and untargeted metabolomic approaches in elucidating the chemical diversity

and dynamic biosynthesis of plants.
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A2: Literature overviews for metabolomic profiling

App. Table 1. List of vinca alkaloids and metabolically-related compounds

Neutral Characteristic
Neutral ) ) )
Compound monoisotopic | adductin ESI-
formula
mass MS
(3R)-3-Hydroxy-1,2-didehydro-2,3-
i ) C21H24N203 352.1787 -
dihydrotabersonine
(3R)-3-Hydroxy-16-methoxy-1,2-
) ) ) C22H26N204 382.1893 -
didehydro-2,3-dihydrotabersonine
(3R)-3-Hydroxy-2,3-
) ) C21H26N203 354.1943 -
dihydrotabersonine
(S)-8-Oxacitronellyl enol C10H1602 168.1150 -
10-Deoxygeniposidic acid C16H2209 358.1264 -
16-Hydroxytabersonine C21H24N203 352.1787 [M+H]*
16-Methoxy-2,3-dihydro-3-
i C22H28N204 384.2049 -
hydroxytabersonine
16-Methoxytabersonine C22H26N203 366.1943 [M+H]*
19-Hydroxytabersonine C21H24N203 352.1787 [M+H]*
19-S-vindolinine C25H32N206 456.2260 [M+H]*
3',4'-Anhydrovinblastine C46H56N408 792.4098 [M+2H]*
4,21-Dehydrogeissoschizine C21H23N203 351.1709 [M+H]*
7-Deoxyloganate C16H2409 360.1420 -
7-Deoxyloganetate C10H1404 198.0892 -
7-Deoxyloganetic alcohol C10H1603 184.1099 -
7-Deoxyloganetin C11H1604 212.1049 -
7-Deoxyloganin C17H2609 374.1577 -
8-Hydroxygeraniol C10H1802 170.1307 -
8-Oxogeranial C10H1402 166.0994 -
Ajmalicine C21H24N203 352.1787 [M+H]*
Ajmaline C20H26N202 326.1994 [M+H]*
Alstonine C21H20N203 348.1474 [M+H]*
Asperuloside C18H22011 414.1162 [M+H]*
Catharanthamine C46H56N409 808.4047 -
Catharanthine C21H24N202 336.1838 [M+H]*
Cathenamine C21H22N203 350.1630 -
cis-trans-Nepetalactol C10H1602 168.1150 -
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Neutral Characteristic
Compound Neutral monoisotopic | adductin ESI-
formula
mass MS
Deacetylvindoline C23H30N205 414.2155 [M+H]*
Desacetoxyvindoline C23H30N204 398.2206 -
Echitovenine C23H28N204 396.2049 [M+H]*
Geissoschizine C21H24N203 352.1787 [M+H]*
Geniposidic acid C16H22010 374.1213 [M-H]
Gentiopicrin C16H2009 356.1107 [M+Na]*
Geraniol C10H180 154.1358 [M+H]*
Horhammericine C21H24N204 368.1736 [M+H]*
Iridotrial C10H1403 182.0943 -
Lochnericine C21H24N203 352.1787 [M+H]*
Lochnerinine C22H26N204 382.1893 -
Loganic acid C16H24010 376.1370 [M+H]*, [M-H]
Loganin C17H26010 390.1526 [M+H]*, [M-H]
Minovincinine C21H26N203 354.1943 [M+H]*
Norajmaline C19H24N202 312.1838 -
Norseredamine C20H24N202 324.1838 [M+H]*
Raucaffricine C27H32N208 512.2159 [M+H]*
Reserpine C33H40N209 608.2734 [M+H]*
Sarpagine C19H22N202 310.1681 -
Secologanate C16H22010 374.1213 [M-H]
Secologanin C17H24010 388.1370 [M+Na]*
Serpentine C21H20N203 348.1474 [M+H]*
Stemmadenine C21H26N203 354.1943 -
Strictosidine C27H34N209 530.2264 [M+H]*
Strictosidine aglycone C21H24N204 368.1736 -
Tabersonine C21H24N202 336.1838 [M+H]*
Tetrahydroalstonine C21H24N203 352.1787 [M+H]*
Vellosimine C19H20N20 292.1576 [M+H]*
Vinblastine C46H58N409 810.4204 [M+H]*
Vincadifformine C21H26N202 338.1994 [M+H]*
Vincristine C46H56N4010 824.3996 [M+H]*
Vindoline C25H32N206 456.2260 [M+H]*
Vindolinine C21H24N202 336.1838 [M+H]*
Vindorosine C24H31N205 427.2233 [M+H]*
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Neutral Characteristic
Neutral ] ] ]
Compound monoisotopic | adduct in ESI-
formula
mass MS
Vinorine C21H22N202 334.1681 -
Vomilenine C21H22N203 350.1630 [M+H]*
Yohimbine C21H26N203 354.1943 [M+H]*
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App. Table 2. List of compounds previously identified in different parts of the dandelion plant

Hydrocarbons and derivatives

Compound
2,5,5-Trimethylheptane
6-Ethyl-2-methyloctane
Pentadecane
Hexadecane
Nonadecane

Eicosane

Heneicosane

Tricosane

Heptacosane

1-Tridecyne
1,2-Dimethylbenzene
1,3-Dimethylbenzene
1-Ethyl-3-methylbenzene

Alcohols and derivatives
Compound
1,9-Nonanediol
1-Tridecanol

1-Nonadecanol

Formula
C10H22
Cl11H24
C15H32
C16H34
C19H40
C20H42

C21H44
C23H48
C27H56
C13H24
C8H10
C8H10
C9H12

Formula

C9H2002
C13H280
C19H400

Plant part

essential oil (flower)
essential oil (flower)
essential oil (flower)
essential oil (flower)

essential oil (flower)

essential oil (flower), plant

(not specified)
essential oil (flower)
essential oil (flower)
not specified
essential oil (flower)
essential oil (flower)
essential oil (flower)

essential oil (flower)

Plant part
essential oil (flower)
essential oil (flower)

essential oil (flower)
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Source

Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010

Bylka et al., 2010; Jung et al., 2011

Bylka et al., 2010
Bylka et al., 2010
Jung et al., 2011

Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010

Source

Bylka et al., 2010
Bylka et al., 2010
Kamal et al., 2022



Compound
2-Nonen-1-ol
Dihydroconiferin
Syringin
Dihydrosyringin

1-Hydroxymethyl-4-methylbenzene

4-Methylcatechol

Aldehydes, ketones and derivatives

Compound

Octanal

Nonanal
10-Undecenal
Pentadecanal
5-Methyl-2-hexanone
2-Methylbenzaldehyde
Phenylacetaldehyde
Vanillin

Coniferyl aldehyde
Juglone

Heptadecanolide

Formula
C9H180
C16H2408
C17H2409
C17H2609
C8H100
C7H802

Formula
C8H160
C9H180
C11H200
C15H300
C7H140
C8HB80
C8H80
C8H803
C10H1003
C10H603
C17H3202

Plant part

essential oil (flower)
root

root

root

essential oil (flower)

fermented plant

Plant part

essential oil (flower)
essential oil (flower)
essential oil (flower)
essential oil (flower)
essential oil (flower)
essential oil (flower)
essential oil (flower)
root

root

whole plant

essential oil (flower)
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Source
Bylka et al., 2010
Kisiel&Barszcz, 2000

Kisiel&Barszcz, 2000; Choi et al., 2017

Kisiel&Barszcz, 2000
Bylka et al., 2010
Liu et al., 2020

Source

Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010
Bylka et al., 2010
Kenny et al., 2015(2)
Kenny et al., 2015(2)
Zou et al., 2023
Kamal et al., 2022



Organic acids
Compound
Formic acid
Acetic acid
Malonic acid
Succinic acid
Malic acid
Tartaric acid
Citric acid

Quinic acid
Tetradecanoic acid
Pentadecanoic acid

Hexadecanoic acid

Heptadecanoic acid

Linolenic acid
9-hydroxyoctadecatrienoic acid
9,12-octadecadienoic acid
Linoelaidic acid
9-hydroxyoctadecadienoic acid
Oleic acid

Octadecanoic acid

Arachidic acid

Docosanoic acid

Formula
CH202
C2H402
C3H404
C4H604
C4H605
C4H606
C6H80O7
C7H1206
C14H2802
C15H3002
C16H3202

C17H3402
C18H3002
C18H3003
C18H3202
C18H3202
C18H3203
C18H3402
C18H3602
C20H4002
C22H4402

Plant part

leaf

leaf

leaf

leaf

leaf

leaf

leaf

leaf

essential oil (flower)
essential oil (flower)
essential oil (flower), plant
(not specified), leaf
essential oil (flower)
not specified

root

essential oil (flower)
essential oil (flower)
root

leaf

essential oil (flower), leaf
leaf

leaf
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Source

Grauso et al., 2019

Grauso et al., 2019

Grauso et al., 2019

Grauso et al., 2019

Grauso et al., 2019

Grauso et al., 2019

Grauso et al., 2019

Grauso et al., 2019

Kamal et al., 2022

Kamal et al., 2022

Bylka et al., 2010; Jung et al., 2011; Kamal et al., 2022; Grauso et al.,
2019

Jung et al., 2011; Kamal et al., 2022
Jung et al., 2011

Kenny et al., 2015(2)

Jung et al., 2011; Kamal et al., 2022
Kamal et al., 2022

Kenny et al., 2015(2)

Grauso et al., 2019

Jung et al., 2011; Kamal et al., 2022; Grauso et al., 2019
Grauso et al., 2019

Jung et al., 2011; Grauso et al., 2019



Compound
Tricosanoic acid
Tetracosanoic acid
Hexacosanoic acid
Octacosanoic acid

p-methoxyphenylglyoxylic acid

Organic esters
Compound
Benzyl benzoate
Taraxiroside D
Taraxiroside E

Taraxiroside F

Terpenoids

Compound

Lup-18-ene-3,21-dione
(17S)-17,18-seco-lup-19(21)-ene-
3,18,22-trione
18a,19a-epoxy-21B-hydroxylupan-3-
one
3B-hydroxylup-18(19)-ene-21-one

Taraxasterol isomers

Formula
C23H4602
C24H4802
C26H5202
C28H5602
C9H904

Formula
C14H1202
C27H30013
C27H32012
C19H26011

Formula
C30H4502
C30H4503

C30H4703

C30H4802
C30H500

Plant part
not specified
leaf

leaf

leaf

root

Plant part

essential oil (flower)
not specified

not specified

not specified

Plant part
root

root

root

root

leaf, root
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Source

Jung et al., 2011

Jung et al., 2011; Grauso et al., 2019
Jung et al., 2011; Grauso et al., 2019
Grauso et al., 2019

Kenny et al., 2015(2)

Source

Bylka et al., 2010
Choi et al., 2017
Choi et al., 2017
Choi et al., 2017

Source
Saeki et al., 2013
Saeki et al., 2013

Saeki et al., 2013

Kisiel&Barszcz, 2000
Bisset, 1994



Compound

Taraxerol

a-Amyrin

B-Amyrin

Arnidiol

Faradiol

Lupa-18,21-dien-3p-yl acetate
3pB-acetoxyeupha-7,24-dien-6-one
3B-acetoxy-18a,19a-epoxylupan-21p-
ol

Taraxasterolacetate isomers
18pB,19p-epoxy-21p-methoxylupan-
3B-yl acetate

Thunbergol

Phytol

6S,9R-Roseoside

6S,9S-Roseoside

11, 13-Dihydrolactucin
4,11,13,15-Tetrahydroridentin B
Ainslioside

Taraxinic acid B-D-glucopyranoside
113, 13-dihydrotaraxinic acid p-
glucopyranoside

Ixerin D

Formula
C30H500
C30H500
C30H500
C30H5002
C30H5002
C32H4902
C32H4903
C32H5104

C32H5202
C33H5304

C20H340

C20H400

C19H3008
C19H3008
C15H1805
C15H2404
C21H2809
C21H2809
C21H3009

C21H3009

Plant part

leaf, root

root

leaf, root, flower
leaf, root, flower
leaf, root, flower
root

root

root

leaf, root

root

essential oil (flower)

leaf
not specified
not specified
root
root
root
root

root

root
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Source
WHO, 1999
Schitz et al., 2006

Bisset, 1994; Bylka et al., 2010; Jung et al., 2011

Bisset, 1994; Bylka et al., 2010
Bisset, 1994; Bylka et al., 2010
Saeki et al., 2013

Kikuchi et al., 2016

Saeki et al., 2013

Bisset, 1994; Hansel et al., 1980
Kikuchi et al., 2016

Kamal et al., 2022

Jung et al., 2011

Choi et al., 2017

Choi et al., 2017

Kisiel&Barszcz, 2000
Kisiel&Barszcz, 2000; WHO, 1999
Kisiel&Barszcz, 2000
Kisiel&Barszcz, 2000; WHO, 1999

Kisiel&Barszcz, 2000; WHO, 1999; Choi et al., 2017

Kisiel&Barszcz, 2000



Compound
Sonchuside
Taraxacolide 1-O-b-D-
glucopyranoside

Taraxinic acid-1"-O-glucoside
Coumarins and derivatives
Compound

Scopoletin

Cichoriin

Esculetin

Esculin

Umbelliferone

Phenolic acids and derivatives
Compound
p-Hydroxybenzoic acid
Protocatechuic acid

Gallic acid

Ellagic acid

Syringic acid
p-Hydroxyphenylacetic acid
Vanillic acid

p-Coumaric acid

Formula
C21H3208
C21H3209

C22H30011

Formula
C10H804
C15H1609
C9H604
C15H1609
C9H603

Formula
C7H603
C7H604
C7H605
C14H608
C9H1005
C8H803
C8HB804
C9HB803

Plant part
root

root

fruit

Plant part
root
leaf
root
leaf

root

Plant part

root

root

flower
fermented plant
root

root

root, flower

root
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Source
Schitz et al., 2006
Kisiel&Barszcz, 2000; WHO, 1999

Lis et al., 2020

Source

Schitz et al., 2006

Williams et al., 1996; Buzdianowski, 1997
Schitz et al., 2006

Williams et al., 1996; Buzdianowski, 1997
Schitz et al., 2006

Source

Schutz et al., 2006

Schitz et al., 2006

Lopez-Garcia et al., 2013

Liu et al., 2020

Schiitz et al., 2006

Schiitz et al., 2006

Schiitz et al., 2006; Lopez-Garcia et al., 2013
Schiitz et al., 2006



Compound
trans-Coutaric acid
Coumaroylquinic acid
Ferulic acid
Feruloyltartaric acid
Feruloylquinic acid

Caffeic acid

Methyl caffeate
Caffeoylmalic acid

Caftaric acid isomers

Chicoric acid isomers

Caffeic acid 3-glucoside

Caffeoyl hexoside

Chlorogenic acid

Cryptochlorogenic acid

Neochlorogenic acid

1,3-Dicaffeoylquinic acid
1,5-Dicaffeoylquinic acid

Formula

C13H1208
C16H1808
C10H1004
C14H1409
C17H2009
C9HBO4

C10H1004
C13H1208
C13H1209

C22H18012

C15H1809

C15H1809

C16H1809

C16H1809
C16H1809

C25H24012
C25H24012

Plant part

root and herb

root
root
root

root

leaf, root, flower, fruit

not specified
leaf

leaf, root,

involucral bract, fruit

leaf, root, fruit

whole plant

root and herb

leaf, flower, fruit

root

leaf, root, flower, involucral

bract
root

root

Source

Schitz et al., 2005

Jedrejek et al., 2019

Schutz et al., 2006; Zou et al., 2023

Jedrejek et al., 2019

Jedrejek et al., 2019

Bisset, 1994; Hu&Kitts, 2004; Schiitz et al., 2005; Lis et al., 2020; Zou
et al., 2023

Choi et al., 2017

Mitek et al., 2019

Williams et al., 1996; Buzdianowski, 1997; Schutz et al., 2005; Grauso
etal., 2019;

Lis et al., 2020; Zou et al., 2023

Williams et al., 1996; Gatto et al., 2011; Grauso et al., 2019; Lis et al.,
2020; Zou et al., 2023

Zou et al., 2023

Schutz et al., 2005

Kristé et al., 2002; Hu&Kitts, 2004; Grauso et al., 2019; Lis et al.,
2020; Zou et al., 2023

Schiitz et al., 2006; Schiitz et al., 2005

Williams et al., 1996; Grauso et al., 2019

Kenny et al., 2015
Kenny et al., 2015



Compound

3,4-Dicaffeoylquinic acid
3,5-Dicaffeoylquinic acid
4,5-Dicaffeoylquinic acid
Caffeoyl-feruloylquinic acid

Caffeoyl glycerol

Caffeoyl-

dihydroxyphenyllactoyltartaric acid

Sinapic acid

Dihydrosinapic acid
4”-0-Demethylbroussonin A

Carotenoids and degraded derivatives

Compound

Taraxanthin geometrical isomers

Epiloliolide

Loliolide

Flavonoids and derivatives

Compound

3-Hydroxyflavone
4, 7-Dihydroxyflavone

Myricitrin

Formula Plant part
C25H24012 root and herb
C25H24012 root, herb, fruit
C25H24012 root and herb
C26H26012 flower
C12H1406 whole plant
C22H20013 root and herb
C11H1205 flower, whole plant
C11H1405 whole plant
C15H1603 whole plant
Formula Plant part
C40H5603 flower
C11H1603 not specified
C11H1603 not specified
Formula Plant part
C15H1003 whole plant
C15H1004 fermented plant
C21H20012 fermented plant

Source

Schitz et al., 2005

Schiitz et al., 2005; Lis et al., 2020
Schitz et al., 2005
Jedrejek&Pawelec, 2024

Zou et al., 2023

Schitz et al., 2005

Lopez-Garcia et al., 2013; Zou et al., 2023
Zou et al., 2023
Zou et al., 2023

Source

Meléndez-Martinez et al., 2006
Choi et al., 2017

Choi et al., 2017

Source

Liu et al., 2020
Liu et al., 2020
Liu et al., 2020



Compound

Quercetin pentoside
Quercetin 7-O-glucoside
Quercetin 7-rutinoside
Rutin

Quercetin diglycoside
3,7-di-O-Methylquercetin
Quercetin triglycoside
Daidzein
2"-Hydroxydaidzein
Formononetin
Methylophiopogonone A
Apigenin

Apigenin 7-O-glucoside
Amentoflavone
Baicalein

Luteolin

Luteolin 4"-O-glucoside

Luteolin 7-O-glucoside

Luteolin 3"-O-glucoside
Luteolin 7-O-rutinoside

Luteolin 7-diglucoside isomers

Formula
C20H18011
C21H20012
C27H30016
C27H30016
C27H30017
C17H1407
C33H40022
C15H1004
C15H1005
C16H1204
C19H1606
C15H1005
C21H20010
C30H18010
C15H1005
C15H1006
C21H20011
C21H20011

C21H20011
C27H30015
C27H30016

Plant part

root and herb

leaf, flower

leaf

flower, whole plant
root and herb
whole plant

root and herb
whole plant
fermented plant
herb, root

whole plant

fruit, herb

leaf, root

whole plant
fermented plant
flower, fruit

root, herb, fruit
leaf, flower, involucral bract,
fruit

fruit
leaf

leaf, flower, involucral bract

90

Source

Schitz et al., 2005

Schitz et al., 2005

Grauso et al., 2019

Lopez-Garcia et al., 2013; Liu et al., 2020

Schitz et al., 2005

Zou et al., 2023

Schitz et al., 2005

Liu et al., 2020

Liu et al., 2020

Tsagkaris et al., 2022

Zou et al., 2023

Lis et al., 2020; Tsagkaris et al., 2022

Bisset, 1994; Kristo et al., 2002; Grauso et al., 2019
Liu et al., 2020

Liu et al., 2020

Williams et al., 1996; Hu&Kitts, 2004; Lis et al., 2020
Schiitz et al., 2005; Lis et al., 2020

Williams et al., 1996; Kristo et al., 2002; Hu&Kitts, 2004; Gatto et al.,
2011;

Grauso et al., 2019; Lis et al., 2020

Lis et al., 2020

Schiitz et al., 2005; Grauso et al., 2019

Williams et al., 1996



Compound

Luteolin diglycoside
Luteolin triglycoside
Dicranolomin
Philonotisflavone
Taraxabiluteolin A
Taraxabiluteolin B
Chrysoeriol
Chrysoeriol-O-hexoside
Chrysoeriol diglycoside
Methyltricetin

Tricin

Pedalitin

Apometzgerin
Eupatilin

Cyanidin

Myrtillin

Garbanzol
Dihydromyricetin
Epigallocatechin
Isorhamnetin 3-O-glucoside
Farrerol

Prunin

Formula
C27H30016
C33H40021
C30H18012
C30H18012
C30H18012
C30H18012
C16H1206
C22H22011
C28H32016
C16H1207
C17H1407
C16H1207
C17H1407
C18H1607
C15H1106+
C21H21012+
C15H1205
C15H1208
C15H1407
C22H22012
C17H1605
C21H22010

Plant part
root and herb
root and herb
flower

fruit, flower
flower
flower
flower, fruit
flower

root and herb
fruit

fruit, flower

fermented plant

fruit, flower

whole plant

fermented plant

whole plant

whole plant

fermented plant

whole plant

leaf

fermented plant

whole plant
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Source

Schitz et al., 2005

Schitz et al., 2005

Jedrejek&Pawelec, 2024

Lis et al., 2020; Jedrejek&Pawelec, 2024
Jedrejek&Pawelec, 2024
Jedrejek&Pawelec, 2024

Williams et al., 1996; Mitek et al., 2019; Lis et al., 2020
Jedrejek&Pawelec, 2024

Schitz et al., 2005

Lisetal., 2020

Lis et al., 2020; Jedrejek&Pawelec, 2024
Liu et al., 2020

Lis et al., 2020; Jedrejek&Pawelec, 2024
Zou et al., 2023

Liu et al., 2020

Liu et al., 2020

Liu et al., 2020

Liu et al., 2020

Liu et al., 2020

Schiitz et al., 2005

Liu et al., 2020

Liu et al., 2020



Compound

Calquiquelignan D
Calquiquelignan E
7""-methoxycalquiquelignan D
7""-methoxycalquiquelignan E
Salcolin A

Salcolin B

Methoxysalcolin A
Methoxysalcolin B

Chalcones
Compound
Isoliquiritigenin
Liquiritigenin
Butein
Xanthohumol

Liquiritin

Stilbene derivatives
Compound
Resveratrol

Thunalbene

Formula

C26H24010
C26H24010
C27H26010
C27H26010
C27H26011
C27H26011
C28H28011
C28H28011

Formula

C15H1204
C15H1204
C15H1205
C21H2205
C21H2209

Formula
C14H1203
C15H1403

Plant part
flower
flower
flower
flower
flower
flower
flower

flower

Plant part

fermented plant
fermented plant
fermented plant
fermented plant

fermented plant

Plant part
flower

whole plant
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Source

Choi et al., 2017; Jedrejek&Pawelec, 2024
Choi et al., 2017; Jedrejek&Pawelec, 2024
Jedrejek&Pawelec, 2024
Jedrejek&Pawelec, 2024
Jedrejek&Pawelec, 2024
Jedrejek&Pawelec, 2024
Jedrejek&Pawelec, 2024
Jedrejek&Pawelec, 2024

Source

Liu et al., 2020
Liu et al., 2020
Liu et al., 2020
Liu et al., 2020
Liu et al., 2020

Source
Lopez-Garcia et al., 2013
Zou et al., 2023



Butyrolactones and derivatives
Compound

Taraxacoside

Taraxiroside A

Taraxiroside B

Taraxiroside C

Curcuminoides
Compound
Demethoxycurcumin

Curcumin

Phytosterols
Compound

Stigmasterol

p-Sitosterol

Lanosterol

B-Sitosterol B-D-glucopyranoside

Formula

C18H22010
C26H28012
C26H28011
C18H22010

Formula
C20H1805
C21H2006

Formula
C29H480

C29H500
C30H500
C35H6006

Plant part
leaf, root
not specified
not specified

not specified

Plant part

fermented plant

fermented plant

Plant part
leaf,  root,
specified)
not specified
not specified

not specified

plant
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(not

Source

WHO, 1999; Schiitz et al., 2006
Choi et al., 2017

Choi et al., 2017

Choi et al., 2017

Source
Liu et al., 2020
Liu et al., 2020

Source
Bisset, 1994; Jung et al., 2011

Hénsel et al., 1980; Bisset, 1994; Jung et al., 2011
Jung et al., 2011
Hansel et al., 1980



Other
Compound
3-glycerindole
Annuionone D
a-Tocopherol

Benzyl O-B-glucopyranoside

Formula

C10HI9NO2
C13H2003
C29H5002
C13H1806

Plant part

not specified
not specified
not specified

root
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Source

Choi et al., 2017
Choi et al., 2017
Jung et al., 2011
Kisiel&Barszcz, 2000



A3: Chromatographic, MS and ion mobility data of the identified compounds in dandelion samples

Elemental X . i CCSinESI X . . CCSinESI . . .
. Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name composition ‘-> mode, ‘+’ mode, i . VIP
m/z [M-H] m/z [M-H] ppm m/z [M+H]* m/z [M+H]* ppm time, min level” by
(neutral) (A2 (A)?
L . MoNA (ID:
1 Caffeic acid glucoside_1 C15H1809 341.0878 341.0882 1.14 182.13 131 D2
PMO003718)
- - 10.0 Piazzon et
2 Caffeic acid derivative_1 C9H8O7S 258.9918 258.9914 -1.54 149.72 1.59 D2
(FILy** al., 2012
MoNA (ID:
3 Caffeic acid glucoside_2 C15H1809 341.0878 341.0875 -0.91 182.29 1.86 D2
PM003718)
Protocatechuoylglucose_1 MoNA (ID:
4 C13H1609 315.0722 315.0712 -3.05 170.98 1.94 D2
* PR309056)
Piazzon et
5 Caffeic acid sulfate_1* C9HBO7S 258.9918 258.9913 -1.93 143.28 2.10 D2 e
al.,
MassBank
(ID:
Protocatechuoylglucose_2
6 . C13H1609 315.0722 315.0714 -2.41 166.23 2.63 D2 MSBNK-
RIKEN-
PR309056)
. Zuoetal.,
7 Esculetin sulfate* C9H607S 256.9762 256.9756 -2.14 141.07 2.71 D2 B
10.0
L (D/F)**, authentic
8 Caftaric acid C13H1209 311.0409 311.0406 -0.96 225.97 2.74 C
9.9 standard
(F/L)**
Neochlorogenic acid authentic
9 C16H1809 353.0878 353.0873 -1.44 171.90 2.96 C
(3CQA) standard
Piazzon et
10 Caffeic acid sulfate_2* C9HBO7S 258.9918 258.9913 -1.93 144.97 3.23 D2 | 2012
al.,
authentic
11 Esculin C15H1609 339.0722 339.0717 -1.47 174.60 341.0867 341.0869 0.59 178.18 3.64 ©
standard
Commisso
12 Caffeoylsucrose* C21H28014 503.1406 503.1395 -2.25 208.51 4.55 D2 tal.. 2019
etal,
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CCsinEsSI CCsinEsI

Elemental Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name . ‘-’ mode, ‘+> mode, i X
composition m/z [M-H] m/z [M-H] ppm A m/z [M+H]* m/z [M+H]* ppm AF time, min level* by
(neutral)

8.2 authentic
14 Esculetin C9H604 177.0193 177.0191 -1.13 126.94 179.0339 179.0341 112 130.21 5.00 C
(FIL)** standard

Yang et al.,
2017

16 1-caffeyllaminaribiose* C21H28014 503.1406 503.1400 -1.25 206.17 5.42 D2

authentic

18 Daphnetin* C9H604 177.0193 177.0191 -1.13 127.97 179.0339 179.0341 112 130.94 6.41 andard
stanaar

20 Taraxinositol A/B* C22H24010 447.1297 447.1288 -1.95 193.81 449.1442 449.1448 1.29 211.90 6.63 (F/I;)** E

12-Hydroxyjasmonate Gidda et al.,
C12H1807S 305.0701 305.0691 -3.28 160.98 6.77 D2
sulfate_2* 2003
Wuetal.,
23 Caffeoylglycerol C12H1406 253.0718 253.0713 -1.82 159.47 6.81 D2 2016

MoNA (ID:

25 Pyroglutamylisoleucine C11H18N204 241.1194 241.1191 -1.16 161.60 243.1339 243.1340 0.29 168.35 7.67 (FILy D2 PR309064)
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Elemental i . i CCSinESI . i . CCSinESI i o »
. Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name composition ‘> mode, ‘+’ mode, VIP
m/z [M-H] m/z [M-H] ppm
(neutral) (A

m/z [M+H]* m/z [M+H]* ppm A time, min level* by

27 Chicoric acid derivative C28H28017 635.1254 635.1240 -2.16 235.69 7.88 (DIFy™

29 Unknown_1 C21H32011 459.1872 459.1866 -1.28 197.11 7.94 F

authentic
31 Umbelliferone C9H603 161.0244 161.0242 -1.24 125.51 163.0390 163.0392 1.23 127.24 8.59 C andard
standart

MassBank

(ID:
Quercetin derivative_2 9.7 MSBNK-
. C26H28016 595.1305 595.1294 -1.78 240.33 597.1450 597.1458 1.32 247.70 9.36 E
(pentose+hexose moiety) (DIF)** RIKEN_Re
Spect-

PT204313)

Quercetin 3,4"- authentic
35 . . C27H30017 625.1410 625.1402 -1.28 243.95 627.1556 627.1564 1.28 242.35 10.27 C
diglucoside standard
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Elemental i i i CCSinESI i i . CCSinESsI i L .
. Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name composition ‘-> mode, ‘+’ mode, VIP
m/z [M-H] m/z [M-H] ppm
(neutral) (Ay?

m/z [M+H]* m/z [M+H]* ppm A time, min level* by

Quercetin hexosyl
37 derivati C27H30015 593.1512 593.1510 -0.32 241.86 595.1658 595.1661 0.59 245.26 10.43 E
erivative

MassBank
(ID:
Quercetin derivative_3 MSBNK-
. C26H28016 595.1304 595.1293 -1.85 244.36 597.1450 597.1452 0.32 24477 10.53 E
(pentose+hexose moiety) RIKEN_Re
Spect-
PT204313)

MoNA (ID:
41 Quercetin rutinoside C27H30016 609.1461 609.1452 -1.48 235.45 611.1607 611.1609 0.39 248.42 11.06 E RIKENPIaS
MA006420)

MassBank
71 (ID:
43 Schaftoside isomer_2 C26H28014 563.1406 563.1402 -0.76 232.09 565.1552 565.1553 0.21 235.48 11.40 (DIFy= E MSBNK-
Fiocruz-
FI000726)




Elemental i . i CCSinESI . i . CCSinESI i o »
. Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name composition ‘-> mode, ‘+’ mode, VIP
m/z [M-H] m/z [M-H] ppm
(neutral) (A

m/z [M+H]* m/z [M+H]* ppm A time, min level* by

MassBank
i (ID:
Luteolin/kaempferol
45 C27H30016 609.1461 609.1455 -1.00 240.95 611.1607 611.1609 0.39 242.72 12.61 E MSBNK-
dihexoside_3
BS-
BS003234)

MassBank
85 (ID:
47 Quercetin pentoside_1 C20H18011 433.0776 433.0771 -1.22 196.03 435.0922 435.0923 0.25 200.39 12.75 ) E MSBNK-
(DIF)**
RIKEN-
PR306789)

MassBank
(ID:
49 Quercetin glucoside C21H20012 463.0882 463.0878 -0.86 200.95 465.1028 465.1030 0.54 206.52 13.40 E MSBNK-
Fiocruz-
F1000168)

14.8
. . (DIF)**, authentic
51 Luteolin 7-O-glucoside C21H20011 447.0933 447.0925 -1.79 211.23 449.,1078 4491079 0.22 210.52 14.09 C
29.1 standard
(F/L)**




Elemental i . i CCSinESI . i . CCSinESI i o »
» Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name composition ‘-’ mode, ‘+> mode, VIP
m/z [M-H] m/z [M-H] ppm
(neutral) (A

m/z [M+H]* m/z [M+H]* ppm A time, min level* by

Isorhamnetin
53 C27H30016 609.1461 609.1451 -1.66 235.95 14.49 E
disaccharide_2

MassBank
(ID:
55 Quercetin derivative_4 C23H22013 505.0988 505.0983 -0.91 213.56 14.99 E MSBNK-
RIKEN-
PR040189)

7.9 Marinaccio

57 Apigenin derivative C20H34011 449.2028 449.2016 -2.76 197.17 15.72 E
(DIFy** etal., 2025

MoNA (ID:
. L 16.2 VF-NPL-
59 Dicaffeoylquinic acid_1 C25H24012 515.1195 515.1183 -2.33 211.50 16.02 D2
(DIF)** QTOF0032
39)

MassBank
6.4
(ID:
) . (DIFy**,
61 Isorhamnetin 3-glucoside C22H22012 477.1039 477.1029 -1.99 209.08 16.40 70 D2 MSBNK-
RIKEN-
(FIL)**
PR040093)
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Elemental CCSinEsSI CCSinESI

. Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name composition ‘-’ mode, ‘+> mode, i X VIP
m/z [M-H] m/z [M-H] ppm m/z [M+H]* m/z [M+H]* ppm time, min level* by
(neutral) (Ay? (Ay?
. authentic
63 Rosmarinic acid* C18H1608 359.0772 359.0777 1.39 173.37 16.73 Cc andard
standar

authentic
65 Hesperidin* C28H34015 609.1825 609.1816 -1.48 238.38 611.1971 611.1957 -2.29 249.75 16.79 C andard
standar

MassBank
i (ID:
Luteolin/kaempferol
67 eosid C21H20011 447.0933 447.0928 -1.10 205.72 449.1078 449.1080 0.36 206.58 16.91 E MSBNK-
coside
gly: BS-
BS003262)

Abscisic acid glucose Fanetal.,
C22H32011 471.1872 471.1868 -0.83 209.63 16.95 D2
ester (formate adduct) 2020

authentic
71 Eriodictyol C15H1206 287.0561 287.0556 -1.74 165.66 289.0707 289.0708 0.35 166.55 17.36 C andard
standar

194
. (D/F)**, authentic
73 Luteolin C15H1006 285.0405 285.0400 -1.75 159.14 287.0550 287.0553 1.05 162.27 17.63 C
21.4 standard
(F/L)**
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Elemental i . i CCSinESI . i . CCSinESI i o »
» Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name composition ‘> mode, ‘+’ mode, VIP
m/z [M-H] m/z [M-H] ppm
(neutral) (A

m/z [M+H]* m/z [M+H]* ppm A time, min level* by

authentic
76 Apigenin C15H1005 269.0456 269.0451 -1.67 158.90 271.0601 271.0603 0.74 157.69 18.16 C andard
standart

17.0
(DIF)**,
78 Unknown_3 C38H58017 785.3601 785.3590 -1.43 269.68 18.43 112 F

(FILy**

LIPID
MAPS®
9,12,13-trihydroxy-10E-
C18H3405 329.2334 329.2327 -1.97 187.59 18.89 D2 (ID:
octadecenoic acid
LMFA0200
0014)

LIPID
MAPS®
9,10-dihydroxy-12Z-
o C18H3404 313.2384 313.2381 -1.05 184.95 19.75 D2 (ID:
octadecenoic acid
LMFA0200
0229)
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Elemental i . i CCSinESI . i . CCSinESI i o »
» Theoretical Experimental Difference, Theoretical Experimental Difference, Retention Identification Identified
No. Compound name composition ‘- mode, ‘+> mode, i X VIP
m/z [M-H] m/z [M-H] ppm m/z [M+H]* m/z [M+H]* ppm time, min level* by
(neutral) (A (Ay?

* first reported from T. officinale

** VIP values between sample groups: D/F — leaf-root drug and flowers, F/L - flowers and liqueur
#, according to Cicek et al., 2024
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A4: Chromatograms

App. Figure 1. Extracted ion chromatograms of the vinca alkaloid analytes. Different colors were used visualizing overlapping chromatographic

peaks.
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A5: Full scan spectra of the vinca alkaloid compounds

19-S-vindolinine
Elemental composition (neutral): C21H24N202
[M+H]*: 337.1911

Channel name: 2: RT=7.0747 mins : HD TOF MSe (90-2000) 6V ES|+ : Centroided
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3’,4’-anhydrovinblastine
Elemental composition: C46H56N408
[M+2H]**: 397.2122

Channel name: 2: RT=11.7384 mins : HD TOF MSe (90-2000) 6V ESI+ : Centroided

2.85e5
2.75e5
397.21289
“Channel name: 2- RT=11.7384 mins - HD TOF MSe (30-2000) 6V ESI+ - Centroided
2855
2.5e5 27505
397.21280
25e5-]
2.25e54
22505
25 2e54
1.75e5
1.75e5 7
3 15
? 290771423
) H
T = 1.25e5-]
3 15e5-
2
= 100000
2
2
< 125e5- 75000
50000-]
39821537
100000 (
25000-]
30871628
39020465 30186603 395.‘93??]“1:2 Ll i’ 39972506 40420230 40521063 40620160 40784538
75000 3% 0 34 39 19 400 a02 04 406 408 410
Observed mass [m]
50000
398.21537
25000 367.20240
\
352.91007
157.92509 25188578 | ] 12088955 56574196 61275059 rosarres 57063529
\
oL . ' ll;hl A N P " N\ - . " "IV .
0 100 200 300 400 500 600 700 800 900 1000

Observed mass [m/z]

109




Alstonine +

iy N\
Elemental composition: C21H20N203 |
[M+H]*: 349.1547 N
NH
7
Channel name: 2: RT=10.5794 mins : HD TOF MSe (90-2000) 6V ESI+ : Centroided
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Catharanthine
Elemental composition: C21H24N202

[M+H]*: 337.1911

Channel name: 2: RT=10.3781 mins : HD TOF MSe (90-2000) 6V ESI+ : Centroided
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Deacetylvindoline
Elemental composition: C23H30N205
[M+H]*: 415.2228

Channel name: 2: RT=10.1463 mins : HD TOF MSe (20-2000) 6V ESI+ : Centroided
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Loganic acid

Elemental composition: C16H24010

[M-H]: 375.1297

Intensity [Counts]
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Secologanin
Elemental composition: C17H24010
[M+Na]*: 411.1262

Channel name: 2: RT=6.6262 mins : HD TOF MSe (90-2000) 6V ESI+ : Centroided

Intensity [Counts]
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Serpentine
Elemental composition: C21H20N203
[M+H]*: 349.1547

Channel name: 2: RT=10.4867 mins : HD TOF MSe (90-2000) 6V ESI+ : Centroided
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Strictosidine
Elemental composition: C27H34N209
[M+H]*: 531.2337

Channel name: 2: RT=9.5996 mins : HD TOF MSe (90-2000) 6V ES|+ : Centroided
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Vinblastine

Elemental composition: C46H58N409

[M+2H]**: 406.2175

Channel name: 2: RT=11.1397 mins : HD TOF MSe (90-2000) 6V ESI+ : Centroided

Intensity [Counts]

1.67e5
e e e -
1.6e5 75000
367.20208 o i
353.18652 i
\
1.4e5- W
Jom -
gssom
1.2e5 -
100000 = -
337.19156 s e T ‘ ‘ e
L1 | | __gos200] i I
A
685.33953
80000
406.21758
60000
40000
321.16049 658-2762(3
279.09364
20000~ B ;113.20759 o
' 481.26939 ST~
725.32876 81142666
542.26573 912.42041
/
13896355 592.26629 82540452
229.14145
0 Mt i W aboda b Lol sso0t077
1 1 1 1 1 T T
0 100 200 300 400 500 600 700 800 900

Observed mass [m/z]

117



Vincadifformine
Elemental composition: C21H26N202
[M+H]*: 339.2067

Channel name: 2: RT=10.5485 mins : HD TOF MSe (90-2000) 6V ESI+ : Centroided
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Vincristine
Elemental composition: C46H56N4010
[M+2H]**: 413.2071
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Vindoline
Elemental composition: C25H32N206
[M+H]*: 457.2333

Channel name: 2: RT=11.3057 mins : HD TOF MSe (90-2000) 6V ESI+ : Centroided
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Vindolinine

Elemental composition: C21H24N202

[M+H]*: 337.1911

Channel name: 2: RT=8.0391 mins : HD TOF MSe (90-2000) 6V ES|+ : Centroided
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A6: MS/MS datasets

App. Figure 2. MS/MS spectra of the tentatively identified vinca alkaloid compounds with reference m/z data in the insets. [A — 19-S-Vindolinine, B —
3’,4’-Anhydrovinblastine, C — Alstonine, D — Catharanthine, E — Deacetylvindoline, F — Loganic acid, G — Secologanin, H — Serpentine, | — Strictosidine,

J — Vincadifformine, K — Vindoline, L — Vindolinine]. 'CE' refers to collision energy.
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https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/secologanin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/strictosidine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/vincadifformine
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Collision energy (V): 208
Set Mass (Da): 415.1787
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Collision energy (V): -13.4
Set Mass (Da): 375.1283
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Collision energy (V): 13.6
Set Mass (Da): 389.1484
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263.0810 263.0789
2.5e5] 289.1331 289.1290
20507585 317.1281 317.1252
2e5
1.5e54 264.08428 350.15743
318.13132
236.08946 1
100000 23407836
208.00409
77.09674289.
50000 277.09674289.13315
31013462 |[351-16017
(35216519
ol 11s0sts 151054 13?‘3?015 . |‘h' P P |’|3‘31J4649 7 39562069
100 125 150 175 200 225 250 275 300 325 350 375 400
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Collision energy (V): 2.6 Strictosidine, CE: 22.6 V
Set Mass (Da): 531.2452
Detected MS/MS | Reference 594
fragments, m/z m/z%
55000 144.08063
144.0806 144.0804 su 0801
222.0910 222.0906
30000} 334.1440 334.1386
352.1546 352.1445
450004 514.2080 514.2153
22209103 35215461
40000+
33414404
19400630
35000-]
2
. 30000
z
~ 25000 25100353
20000-]
51521171
150004 28211268
10000 353.15784
13006538
5000 53123571
1200701 369.18109 {
370.18468 532.23729
N L-‘le.u , ; , ?12.14570I 496'18&11. l 0 ses22788
100 150 200 250 300 350 400 450 500 550

Observed mass [m/z]

J

Collision energy (V): 13.0
Set Mass (Da): 339.1961

2684
Vincadifformine, CE: 13.0V
250001 33920653
Detected MS/MS Reference
fragments, m/z m/z ¥
225001
168.0834 168.0808
194.1042 194.0966
20000
307.1817 307.1811
17500+
= 15000
-
2
o
2z
£ 12500
£
10000
7500
5000
34021006
!
2500
14408079
14508478
! 33819494 ([ 341.21331
. 105.0708212209642 \ 16808347 194.10422 237.10157 ,250"5689 27689659 , 30718176 \343.13345
100 120 120 160 180 200 220 240 260 250 300 320 340 360
Observed mass [m/z]
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K

Collision energy (V): 214
Set Mass (Da): 457.2473

171 1.01e7
188.10714
Vindoline, CE: 21.4 V
ce6] Detected MS/MS| Reference
fragments, m/z m/z*
] 145.0880 145.0889
157.0881 157.0879
et 173.0832 173.0832
z 188.1071 188.1069
§5e6— 397.2124 397.2063
4e6
3e6
2e6
17308321489 11010
1e6] 39721245
157.08814 hos21sag 45723381
0 145‘0??3'['“ JN |‘H J?" ,.“463 f 2‘2;11224 125.3'13331 wsteom BTN | Emane ?99‘2”82439‘2‘2278 49825701 4
100 155 150 1;’5 Zl')(] Zéﬁ 250 2"/5 360 32‘5 3%0 37‘5 4[‘)(] 455 4'50 4;5 560

Observed mass [m/z]
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Collision energy (V): 19.5

Set Mass (Da): 337.1979

1.7e5
L Vindolinine, CE: 19.5 V
1.6e5 320.16438
Detected MS/MS| Reference
fragments,m/z m/z%
1.4e5
117.0695 117.0694
144.0805 144.0807
12637 177.0907 177.0906
260.1433 260.1430
320.1643 320.1651
100000
% 14408057
S 117.06959
z
< 80000+
60000
321.16757
40000
177.09079
14506472
20000-]
26014337
11807357 || 14009625 218.09605230.09626 288.13816
’}19.08537 / 204.08138 m“ | | 308.16372| 337.19125
N mull.\. | — \|u i b wb ol I lrasesosor  3s0s2sse
100 125 150 175 200 225 250 275 300 325 350 375 400

Observed mass [m/z]



App. Figure 3. MS/MS spectra of the identified dandelion compounds.
Caffeic acid glucoside_1

No. 1

C15H1809 (neutral) Rt=1.31 min
Channel name: 4: ET=1.3304 mins : Set Mass{m,/z)=341.0874 : DT=4.56 ms : DDA H5 TOF MSMS (90-2000)...
Collision energy (V): -11.3
6.71e3
] 341.08736
6000+
5000-

£ 4000-

5 |

5]

=

éE‘* 3000.] 179.03466

i

£

20007 13504471 161.02465
] \ 34209055
] I
1000+
133.02850 180.03890 242 00049
1 A / 296.08571 333.00902
0 1 101.01904 . 22503013 \ 3 '358.17058
‘I{IJD 1%1] Z(III[] Eéﬂl RSI{J
Observed mass [m/z]

No.2  Caffeic acid derivative 1 C9HB8O7S (neutral) Rt = 1.59 min
Channel name: 4: ET=1.6245 mins : Set Mass{m,/z)=258.9973 : DT=3.20 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -10.9

3.16e3

3000 25899200

2500-
.E..E'EIEH]—_
=
=
5]
= |
£ 1500
E 4
i
£

1000-

500

| 179.03481
135.04641 250.00556
133.02844 |136.05734 215.00276 326 94985 II’_ 260.98839
i WS )
0 ™1 ||||I|||
100 125 150 175 200 225 250 275

Observed mass [m/Z]
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No.3  Caffeic acid glucoside_2 C15H1809 (neutral) Rt =1.86 min

Channel name: 4: ET=1.7871 mins : Set Mass{m,/z)=341.0945 : DT=4.50 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -11.3

232e3
341.08683
2000

1500

£ l

[ =

3

5]

=

z

£ 1000+

= 1 161.02468

179.03500
500
| 13504454
0 1D‘3.q2942 . | s | 267.09159 o \h
LA I L A L L A A L R L R -
100 150 200 250 300 350
Observed mass [m/z]

No.4  Protocatechuoylglucose_1 C13H1609 (neutral) Rt=1.94 min
Channel name: 4: KT=1.9682 mins : Set Mass{m/z)=315.0713 : DT=4.11 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -11.2

1.7e4
| 31507125
15000-
12500
£ 10000
=
5]
= ]
= ]
g 75004
i |
E
5000-
152.01106
1 N 316.07507
2500_- 153.01792 /
] 108.01966151.03881|  165.01749 317.05598
93.03480 273.08425 341N
0 vl y W 22504159 \ T?I 341.01514
100 1%[! ZEIJG Zé’rﬂ 3[:‘0 Béﬂl

Observed mass [m/z]
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No.5  Caffeic acid sulfate_1 C9HB8OT7S (neutral) Rt=2.10 min
Channel name: 4: RT=2.1246 mins : Set Mass(m,/z)=258.9972 : DT=2.92 ms : DDA HS TOF MSMS (90-2000)...

Collision energy (V): -10.9

3.94e3
215.00270
3000+
25899187

i)

=

3

=]

£ 2000-

z

=

i

E

1000+ 135.04492
173.03567 216.00486 259.99162
J !
, 136.04735 03.83105
, 99.9221«1, 1330294&{} F ) 1[2153977? i_zau.gs:a'?z
75 w00 125 150 175 200 225 250 275
Observed mass [m/z]

No.6  Protocatechuoylglucose_2 C13H1609 (neutral) Rt=2.63 min
Channel name: 4: RT=2.6729 mins : Set Mass{m/z)=315.0718 : DT=3.91 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -11.2

3.95e4
31507117
30000
o)
| =
=2
%]
<. 200004
g
=
I
E 153.01946
10000
31607559
')
109.02989 317.07575
- 13402244 24439914
0 105.03123] | m’f 195.02559 225.03915 | 297.12963 Iém.maga
100 150 200 250 300 350

Observed mass [m/z]
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No. 7  Esculetin sulfate C9H607S (neutral) Rt=2.71 min

Channel name: 4: ET=2.7417 mins : Set Mass{m,/z)=256.9817 : DT=2.77 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -10.9

7.17e3
7000
] 25697517
6000
5000

o)

=

3 4000-

2,

Y 177.01916

5 3000
E

2000
1000 257.97929
110.71627 140.02535 jTe0z1ss [ 258.07458
. i —
. \ 13303071 i 21500270 i
L L L L L e e e e L L
75 100 125 150 175 200 225 250 275 200
Observed mass [m/z]

No.8  Caftaric acid C13H1209 (neutral) Rt=2.74 min
Channel name: 4: KT=2.7387 mins : Set Mass{m/z)=311.0425 : DT=06.18 ms : DDA HS TOF MSMS (75-2000)...
Collision energy (V): -11.2

1493
135.04437 17903546

1250-

1000
- ]
=
=3
".3 ]
= 750
£ ]
=
i
E ]

500+

149.00758
250-
181.04031
] 8700071 10293990 /
0 ..,..|. TN Jlll 31507249

75 100 125 150 175 200 225 250 275 300 325
Observed mass [m/Z]
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No.9  Neochlorogenic acid C16H1809 (neutral) Rt =2.96 min

Channel name: 4: RT=2.9549 mins : Set Mass(m,/z)=353.0993 : DDA TOF MSMS (50-1000) 12-33V ESI-: Ce...
Collision energy (V): -13.2

21906
1 191.05625
2eb—
1.5e64

- ]

=

3

%]

=)

.E- 1e6 13504511

=

g
£ 179.03505

\
Se5+
353.08859
192.05887
134.03736136.04868 | |/ 35408200
85.02066 \V 16102460 19306101 34524451 |r
0 0266 | T 221.04538 259.95362 \ ||357.00219
rrr .l rrr ¢+~ 1T ' rrr r T 1
50 100 150 200 250 300 350
Observed mass [m/fz]

No. 10 Caffeic acid sulfate_2 C9HB8O7S (neutral) Rt = 3.23 min
Channel name: 4: KT=3.2571 mins : Set Mass{m/z)=258.9978 : DT=3.00 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -10.9

3.18=3
3000 21500173
2500

2000-

Intensity [Counts]
o
[ ]
T

258.99207

1000 |
| 135.04578

500
] se 250.00408

107.05033 134.03935(136.04822 17003306 f-21l5.99?21 i
0] \ M/ | ) u A # 28846079

L T T = |

T T T 1 S I |
75 100 125 150 175 200 225 250 275 300
Observed mass [my/z]
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No.11 Esculin C15H1609 (neutral) Rt =3.64 min

Channel name: 4: ET=3.6401 mins : Set Mass{m,/z)=339.0945 : DT=2.99 ms : DDA HS TOF MSMS (90-2000)..
Collision energy (V): -11.3

3.93e4
177.01864
30000

)

=

3

[#]

= 200004

z

=

i
E

10000
178.02271 33907250
!
105.03730 133.02890 179.02304 21902515 26640363 07583
0 1 l S Il J 34598823
50 100 150 200 250 300 350 400
Observed mass [m/z]

No. 12  Caffeoylsucrose C21H28014 (neutral) Rt=4.55 min
Channel name: 4: RKT=4.5635 mins : Set Mass{m/z)=503.1434 : DT=5.60 ms : DDA HS TOF MSMS (75-2000)...
Collision energy (V): -12.2

222e4
] 179.03511
20000
| 341.08821

15000
i)
| =
=2
[¥]
=
&
@ 10000+
i
E

5000 ]

34209036 202.14071
180.03868 /
135.04513 |/ S48
12403517 181.03959 343.09228 ?05'1
0 \ ¢ 297.13144 lr 44312146 507.16194

™1 L AL DL L N T 0 —
100 150 200 250 300 350 400 450 500 550
Observed mass [m/z]
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No. 13  Chlorogenic acid C16H1809 (neutral) Rt =4.92 min

Channel name: 4: RT=4.9414 mins : Set Mass(m,/z)=353.0934 : DDA TOF MSMS (50-1000) 11-33V ESI-: Ce...
Collision energy (V): -13.2

2.55e5

2.5e5-

] 191.05631

2e54
£ 1.5e5-
3
3 ]
2,
z
5 -
£ 100000

205.05076 =082
50000_] 177.01965
] 353.08840
2060543 ;BA'MSM 30891170
o] 13.3'?.29351.61'0.243.2. I‘ | | 26305694 \ 324.90885
L L L | L L L L L e e
125 150 175 200 225 250 275 300 325 350
Observed mass [m/z]

No. 14  Esculetin C9H604 (neutral) Rt = 5.00 min

Channel name: 4: ET=5.0186 mins : Set Mass{m/z)=177.0246 : DDA TOF MSMS (50-1000) 21-44V ESI- : Ce...
Collision energy (V): -21.3

3384
1 133.02977
30000
1 177.01972
250001
g 200001
S 89.03999
=
5 15000
i
£
10000 105.03492 149,02481
2000 12102036 | 30320 178.02320
] 0400 f
: TN 15002712
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1 6roi8es ||| | L] /159,01005 J
D ; — ; I.' ! Ly IIIII' . II' .I'.I I .I.I - - - . 'I.I .
60 20 100 120 140 160 180
Observed mass [m/z]
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No. 15 Caffeic acid

C9H804 (neutral) Rt =5.19 min

Channel name: 4: RT=5.1928 mins : Set Mass(m/z)=179.0379 : DDA TOF MSMS (30-1000) 11-33V ESI- : Ce...
Collision energy (V): -11.4

1.44eb
13504237
1.25¢6-
1e6-

i)

E

g ]

T

]

c

i

E ]

Se5
7505} 134.03763
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&8 100 120 140 160 180
Observed mass [m/z]

No. 16  1-caffeyllaminaribiose C21H28014 (neutral) Rt=15.42 min
Channel name: 4: KT=54023 mins : Set Mass{m/z)=503.1406 : DT=5.55 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -22.2

1.33e3
1250 161.02512
179.03488
!
1000
503.13985
'g' ]
2 750+
H .
z
i
= 1 281.068529
£ 5004 135.04532 22104520
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350 251.05501
1 341.08590
I
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i) P .d.‘lll"‘. pli .u.IJ-..II.- Lil ......I.Ijn;._. O — .l."."l:l P |'."".'. ——
100 150 200 230 300 350 400 450 500

Observed mass [my/z]
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No. 17  Cryptochlorogenic acid C16H1809 (neutral) Rt =5.67 min

Channel name: 4: ET=5.6805 mins : Set Mass(m,/z)=353.0986 : DDA TOF MSMS (50-1000) 12-33V ESI- : Ce...
Collision energy (V): -13.2

2.83e5
173.04555
5545 135.04508
] 191.05612
2es- I
1 179.03507

i)

E

g ]

S 1.5e54

£ ]
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i
E J
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50 100 150 200 250 300 350
Observed mass [m/z]

No.19 12-Hydroxyjasmonate sulfate 1 C12H1807S (neutral) Rt=6.58 min
Channel name: 4: RT=0.5569 mins : Set Mass{m/z)=305.0692 : DT=3.71 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -21.1

1.01e3
1000+
96.96035

800 -
£ 600
=
%]
=)
g
i
£ A00 -

22511017
| 20507059
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- 30807280
13508006 ‘" 24504946 ’
oL —FA .'.".!.'.l,....".""..Il 1

T L L . D
75 100 125 150 175 200 225 250 275 300 325
Observed mass [my/z]
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No. 20 Taraxinositol A/B C22H24010 (neutral) Rt=6.63 min

Channel name: 4: RT=0.6224 mins : Set Mass(m,/z)=447.1292 : DT=5.13 ms : DDA HS TOF MSMS (90-2000)..
Collision energy (V): -11.9
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W
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3
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z
=
5
= ]
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] 133.02036 44712954
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Observed mass [m/z]
No.21  Fraxin C16H18010 (neutral) Rt =6.69 min

Channel name: 4: RT=0.0868 mins : Set Mass{m/z)=369.0815 : DT=4.44 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -21.5
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No. 22  12-Hydroxyjasmonate sulfate 2 C12H1807S (neutral) Rt=6.77 min

Channel name: 4: ET=0.7227 mins : Set Mass{m,/z)=305.0696 : DT=3.70 ms : DDA HS TOF MSMS (90-2000)..
Collision energy (V): -21.1
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Observed mass [m/z]

No. 23  Caffeoylglycerol C12H1406 (neutral) Rt =6.81 min
Channel name: 4: KT=0.7932 mins : Set Mass{m/z)=2523.0713 : DT=3.64 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -10.9
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No. 24  Quercetin dihexoside_1 C27H30017 (neutral) Rt=6.87 min

Channel name: 4: RT=6.9712 mins : Set Mass(m,/z)=625.1527 : DDA TOF MSMS (50-1000) 11-33V ESI- : Ce...
Collision energy (V): -16.1

463.08959 625.14228
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2 7500
3
=]
o,
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e 1 301.03541 \
£ 5000-
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Observed mass [m/z]
No.25  Pyroglutamylisoleucine C11H18N204 (neutral) Rt =7.67 min

Channel name: 4: RT=7.0617 mins : Set Mass{m/z)=241.1244 : DT=3.65 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -10.8
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No. 26

Quercetin derivative_1

C26H28016 (neutral) Rt =7.70 min
Channel name: 4: RT=7.6339 mins : Set Mass{m/z)=595.1499 : DDA TOF MSMS (50-1000) 21-44V ESI- : Ce...
Collision energy (V): -25.7
5.83e5
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i !
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Observed mass [m/z]

No. 27  Chicoric acid derivative C28H28017 (neutral)  Rt=7.88 min
Channel name: 4: RT=7.9228 mins : Set Mass{m/z)=0635.1368 : DT=0.64 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -12.9
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No. 28  Quercetin dihexoside_2 C27H30017 (neutral) Rt =7.89 min

Channel name: 4: RT=7.9050 mins : Set Mass(m,/z)=625.1527 : DDA TOF MSMS (50-1000) 11-33V ESI-: Ce...
Collision energy (V): -16.1
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No.29  Unknown_1 C21H32011 (neutral)  Rt=7.94 min
Channel name: 4: KT=7.9555 mins : Set Mass{m/z)=459.1867 : DT=5.26 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -11.9
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No.30  Unknown_2 C24H3205S (neutral) Rt =8.30 min
Channel name: 4: RT=8.3127 mins : Set Mass{m,/z)=431.1914 : DT=547 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -11.8
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No.31  Umbelliferone C9H603 (neutral) Rt = 8.59 min
Channel name: 4: KT=8.5881 mins : Set Mass{m/z)=161.0247 : DT=1.26 ms : DDA HS TOF MSMS (90-2000)...
Collision energy (V): -10.4
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No. 32  Quercetin dihexoside_3 C27H30017 (neutral)  Rt=9.12 min

Channel name: 4: ET=09.0595 mins : Set Mass{m,/z)=625.1421 : DT=6.65 ms : DDA HS TOF MSMS (90-2000)..
Collision energy (V): -22.8
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No.33  Quercetin derivative_2 C26H28016 (neutral)  Rt=9.36 min
Channel name: 4: RT=9.4354 mins : Set Mass{m/z)=505.1409 : DDA TOF MSMS (50-1000) 11-33V ESI- : Ce...
Collision energy (V): -15.7
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No. 35  Quercetin 3,4'-diglucoside

C27H30017 (neutral) Rt =10.27 min

Channel name: 4: RT=10.2831 mins : Set Mass(m/z)=625.1619 : DDA TOF MSMS (50-1000) 21-44V ESI-: C...

Collision energy (V): -26.1
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No.36  Schaftoside isomer_1 C26H28014 (neutral) Rt =10.39 min
Channel name: 4: RT=10.3300 mins : Set Mass(m/z)=5263.1410 : DT=0.64 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -22.5
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No. 37  Quercetin hexosyl derivative C27H30015 (neutral) Rt =10.43 min

Channel name: 4: RT=10.4501 mins : Set Mas=(m/z)=593.1501 : DT=6.99 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -12.6

1.8e4
593.15101
15000

W

=

2 10000+

2,

z

=

i

E

] 50415483
5000 463.08996 /
301.03649 r55||5.133:51
-311.05673
283.06028 . 66 ?9'5-13-:—'15
0 14662683211.07395 Y 43307508 1 [—473.10869 |
100 200 300 400 500 600
Observed mass [m/z]

No. 38  Luteolin/kaempferol dihexoside_1 ~ C27H30016 (neutral) Rt =10.45 min
Channel name: 4: RT=104678 mins : Set Mass(m/z)=0609.1466 : DT=7.060 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -22.7
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No. 39

Quercetin derivative_3

C26H28016 (neutral)

Rt =10.53 min

Channel name: 4: RT=10.5565 mins : Set Mass{m/z)=595.1417 : DDA TOF MSMS (30-1000) 11-33V ESI-: C...
Collision energy (V): -15.7
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No.40 Taraxinositol A/B C22H24010 (neutral) Rt =10.68 min
Channel name: 4: RT=10.6056 mins : Set Mass(m/z)=447.1298 : DT=5.18 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -11.9
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No. 41

Quercetin rutinoside

C27H30016 (neutral)

Rt =11.06 min

Channel name: 4: ET=11.0897 mins : 5et Mass(m/z)=609.1457 : DT=6.75 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -12.7
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No. 42  Chicoric acid C22H18012 (neutral)  Rt=11.08 min
Channel name: 4: RT=11.0083 mins : Set Mass(m/z)=473.0751 : DT=5.33 ms : DDA HS TOF MSMS (75-200...
Collision energy (V): -12.1
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No. 43  Schaftoside isomer_2

C26H28014 (neutral)

Rt =11.40 min

Channel name: 4: ET=11.3939 mins : Set Mass(m/z)=563.1411 : DT=6.62 m= : DDA HS TOF MSMS (20-200...

Collision energy (V): -22.5
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No. 44  Luteolin/kaempferol dihexoside_2  C27H30016 (neutral)  Rt=11.89 min
Channel name: 4: RT=11.2052 mins : Set Mass(m/z)=0609.1467 : DT=0.60 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -22.7
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No. 45

Luteolin/kaempferol dihexoside_3

C27H30016 (neutral)

Rt =12.61 min

Channel name: 4: RT=12.5091 mins : Set Mass(m/z)=447.1376 : DT=5.14 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -11.9
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No.46  Robinin C33H40019 (neutral)  Rt=12.68 min
Channel name: 4: RT=12.5802 mins : Set Mass(m/z)=739.2090 : DT=8.46 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -23.4

2.82e3
593.15258
8000+
6000
o)
| =
=2
%]
=
=
3 4000
i
E
504.15411
i
20004
285.03964
283.0277
50515200  739.21025
286.04385 57977842 |
. 25503170 | 43008392 . |529:30564 |-74021125
" 200 300 400  S00 600 700 800

Observed mass [my/z]
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No. 47  Quercetin pentoside 1 C20H18011 (neutral)  Rt=12.75 min

Channel name: 4: ET=12.7239 mins : 5et Mass(m/z)=433.0846 : DDA TOF MSMS (50-1000) 11-33V ESl-: C...
Collision energy (V): -14.0
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No.48 Rutin C27H30016 (neutral)  Rt=13.20 min
Channel name: 4: ET=13.2040 mins : Set Mass(m/z)=0609.1462 : DT=06.74 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -22.7
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No.49  Quercetin glucoside C21H20012 (neutral) Rt =13.40 min

Channel name: 4: RT=13.4583 mins : 5et Mass(m/z)=463.0868 : DT=5.42 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -12.0
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No. 50 Isorhamnetin disaccharide_1 C27H30016 (neutral)  Rt=13.54 min
Channel name: 4: RT=134777 mins : Set Mass(m/z)=009.16560 : DDA TOF MSMS (50-1000) 21-44V ESI- : C...
Collision energy (V): -25.9
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No.51 Luteolin 7-O-glucoside

C21H20011 (neutral)

Rt =14.09 min

Channel name: 4: ET=14.1097 mins : Set Mass(m/z)=447.0935 : DT=5.76 m= : DDA HS TOF MSMS (20-200...

Collision energy (V): -21.9
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No.52  Luteolin/kaempferol rutinoside C27H30015 (neutral) Rt =14.22 min
Channel name: 4: RT=14.2766 mins : Set Mass(m/z)=593.1615 : DDA TOF MSMS (50-1000) 11-33V ESI-: C...
Collision energy (V): -15.7
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No. 53 Isorhamnetin disaccharide 2 C27H30016 (neutral) Rt =14.49 min

Channel name: 4: RT=14.5244 mins : Set Mass{m/z)=609.1647 : DDA TOF MSMS (30-1000) 21-44V ESI- : C...
Collision energy (V): -25.9
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No. 54  Quercetin pentoside_2 C20H18011 (neutral)  Rt=14.92 min
Channel name: 4: RT=14.9217 mins : Set Mass{m/z)=433.0860 : DDA TOF MSMS (50-1000) 11-33V ESI-: C...
Collision energy (V): -14.0
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No. 55  Quercetin derivative_4 C23H22013 (neutral) Rt =14.99 min

Channel name: 4: RT=14.9509 mins : Set Mass{m/z)=505.1159 : DDA TOF MSMS (30-1000) 21-44V ESI- : C...
Collision energy (V): -24.8
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No.56  Kaempferol 3-O-rutinoside C27H30015 (neutral)  Rt=15.63 min

Channel name: 4: RT=15.6885 mins : Set Mass(m/z)=593.1537 : DT=5.02 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -12.6
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No. 57  Apigenin derivative C20H34011 (neutral)  Rt=15.72 min
Channel name: 4: RT=15.7307 mins : Set Mass=(m/z)=449.2121 : DT=5.22 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -11.9
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No. 58  Quercitrin C21H20011 (neutral)  Rt=16.01 min
Channel name: 4: RT=16.2624 mins : Set Mass(m/z)=447.0938 : DT=5.11 ms : DDA HS TOF MSMS (75-200...
Collision energy (V): -11.9
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No.59 Dicaffeoylquinic acid_1 C25H24012 (neutral) Rt =16.02 min

Channel name: 4: RT=16.0680 mins : Set Mass{m/z)=515.1360 : DDA TOF MSMS (30-1000) 12-33V ESI-: C...
Collision energy (V): -14.9
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No. 60 Isorhamnetin 3-rutinoside C28H32016 (neutral)  Rt=16.24 min
Channel name: 4: RT=16.2555 mins : Set Mass(m/z)=623.1618 : DT=0.93 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -22.8
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No. 61  Isorhamnetin 3-glucoside C22H22012 (neutral) Rt =16.40 min

Channel name: 4: RT=16.4297 mins : Set Mass(m/z)=477.1035 : DT=5.69 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -22.0
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No. 62  Caffeic acid derivative_2 C23H24011 (neutral)  Rt=16.52 min
Channel name: 4: RT=16.5101 mins : Set Mass(m/z)=475.1242 ;: DT=5.55 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -12.0
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No. 63  Rosmarinic acid C18H1608 (neutral) Rt=16.73 min

Channel name: 4: RT=16.7897 mins : Set Mas=(m/z)=359.0773 : DT=2.93 ms= : DDA HS TOF MSMS (20-200...
Collision energy (V): -11.4
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No. 64  Chrysoeriol-rutinoside C28H32015 (neutral)  Rt=16.75 min
Channel name: 4: RT=16.7802 mins : Set Mass(m/z)=0607.1675 : DT=0.87 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -22.7
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No. 65

Hesperidin

C28H34015 (neutral)

Rt =16.79 min

Channel name: 4: RT=16.8189 mins : 5et Mas=(m/z)=609.1823 : DT=5.09 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -12.7
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No.66 Dicaffeoylquinic acid_2

C25H24012 (neutral) Rt =16.80 min

Channel name: 4: RT=16.8362 mins : 5et Mass(m/z)=515.1362 : DDA TOF MSMS (30-1000) 12-33V ESI-: C...
Collision energy (V): -14.9
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No. 67  Luteolin/kaempferol glycoside C21H20011 (neutral) ~ Rt=16.91 min

Channel name: 4: RT=16.2035 mins : Set Mass(m/z)=447.0936 : DT=5.56 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -21.9
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No. 68  Phlorizin C21H24010 (neutral) Rt =16.92 min
Channel name: 4: RT=16.2114 mins : Set Mass(m/z)=435.1300 : DT=5.29 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -21.8
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No. 69  Abscisic acid glucose ester C22H32011 (neutral) Rt =16.95 min

Channel name: 4: ET=16.9442 mins : 5et Mass(m/z)=471.1875 : DT=5.68 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -12.0
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No.70 Daidzein C15H1004 (neutral) Rt =17.20 min
Channel name: 4: RT=17.2216 mins : Set Mass(m/z)=253.05060 : DT=3.51 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -20.9
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No. 71  Eriodictyol C15H1206 (neutral) Rt =17.36 min

Channel name: 4: RT=17.3640 mins : 5et Mass{m/z)=287.0566 : DT=3.95 ms : DDA HS TOF MSMS (20-2000)...
Collision energy (V): -11.0
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No. 72  Sebacic acid C10H1804 (neutral) Rt =17.61 min
Channel name: 4: RT=17.7253 mins : Set Mass{m/z)=201.1133 : DT=2.78 ms : DDA HS TOF MSMS (75-200...
Collision energy (V): -10.7
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No. 73  Luteolin C15H1006 (neutral) Rt=17.63 min

Channel name: 4: RT=17.6953 mins : Set Mass{m/z)=285.0498 : DDA TOF MSMS (30-1000) 21-44V ESI- : C...
Collision energy (V): -22.5
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No. 74  Ethyl caffeate C11H1204 (neutral) Rt =17.76 min

Channel name: 4: RT=17.7586 mins : 5et Mass(m/z)=207.0696 : DDA TOF MSMS (30-1000) 11-33V ESI-: C...
Collision energy (V): -11.7
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No. 75 Naringenin C15H1205 (neutral) Rt =18.14 min

Channel name: 4: RT=18.2587 mins : 5et Mas=(m/z)=271.0613 : DT=2.55 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -10.9
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No.76  Apigenin C15H1005 (neutral) Rt = 18.16 min
Channel name: 4: RT=18.2552 mins : Set Mass(m/z)=209.0456 : DT=3.54 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -20.9
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No. 77  Chrysoeriol C16H1206 (neutral) Rt = 18.43 min

Channel name: 4: RT=18.4075 mins : Set Mas=(m/z)=299.0561 : DT=4.06 m= : DDA HS TOF M5SMS (20-200...
Collision energy (V): -21.1
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No. 78  Unknown_3 C38H58017 (neutral)  Rt=18.43 min
Channel name: 4: RT=18.5109 mins : Set Mass(m/z)=785.35%0 : DT=8.02 ms : DDA HS TOF MSMS (73-200...
Collision energy (V): -13.7
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No. 79  9,12,13-trihydroxy-10E,15Z-octadecadienoic acid C18H3205 (neutral) Rt =18.55 min

Channel name: 4: RT=18.5958 mins : Set Mass(m/z)=327.2179 : DT=4.73 m= : DDA HS TOF M5SMS (20-200...
Collision energy (V): -21.2
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No.80  9,12,13-trihydroxy-10E-octadecenoic acid C18H3405 (neutral) Rt = 18.89 min

Channel name: 4: RT=18.8841 mins : Set Mass(m/z)=329.2334 : DT=4.78 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -21.3

2794
] 211.13378

25000

20000 |
o)
[ =
2 15000
= ]
& 171.10331 22014492 32923281
7
< 10000-

183.13881
5000
TR I AT 29321066
D - - T T - II 2 . 1 . L|I| - L | .II I||. .IIJ u - 24?'1_% ; . .l -I ,I' , - I I
100 150 200 250 00 .

Observed mass [m/z]

166



No. 81

Chrysin C15H1004 (neutral) Rt =19.32 min

Channel name: 4: ET=19.3465 mins : Set Mass(m/z)=253.0504 : DT=3.46 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -20.9
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No. 82  9,10-dihydroxy-12Z-octadecenoic acid C18H3404 (neutral) Rt =19.75 min

Channel name: 4: RT=12.7937 mins : Set Mass(m/z)=313.2384 : DT=4.69 ms : DDA HS TOF MSMS (20-200...
Collision energy (V): -21.2

Intensity [Counts]
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No. 83  Hydroxyoctadecatrienoic acid derivative ~ C18H3003 (neutral) Rt =19.96 min

Channel name: 4: RT=19.9853 mins : 5et Mass=(m/z)=293.2123 : DT=4.58 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -21.1
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No. 84  9-hydroxy-10E,12Z-octadecadienoic acid C18H3203 (neutral) Rt =20.14 min
Channel name: 4: ET=20.1700 mins : Set Mass(m/z)=2952277 : DT=4.65 m= : DDA HS TOF MSMS (20-200...
Collision energy (V): -21.1
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AT7: Statistics

App. Table 3. List of 12 vinca alkaloids and metabolites that could be adequately separated and
assigned with the UPLC-ESI-IMS-QTOF-MS setup for VIP and Games-Howell statistical
analyses.

Compound Code Mean, cps Std. deviation, | Games-Howell
cps score
1 31807 5253 ab
2 37081 3430 b
Loganic acid 3 33690 3309 b
4 37953 7364 b
5 24231 4507 a
1 1266 362 a
2 1185 354 a
Strictosidine 3 1050 217 a
4 1021 324 a
5 922 416 a
1 251 52 a
2 276 26 a
Deacetylvindoline 3 183 25 a
4 308 115 a
5 230 42 a
1 44372 3916 ab
2 46525 4070 ab
Vindoline 3 38533 2223 a
4 46933 5850 b
5 43582 3667 ab
1 9913 876 d
2 1272 78 a
3’,4'-Anhydrovinblastine 3 2087 277 b
4 1718 280 ab
5 4397 731 c
1 11651 1158 ab
2 11569 610 b
Catharanthine 3 10083 293 a
4 11120 591 ab
5 10598 343 ab
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Std. deviation,

Games-Howell

Compound Code Mean, cps
cps score
1 1498 1011 a
2 1062 456 a
Vincadifformine 3 898 473 a
4 1283 1223 a
5 2182 836 a
1 57009 2008 b
2 53310 3913 ab
Secologanin 3 51261 3411 ab
4 55362 5035 ab
5 49599 3173 a
1 5025 966 d
2 299 34 a
Vinblastine 3 515 114 b
4 416 49 b
5 1908 599 c
1 641 72 d
2 49 12 a
Vincristine 3 86 14 b
4 64 13 ab
5 159 25 c
1 20115 588 c
2 17782 417 b
Vindolinine 3 17926 835 b
4 18005 387 b
5 15357 323 a
1 24898 566 bc
2 23868 325 b
19-S-vindolinine 3 24978 441 c
4 24140 588 bc
5 21714 484 a
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App. Figure 4. Games-Howell statistics of the detected abundances of 12 vinca alkaloids. Error

bars represent +/- 1 SD.

Loganic acid
5,0E+04
b b
4,0E+04
ab I b
3,0E+04 a
& |
< 2,0E+04
1,0E+04
0,0E+00
ml 2 m3 n4 5
Strictosidine
2,0E+03
1,5E+03 a a
o a a a
S 1,0E+03
5,0E+02
0,0E+00
ml 2 m3 4 5
Deacetylvindoline
500
400
a a
300 a
§ I a Ia
200
0
ml 2 u3 n4 5
Vindoline
6,0E+04
5,0E+04
4,0E+04
8 3,0E+04
2,0E+04
1,0E+04
0,0E+00
ml 2 m3 4 5

171



1,2E+04
1,0E+04
8,0E+03
8 6,0E+03
4,0E+03
2,0E+03
0,0E+00

3’,4’-Anhydrovinblastine

. b ab
+ I e

ml 2 m3 | il

1,5E+04

1,0E+04

cps

5,0E+03

0,0E+00

Catharanthine

ab b
I | | |

ml 2 =3 m/

ab

3,5E+03
3,0E+03
2,5E+03
o 2,0E+03
S 1,5E+03
1,0E+03
5,0E+02
0,0E+00

Vincadifformine

ml 2 =3 m

6,0E+04
5,0E+04
4,0E+04

w

& 3,0E+04
2,0E+04
1,0E+04
0,0E+00

Secologanin

b
I Iab Iab

ml 2 m3 | i

ab

172




7,0E+03
6,0E+03
5,0E+03
o« 4,0E+03
S 3,0E+03
2,0E+03
1,0E+03
0,0E+00

Vinblastine

ml 2 m3 4 5

800
600
(%2}
= 400

200

Vincristine

b ab 1

= I mam

ml 2 m3 m4 5

2,0E+04
1,5E+04

(%2

o

© 1,0E+04
5,0E+03

0,0E+00

Vindolinine

c
b b b
T a
I

ml 2 m3 4 5

3,0E+04
2,5E+04
2,0E+04
8 1,5E+04
1,0E+04
5,0E+03
0,0E+00

19-S-vindolinine

bc b C bc .
I | I I |

ml 2 m3 m4 5

173




App. Table 4. Quantitative results for the 84 identified components during two months of maturation tracking in the sample batch. The sample
group names indicate the date of the sampling (P.month.day.). A complete quantitative analysis was performed on the compounds of Section A. The
concentrations of the compounds in section B were determined by semi-quantitative analysis (see details in the chapter Metabolomics and multivariate
statistical analysis). For the compounds in section C, only normalized intensity values are shown. Mean values £ 1 SD are given (n=3). Maturation profile

codes are characterized as follows: D, decreasing; R, rising; S, stable; P, peaking; V, valleying.

Section A Concentration [mg-L™]
Maturation
No. Compound profile P.05.05. P.05.12. P.05.26. P.06.02. P.06.09. P.06.16. P.06.27. P.07.07.
9 Neochlorogenic acid D 14.38+1.80 | 15.51+0.76 | 18.32+1.27 | 19.50+1.23 | 18.61+2.13 | 14.92+0.51 | 12.38+0.49 9.17+0.39
11 Esculin D 0.47+0.00 0.14+0.01 0.07+0.02 0.07+0.00 0.08+0.01 0.07+0.01 0.08+0.00 0.11+0.02
14 Esculetin P 6.38+0.52 8.1540.61 | 10.09+0.49 | 14.24+0.32 | 14.46+£1.04 | 10.12+1.61 9.4040.10 7.97+0.36
15 Caffeic acid D 65.21+4.69 | 73.97+1.78 | 90.23+3.09 | 84.27+1.23 | 70.77+2.61 | 34.51+5.96 | 19.87+0.30 8.40+0.24
17 Chryptochlorogenic acid R 1.79+0.14 2.38+0.06 4.16+0.36 5.34+0.24 5.32+0.54 4.67+0.26 4.43+0.05 3.62+0.13
18 Daphnetin D 1.02+0.02 1.10+0.04 1.36+0.12 0.75+0.04 0.47+0.05 0.22+0.01 <LOQ <LOQ
21 Fraxin <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
31 Umbelliferone S 1.46+0.06 1.53+0.08 1.60+0.08 1.55+0.06 1.58+0.01 1.42+0.29 1.55+0.06 1.54+0.04
34 Ferulic acid S 3.58+0.17 3.74+0.17 4.47+0.38 5.5740.71 5.59+0.10 4.1740.70 3.47+0.10 <LOQ
35 Quercetin 3,4'-diglucoside <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
46 Robinin <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
48 Rutin D 4.89+0.65 4.09+0.17 3.52+0.28 3.2740.19 2.98+0.34 2.56+0.10 2.13+0.14 1.64+0.12
51 Luteolin 7-O-glucoside D 15.66+1.43 4.59+0.20 1.87+0.06 1.64+0.06 1.58+0.22 1.50+0.11 1.93+0.11 2.24+0.17
56 Kaempferol 3-O-rutinoside D 3.1740.05 3.08+0.19 2.88+0.10 2.77+0.06 2.79+0.12 2.63+0.08 2.46+0.01 2.24+0.07
58 Quercitrin S 0.66+0.01 0.58+0.04 0.59+0.02 0.64+0.01 0.69+0.01 0.68+0.05 0.80+0.03 0.90+0.02
60 Isorhamnetin 3-rutinoside D 2.06+0.06 1.69+0.03 1.45+0.03 1.30+0.06 1.31+0.06 1.31+0.07 1.29+0.03 1.1840.04
63 Rosmarinic acid <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
65 Hesperidin <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
68 Phlorizin D 0.28+0.01 0.23+0.03 0.21+0.04 0.16+0.03 0.26+0.02 0.2840.01 0.14+0.00 <LOQ
70 Daidzein <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
71 Eriodictyol D 0.38+0.05 0.34+0.01 0.24+0.04 0.32+0.02 0.26+0.01 <LOQ <LOQ <LOQ
72 Sebacic acid <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
73 Luteolin R 16.27+£0.37 | 20.77+3.06 | 25.76+2.86 | 23.71+2.22 | 30.07+4.73 | 27.86+2.59 | 24.02+3.46 21.9740.49
74 Ethyl caffeate P 6.52+0.02 8.11+0.45 | 11.7140.12 | 11.09+0.43 9.68+0.26 4.09£0.84 2.79+0.12 1.82+0.09
75 Naringenin S 1.08+0.08 1.07+0.05 0.99+0.05 0.85+0.07 0.87+0.04 0.76+0.15 0.79+0.08 0.64+0.05
76 Apigenin R 0.37+0.02 0.47+0.09 0.61+0.08 0.50+0.09 0.62+0.08 0.75+0.07 0.84+0.05 0.92+0.08
81 Chrysin S 0.04+0.01 0.03+0.01 0.05+0.01 0.04+0.00 0.05+0.01 0.06+0.01 0.06+0.01 0.06+0.00
Concentration [g-L™?]

8 Caftaric acid D 3.45+0.38 4.11+0.18 4.82+0.27 5.25+0.46 4.97+0.65 3.2740.12 2.37£0.26 0.86+0.10
13 Chlorogenic acid D 0.57+0.08 0.55+0.03 0.54+0.03 0.49+0.03 0.44+0.04 0.35+0.01 0.28+0.01 0.18+0.01
42 Chicoric acid D 4.51+0.42 4.52+0.12 4.39+0.15 4.22+0.20 3.84+0.31 3.05+0.06 2.34+0.07 1.28+0.04
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Section B Concentration [mg-L™]
Maturation

No. Compound Srofile P.05.05. P.05.12. P.05.26. P.06.02. P.06.09. P.06.16. P.06.27. P.07.07.
1 Caffeic acid glucoside_1 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

2 Caffeic acid derivative_1 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

3 Caffeic acid glucoside 2 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

5 Caffeic acid sulfate 1 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

7 Esculetin sulfate R 0.15:0.00 | 0.19:0.02 | 0.24¥0.02 | 0.2520.03 | 0.27:0.01 | 0.25:0.06 | 0.28x0.01 | 0.30£0.01
10 Caffeic acid sulfate_2 <LOQ <LOQ <LOQ 0.97x0.03 | 1.12+¢011 | 1.10+0.19 | 1.13x0.10 | 0.980.10
16 1-caffeyllaminaribiose \Y 19.16+2.86 | 14.47+2.82 | 11.90+0.35 9.49+0.40 11.97+0.23 9.47+1.21 12.69+0.38 <LOQ
23 Caffeoylglycerol S <LOQ 0.79£0.07 | 0.70:0.03 | 0.93+0.06 | 0.83x0.05 | 0.87+0.15 | 0.85:0.13 | 0.79:0.12
24 Quercetin dihexoside_1 0.27£0.03 | 0.12£0.03 | 0.05:0.00 | 0.050.00 <LOQ <LOQ <LOQ <LOQ
26 Quercetin derivative_1 D 0.67+0.03 | 0.26+0.03 | 0.1240.02 | 0.06£0.01 | 0.060.01 <LOQ <LOQ <LOQ

(pentose+hexose moiety)
27 Chicoric acid derivative D 97.52+1.39 | 55.6646.84 | 22.03+1.18 | 14.34+3.37 | 8.92+161 | 6.01+145 | 6.27+0.61 | 3.65:0.35
28 Quercetin dihexoside_2 D 0.17£0.00 | 0.09£0.02 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
32 Quercetin dihexoside 3 D 0.23:0.00 | 0.2730.01 | 0.20£0.03 | 0.17¢0.01 | 0.15#0.01 | 0.15:0.02 | 0.08£0.01 <LOQ
Quercetin derivative_2
33 | entose+hexose moisty) D 0.27+0.02 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
36 Schaftoside isomer 1 S 1.1620.00 | 1.04+0.05 | 1.13t0.05 | 1.09+0.03 | 111002 | 1.2020.01 | 1.19+0.02 | 1.150.03
37 | Quercetin hexosyl derivative S 1.04:0.04 | 0.98+0.08 | 0.97:0.04 | 0.93+0.03 | 0.96£0.03 | 1.01+0.03 | 0.98+0.03 | 0.95:0.03
38 L”“;?r']':)i E;"Ie d”e‘piem' D 1.45+001 | 1.16+0.06 | 0.96:0.03 | 0.90+0.04 | 0.89+0.01 | 081001 | 0.77+0.03 | 0.66+0.01
Quercetin derivgtive_3

39 (pentose-+hexose moiety) <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
41 Quercetin rutinoside D 0.11+0.00 | 0.10£0.00 | 0.1020.01 | 0.0620.00 <LOQ <LOQ <LOQ <LOQ
43 Schaftoside isomer_2 S 0.7620.01 | 0.63:0.05 | 0.71#0.01 | 0.74x0.01 | 0.79:0.07 | 0.78+0.02 | 0.80+0.02 | 0.81%0.02
44 L“Z?é?i Eg‘le d”e‘pgem' 65.30+1.43 | 31.71#1.92 | 10.67+0.03 | 7.74+020 | 7.094027 | 6.33:005 | 6774020 | 6.85+0.16
45 L“tg?}']':)f I;:a d”e‘pgero' <LOQ <LOQ 0.02+0.00 <LOQ 0.10+0.00 <LOQ 0.10£0.01 <LOQ
47 Quercetin pentoside_1 P 0.78£0.04 | 1.16:0.14 | 1.49+0.07 | 1.2520.08 | 1.13:+0.05 | 0.68£0.07 | 0.34x0.06 | 0.14£0.01
49 Quercetin glucoside D 13.6410.47 | 10.97+0.56 | 8.39:0.26 | 8.02:0.24 | 8.21#0.21 | 6.81+0.42 | 6.56:0.18 | 5.74+0.14
50 | Isorhamnetin disaccharide 1 R 43.9621.10 | 53.41+2.23 | 58.68+0.68 | 60.83:1.49 | 62.88+1.35 | 60.28+0.35 | 58.94+1.72 | 55.16+0.35
52 "“teor'l:?i/r:‘jseirgepfem' p 90.71+1.01 | 99.17+4.55 | 98.3142.16 | 97.53+2.42 | 89.52+15.10 | 85.11+15.72 | 84.75+3.36 | 79.67+0.80
53 | Isorhamnetin disaccharide 2 R 1422+0.08 | 17.50+1.19 | 19.18+0.16 | 19.71#¥0.11 | 20.3620.69 | 17.69+3.17 | 18.60+0.42 | 17.75:0.21
54 Quercetin pentoside 2 P 0.22£0.00 | 0.29:0.04 | 0.40£0.03 | 0.34x0.03 | 0.27:0.06 | 0.18+0.01 | 0.12+0.02 | 0.05:0.00
55 Quercetin derivative_4 D 10.13:0.32 | 10.13x0.87 | 8.64t0.24 | 7.85:0.38 | 7.44x041 | 591$0.27 | 4.59+0.25 | 3.000.08
57 Apigenin derivative R 6.47£0.09 | 8.16:0.69 | 8.42+033 | 8.78£0.72 | 9.29+0.61 | 8.82+0.35 | 8.76+0.15 | 8.04+0.20
59 Dicaffeoylquinic acid_1 D 213.681.9 | 217.33+54 | 199.8+3.9 | 1014%36 | 183.9+3.7 | 141.9+219 | 122.5¢58 | 8197+4.11
61 | lsorhamnetin 3-glucoside R 18.4620.28 | 17.62+1.15 | 19.21+0.38 | 20.32+0.92 | 20.21%3.42 | 22.32+0.87 | 23.95:0.43 | 26.33+0.55
62 Caffeic acid derivative 2 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
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No. Compound M?)tr“orf?ltéon P.05.05. P.05.12. P.05.26. P.06.02. P.06.09. P.06.16. P.06.27. P.07.07.
64 Chrysoeriol rutinoside <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
66 Dicaffeoylquinic acid_2 R 22.57+0.35 | 36.75:0.74 | 56.18£0.98 | 64.70:t1.69 | 69.87x3.24 | 56.26:8.35 | 57.39+3.75 | 48.77£1.18
67 L“teog']'lg‘/c k;"'ianepfem' <LOQ 056019 | 0.33:0.05 | 0.24+001 | 0.25:0.01 | 0.32#0.03 | 0.31+0.01 | 0.33£0.00
77 Chrysoeriol s 12.962052 | 15.34+1.31 | 17.50+0.99 | 15.91+0.89 | 10.7240.46 | 2454+1.25 | 2549+4.40 | 32.50+2.45
Concentration [g-L™]
12 Caffeoylsucrose D 2.16+0.01 [ 2.174#0.03 | 2.18+0.01 | 2.15+0.02 | 2.15+0.06 | 2.12+0.04 | 2.07+0.04 | 2.09+0.04
Section C Normalized detector counts [cps]
Maturation

No. Compound rofile P.05.05. P.05.12. P.05.26. P.06.02. P.06.09. P.06.16. P.06.27. P.07.07.

4 Protocatechuoylglucose 1 D 653+3 547+14 382+3 319+10 299+9 27442 262+6 23242

6 Protocatechuoylglucose 2 D 105045 977147 846130 785116 778+15 775413 73845 70843
19 12“@;?%“{"0”“6 R 517411 595438 620424 622452 640414 50662 60118 544413
20 Taraxinositol A/B D 223740 1914250 136125 1042181 96718 736+109 63747 45818
22 12'Hy‘:lrf|’géa52'm°”ate R 3060465 | 42054257 | 4479+69 | 4609+244 | 4723+126 | 4592+408 | 4545:92 | 4375281
25 Pyroglutamylisoleucine R 4810 955 16619 223413 261+4 264114 29343 32141
29 Unknownl R 20+1 18+1 20£3 21+1 22+1 24+1 302 361
30 Unknown2 R 4710 549127 632437 693£20 690+106 75419 7817 80519
40 Taraxinositol B/A s 1183+13 126748 129427 129067 1316+5 | 1198+160 11794 106510
69 Abscisic acid glucose ester S 348+7 343+17 32949 321418 32048 295435 321417 30649
78 Unknown3 D 103428 932+111 | 904188 648+14 633£41 65693 68692 697+92
79 | 9:1213-trihydroxy-10E,15Z- R 4791428 | 6042488 | 6528+155 | 6345:263 | 6650+389 | 6407+1033 | 6633+231 | 6523+120

octadecadienoic acid
go | 91213-trihydroxy-108- R 6774+159 | 7935+286 | 8272+92 | 8494+250 | 9216+280 | 8483+1196 | 8971+455 | 8787+256
octadecenoic acid
82 9,10-dihydroxy-127- S 154421 102413 109+18 12043 134416 11121 129+14 11745
octadecenoic acid
g3 | Hydroxyoctadecatrienoic D 198+23 7949 115412 127410 160420 120423 135215 13746
acid derivative
84 9-hydroxy-10E,12Z- D 106422 30+2 38+1 3542 3045 2746 26+1 26+1
octadecadienoic acid

<L OQ - Detector count lower than the detector count corresponding to the LOQ concentration specified for the authentic standard
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A8: Authentic standards

App. Table 5. Details about the authentic standards used: CAS number; purity data; vendor; the
solvent and the concentration of the stock solution.

Table 5/A: List of the authentic standards for the identified compounds in

the samples

Concentration

CAS . of the stock
Compound name Purity Vendor Solvent .
number solution
[mg-L]
o Shanghai Shifeng
Apigenin 520-36-5  >98.0% ) DMSO 1000
Biotechnology Co.
o Shanghai Shifeng
Caffeic acid 331-39-5 98.0% ) EtOH 1000
Biotechnology Co.
67879-58- Shanghai Shifeng

Caftaric acid 99.0% ] EtOH 1000
7 Biotechnology Co.

Shanghai Shifeng

Chicoric acid 6537-80-0  98.0% ) EtOH 1000
Biotechnology Co.
o Shanghai Shifeng
Chlorogenic acid 327-97-9 98.0% ) EtOH 1000
Biotechnology Co.
Chrysin 480-40-0 99.0% Merck-Sigma group MeOH 1000
Cryptochlorogenic Shanghai Shifeng
. 905-99-7  >98.0% ) EtOH 1000
acid Biotechnology Co.
Daidzein 486-66-8 98.3% Merck-Sigma group EtOH 2000
. . EtOH
Daphnetin 486-35-1 97.1% Merck-Sigma group 1000
(95 VIV%)
Ethyl caffeate 102-37-4  >99.0% Merck-Sigma group DMSO 3000
Eriodictyol 4049-38-1 >99.0% Merck-Sigma group DMSO 2000
) Shanghai Shifeng
Esculetin 305-01-1 98.0% ) EtOH 1000
Biotechnology Co.
. Shanghai Shifeng
Esculin 531-75-9 98.0% ) EtOH 1000
Biotechnology Co.
- Shanghai Shifeng
Ferulic acid 1135-24-6  99.0% ) EtOH 1000
Biotechnology Co.
Fraxin 524-30-1 98.9% Merck-Sigma group DMSO 2000
Hesperidin 520-26-3  >99.0% Merck-Sigma group MeOH 2000
Isorhamnetin 3- )
o 604-80-8 99.6% Merck-Sigma group MeOH 1000
rutinoside
Kaempferol 3-O- 17650-84- )
99.0% Merck-Sigma group MeOH 1000

rutinoside

177



Concentration

CAS ] of the stock
Compound name Purity Vendor Solvent .
number solution
[mg-L]

. Shanghai Shifeng

Luteolin 491-70-3  >98.0% ) EtOH 1000
Biotechnology Co.

Luteolin 7-O-glucoside  5373-11-5 >99.0% Merck-Sigma group DMSO 2000

Naringenin 480-41-1 98.0% Merck-Sigma group MeOH 1000
o Shanghai Shifeng

Neochlorogenic acid 906-33-2 98.0% ) EtOH 1000
Biotechnology Co.

Phlorizin 60-81-1 >99.0% Merck-Sigma group MeOH 1000

Quercetin 3,4"- 29125-80- )
. . >99.0% Merck-Sigma group DMSO 500
diglucoside 2

Quercitrin 522-12-3  >99.0% Merck-Sigma group MeOH 1000

Robinin 301-19-9 95.1% Merck-Sigma group DMSO 2144
o 20283-92- Shanghai Shifeng

Rosmarinic acid 97.0% ) EtOH 1000
5 Biotechnology Co.

_ ) EtOH
Rutin 153-18-4 97.2% Merck-Sigma group 1000
(95 VIV%)
Sebacic acid 111-20-6  >99.0% Merck-Sigma group MeOH 1000
Umbelliferone 93-35-6 >99.0% Merck-Sigma group DMF 1000

Table 5/B: List of the authentic standards (used in the LC-MS method) for

compounds not present in the samples

Concentration

CAS . of the stock
Compound name Purity Vendor Solvent _
number solution
[mg-L]
(+)-Abscisic acid 21293-29-8 98.9% Merck-Sigma group MeOH 1000
(+)-Catechin 154-23-4 >99.0% Merck-Sigma group EtOH 1000
(-)-Epigallocatechin 970-74-1 99.5% Merck-Sigma group DMSO 200
(-)-Gallocatechin 3371-27-5 >99.0% Merck-Sigma group DMSO 2000
(-)-Gallocatechin ]
4233-96-9 99.6% Merck-Sigma group DMSO 1000
gallate
(-,-)Epicatechin 490-46-0 >99.0% Merck-Sigma group DMSO 2000
2,4-Diacetyl- Santa Cruz
2161-86-6 >99.0% EtOH 1955

phloroglucinol

Biotechnology, Inc.
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Concentration

CAS . of the stock
Compound name Purity Vendor Solvent .
number solution
[mg-L]
4- -
Methviumbellif 90-33-5 >99.0% Merck-Sigma group MeOH 1000
ethylumbelliferone
Apiin 26544-34-3 >99.0% Merck-Sigma group DMF 2000
Astringin 29884-49-9 >99.0% Merck-Sigma group DMSO 2000
EtOH
Avenantramide A 108605-70-5 99.5% Merck-Sigma group 2587
(95 VIV%)
EtOH
Avenantramide B 108605-69-2 99.5% Merck-Sigma group 2487.5
(95 VIV%)
Catechin gallate 130405-40-2  >99.0% Merck-Sigma group MeOH 200
EtOH
Daphnetin 486-35-1 97.1% Merck-Sigma group 1000
(95 VIV%)
Epicatechin gallate 1257-08-5 97.3% Merck-Sigma group DMSO 2000
Epigallocatechin ]
lat 989-51-5 99.7% Merck-Sigma group DMSO 1000
gallate
Ethyl gallate 831-61-8 >99.0% Merck-Sigma group MeOH 1000
Genistein 446-72-0 99.0% Merck-Sigma group DMSO 2000
Glucotropeolin )
(potassi it 5115-71-9 >99.2% Merck-Sigma group MQ water 2000
potassium sa
Hesperetin 520-33-2 99.0% Merck-Sigma group EtOH 1000
Loganic acid 22255-40-9 98.9% Extrasynthese EtOH 2500
EtOH
Methyl gallate 99-24-1 96.8% Merck-Sigma group 1000
(95 VIV%)
Myricitrin 17912-87-7 >99.0% Merck-Sigma group DMSO 2000
Phloretin 60-82-2 >99.0% Merck-Sigma group DMSO 2000
Polydatin 65914-17-2 >99.0% Merck-Sigma group EtOH 2000
Procyanidin A2 41743-41-3 >99.0% Merck-Sigma group DMSO 2000
Procyanidin B1 20315-25-7 92.1% Merck-Sigma group EtOH 200
Procyanidin B2 29106-49-8 99.4% Merck-Sigma group EtOH 200
Santa Cruz
Pyoluteorin 25683-07-2 >99.0% ] EtOH 500
Biotechnology, Inc.
Sakuranetin 520-29-6 >99.0% Merck-Sigma group DMSO 2000
trans-Resveratrol 501-36-0 >99.0% Merck-Sigma group EtOH 1000
Vitexin 7-glucoside 35109-95-6 >99.0% Merck-Sigma group MeOH 1000
g-Viniferin 62218-08-0 >99.0% Merck-Sigma group DMSO 2000

Abbreviations: DMSO — dimethyl sulfoxide, EtOH — ethanol, MeOH — methanol, DMF — dimethylformamide
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