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Summary

Zusammenfassung

Unlocking nature's potential: Chemical and genetic diversity of medicinal and aromatic
plants from specific origins and their potent anthelmintic activity

Entfesselung des Potenzials der Natur: Chemische und genetische Diversitat von Arznei-
und Aromapflanzen spezifischer Herkunft und deren potente anthelmintische Aktivitat

Parasitare Helminthen, insbesondere gastrointestinale (GI) Rundwirmer, stellen weltweit eine
erhebliche Bedrohung fir die Nutztierhaltung dar. In der Geflugelindustrie ist Ascaridia galli ein
weitverbreiteter Nematode, der fiir Ascaridiose verantwortlich ist und sowohl das Tierwohl als
auch die Wirtschaftlichkeit beeintrachtigt. Herkdmmliche Kontrollstrategien beruhen auf
synthetischen anthelmintischen (AH) Wirkstoffen, deren langfristige Wirksamkeit jedoch durch
zunehmende Arzneimittelresistenzen stark eingeschrankt ist. Vor diesem Hintergrund wurde das
HERBAL-Euregio-Projekt ins Leben gerufen, um neuartige pflanzliche Substanzen mit AH-
Aktivitat zu identifizieren und deren genetische sowie chemische Profile fir eine potenzielle
Anwendung in nachhaltigen Tiergesundheitslésungen zu evaluieren.

Im Rahmen des HERBAL-Projekts wurde eine ethnoveterinérisch begriindete Auswahl von
zehn Arznei- und Gewdrzpflanzenarten (MAP) aus den italienischen Alpen getroffen, basierend
auf deren historischer Nutzung und bekannter Bioaktivitat. In vitro-Tests zur Hemmung der
Embryonalentwicklung (ED) von A. galli-Eiern zeigten, dass Cicerbita alpina und Tanacetum
vulgare eine berlegene hemmende Wirkung im Vergleich zu anderen Kandidaten aufwiesen.
Diese Ergebnisse lenkten den Fokus des Projekts auf eine vertiefte phytochemische und genetische
Untersuchung dieser Arten, um Schliissel-Spezialmetabolite (SMs) mit erhdhter AH-Aktivitét
sowie genetische Marker zur Bewertung der Variabilitat zu identifizieren.

Sesquiterpenlactone (STLs), bekannt flr ihre Bitterkeit und Bioaktivitat, erwiesen sich als
vielversprechende Kandidaten aufgrund ihrer bekannten AH-Wirksamkeit, insbesondere in
Synergie mit anderen phenolischen Verbindungen wie Kaffeesdurederivaten. Zu diesem Zweck
wurde eine  gezielte  Analysemethode  mittels  Flussigchromatographie—Tandem-
Massenspektrometrie (LC-MS/MS) mit Multiple Reaction Monitoring (MRM) entwickelt, um
diese Metabolite qualitativ und quantitativ in den ausgewéhlten Pflanzenarten zu identifizieren.
Parallel dazu wurde eine genetische Analyse unter Verwendung von Simple Sequence Repeat
(SSR)- und Sequence-Tagged RAPD-Amplified Polymorphism (STRAP)-Markern, Gibertragen von
verwandten Arten, durchgefiihrt, um die genetische Diversitat in den Sammlungen zu bewerten.

Obwohl erste Tests nur eine moderate in vitro AH-Aktivitat bei Origanum vulgare subsp.
vulgare aus Norditalien zeigten, deuten wissenschaftliche Publikationen darauf hin, dass die
Gattung Origanum eine ausgepragte chemotypische und genotypische Vielfalt aufweist.
Insbesondere O. vulgare subsp. hirtum (Griechischer Oregano) ist fiir einen hohen Gehalt an
Thymol und Carvacrol bekannt — Verbindungen mit antimikrobiellen und AH-Eigenschaften.
Daraus ergab sich die Hypothese, dass O. vulgare subsp. hirtum starkere AH-Eigenschaften
besitzen konnte als seine bisher umfassender untersuchten Verwandten.

Zur Uberprifung dieser Hypothese wurden sechzehn Akzessionen von O. vulgare subsp.
hirtum aus dem griechischen Festland sowie vier Klone und eine Wildpopulation aus der Turkei
hinsichtlich ihrer phytochemischen Profile und AH-Aktivitat gegen A. galli untersucht. Die
Ergebnisse wurden in Bezug auf chemische Zusammensetzung und genetischen Hintergrund
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analysiert, um Individuen oder Populationen mit einem hohen Gehalt an bioaktiven SMs zu
identifizieren.

Das methodische Gerlst der vorliegenden Studie wurde entwickelt, um genetische und
chemische Variabilitat innerhalb und zwischen den untersuchten Arten zu erfassen. Reprasentative
Pflanzenindividuen wurden aus Sammlungen ausgewdhlt, die aus verschiedenen Regionen des
Trentino und  Sidtirols  (Italien) sowie  Griechenlands stammten.  Verschiedene
Extraktionstechniken wurden optimiert, um die Ausbeute zu maximieren und die Aktivitat der
wichtigsten SMs zu erhalten. Die entwickelte LC-MS/MS-Methode ermdglichte eine
hochauflsende Quantifizierung von STLs und phenolischen Sauren.

Die genetische Charakterisierung zeigte eine signifikante intraspezifische Variation innerhalb
der untersuchten Populationen, was die Bedeutung des genetischen Hintergrunds fiir die
phytochemischen Profile und damit die Bioaktivitat unterstreicht. Diese Erkenntnis ist besonders
relevant fur Zichtungs- und Domestikationsprogramme, die die in dieser Studie identifizierten
molekularen Marker zur Auswahl ertragreicher, chemisch reicher Genotypen mit starker AH-
Aktivitat nutzen konnten.

AbschlieBend erweitert die Studie unser Verstandnis Uber die genetischen und chemischen
Determinanten der AH-AKktivitat ausgewéhlter MAPs und unterstiitzt die Entwicklung neuartiger,
pflanzenbasierter Strategien zur Bekdmpfung parasitarer Infektionen im Geflugelbereich. Die
Ergebnisse unterstreichen zudem die Bedeutung der Biodiversitatserhaltung und Evaluierung von
Genressourcen zur Identifizierung bislang ungenutzter botanischer Ressourcen mit hohem
pharmazeutischem Potenzial. Kiinftige Forschung sollte darauf abzielen, die in vitro-Ergebnisse
durch in vivo-Versuche zu validieren und die Wirkmechanismen der wichtigsten bioaktiven
Verbindungen zu untersuchen, um Formulierungs- und Dosierungsstrategien fir eine praxisnahe
Anwendung im Tiergesundheitsmanagement zu entwickeln.

Disclaimer: The above text has been translated from English to German using DeepL:
https://www.deepl.com/en/translator
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Introduction

1 GENERAL INTRODUCTION
1.1  Preamble - The HERBAL Euregio Project

Roundworm nematodes are parasitic helminths that infect livestock animals' gastrointestinal
(GI) tract, resulting in a significant negative economic impact on the production chain. These
infections are commonly treated with chemical drugs, which have been found to exacerbate the
issue over time by promoting anthelmintic (AH) resistance (Roeber et al., 2013). To overcome this
obstacle, the HERBAL project aimed to identify novel plant-derived active AH extracts against
nematodes. As part of this endeavor, a particular focus was placed on the chemical and genetic
evaluation of medicinal and aromatic plants (MAPs), which were pre-selected through an
ethnoveterinary survey for herbs of notable AH activity.

Consequently, in vitro experiments were conducted, exposing eggs of Ascaridia galli, a
helminth responsible for inducing ascaridiasis in chickens and turkeys, to diverse extracts derived
from ten MAP species found in the Italian Alps and known for their AH properties. The selected
candidate plants included: Achillea millefolium L., Armoracia rusticana L., Artemisia absinthium
L., Artemisia vulgaris L., Cicerbita alpina L. Wallr., Cichorium intybus L., Inula helenium L.,
Origanum vulgare L., Tanacetum vulgare L., and Tanacetum parthenium L. Their effect on the
embryonic development (ED) of the nematode's eggs was assessed. Among the candidates, C.
alpina and T. vulgare, two representatives of the Asteraceae family, showed significantly lower
rates of ED and were selected for subsequent phytochemical and genetic investigations.

Sesquiterpene lactones (STLs) are bitter secondary or specialized metabolites (SMs) known to
promote AH activity, often in synergy with other compounds (Valente et al., 2021; Ocampos et
al., 2023). Previous studies have confirmed the presence of STLs and other related metabolites in
the above plant species (Fusani et al., 2010; Zidorn et al., 2005). Accordingly, comprehensive
assessments were conducted on the genetic background and chemical composition of germplasm
collections from both species, using state-of-the-art analytical and molecular tools. A novel
targeted Liquid Chromatography—Mass Spectrometry (LC-MS/MS) method incorporating
Multiple Reaction Monitoring (MRM) quantification was developed and validated for the
characterization of specific STLs and caffeic acid derivatives. Genetic characterization was
performed using species-specific Simple Sequence Repeat (SSR) markers. The primary objective
was to identify taxa or ecotypes enriched in bioactive SMs, with potential as raw materials for
plant-based extracts intended for preventive or therapeutic AH use in animal feed.
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Image 1.1: Plants (A) Photo of T. vulgare by Paul Reeves for the site https://www.inaturalist.org/photos/23464794.
(B) Photo of C. alpina by Anna Schieber for the site https://www.inaturalist.org/photos/231107983. (C) Photo of O.

vulgare subsp. hirtum by Marcia Boyle for the site_https://plants.ces.ncsu.edu/plants/origanum-vulgare-subsp-

hirtum/. All plants are at the blooming stage. Photo rights according to CC BY 4.0.

Surprisingly, in the initial experiments of the HERBAL project, O. vulgare exhibited only
moderate efficacy in the in vitro assays targeting the ED of A. galli. This contrasts with previous
studies, indicating that oregano oils possess notable AH efficiency against specific nematode
strains, such as Haemonchus contortus and Cooperia spp. of sheep and cattle (Jimenez-Penago et
al., 2021). Previous studies also noted the strong activity of Oregano oil against parasites like
Trypanosoma (Santoro et al., 2007) and Echinococcus granulosus (Pensel et al., 2014). According
to the literature, O. vulgare is a diverse genus with considerable polymorphism among its various
chemical races (Sivropoulou et al., 1996) and subspecies. While some studies have explored the
AH properties of O. vulgare subsp. vulgare and Origanum majorana L. (Abidi et al., 2020), limited

knowledge exists regarding the antiparasitic effect of O. vulgare subsp. hirtum (Greek Oregano).
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Given the body of evidence highlighting its chemical superiority over O. vulgare subsp. vulgare
(Kokkini et al., 1996), the hypothesis emerged that Greek oregano may exhibit stronger AH
activity than its closely related subspecies. To test this hypothesis, extracts derived from different
individuals of O. vulgare subsp. hirtum, collected in Greece, were selected for further evaluation
regarding their potential to reduce the ED of A. galli.

1.2. Unraveling GI Parasitic Diseases and Natural AH Efficacy

Gl parasitic diseases pose a significant health burden, affecting both humans and livestock
animals on a global scale. It is estimated that approximately 3.5 billion people worldwide are
infected, with 450 million experiencing symptomatic illness (Torgerson et al., 2015). GI diseases
contribute to a staggering 200,000 million deaths annually (Hajare et al., 2021). Helminths and
protozoa, such as Ascaris lumbricoides, Trichuris trichiura, Ancylostoma duodenale, Necator
americanus, Giardia duodenalis, Entamoeba histolytica, and Cryptosporidium spp., are among the
most common Gl parasites affecting humans (Fauziah et al., 2022). Among these,
Cryptosporidium spp. are the most prevalent in human infections, while E. histolytica is the second
leading cause of death from infectious parasitic diseases worldwide (Fauziah et al., 2022).

Gl parasitic diseases also affect cattle, with numerous helminth species, including lungworms
and liver flukes, posing significant threats (Charlier et al., 2020). These parasites can induce severe
pathologies and have detrimental effects on grazing ruminants, leading to considerable
productivity losses. The estimated annual costs associated with Gl parasitic diseases in the
Australian and European livestock industries are approximately 436 million AUD and 1.8 billion
Euro, respectively (Charlier et al., 2020).

Among the various nematodes, A. galli is one of the most prevalent and economically
significant species affecting poultry, accounting for approximately 60—84% of annual production
losses (Zaman et al., 2020). Infection with A. galli results in intestinal hemorrhages, diarrhea, and
other digestive issues, impairing weight gain and overall growth in birds. These effects not only
necessitate costly treatments but also diminish meat and egg production (Sharma et al., 2018).

Vercruysse et al. (2018) assert that conventional means of managing parasitic infections in
livestock have predominantly relied upon drug-based prevention or treatment. For example,
Fenbendazole was an effective AH drug that had been widely used to control infections caused by

A. galli in the past. However, prolonged and high-dose treatment regimens were often toxic to the
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host, resulting in side effects such as alopecia, allergic skin reactions, hepatitis, and oligospermia
(Ranasinghe et al., 2023). Furthermore, these practices contributed to the development of drug-
resistant parasite strains, which pose high environmental risks (Symeonidou et al., 2018). For
instance, the AH drug Metronidazole has been found to demonstrate strong mutagenic properties
in bacteria. Therefore, a multitude of chemical substances have been banned in Europe,
highlighting the importance of finding alternative methods that could provide an effective and
ecological way of treatment and parasite control (Partridge et al., 2020).

Owing to the reasons outlined above, there is increasing interest in investigating the AH
potential of plants, particularly MAPs, against A. galli and other helminths. MAPSs possess more
than just antiparasitic properties; they also provide like any other plant species essential nutrients
that contribute to enhanced immunity, reproductive performance, and growth in livestock species
(Jamil et al., 2022). Moreover, cost-benefit analyses have demonstrated that MAP-based
treatments are approximately 50% less expensive than conventional synthetic drugs, particularly
in developing countries (Zaman et al., 2020). This trend is further reinforced by the growing
consumer preference for biologically derived products and organic farming practices, as well as
by the implementation of animal welfare legislation (Sutherland et al., 2013). These factors have
collectively contributed to a decline in the use of chemical anthelmintics, especially within small-
scale and free-range poultry production systems.

Consequently, there is a pressing need for sustainable and effective alternatives to manage
nematode infections, particularly in overgrazed pasture systems (Bosco et al., 2023). Herbal
extracts, which are rich in a broad spectrum of naturally occurring SMs, have emerged as
promising candidates. These extracts are typically administered as complex mixtures that not only
reduce parasitic burden but also limit the development of anthelmintic resistance. Notably, such
mixtures present a more complex biochemical environment that is considerably more difficult for

nematodes to adapt to, compared to single-compound treatments (Jayawardene et al., 2021).

1.3 Medicinal and Aromatic Plants

Throughout history, plants have been widely used in traditional medicine to treat a broad
spectrum of health conditions in both humans and animals (Eshete et al., 2021). Many of these
plants are particularly valued for their diverse economic and therapeutic benefits. Medicinal and

aromatic plants are distinguished by their chemical composition and uses. Aromatic plants are
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characterized by their ability to produce essential oils (EOs) or extracts with distinctive fragrances,
hence the term "aromatic,” derived from the Greek word aroma. Moreover, the term "medicinal”
has been applied to those that are rich in a wide variety of bioactive compounds, which can prevent,
alleviate, or cure diseases (Vaou et al., 2021). MAPs represent a rich source of SMs, which are
distributed across various plant parts, including leaves, flowers, fruits, seeds, shoots, and roots.
These chemical constituents play a significant role in the pharmaceutical, cosmetic, and food
industries, offering numerous practical applications (Lubbe & Verpoorte, 2011). Although their
beneficial properties have been recognized for centuries, systematic efforts to intensify their
cultivation and expand the scientific understanding of their potential have only gained momentum
in recent years, primarily due to the rising demand across multiple related sectors (Sofowora et al.,
2013).

Globally, 48% of cultivated MAP species are used in herbal medicines, 17% in cosmetics, and
35% as supplements and functional foods (EIP-AGRI, Erasmus plus 2020). According to sources
from the European Innovation Partnership for Agricultural Productivity and Sustainability (EIP-
AGRI), Germany holds a significant market share, accounting for 27% of MAP production in
Europe. Chamomile (Matricaria chamomilla L.), anise (Pimpinella anisum L.), fennel
(Foeniculum vulgare Mill.), flax (Linum usitatissimum L.), peppermint (Mentha x piperita L.), and
milk thistle (Silybum marianum L.) are among the most important species cultivated in Germany
(EIP-AGRI, Medicinal and Aromatic Plants, 2020).

In Greece, the most profitable MAP species are oregano (Origanum spp.), thyme (Thymus
spp.), sage (Salvia spp.), anise (P. anisum), chamomile (M. chamomilla), mint (Mentha spp.), spike
lavender (Lavandula latifolia Medik.), fennel (F. vulgare) and lemon balm (Melissa officinalis L.
), as well as unique local products with specific origins, such as the mastic of Chios (Pistacia
lentiscus L.), the saffron of Kozani (Crocus spp.), dittany of Crete (Origanum dictamnus L.), and
the mountain tea (Sideritis spp.) (Solomou et al., 2015). In the Italian peninsula, chamomile (M.
chamomilla), spearmint (Mentha spicata L.), hyssop (Hyssopus officinalis L.), meadowsweet
(Filipendula ulmaria (L.) Maxim.), sage (Salvia spp.), valerian (Valeriana officinalis L.), lavender
(Lavandula spp.), and rosemary (Rosmarinus officinalis L.) are extensively cultivated (Market
Analysis on Wild MAP, 2020).

In South Tyrol (Southern Alps, Italy) and Trentino, a profound reservoir of botanical knowledge

exists, particularly in favor of medicinal flora (Petelka et al., 2020). Due to the region's extensive
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botanical diversity and the relative isolation of its inhabitants, a plethora of MAPS, predominantly
belonging to the families of Asteraceae, Rosaceae, and Lamiaceae, have been meticulously
cataloged for their therapeutic, veterinary, and dietary attributes (Petelka et al., 2020). According
to Pieroni and Giusti (2009) among the various representatives found in the region there are:
Achillea millefolium., Artemisa absinthium, Heracleum sphondylium L., Fragaria vesca L.,
Mentha spicata L., Tanacetum vulgare., Cichorium intybus L, Urtica dioica L., Hypericum
perforatum L. and the alpine plants Cicerbita alpina (Fusani et al., 2010), Arnica montana L., and
Gentiana lutea L., which grow in mountainous sites and are traditionally used as medicinal herbs.

Alpine plants exhibit a unique diversity shaped by both historical climatic fluctuations and
anthropogenic influences. The advance and retreat of glaciers have played a critical role in
determining the habitats suitable for the survival and proliferation of these species. Furthermore,
numerous exposed peaks have consistently supported distinct floral assemblages over extended
periods. Although alpine plants across Europe share common morphological and taxonomic
characteristics, the specific composition of local floras is largely influenced by factors such as the
duration and degree of geographic isolation, speciation events, and the biogeographical
characteristics of individual habitats (Koérner, 2023).

To summarize, the most economically significant MAPs primarily belong to the families
Lamiaceae (Vladimir-Knezevi¢ et al., 2014) and Asteraceae (Rolnik and Olas et al., 2021), serving
as valuable sources of bioactive compounds that play a critical role in the treatment of various
human, animal, and plant diseases. At present, there is a coordinated global effort to replace
chemically based pharmaceuticals, which contribute to environmental challenges such as
antimicrobial resistance, with natural alternatives (Bosco et al., 2023). In particular, plant-based
eco-medicines have gained attention not only for their therapeutic efficacy but also for their
potential to enhance overall livestock health and productivity (Zaman et al., 2020).

In 2014, the World Health Organization issued a pivotal report on antimicrobial resistance,
emphasizing the widespread and escalating nature of this global threat. Farm animals have been
identified as important contributors to the problem, acting as reservoirs of resistant genes and
microbial strains that may be transmitted to humans through direct contact or the food chain
(WHO, 2014; Marshall and Levy, 2011). Despite these concerns, the use of antimicrobials in
livestock remains widespread, extending beyond therapeutic applications to include disease

prevention and non-therapeutic purposes such as growth promotion (Mertenat et al., 2020). In
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Europe, antimicrobial use is particularly high in intensive livestock production systems, especially
among pigs, poultry, and young cattle, primarily for the management of GI and respiratory
infections (Bennett et al., 1999; European Medicines Agency, 2014; Federal Food Safety and
Veterinary Office, 2019). Against this backdrop, ethnoveterinary research, which involves the
systematic documentation and application of traditional veterinary knowledge, offers a promising
pathway for preserving indigenous medicinal plant practices while identifying viable alternatives
to conventional veterinary treatments (Lans, 2016; Mayer et al., 2014).

In this context, ethnoveterinary MAPs have the potential to significantly contribute to parasite
control and help mitigate the negative effects of helminth infections within the livestock
production chain (Mwale et al., 2009). The present study focuses on three species: T. vulgare and
C. alpina, native to mountainous and alpine regions of Trentino (ltaly), and O. vulgare subsp.
hirtum, originating from various regions in Greece. These species have demonstrated potential in
preventing or inhibiting the development of nematode eggs, highlighting their promise as plant-

derived agents for sustainable parasite management.

1.3.1 Asteraceae: Characteristics and Representatives

The Asteraceae family, also known as Compositae or sunflower family, is a prominent and
diverse group of flowering plants, comprising approximately 1600—1700 genera worldwide
(Funk et al., 2009). Asteraceae species can be found in a wide range of habitats, from Polar Regions
to subtropical and tropical zones, and they make up a significant proportion (8-20%) of native
floras (Tutin et al., 1980). One distinguishing feature of Asteraceae plants is their characteristic
inflorescence structure known as “flower head”, which consists of numerous small individual
flowers arranged in a compact cluster (Michaels et al., 1993)

While many members of the Asteraceae are herbaceous plants, there are also trees and shrubs
within the family. The economic importance of this plant group is worth mentioning, as numerous
species are cultivated as crops (Encyclopedia Britannica, 2015), e.g., cardoon (Cynara
cardunculus L.), artichoke (Cynara cardunculus var. scolymus), lettuce (Lactuca sativa L.), and
sunflower (Helianthus annuus L.) (Michaels et al., 1993). Asteraceae include several well-known
and widely used MAPs, such as chamomile (Matricaria chamomilla or Matricaria recutita L.),
feverfew (Tanacetum parthenium L.), and coneflowers (Echinacea spp., e.g., Echinacea purpurea

L.), among others. These plants are valued for their medicinal properties and are utilized in
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traditional medicine, herbal remedies, cosmetics, and other industries. Overall, the Asteraceae
family is characterized by its rich diversity, widespread distribution, and economic significance,
making it a vital group of plants in both natural ecosystems and human societies (Rolnik and Olas,
2021).

Representatives:

Human Consumption / Food: Lactuca sativa L. (lettuce), Cichorium endivia L. (endive),
Cichorium cardunculus var. scolymus L. (artichoke), Helianthus annuus L. (sunflower),
Helianthus tuberosus L. (Jerusalem artichoke), Cichorium intybus L. (chicory), Cicerbita alpina
L. (radicchio dell’orso) (Fusani et al., 2010).

Animal Feed / Forage: Carthamus tinctorius L. (safflower), Helianthus tuberosus L. (Jerusalem
artichoke), Cichorium intybus L. (chicory), and Achillea millefolium L. (yarrow).

Medicinal and Aromatic Plants: Artemisia absinthium L. (common wormwood), Artemisia
annua L. (sweet wormwood), Matricaria chamomilla L. or Matricaria recutita L. (chamomile),
Echinacea purpurea L. (purple coneflower), Arnica montana L. (arnica), Achillea millefolium L.
(yarrow), Calendula officinalis L. (calendula/marigold), Taraxacum officinale F.H. Wigg
(dandelion), Tanacetum parthenium L. (feverfew), Tanacetum vulgare L. (tansy), and Silybum

marianum L. (milk thistle), which in many cases are considered weeds.

Asteraceae species are well known for synthesizing a diverse array of secondary metabolites,
including polyphenols, flavonoids, diterpenoids, and sesquiterpene lactones (STLs) (Silsen et al.,
2017). These compounds are typically localized in latex or specialized trichomes on aerial plant
parts (Salapovic et al., 2013). The chemical diversity of Asteraceae underpins their wide-ranging
applications in both the pharmaceutical and food industries. Although some of these metabolites,
such as STLs, are bitter, they contribute to the health-promoting properties of Asteraceae crops,
enhancing their interest as functional foods and sources of nutraceuticals (Chadwick et al., 2013).

In addition to industrial relevance, Asteraceae species are increasingly recognized as sources
of anti-parasitic compounds. Both wild and cultivated members of the family are integrated into
livestock diets to help reduce intestinal helminth infections (Pefia-Espinoza et al., 2016). For
instance, C. intybus, a prominent representative, accumulates STLs, flavonoids, tannins, and

coumarins, which exhibit a wide range of biological activities, including antioxidant, anticancer,
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anti-inflammatory, anti-parasitic, and hepatoprotective effects, beneficial for both humans and
animals (Nwafor et al., 2017). Recent studies attribute the potent AH activity of industrial chicory
(C. intybus var. sativum L.) primarily to its high STL content (Valente et al., 2021).

Furthermore, several investigations (Athanasiadou et al., 2006; Williams et al., 2016; Ahmed
et al., 2020; Pefia-Espinoza et al., 2020; Klavina et al., 2023) support the AH potential of plant
extracts derived from various Asteraceae species (Mwamula et al., 2022). For instance, extracts of
T. vulgare and Vernonia guineensis Benth., have shown significant in vitro activity against a range
of parasitic nematode strains (Godinho et al., 2014). Moreover, phytochemicals found in
Asteraceae, such as flavonoids (M. chamomilla), saponins (Echinacea spp.), and alkaloids (A.
millefolium, C. officinalis), have been reported to improve animal performance, enhance immune
function, alleviate infections, reduce oxidative stress, and stimulate antibody production
(Ranasinghe et al., 2023; Kumar et al., 2023). In conclusion, plant species rich in these bioactive
properties represent promising candidates for the development of natural alternatives to
conventional treatments for parasitic infections in both animals and humans. Specifically, the
diverse array of SMs present in Asteraceae offers significant potential for future research and
application in parasitic disease control.

1.3.2 Lamiaceae: Characteristics and representatives

The Lamiaceae family comprises a wide variety of plant species, encompassing more than 236
genera and approximately 7,000 species (Kokkini et al., 2003). Many members of this family are
widely recognized for their distinctive fragrance and visual appeal, characteristics that contribute
to their value across multiple domains. In addition to their aesthetic attributes, plants from the
Lamiaceae family are notable for their significant therapeutic properties, as well as their
organoleptic and aromatic qualities (Uritu et al., 2018).

Historically, Lamiaceae species have held a central role in Mediterranean culinary traditions
and have long been utilized in traditional folk medicine (Saviddes et al., 2023). Within this family,
several economically important species stand out due to a broad spectrum of beneficial biological
activities, including antioxidant, anticancer, anti-inflammatory, and AH properties. Their value
extends well beyond historical and cultural significance, as they are actively used in the cosmetic,

food, and pharmaceutical industries (Uritu et al., 2018).
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Representatives:

Human Consumption: Salvia rosmarinus Spenn. (rosemary), Lavandula spp. (lavender), Salvia
officinalis L. (sage), Thymus vulgaris L. (thyme), Mentha spp. (mint), Origanum vulgare L.
(oregano), Ocimum basilicum L. (basil), which are well-known medicinal and aromatic plants
(MAPS), are also used in the pharmaceutical industry.

Medicinal and Aromatic Plants: Monarda didyma L. (crimson beebalm), Hyssopus officinalis
L. (hyssop), Lavandula spp. (lavender), Melissa officinalis L. (lemon balm), Origanum majorana
L. (marjoram), Mentha spp. including Mentha x piperita L. (peppermint) and Mentha spicata L.
(spearmint), Ocimum spp. (basil), Origanum vulgare L. (oregano), Salvia spp. including Salvia
rosmarinus Spenn. (syn. Rosmarinus officinalis L., rosemary) and Salvia officinalis L. (sage),
Thymus vulgaris L. (thyme), and Vitex agnus-castus L. (chaste tree), which is also used as an
ornamental plant.

Ornamentals: Monarda spp. (beebalm), Molucella laevis L. (bells of Ireland), Cunila origanoides

L. (dittany), and Origanum dictamnus L., which are also considered MAPs.

Lamiaceae species have gained considerable importance in the pharmaceutical and food
industries due to the notable biological activities associated with their EOs (Nieto, 2017). EOs are
liquid extracts obtained through distillation and contain volatile and aromatic compounds with
distinct chemical profiles. They can be extracted from various plant parts, including leaves,
flowers, seeds, roots, and fruits (Cimino et al., 2021). The volatile molecules present in EOs
evaporate into the atmosphere, stimulating olfactory receptors and imparting a characteristic aroma
specific to each species (Matera et al., 2023). In Lamiaceae species, capitate and peltate glandular
trichomes, located on the aerial parts, are primarily responsible for EO production. These glandular
structures accumulate high concentrations of volatile metabolites, which are released upon rupture
of the glandular cell walls and/or the cuticular layer (Baran et al., 2010; Giuliani and Bini, 2008).

The metabolites found in Lamiaceae essential oils are primarily volatile compounds derived
from carbon, hydrogen, and oxygen, including aldehydes, alcohols, esters, terpenoids, and
phenylpropanoids, with terpenoids and phenylpropanoids being particularly abundant (Burcul et
al., 2020). EOs have demonstrated a broad range of biological activities, including antioxidant,

anticancer, anti-inflammatory, antipyretic, antimicrobial, antifungal, insecticidal, anti-diabetic,
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anti-allergic, and AH effects (Malik et al., 2019; Ramos de Silva et al., 2021). Despite their
chemical variability, EOs from Lamiaceae species have consistently shown potential as promising
agents for the control of GI nematode infections (Ntalli et al., 2010; Ntalli et al., 2020).

1.4 Plant Secondary Metabolism

The chemical compounds found in plants can be broadly categorized into two main groups:
primary and secondary metabolites. Metabolites, by definition, are the products of cellular
processes, and their accumulation is influenced by genetic, environmental, and biological factors
(Erb and Kliebenstein et al., 2020). Primary metabolites are integral to essential metabolic
pathways such as respiration and photosynthesis. These include proteins, nucleic acids, sugars,
amino acids, organic acids, and polysaccharides, which participate in core processes such as
glycolysis, the Calvin-Benson cycle, and the Krebs cycle, processes common to the plant kingdom.

SMs are produced through enzymatic modifications of primary metabolites, such as amino
acids, sugars, fatty acids, and organic acids. Unlike primary metabolites, SMs do not play direct
roles in essential metabolic functions. As noted by Hartmann (2008), they are not strictly required
for the growth or survival of the organisms that produce them. It is generally believed that SMs
are synthesized from simpler precursors, and variations in their qualitative composition can be
attributed to the presence or absence of specific functional genes (lijima et al., 2004), as well as
the regulation of those genes (Majdi et al., 2017).

SMs fulfill a range of critical functions in plants, including defense against pathogens and
herbivores, protection from environmental stressors such as extreme temperatures, and attraction
of pollinators (Divekar et al., 2022). Additionally, they confer resistance to drought and protect
plants from harmful microorganisms or insects (Horace et al., 1986). Over time, the antioxidant,
antifungal, insecticidal, and antibacterial properties of SMs have been widely recognized and
harnessed in traditional medicine (Parham et al., 2020).

Plant secondary metabolites (SMs), which include alkaloids, phenolics, steroids, terpenoids,
and polymeric substances, are synthesized by plants and usually accumulate in specific tissues or
organs. However, similar or related compounds are also produced by other organisms, such as
fungi and bacteria (Bérdy, 2005). For simplicity, plant SMs can be classified into three primary
groups: terpenes (composed mainly of carbon, hydrogen, and oxygen), phenolics (derivatives

containing phenolic units), and nitrogen-containing compounds (such as alkaloids, cyanogenic
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glycosides, glucosinolates, and nonprotein amino acids). Among these, terpenoids represent the
largest and most abundant class of plant SMs, exhibiting diverse structures and functions of
significant pharmaceutical interest (Croteau et al., 2000).

All terpenes and terpenoids are derived from the 5-carbon compound isoprene (CH.=C(CHs)-
CH=CH=). These Cs units are synthesized through two primary biosynthetic pathways: the 2-C-
methyl-D-erythritol-4-phosphate (MEP) pathway in plastids and the mevalonate (MVA) pathway,
which operates primarily in the cytoplasm and endoplasmic reticulum of plants (Vranova et al.,
2012) (Figure 1.2). Terpenes are the basic hydrocarbons composed of isoprene units, while
terpenoids are their oxygenated, modified derivatives, often containing additional functional
groups such as hydroxyl, carbonyl, or glycosidic moieties.

Terpenoids can be further classified into monoterpenes (Cio), sesquiterpenes (Cis), diterpenes
(Cao), triterpenoids (Cso), tetraterpenes (Cao), and polyterpenes (Cs,), based on their carbon unit
composition (Zhao et al., 2016). Among these, monoterpenes, sesquiterpenes, and diterpenes are
most commonly associated with antiparasitic activity. These compounds exert their effects by
inducing intestinal damage in parasites through the disruption of tubulin polymerization,
ultimately leading to starvation-induced death (Zaman et al., 2020). Moreover, another study has
demonstrated the detrimental effects of terpenoids on the membrane integrity of A. galli (Acevedo-
Ramirez et al., 2019). EOs from Arisaema franchetianum H. Hara and O. majorana, which are
predominantly composed of carvacrol, have exhibited AH activity against H. contortus (Zhu et al.,
2013) as well as other Gl parasites (Abidi et al., 2020). Additionally, T. vulgaris, primarily
containing thymol, has also demonstrated anti-parasitic effects against the same strain of
nematodes (Ferreira et al., 2016). Furthermore, triterpenoids such as oleanolic and betulinic acid
have been associated with AH activity and the fatality of parasitic embryos (Tolko et al., 2021). It
is hypothesized that these principal compounds act synergistically with other molecules in the EOs
or extracts, enhancing their antiparasitic effects (Castafieda-Ramirez et al., 2019).

Recent advancements in the assessment of AH activity in natural plant products, through both
in vitro and in vivo assays, have been extensively reviewed by Flota-Burgos et al. (2020). In vitro
methods are generally more widely applied due to their cost-efficiency, rapid turnaround, and
compliance with European regulations aimed at reducing animal experimentation (Ranasinghe et

al., 2023). Nevertheless, in vivo assays remain essential for substantiating in vitro findings.
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Figure 1.2: Biosynthetic origin of terpenoids via the MVA and MEP pathways. The mevalonate (MVA) pathway

in the cytoplasm and the methylerythritol phosphate (MEP/DOXP) pathway in plastids both converge on the universal
Cs isoprene precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). In the MV A pathway,
acetyl-CoA is converted via mevalonate to mevalonate-5-diphosphate (MVPP), which is subsequently decarboxylated
to IPP and interconverted with DMAPP by isopentenyl diphosphate isomerase (IDI). Sequential condensations of
these Cs units produce FPP, the precursor of sesquiterpenes and triterpenes (via squalene). In the MEP pathway,
pyruvate and glyceraldehyde-3-phosphate give rise to 1-deoxy-D-xylulose-5-phosphate (DXP) and a series of
intermediates that ultimately yield IPP and DMAPP. From these precursors, condensation leads to geranyl diphosphate
(GPP, Cio), the precursor of monoterpenes; geranylgeranyl diphosphate (GGPP, Cx), the precursor of diterpenes; and
phytoene (Cao), formed from two GGPP units as the entry point into carotenoid (tetraterpene) biosynthesis.

This is particularly important as compounds that exhibit efficacy under in vitro conditions may
either fail to produce similar results in vivo, or conversely, demonstrate enhanced biological
activity when tested in a whole-organism context. A pertinent example is the EO of T. vulgaris,

which showed no efficacy in reducing egg production by female H. contortus in vitro, yet proved
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significantly effective against all three major life stages of the parasite in vivo (Ferreira et al.,
2016).

1.4.1 Sesquiterpenes

STLs, a subclass of terpenoids, are colorless, lipophilic metabolites found in the Asteraceae
family, though they also occur in Cactaceae, Solanaceae, Araceae, Lamiaceae, and Apiaceae
(Alamgir, 2017). These compounds exhibit remarkable chemical diversity, which accounts for
their multifunctionality in modern medicine, pharmaceuticals, and the food industry (Chadwick et
al., 2013). Notably, STLs are recognized for their anti-inflammatory, anti-malarial, anticancer, and
insecticidal activities (Matejic et al., 2010; Arizmendi et al., 2022). Functionally, they also play a
crucial role in plant defense, predominantly accumulating in laticifers, specialized secretory cells
present in many Asteraceae species, or within vacuoles of defense-related cells in response to
biotic stress (Slazak et al., 2022). As key constituents of latex in species such as dandelion
(Taraxacum spp.), lettuce (Lactuca spp.), and chicory, STLs exhibit potent antimicrobial, anti-
parasitic, and antifungal properties (Chadwick et al., 2013). Additionally, they can also act as
antifeedants, deterring herbivores and attracting pest predators when required (Frey et al., 2024).

STL biosynthesis originates in the cytosol from the mevalonate pathway (Figure 1.2). Here,
FPP, formed by the head-to-tail condensation of GPP and IPP, serves as the universal
sesquiterpene precursor. FPP undergoes cyclization by sesquiterpene synthases, followed by
extensive functionalization, often catalyzed by cytochrome P450 monooxygenases associated with
the endoplasmic reticulum, to yield the wide structural variety of STLs.

STLs derive their name from the y-lactone ring (—C(=0)—0O-) they contain. They are
structurally diverse and are traditionally classified into five major subclasses, germacranolides,
eudesmanolides, elemanolides, guaianolides, and pseudoguaianolides (Seaman, 1982), all
considered to originate from the common precursor germacrene A (Figure 1.3A) (Kraker et al.,
1998). Additional subclasses, such as xanthanolides, melampolides, and heliananolides, have also
been described. Germacranolides are the predominant STL subclass in Asteraceae, with
costunolide serving as a pivotal intermediate. Costunolide can undergo further cyclization and

rearrangement to generate guaianolides and eudesmanolides (Liu, 2013).
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FPP germacrene A germacrene A acid costunolide

Figure 1.3: Costunolide Synthesis. (A) In the biosynthetic pathway leading to costunolide, FPP is first converted to
germacrene A by germacrene (GAS). GAS genes have been isolated and characterized from several members of the
Asteraceae family, such as chicory, lettuce, and others (Liu, 2013). In the next step of the pathway, germacrene A is
oxidized at its C13 methyl by germacrene A oxidase (GAO) to form germacra-1(10),4,11(13)-trien-12-ol (by GER
A-OH), which is then further oxidized to germacra-1(10),4,11(13)-trien-12-al (by GER A = O) and germacrene A
acid. The C6 position of germacrene acid is subsequently hydroxylated by a cytochrome P450 mono-oxygenase
(COS), after which, presumably, spontaneous cyclization of the C6 hydroxyl and C12 carboxylic group leads to the
formation of costunolide. Costunolide (a germacranolide) can be further modified into guaianolides or, via alternative
cyclization, into eudesmanolides. (B) Structures of PARTH, a germacranolide-type sesquiterpene lactone, and GPL,
a guaianolide-type sesquiterpene lactone. The structures of the most abundant STL derivatives, isolated from the aerial
parts of T. vulgare (PARTH) and C. alpina (GPL), are presented.

Among the STLs isolated from T. vulgare, the most abundant compound is parthenolide
(PARTH), which belongs to the germacranolide subclass (Figure 1.3B). Members of this subclass
have demonstrated significant bioactivities in experimental studies, including anticancer, anti-
inflammatory, and antimicrobial effects (Mathema et al., 2012). Specifically, the compound
PARTH has been the subject of extensive research as a promising anti-cancer agent in recent years.
According to numerous studies, PARTH is capable of selectively generating reactive oxygen
species in tumor cells (Zunino et al., 2007) and partially inhibiting the apoptosis of human acute
myelogenous leukemia stem cells (Guzman et al., 2005). According to Sztiller-Sikorska (2020),
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PARTH has also shown promise in preclinical studies as an effective anticancer agent by
enhancing the sensitivity of cancer cells to chemotherapy and radiotherapy.

In the case of C. alpina, the predominant STL is 8-O-acetyl-154-D-glucopyranosyl lactucin
(GPL) (Zidorn, 2005), a representative of the guaianolides class (Figurel.3B). Guaianolides are
characterized by a seven-membered and a five-membered lactone ring, along with a methyl group
at C-4, and exhibit a multitude of interesting properties, such as cytotoxic, antifeedant, antifungal,
antiprotozoal, antimalarial, antimicrobial, and anticancer (Simonsen et al., 2013). Notably,
lactucin (LAC), its derivatives lactucopicrin (LACP), and GPL, described by Zidorn (2005), are

the most significant representatives of the STLs class in C. alpina.

1.4.2 Polyphenols

Phenols are compounds characterized by one or more hydroxyl groups (—OH) directly linked
to an aromatic hydrocarbon group (phenol: C6H50H). Based on the number of phenol units in the
molecule, phenolic compounds are classified as either simple phenols or polyphenols (Bravo,
1998). The major classes of polyphenols include phenolic acids, hydroxycinnamic acid
derivatives, flavonoids, and others (Shahidi et al., 2019). Flavonoids can be further categorized
into flavanones, flavones, dihydroflavonols, flavonols, flavan-3-ols, isoflavones, and
anthocyanins.

Phenolics are derived from a combination of the shikimate and phenylpropanoid pathways
(Koes et al., 1994). The phenylpropanoid pathway starts with the conversion of phenylalanine to
cinnamic acid by the enzyme phenylalanine ammonia-lyase (PAL) (Figure 1.4). Subsequent
catalysis by two other enzymes (C4H and 4CL) leads to the formation of p-coumaroyl-CoA. The
first step of the biosynthesis of flavonoids starts with chalcone synthase (CHS), an enzyme that
catalyzes the condensation between p-coumaroyl-CoA (from the phenylpropanoid pathway) and
three units of malonyl-CoA (Figure 1.4). This condensation results in the formation of a chalcone
(i.e., naringenin chalcone), which is cyclized spontaneously or by the activity of chalcone
isomerase (CHI) to yield the first flavonoid (i.e., naringenin) which is the starting point for other
flavonoid classes described above (Liu et al., 2021) (Figure 1.4).
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Figure 1.4: Phenylpropanoid biosynthetic pathway with a focus on the formation of flavonoids (green) and
hydroxycinnamic acid derivatives (blue), including caffeoylquinic acids (CQAs) and feruloylquinic acids
(FQASs). The pathway begins with PAL (phenylalanine ammonia-lyase), which converts phenylalanine to cinnamic
acid. C4H (cinnamic acid 4-hydroxylase) introduces a hydroxyl group at the 4-position, producing p-coumaric acid
(4-hydroxycinnamic acid), which is subsequently activated by 4CL (4-coumarate-CoA ligase) to form p-coumaroyl-
Coenzyme A, a key branch-point intermediate. From this node, the flavonoid branch proceeds via CHS (chalcone

synthase) and CHI (chalcone isomerase) to produce naringenin, a central flavanone precursor that can be further
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converted into flavonols and other flavonoids through the actions of F3H (flavanone 3-hydroxylase) and FLS (flavonol
synthase). In parallel, the phenolic acid branch involves hydroxylation and methylation reactions catalyzed by OMT
(O-methyltransferase) and F5H (ferulate 5-hydroxylase) generating caffeic, ferulic, and 5-hydroxyferulic acid
derivatives, which serve as intermediates for the formation of caffeoyl-quinic acids (CQAs), feruloyl-quinic acids

(FQA) and sinapic acid, respectively (Ramaroson et al., 2022).

Caffeoyl-quinic acids (CQAS) constitute a class of polyphenolic compounds characterized by
the esterification between L-(-) quinic acid and specific trans-cinnamic acids (Clifford et al., 2020).
Notable hydroxycinnamates within CQAs include p-coumaric acid (1), caffeic acid (2), ferulic
acid (3), and sinapic acid (4) (Figure 1.4). These compounds can be further classified into distinct
subgroups based on the ester substituent type, such as Caffeoylquinic acids (CQAs) and Feruloyl-
quinic acids (FQA). CQAs and FQA exhibit a wide range of health-promoting properties,
including antioxidant, anticancer, anti-inflammatory, and cardioprotective effects (Saleem et al.,
2022). Furthermore, they play a crucial role in mitigating the development of chronic conditions
such as diabetes and cognitive disorders, including Alzheimer's disease and dementia (Libro et al.,
2016).

Among polyphenolic metabolites, chlorogenic acid (CGA), a monocaffeoylquinic acid, is one
of the most abundant hydroxycinnamate derivatives in higher plants. It accumulates in fruits,
leaves, seeds, and tubers (Clifford 1999; Naveed et al. 2018) and functions as a defensive
metabolite, enhancing plant protection against various pathogens (Martinez et al., 2017).
Additionally, CGA exhibits broad-spectrum anti-herbivore activity (Singh et al., 2021). Over the
past two decades, studies have demonstrated its efficacy in inhibiting insect growth (Kundu and
Vadassery, 2019).

Chicoric acid (ChA) is a predominant CQA found in the Asteraceae family (Yang et al., 2022)
and has been extensively studied for its medicinal and health benefits, including anti-
inflammatory, antioxidant, and anti-aging properties. ChA is synthesized from caffeoyl-CoA and
tartaric acid through a series of enzymatic conversions involving caftaric acid as an intermediate.
The key enzymes involved in this pathway include tartaric acid hydroxycinnamoyl transferase
(CHT), which catalyzes the esterification of caffeoyl-CoA with tartaric acid to form caftaric acid,
and caftaric acid hydroxycinnamoyl transferase (CAHT), which is proposed to facilitate the

conversion of caftaric acid into ChA (Yan et al.,, 2021). However, the precise enzymatic
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mechanisms underlying this final conversion remain incompletely understood, with evidence
suggesting the involvement of at least two distinct enzymatic steps (Legrand et al., 2016).
Several studies have highlighted the pivotal role of ChA in plant defense against various
organisms, including insects, viruses, bacteria, fungi, and nematodes (Lee and Scagel, 2013;
Laquale et al., 2020). In general, phenolic acids, such as ferulic acid, cinnamic acid, gallic acid,
and ChA, serve as defensive agents in plants, acting as deterrents, toxins, or signaling molecules

to protect against microbial and herbivore attacks (Mandal et al., 2010).

1.4.3 Flavonoids

Flavonoids are a large and diverse class of polyphenolic SMs found in plants. They derive
from the phenylpropanoid pathway (Figure 1.4) and possess a 15-carbon skeleton comprising two
phenyl rings (A and B) and a heterocyclic ring (C) with an embedded oxygen atom (Falcone-
Ferreyraetal., 2012). Flavonoids can be classified into several subcategories, including flavonols,
flavanones, flavan-3-ols (also known as catechins), flavones, isoflavones, neoflavonoids, and

anthocyanidins, based on their chemical structures and functional groups (Panche et al., 2016).

OH
FLAVONES O
I HO. O 0. |
OH ©
0 Luteolin Apigenin
—

Quercetin kampferol

Figure 1.5: Flavones and Flavanols representatives. Luteolin and apigenin, two well-known flavone representatives

of the flavonoid class, alongside the flavonols quercetin and kaempferol.
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Figure 1.5 illustrates the main chemical structures of the flavones and flavonols groups,
highlighting their most common representatives, luteolin, apigenin, quercetin, and kaempferol,
which are present in notable concentrations in both C. alpina and T. vulgare (Uehara et al., 2015;
Ocampos et al., 2023). Recent research has underscored the synergistic anti-parasitic potential of
various flavonoids. These compounds have demonstrated AH effects against H. contortus, a
parasitic nematode that primarily affects ruminants (Zarza-Albarran et al., 2020). Moreover,
flavonoids such as kaempferol, myricetin, quercetin, and rutin have been reported to exhibit lethal
activity against the embryos of Meloidogyne incognita (root-knot nematode), a significant plant-

parasitic nematode species (Bano et al., 2020).

1.5 Chemical Evaluation

Quality control and standardization processes are fundamental for the pharmacological
exploitation of SMs in MAPs. Gas chromatography (GC) and liquid chromatography (LC) serve
as essential analytical techniques, enabling the precise identification and quantification of SMs in
MAPs and supporting the identification of plant chemotypes with high potential for the
development of natural products or drugs (Keurentjes, 2009). Therefore, one of the primary aims
of the present work was to establish robust and efficient methodologies for the characterization of
a wide range of plant metabolites, fractions, and extracts.

A thorough understanding of the significance and interrelationships among active metabolites
in C. alpina, T. vulgare, and O. vulgare was a critical component of the metabolomic screening
process, given that the chemical composition of their extracts or EOs plays a decisive role in
determining their overall quality. For the chemical evaluations conducted in this study, advanced
analytical platforms including High-Pressure Liquid Chromatography (HPLC), GC, LC, and Mass
Spectrometry (MS) were employed. These techniques offer precise, rapid, and efficient analyses

while requiring minimal quantities of plant extract or EO (Zhang et al., 2023).

1.5.1 Chromatographic Techniques for Chemical Analysis
GC and LC are fundamental analytical techniques for identifying and quantifying bioactive
compounds in MAPs’ extracts and EOs. GC, particularly when coupled with MS (GC-MS),

provides high-resolution separation and structural elucidation of volatile constituents based on
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retention time (RT) and mass spectra comparison with electronic libraries (Bartle and Myers, 2002;
Balekundri and Mannur, 2020).

For non-volatile and thermally unstable compounds, Ultra-High Performance Liquid
Chromatography (UHPLC) and Liquid Chromatography-Mass Spectrometry (LC-MS) are
employed, offering high sensitivity and specificity (Zuvela et al., 2019). Advanced techniques,
such as LC-MS/MS with Multiple Reaction Monitoring (MRM), further enhance quantification
accuracy by selectively detecting precursor-product ion transitions (Anderson and Hunter, 2006;
Tang et al., 2022). The integration of these chromatographic methods allows for comprehensive
profiling of plant extracts and facilitates the identification of bioactive constituents, with detailed

analytical parameters.

1.6 Genetic Variability of MAPs, Classical Plant Breeding, and Modern Approaches

Many MAPs, particularly those that are cross-pollinated, exhibit remarkable genetic
variability, which is reflected in the wide range of subspecies and ecotypes/chemotypes, many of
which remain wild. Efforts to intensify their cultivation have only been undertaken in the past few
decades. Despite their immense value, the full potential of MAPs remains largely unexplored
(Oliveira et al., 2016), with significant diversity preserved in genetic resources and collections
maintained by growers and breeders (Kintzios et al., 2002a).

The cultivation of MAPs poses several technical challenges, primarily due to the limited
agronomic studies available for most plants in this group. Moreover, understanding the genetic
traits and inheritance patterns remains inadequate, as significant variations often occur even within
the same plant species. Given these challenges, and to achieve an optimal cost-to-value ratio, MAP
researchers should establish a well-defined experimental cultivation plan and clear goals to
determine the most appropriate breeding methods. For example, genetic improvement of O.
vulgare subsp. hirtum is essential due to its considerable biochemical and agronomic
heterogeneity. Oregano breeding programs should target performance-related parameters such as
growth, leaf/stem ratio, stress resistance (e.g., salt, cold), as well as phenotypic uniformity and
quality-related traits, including high EO content and composition (Sarrou et al., 2017).

In classical plant breeding, various selection systems such as mass selection, repeated selection,
and clonal selection have been widely employed for MAPs, as outlined in the breeding manual of

Wricke et al. (1986). Consequently, over the years, various agronomic and morphological
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parameters have been successfully documented to assess diversity and other important qualitative
and quantitative characteristics in MAPS. The observed heterogeneity in MAPs can be attributed
to the polymorphism within each species’' genome. This genetic diversity aids in selecting specific
plant genotypes at the early developmental stages (Fischer et al., 2008). Molecular markers have
emerged as one of the most robust methods for plant breeders to determine and classify genetic
diversity, organize germplasm, and select desired traits at the genomic level. Furthermore, as
molecular markers are not influenced by genotype x environment interactions, and are highly
informative, neutral, and independent of the growing stage, they are considered more efficient than
selection based on agro-morphological traits, which were previously regarded as a panacea (Sharan
etal., 2024).

Specifically, the development of highly polymorphic genomic molecular markers, such as SSRs
(Simple Sequence Repeats), plays a crucial role in enabling precise genetic profiling and
identifying unique alleles within MAP populations (Alekseeva et al., 2023). These markers help
identify breeding lines, construct databases, ensure genetic authenticity, and maintain
homogeneity in plant materials. When combined with metabolomic tools, these markers contribute
to the creation of Gene Bank collections that preserve and represent the diverse genetic and
chemical characteristics of different MAP species (Alekseeva et al., 2021). Moreover, by selecting
plants with specific traits, breeders could tailor varieties to meet market demands, such as for flavor
profiles, EO content, disease resistance, biomass, etc. In conclusion, the genetic diversity within
MAP species provides a rich source of variability that can be leveraged for the efficient
development of improved varieties (Salgotra and Chauhan, 2023). By integrating molecular tools,
metabolomic platforms, and advanced breeding strategies, researchers and breeders can adopt a
holistic approach to expedite the production of high-quality commercial MAP varieties.

In summary, over the past few decades, there has been significant progress in our
understanding of plant genomes, largely driven by advancements in molecular biology and modern
sequencing techniques. These developments have brought scientists and breeders closer to
bridging the gap between observed traits and the underlying genetic information encoded within
the genome. In this field, genetic markers have emerged as one of the most important
breakthroughs (Kordrostami and Rahimi, 2015). The development and application of these
markers have greatly enhanced the efficiency of plant breeding programs. By identifying markers

associated with desirable traits, breeders can expedite the selection process and improve the
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precision of their efforts (Nadeem et al., 2018). Additionally, genetic markers enable marker-
assisted selection (MAS), where the presence or absence of specific markers predicts the presence
of target traits, thus facilitating more efficient and accurate selection of desired genotypes (Salgotra
and Stewart, 2020). These innovations, coupled with modern metabolomic techniques and
traditional knowledge, could revolutionize the field by enhancing the efficiency and effectiveness
of breeding strategies, ultimately leading to the development of plant varieties that can better meet

the demands of today's markets.

1.6.1 Genetic markers

Genetic markers are key tools in plant breeding, enabling the identification of desirable traits
and the assessment of genetic diversity. They are broadly divided into classical markers
(morphological, cytological, biochemical) and molecular markers, the latter providing precise
genotypic information (Kindie, 2021). Molecular markers such as Amplified
Fragment Length Polymorphism (AFLP), Simple Sequence Repeats (SSR), Single-Nucleotide
Polymorphism (SNP), and Sequence-Related Amplified Polymorphism (SRAP) have advanced
trait mapping and genetic analysis (Agarwal et al., 2008). Among them, SSR and SRAP markers,
which are particularly relevant in MAP studies, were used in the present research.

SSRs (microsatellites) are short tandem repeats (mono- to hexanucleotide motifs), where
polymorphism arises from variation in repeat number (e.g., (A)u1, (GT)i2, (ATT)o) (Vieira et al.,
2016). They are locus-specific, co-dominant, highly reproducible, and reveal multiple alleles per
locus. Amplification is achieved by PCR using primers flanking conserved regions (Morgante &
Olivieri, 1993). SSRs have been extensively applied in major crops, including cotton (Ahmed et
al., 2013), maize (Senior et al., 1998), wheat (Sajjad et al., 2018), rice (Naaz et al., 2022), and
citrus (Singh et al., 2023). In MAPs, EST-derived SSRs were first developed for O. vulgare (Novak
etal., 2008), later applied to population studies of Origanum compactum (Aboukhalid et al., 2017),
and transferred to related taxa such as S. officinalis (Radosavljevi¢ et al., 2011).

SRAP is a relatively newer marker system developed by Li and Quiros (2001). It targets open
reading frames (ORFs), making it especially valuable for exploring functionally relevant regions
of the genome. The method uses primer pairs of approximately 17-18 nucleotides, where the
forward primer contains the “CCGG” motif and the reverse primer the “AATT” motif (Amiteye

etal., 2021). SRAPs can generate both dominant and codominant markers, providing a simple and
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efficient approach for assessing genetic variation (Poczai et al., 2013) and have been successfully
used to assess genetic variation in lavender (Zagorcheva et al., 2020), thyme (Talebi et al., 2015),
and oregano germplasm (Amar et al., 2013) (Robarts & Wolfe, 2014).

In summary, the integration of molecular markers in genetic studies and breeding programs
has enhanced trait selection, disease resistance identification, and genetic mapping in plants
(Gangurde et al., 2022; Song et al., 2023). More specifically, SSR and SRAP markers are versatile,
reproducible, and highly informative, making them particularly valuable for the genetic
characterization, conservation, and breeding of MAPs.

1.7 Aims and Scope of the Study

The present study aims to investigate the genetic and chemical variability of MAPs from
specific origins that have demonstrated AH potential against the ED of A. galli, a parasitic
nematode primarily affecting poultry. For this purpose, accessions of C. alpina and T. vulgare
sourced from the Italian Alps were selected as focal subjects due to their previously reported AH
properties (Poulopoulou et al., 2022) and the relatively limited prior research on those species. The
efficacy tests conducted by Poulopoulou et al. (2022) also utilized samples of O. vulgare subsp.
vulgare originating from the Trentino and South Tyrol region of Italy, showing moderate efficacy
against A. galli. In the present study, attention was directed toward O. vulgare subsp. hirtum, a
subspecies belonging to the larger Origanum vulgare species, growing mainly in Greece, known
for its distinct phytochemical profile, particularly its high thymol and carvacrol content. To explore
the genetic diversity, chemical composition, and potential AH activity of this subspecies, sixteen
accessions collected from various regions across mainland Greece, four clones, and one wild
population from Turkey were evaluated.

During the experimental design, representative plants from germplasm collections originating
from different locations within Trentino, South Tyrol (Italy), and Greece were individually
selected to capture potential variations in the chemical composition and genetic diversity. Various
extraction methods were tested to determine the most efficient approach for obtaining high-quality
and active extracts from C. alpina, T. vulgare, and O. vulgare. Moreover, a specific LC-MS/MS
method was developed and validated to identify substances of interest. This method enables the
accurate quantification of key SMs, including STLs and caffeic acid derivatives, which are

considered to exhibit potent AH activity. For the genetic analysis, specific SSR and STRAP
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markers were tested and transferred from related species to characterize the genetic diversity of C.
alpina, T. vulgare, and O. vulgare subsp. hirtum.

Finally, the evaluation could entail a comprehensive genetic and chemical examination of the
studied native populations, aiming at enhancing domestication endeavors through the
establishment of breeding programs. These programs could prioritize the development of varieties
with specific chemical and agronomic characteristics, facilitated by the utilization of chemical and
genetic tools/markers used during this investigation. Moreover, populations or individual plants
with a high content of predicted AH active metabolites could further contribute to the development
of novel, plant-derived AH agents for combating parasitic nematode infections in poultry and other

farm animals.
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2. Materials and Methods

2.1 Plant Material
2.1.1 Cicerbita alpina

Samples used for the present analyses of C. alpina were collected from plants conserved ex-situ
in a germplasm collection field of CREA (Research Center for Forestry and Wood), located at
Mount Bondone, Trento, Italy (coordinates WGS 84: E 11°02°10.8”°; N 46°01°15.7"), at an
altitude of 1534 a.s.l. in an alpine environment. Eight different accessions were investigated,
originating from seeds collected between the years 2004 and 2006 from as many natural
populations of the species growing in different locations of the province of Trento. Details on the
collection sites are reported in Table 2.1.

The seeds, which were stored in vacuum-sealed plastic bags at -20°C, underwent treatment with
gibberellic acid (Duchefa Biochemie, Netherlands) at a concentration of 25 ppm for 24 hours (h)
before sowing to break their dormancy. Subsequently, they were sown in a cold greenhouse in
February 2015. Approximately four weeks post-sowing, the seedlings were transplanted into 72-
cell modules, and one month later, they were transferred into 10 cm pots. In June 2015, the plantlets
were transplanted into the field, arranged in single rows with row-to-row and within-row spacing
of 0.8 m and 0.4 m, respectively. The plants were cultivated following conventional agricultural
practices, encompassing mechanical weed control between rows and manual weed removal within
rows, periodic irrigation as required, and the complete avoidance of fertilizers and pesticides.

At the end of May 2021, a number of individual plants per accession (eighty in total) were
randomly selected and labeled with metal sticks for successive sampling for genotyping and
chemical analysis: Agnellezza (10 representative plants), Bondolo (13), Juribello (9), Passo
Manghen (6), Peller (13), San Valentino (9), Val Nambrone (9), and Zambana (11). On May 27",
2021, fresh leaf material from each labeled individual was collected and directly frozen in liquid
nitrogen for subsequent DNA extraction. The frozen tissue was then lyophilized (freeze-dried)
using a Labogene Scanvac CoolSafe lyophilizer prior to DNA extraction to ensure long-term
preservation and to facilitate downstream processing. Later, in July 2021 and July 2022, the whole
aerial parts of the same selected plants (leaves, stems, and flower heads) were harvested at a full

blooming stage and dried for chemical analysis (for details see 2.5).
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Samples were first dried at 36°C (+/-1°C) for 60 h, followed by a day at 38°C (+/-1°C) at CREA
laboratories, and then placed in paper bags and stored at ambient temperature in the dark until
analyzed. Collected samples were authenticated by P. Fusani of CREA of Trento, Italy, where
voucher specimens of the species are deposited (CA#202201-02).

Table 2.1: HERBAL - Cicerbita alpina accessions - Natural populations’ collection site coordinates. Geographic
coordinates corresponding to the collection sites of the eight accessions of C. alpina and their given altitude [Altitude

above sea level (a.s.l.)].

N° Denomination Coordinates WGS 84 Alt
N E a.s.l.
1 AGNELLEZZA 46°11'10' 11°25'14 1501
2 BONDOLO 45°55'35' 10°31'05" 1840
3 JURIBELLO 46°18'10 11°45'43 1769
4  PASSO MANGHEN 46°1027' 11°26'24" 2047
5 VAL NAMBRONE 46°13'00' 10°44'54" 1850
6 PELLER 46°19'24' 10°57'00" 1950
7 SAN VALENTINO 46°04'45' 10°07'37" 1850
8 ZAMBANA 46°09'00' 11°01'39" 1777

2.1.2 Tanacetum vulgare

Seeds of T. vulgare L. (Asteraceae) were collected in 2020 from nine natural populations across
distinct sites in the province of Trento, Italy. Details regarding the collection sites are provided in
Table 2.2. The seeds were cleaned using sieves and a seed blower set at low airflow to remove
dust and impurities. Following cleaning, the seeds were stored in paper bags and maintained at
4°C in a laboratory refrigerator until sowing.

In February 2021, seeds underwent a 30-day cold stratification period at +2°C to break
dormancy. On 17 March 2021, the stratified seeds were sown in a cold greenhouse using an all-
purpose substrate composed of neutral sphagnum peat (Manna, Bolzano, Italy) mixed with 20%
sand. On 15 April 2021, plantlets were transplanted into 72-cell plastic trays (Amprica, Mantova,
Italy) and subsequently transferred to the experimental field of CREA-FL in Trento (WGS 84,
UTM 32T: E 11°08'51.9"; N 46°02'53.1"; altitude 370 m a.s.l..) on 5 of May 2021. The plants
were arranged in single rows, with each accession represented by 100 individual plants. For the
name coding, each accession was named according to its collection site (1-9): Agnedo, Canezza,

Grigno, Palu del Fersina, Caldonazzo, Segonzano, Stramentizzo, Tesero, and Barco (Table 2.2).
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Additionally, the Botanic Gardens of Siena (Italy) and Bonn (Germany) provided seeds from two
further accessions (10 and 11).

A subset of ten individual plants from the 100 cultivated per accession was selected to assess
chemical and genetic variability. The plant material was processed according to their intended final
use, following protocols previously described for C. alpina. For genetic analysis, young leaves
were frozen in liquid nitrogen for DNA extraction, while whole plants were harvested at full bloom
in July 2021 and 2022 for chemical characterization.

The cultivation was carried out during the 2021 and 2022 growing seasons following standard
horticultural practices, including manual weed control and irrigation as needed, without the
application of fertilizers. Regarding pest and disease management, an infestation of the common
red spider mite (Tetranychus urticae) was observed across the entire cultivation in mid-April 2022,
during the vegetative growth stage. To address the infestation, a single application of an acaricide
containing paraffinic mineral oil (U.F.O., Biogard, Bergamo, Italy) was administered on 20 April

2022, effectively mitigating the issue.

Table 2.2: HERBAL - Tanacetum vulgare accessions collected from Trentino — The nine natural populations’
collection site coordinates, 2020. The geographic coordinates of the collection sites in Trentino for the nine local T.
vulgare accessions are provided in the table above. Two additional accessions (10 and 11), sourced from the botanical
gardens of Bonn and Siena, were excluded from the coordinate table due to the absence of precise origin data.

Nonetheless, it is known that these accessions most likely originate outside the Trentino region.

N° Denomination Municipality Coordinates (UTM 32T WGS 84)
N E

1 AGNEDO Castel Ivano 46° 2'43.78" 11°31'33.78"
2 CANEZZA Pergine -Valsugana 46° 4'40.52" 11°16'43.68"
3 GRIGNO Grigno 46° 0'35.95" 11°37'9.11"
4 PALU' DEL FERSINA Palu' del fersina 46° 7'46.60" 11°21'23.54"
5 CALDONAZZO Caldonazzo 45°59'6.10" 11°15'56.18"
6 SEGONZANO Segonzano 46°10'26.6" 11°16'43.7"
7 STRAMENTIZZO Castello-Molina 46°15'58.5" 11°24'24.4"
8 TESERO Tesero 46°16'57.4" 11°31'41.1"
9 BARCO Levico Terme 46° 027.54" 11°21'8.65"
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2.1.3 Origanum vulgare subsp. hirtum

Seeds of Greek Oregano (O. vulgare subsp. hirtum) were collected from wild populations
originating from 16 different districts in Greece (four from Central Macedonia, two from Thessaly,
three from Peloponnese, five from Aegean islands, one from W. Macedonia, one from Central
Greece) and one population from Turkey. The seeds were germinated in turf, and after 45 days of
development in the germination disks, 20 seedlings per accession were transplanted into
observation lines on an individual plant basis in November 2017. Additionally, four selected
clones, as previously reported by Goliaris et al. (2002), were propagated by cuttings during the
same period and transplanted into observation lines after their rooting in turf: perlite (3:1) medium.
All plants used in the study had the same ontogenetic age.

The 21 accessions were preserved at the experimental farm of IPBGR (40234 35 N 2257 19 E)
in observation lines with a cultivation regime of 1 m distance of plants per accession within rows
and 2 m distance between the accessions (inter-row). The species was authenticated as O. vulgare
subsp. hirtum by Dr. Theodoros Koutsos, and voucher specimens were deposited at the Herbarium
of IPBGR. Black mulching material was used for weed control, and plants were irrigated weekly
with the help of a drip irrigation system. To minimize potential variations in soil characteristics,
all plants evaluated were at the same ontogenetic age as mentioned above and cultivated within
the same experimental plot. The soil in the experimental plot was classified as red loam with a pH
of 7.7, an organic matter content of 1.43%, a P.Os concentration of 45 mg/L, and a K20
concentration of 520 mg/L.

For the EO analysis, samples from the aerial parts of 20 plants per accession were collected and
combined to create three bulk samples, each weighing 2-3 kg. The fresh plant material was dried
at an average ambient temperature of 30°C under dry and shaded environmental conditions for
fifteen days. The stems were manually separated from the inflorescences and leaves. The dry
matter content was determined by oven-drying three randomly selected fresh biomass samples per
accession at 72°C for 4 h, for an average value of 18.1%. Preliminary tests confirmed that no

further changes in the dry weight of oregano biomass were observed after 4 h of oven drying.
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Table 2.3: O. vulgare subsp. hirtum accessions (2017) - Natural population collection origin. The twenty-one
sample codes for Oregano correspond to sixteen distinct genetic accessions and four clonal replicates originating from

Greece and one from Turkey (Ov15, Gokceada).

N° Code Accession Origin Cultivation site
1 OvH1 Clone A Thessaloniki - Central Macedonia Thessaloniki
2 OvH2 Arethousa Thessaloniki - Central Macedonia Thessaloniki
3 OvH3 Stavros Thessaloniki - Central Macedonia Thessaloniki
4 OvH4 Evia 1 Aegean Islands Thessaloniki
5 OvH5 Allonisos Sporades - Aegean Islands Thessaloniki
6 OvH6 Stratoniki Chalkidiki - Central Macedonia Thessaloniki
7 OvH7 Clone B Thessaloniki - Central Macedonia Thessaloniki
8 OvH8 Mavrouda Thessaloniki - Central Macedonia Thessaloniki
9 OvH9 Andros Aegean Islands Thessaloniki
10 OvH10 Pelion Magnesia - Thessaly Thessaloniki
11 OvH11 Argolis Peloponnese Thessaloniki
12 OvH12 Kozani North West Macedonia Thessaloniki
13 OvH13 Clone C Thessaloniki - Central Macedonia Thessaloniki
14 OvH14 Mt. Taygetos Peloponnese Thessaloniki
15 OvH15 Gokceada Imvros - Turkey, Aegean Islands Thessaloniki
16 OvH16 Vriniaia Magnesia - Thessaly Thessaloniki
17 OvH17 Evia 2 Aegean Islands Thessaloniki
18 OvH18 Karpenisi Evritania - Central Greece Thessaloniki
19 OvH19 Clone H Thessaloniki - Central Macedonia Thessaloniki
20 OvH20 Vitina Arkadia - Peloponnese Thessaloniki
21  OvH21 Samothraki North Aegean Islands Thessaloniki

2.2. DNA Extraction and Molecular Marker Optimization
2.2.1. C. alpina

For genomic DNA extraction, 30 mg of lyophilized plant material was weighed and processed
using the DNeasy 96 Plant Kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol.
DNA concentration was measured at 260 nm using a NanoDrop ND-8000 spectrophotometer
(NanoDrop Technologies, Thermo Scientific, Wilmington, DE, USA). To assess genetic diversity,
SSR markers originally developed for C. intybus (24 loci by Patella et al.,, 2019) and
Chrysanthemum nankingense Hand.-Mazz. (10 loci by Wang et al., 2013), previously shown to be
transferable to T. vulgare (unpublished data, Martinidou), were tested on the DNA samples of C.
alpina (Suppl. Tab. S1A).

PCR amplifications were performed following the tailing PCR method described by Schuelke

et al. (2000). This approach employs three primers: a pair of locus-specific primers, one of which
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carries an oligonucleotide tail at its 5 end (Suppl. Tab. S1A), and a third primer, referred to here
as the Tail primer, which is complementary to the 5’ tail and carries a fluorescent label. The Tail
primers were as follows: ROX (TGTAGAAAGACGAAGGGAAGG), TAM
(GGAATTAACCGCTCACTAAAG), FAM (TTGTAAAACGACGGCCAGT), and HEX
(GAGGTAGTTATTGTGGAGGAC).

The PCR was carried out in a 20 pL reaction volume containing PCRBIO HS Taq Mix (3 mM
MgClz, 2 mM dNTPs, enhancers, and stabilizers), 0.25 uM of the non-tailed primer, 0.75 uM of
the tailed primer, 0.5 uM of the Tail primer, and 10 ng of template DNA. PCR amplifications were
performed in a BIO-RAD thermal cycler (PCR Biosystems Inc., Wayne, Pennsylvania, USA) with
the following conditions: for group “l1a” (Suppl. Tab. S1A), the initial denaturation was set at 94°C
for 5 minutes (min), followed by a touchdown for 3 cycles at 94°C for 30 seconds (s), an annealing
step at 56°C for 30 s, decreasing by 1°C per cycle (56-54°C), and an extension at 72°C for 30 s.
The next 35 cycles were performed at 94°C for 30 s, at 54°C for 30 s, and at 72°C for 30 s, with a
final extension at 72°C for 15 min. For group “1b”: 94°C for 5 min, followed by a touchdown for
8 cycles of 94°C for 30 s, an annealing step at 61°C for 30 s, decreasing by 1°C per cycle (from
61 to 54°C), and an extension at 72°C for 30 s. The annealing temperature for the following 37
cycles was set to 54°C, with denaturation and extension phases as above and a final extension at
60°C for 30 min.

For the ten loci of Wang et al. (2013), PCR was conducted using the same reaction volumes,
but the amplifications were carried out under different thermal cycling conditions. In all groups,
the procedure began with an initial denaturation step at 94°C for 3 min, followed by ten cycles of
denaturation at 94°C for 30 s. For group “1” (Suppl. Tab. S1B) the annealing temperature ranged
from 56°C to 61°C, for group “2”, ranged from 57°C to 62°C, for group “3” ranged from 50°C to
55°C, and for group “4” ranged from 52°C to 57°C with an 0.5°C increase of the annealing
temperature for each cycle for 30 s. A final extension step was performed at 72°C for 30 s. The
subsequent 28 cycles consisted of denaturation at 94°C for 30 s, annealing at the specific
temperature for each group for 30 s, and extension at 72°C for 30 s. The amplification process had
a final elongation step of 72°C for 7 min.

In the next steps, the PCR products were visualized on a 1.2% agarose gel, and the
reproducibility of the PCR methods was tested multiple times before finalizing the procedure. The

PCR reaction was purified using sodium acetate—ethanol DNA precipitation. One microliter of the
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purified sample was analyzed on a capillary electrophoresis system, Agilent 2100 Bioanalyzer,
with the DNA7500 Kit (Agilent Technologies, Santa Clara, CA, USA) according to the
manufacturer's instructions at the sequencing platform at FEM. The allele's size was verified
through GeneMarker 3.0 (Holland and Parsons, 2011) (Table S1A). The loci that produced clear

polymorphic bands were used in the genetic analysis of C. alpina.

2.2.2. T. vulgare

For the genomic DNA extraction, 30 mg of lyophilized plant material was weighed and
processed following Qiagen’s DNeasy 96 Plant Kit protocol (Hilden, Germany) as described for
C. alpinain 2.2.1. Initially designed for C. nankingense 26 SSRs by Wang et al. (2013), and nine
SSR markers previously utilized in the genetic analysis of C. alpina (Patella et al., 2019), were
tested with T. vulgare DNA samples using the thermo profiles described in 2.2.1. In the end, eleven
SSRs were employed in total for the analysis of T. vulgare (See Annex, Table S1B).

The PCR was performed in a 20 pl reaction volume containing PCRBIO HS Taq Mix (3 mM
MgCl2, 2 mM dNTPs, enhancers, and stabilizers, as was for C. alpina (see 2.2.1, protocol for
Groups “17, “2”, “3” and “4”). The amplification products were processed by the sequencing
platform at FEM, while the data were analyzed using GeneMarker 3.0 to determine the allele sizes,

which are present in Table S1B.

2.2.3 O. vulgare subsp. hirtum

Genomic DNA was isolated from dry aerial parts using the DNeasy 96 Plant extraction kit
following the manufacturer's instructions (Qiagen). Fifteen individual plants were used per
accession for DNA extraction and analysis. The quantity and quality of genomic DNA were
determined using the Nanodrop 8000 (Thermo Fisher). For the analysis of SRAP markers
(Tascioglu et al., 2018), PCR reactions were conducted in a final volume of 25 pl containing 12.5
uL of PCR Mix, 0.4 uM of forward fluorescent primer (me2, me3, and me4) combined with 0.4
MM of 11 selected reverse primers (em1, em2, em3, em4, em5, em6, en7, em8, em11, em13, and
em15) in different combinations (nine, ten, and six, respectively) (Suppl. Tab. S1C), and 50 ng of
template DNA. The PCR reaction profile was conducted as proposed by Tascioglu et al. (2018),
and the PCR products were separated by capillary electrophoresis on a 3130 genetic analyzer.

(Applied Biosystems, California, United States of America)
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For EST-SSR markers analysis (OR09, OR12, OR13, OR27, OR32, OR40) (Suppl. Tab. S1C)
(Novak et al., 2008), tail PCR reactions were developed in a final volume of 25 pL, containing 1x
PCR reaction mixture, 0.08 uM of forward tail primer, 0.4 uM of reverse primer, 0.4 uM of the
fluorescent tail labeling, and 50 ng template DNA. The PCR reaction profile included an initial
denaturation step at 94°C for 3 min (1 cycle), followed by 1 min at 94°C. The primer annealing
temperature was set between 61-66°C for 1 min and 72°C for 1 min (40 cycles) (S1 C). The final
elongation was set at 72°C for 10 min. The obtained PCR products were separated as described
for SRAP markers by Li and Quiros (2001).

2.3. Genetic Data Analysis

A data matrix was created using the different allele sizes at different loci and analyzed with
GenAlex version 6.3 software (Peakall and Smouse et al., 2006) to estimate genetic diversity by
the use of parameters such as the number of different bands, the number of different bands with a
frequency higher or equal to 5%, the number of private bands, the number of common bands found
in 25% or fewer populations, the number of common bands in 50%, and the mean of expected
heterozygosity (He) for each population. Moreover, the software was used to generate a pairwise
individual-by-individual (NxN) genetic distance matrix and calculate the variance components
(degrees of freedom (df), Sum of Squares (SS), Mean Sum of Squares (MS), estimated variance,
and conversion of estimated variances to percentage of total variance). The number of
permutations for significance testing was set at 9,999. Subsequently, the genetic distance matrix
was utilized to perform Principal Component Analysis (PCA) to explore patterns of genetic
variation among the accessions.

The software STRUCTURE 2.3.3 (Pritchard et al., 2000; Falush et al., 2003) was used to
investigate the genetic structure of populations based on multilocus genotypes. This program
employs iterative Bayesian algorithms to assign individuals to genetic clusters without prior
population information. Ten independent runs were conducted for each hypothesized number of
clusters (K), ranging from 1 to 10. Each run included a burn-in period of 100,000 steps, followed
by 1,000,000 Markov Chain Monte Carlo (MCMC) iterations, under an admixture model with
correlated allele frequencies. The optimal number of clusters (K) was determined using
STRUCTURE Harvester by evaluating the average log-likelihood of the data, In[Pr(X|K)], and by
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calculating the AK statistic, which assesses the rate of change in In[Pr(X|K)] between successive

K values (Evanno et al., 2005).

2.3.1. Canonical Correspondence Analysis and Principal Coordinate Analyses

Canonical correspondence analysis (CCA) and Principal Coordinates Analysis (PCoA) were
performed using Past software v. 2.17c (Hammer et al., 2001). PCoA supports the identification
of relatively homogeneous groups within the germplasm collection of a plant species based on the
genetic results obtained, while CCA is a multivariate method to elucidate the relationships between
biological assemblages of species and their environment. This particular analysis correlates species
composition with different predictive variables (TerBraak, 1986), and in the present study, it has
been used to describe the relationship between environmental variables and the genetic
composition of C. alpina and O. vulgare (Angers et al., 1999; Dell'Acqua et al., 2014), since no
correlation was found within these parameters and the collection of T. vulgare.

The analysis in C. alpina was performed using an environmental variables/genetic data matrix
based on the mean data of the most abundant metabolite classes (e.g., GPL, ChA, CGA, thymol,
carvacrol, etc.) and the genotyping data of each population. This approach aimed to investigate the
presence of clusters resulting from differences in environmental conditions (e.g., temperature and
precipitation/origin) and/or genetic variation. These CCA analyses were specifically conducted for
C. alpina because the plants were cultivated under dry farming conditions, without irrigation, at
an altitude of 1534 m a.s.l.. Given this setting, the study examined whether differences observed
in seasonal environmental factors could influence the chemical composition of the plants over two
consecutive years. Additionally, since C. alpina populations originated from different altitudes,
and previous studies suggest that altitude could, in some cases, impact the chemical profile of
plants, the analysis sought to determine potential interconnections between genetic variation,
chemical composition, and altitude of origin. However, this approach was not applied to T. vulgare
due to differences in cultivation conditions. For example, the T. vulgare plants were grown in an
irrigated field at CREA in Villazzano, where variations in rainfall were not a significant factor to
consider. Furthermore, since the field was located at an altitude below 300 m a.s.l.., seasonal
temperature fluctuations over two consecutive years were minimal, as confirmed by recorded

environmental data. More importantly, a red spider mite infestation occurred during the second
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year of cultivation, making it difficult to obtain reliable and comparable chemical data. These
factors collectively limited the applicability of CCA analysis for T. vulgare.

For O. vulgare, the analysis was performed using a secondary metabolites/genetic data matrix,
incorporating thymol, carvacrol, p-cymene, and y-terpinene content as phytochemical factors. The
CCA was applied using PAST software v. 2.17c to the mean compound data for each accession to

assess clustering patterns associated with genetic differences.

2.4 Optimization of Extraction Protocol

The evaluation of various extraction techniques for the chemical analysis of the two
Asteraceae species was carried out during the preliminary phase of this study. For the analysis,
dried tissue from the population of Zambana (C. alpina) was used as starting material. Two
different extraction protocols (1: No Tissuelyser and 2: With Tissuelyser), eight different solvent
combinations (see below), and two incubation times (long: >48 h incubation, short: no incubation)
were selected and evaluated for their efficiency. The solvent combinations were as follows: 100%
methanol (MeOH), 80% MeOH in H20, 80% MeOH in H>O + 0.1% formic acid (FA), 50% MeOH
in HxO, 100% acetone, 100% ethanol (EtOH), 100% ethyl acetate (EtOAc), and
MeOH/Acetone/H20 in a ratio of 3:1:1.

For protocol (1), approximately 100 mg of dried and ground material (IKA® Al11l, IKA-Werke
GmbH and Co. KG, Staufen, Germany) was weighed into 15 ml tubes, and 4 ml of each solvent
combination was added. Subsequently, the samples were sonicated in an ultrasound bath at room
temperature for 20 min and rotated for 1 h. For protocol 2, 100 mg of homogenized plant material
along with 1x5 mm and 3x3 mm steel beads, and a spoonful of 1mm glass beads, were added into
2 ml vials containing 1 ml of each solvent combination. A tissue Lyser (Qiagen, CA) was utilized
to facilitate cell disruption, with three runs of 20 s (4m/s) performed for optimal results.
Subsequently, the samples were centrifuged at 4°C at a maximum speed for 10 min. Test samples
with zero incubation time were directly filtered with MILLEX 13-0.22 um PTFE filters (Merck-
Millipore, Darmstadt, Germany) and then injected into the UPLC-DAD (Agilent 1290), while the

remaining samples were stored at 4°C for an incubation time of two days.
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2.5 Establishment of a New Targeted LC-MS/MS Method for STLs and Caffeic Acid
Derivatives

To develop a specific LC-MS/MS method for the chemical analysis of C. alpinaand T. vulgare,
pure analytical standards (5 ppm; Supplementary Table S2) were directly introduced into the mass
spectrometer to identify the parent ions (Q1) and corresponding product ions (Q3). Analytical
standards, if not already present in the laboratory collection, were obtained from Phytolab
(Vestenbergsgreuth, Germany) and TransMIT PlantMetaChem (Giessen, Germany). The standard
introduced included 1.3-Dicaffeoylquinic Acid (DCQ), 3.4-DCQ, 3.5-DCQ, 4.5-DCQ, tartaric
acid, caffeic acid (CfA), ChA, CGA, LACP, LAC, COST, p-coumaric acid, shikimic acid (SkA),
and caftaric acid. GPL was a kind gift from Prof. Dr. Christian Zidorn (Kiel, Germany).

Two predominant fragments, the quantifier (Fragment 1) and qualifier (Fragment 2), were
identified for each specified chemical standard (ID), as shown in Supplementary Table S2.
Subsequently, to develop the method, the following values were recorded and updated for each of
the aforementioned substances: the declustering potential (DP), the entrance potential (EP) of the
product ion, along the collision energy/the voltage that produces each fragment (CE), and the cell
exit potential (CXP) of each product ion. Finally, an acquisition method was set up, and a mixture
of all standards was injected into the UHPLC to record the RT for each metabolite (Supplementary
Table S2).

The UHPLC system was coupled directly to an API 5500 Triple Quadrupole Mass spectrometer
(Applied Biosystems/MDS Sciex, Toronto, Canada) equipped with an electrospray source.
Analyst™ software version 1.6.1 was used for instrument control and data acquisition. The
transitions and spectrometric parameters were optimized individually for each standard compound
by direct infusion of their solutions (5 ppm, water/MeOH (20:80 v/v)) into the MS at a flow rate
of 20 pL per min.

2.5.1 Instrumental conditions of the LC-MS/MS method

Separation was performed using a UHPLC Dionex 3000 (Thermo Fisher Scientific, Germany),
with an Acquity UPLC BEH C18 1.7 um column 2.1 x 150 mm (Waters, Milford, MA, USA) with
a relative pre-column. The column temperature was set at 45°C. Samples (2 ul) were injected using
an autosampler set at 10°C. The flow rate was 0.350 ml/min, and the composition of the mobile
phase was: solvent A - water (H20) with 0.5% FA, and solvent B - acetonitrile with 0.5% FA.
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Separation was carried out following an eighteen-minute gradient. Specifically, during the first 10
min, the concentration of solvent B was gradually increased from 5% to 50%, followed by a rapid
increase to 100% over 2 min. The mobile phase composition remained at 100% B for 2 min before
being decreased to 5% in 1 min. Finally, the column was re-equilibrated under these conditions
for an additional 3 min.

The spray voltage was set at 5500 V for positive mode and -4500 V for negative mode. The
source temperature was set at 400°C, and the nebulizer gas (Gas 1) and heater gas (Gas 2) were at
40 and 30 psi, respectively. UHP nitrogen (99.999%) was used as both curtain and collision gas
(CAD) at 20 and 9 psi, respectively.

2.5.2 LC-MS/ MS method validation

The validation of the method was performed following the US Food and Drug Administration
(FDA) bioanalytical method validation guide (US Department of Health and Human Services).
The assays were established on calibration standards and quality control samples extracted from
C. alpina with the provided protocol (80% MeOH), to test parameters like linearity, the limit of
detection (LoD) and quantification (LoQ), the matrix effect, the intra, and inter-day variability and
finally the recovery rate of the newly established method.

Calibration curves were prepared in pure solvent (80% MeOH) and matrix extracts. To assess
the percentage of matrix effect for each of the fourteen studied substances, the calibration curves
were compared. The LoQ and linearity range were determined at concentrations where the
quantifier transition had a signal-to-noise ratio greater than 10 (Supplementary Table S3a and b).
To determine the intra-day and inter-day variability, ten replicate quality control samples of C.
alpina were extracted, injected on the same day, and then re-injected for seven consecutive days.
Intra-day and inter-day variability were evaluated by calculating the coefficients of variation
(CV%) as shown in Supplementary Table S3 b. According to the literature, the CV% should not
exceed a value of 15% for an intra-day assay and 20% for an inter-day assay.

The quality control samples were further used for method validation by spiking or
supplementing them with known concentrations (1 ppm, 5 ppm) of each substance. The recovery
test was estimated on ten spiked C. alpina samples and calculated as the average of the "measured

value/expected value" ratio (%) (Supplementary Table S3 b). The applicability of the proposed
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analytical method was tested in 240 samples of C. alpina and 310 samples of T. vulgare for the

identification of their STLs and caffeic acid derivative content.

2.6. Chemical Analyses
2.6.1. Chemical Content of C. alpina and T. vulgare using a wider LC-MS Method by
Vhrovsek et al. (2012)

For the phytochemical extraction, aerial parts of the plants were dried at 36°C (+/-1°C) for 60
h, followed by a day at 38°C (+/-1°C). Each sample was ground separately into powder for
phytochemical characterization using an IKA grinder (IKA® All, Sigma Aldrich).
Approximately 100 mg of dried plant material was weighed in 15 ml tubes, where 4 ml of 80%
MeOH plus 2 ppm of internal standard (IS) (trans-cinnamic acid) was added as solvent. The
samples were sonicated at room temperature for 20 min and rotated for 1 h before filtration with
MILLEX 13-0.22 um PTFE filters (Merck-Millipore, Darmstadt, Germany).

Targeted UHPLC was performed on a Waters Acquity System (Milford, MA, USA). The
analysis of phenolic compounds was performed according to the method of Vhrovsek et al. (2012).
Water and acetonitrile (both containing 0.1% FA) were used as mobile phases for the gradient, and
a Waters Acquity HSS T3 column 1.8 pm, 100 mm x 2.1 mm, kept at 40 °C, was used for the
separation of the phenolic metabolites. MS detection was performed on a Waters Xevo TQMS
instrument equipped with an ESI source. The parameters of the mass detector were as follows: 3,5
kV and —2.5 kV capillary voltage in positive and negative mode, respectively; source temperature
at 150 °C; desolvation temperature at 500 °C; cone gas flow 50 L/h; and desolvation gas flow 800
L/h. Calibration curves of external standards from all polyphenolic compounds reported in
Vrhovsek et al. (2012) were injected for quantitative analysis, and the results were expressed as
mg of each compound identified per 100 g dry weight tissue. Peak annotation and processing were

carried out using the Mass Lynx Target Lynx application manager (Waters).

2.6.2 Polyphenols extraction and phytochemical analysis of O. vulgare subsp. hirtum

For the phytochemical evaluation, aerial parts of O. vulgare were harvested during the full
flowering stage in the second and third year of plant development, over two consecutive years
(June 2019 — June 2020). To ensure representative sampling, each plant was divided into four

quadrants, and five stems were collected from each quadrant. Three biological replicates were
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prepared from bulked fresh samples, comprising inflorescences and leaves, pooled from five
individual plants per accession. Samples were immediately transported to the laboratory, freeze-
dried, ground using a laboratory mill (Retzch, Haan, Germany), and stored at room temperature
until analysis.

For polyphenol extraction, 100 mg of pulverized tissue was mixed with 8 mL of 80% methanol.
The mixture was agitated using an orbital shaker for 3 h at room temperature, followed by 30 min
sonication. Extraction continued overnight at 4 °C in the dark. Extracts were filtered through
MILLEX 13-0.22 um PTFE membranes into glass vials and immediately subjected to analysis.
All data were based on the mean values of three biological replicates per accession across two
consecutive years. Targeted UPLC-MS/MS (MRM) analysis was conducted using a Waters
Acquity UPLC system (Milford, MA, USA), following the protocol described by Vrhovsek et al.
(2012) (see also Chapter 2.4.1).

2.6.3. Extraction and analysis of triterpenoids from O. vulgare subsp. hirtum

Freeze-dried powdered oregano tissue (500 mg, composed of leaves and inflorescences) was
extracted with 10 mL of ethyl acetate and hexane mixture (1:1) under rotary shaking for 1 h and
centrifuged at 2000 x g for 10 min. The extracts were dried in an EZ-2 ENVI GeneVac (GeneVac,
Ipswich, United Kingdom), and the crude extract was diluted in 1 mL ethanol, filtered through a
0.22 um PFTE membrane into a glass vial, and analyzed as follows.

The separation and quantification of triterpenoids were performed using a Waters Alliance 2695
separations module HPLC system, equipped with a DA mass spectrometer and Waters Empower
software, as previously reported by Farneti et al. (2015). The separation was carried out on a C18
column measuring 250 mm x 2 mm, 5 um Phenomenex Luna, utilizing 1% FA in water (solvent
A) and methanol (solvent B) under the following linear gradient: from 50 to 85% of B in 5 min,
reaching 90% B in 25 min, with a flow rate of 0.3 mL min. The column oven temperature was
maintained at 35 °C while 20 puL samples were injected. Mass detection was performed in negative
mode at m/z 455.50 in SIM mode. The results were expressed as mg per 100 g of dry weight for

the tissues, and three independent biological replicates were analyzed.
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2.6.4. Essential oil isolation and GC-MS/FID analysis of O. vulgare subsp. hirtum

To determine EO content, a Clevenger-type apparatus was utilized, following the method
previously reported by Sarrou et al. (2017). Thirteen grams of dried oregano samples
(inflorescences and leaves) were subjected to hydrodistillation for 90 min, and three biological
samples were distilled per accession. The EO content was estimated based on the dry matter of the
plant (expressed as mL per 100 g of dry matter). The obtained EOs were dried using anhydrous
sodium sulfate and stored at 4—6°C until further analysis.

The analysis of the EOs was carried out using a Shimadzu 17A Ver. 3 GC interfaced with a
QP-5050A MS. The system was equipped with a capillary Agilent HP-5MS column (30 m length,
0.25 mm diameter, 0.25 um film thickness) and supported by the GC/MS Solution ver. 1.21
software. The analysis conditions were consistent with those previously described by Sarrou et al.
(2017). The abundance of each compound in the EO was calculated as a percentage of the total
chromatographic area. Three independent replicates were injected, and the results are presented as
means. Compound identification was performed by comparing their retention indices with those
of n-alkanes (C7-C22) (Adams, 1995), referencing literature data, and matching their spectra with
those in MS libraries (NIST 98, Willey).

For the quantification of EO compounds, GC/FID analysis was conducted using a Shimadzu
Nexis GC-2030 series with a flame ionization detector (FID) and a Shimadzu AOC-20i
Autoinjector. The analysis used a Crossbond MEGA-5MS column (30 m length, 0.25 mm
diameter, 0.25um film thickness) coated with 95% methyl polysiloxane. The oven temperature
was programmed as follows: 55°C (hold time 1 min), 55-110°C (rate 1.5°C/min), 110-150°C
(3°C/min), 150-220°C (8°C/min), and 220°C for 10 min. The injector temperature was set at
260°C, and the detector temperature at 280°C. An injection volume of 1 uL was used, with helium
as the carrier gas at a flow rate of 1 mL/min and a split ratio of 1:30.

2.7 Data Processing and Statistical Analysis

For C. alpina and T. vulgare, data processing was performed using the MassLynx and Target
Lynx Application Manager (Waters) and MultiQuant. Variations in quantified compounds
between accessions were evaluated using ANOVA (One-way and Two-way ANOVA, where
cultivation year and accession were used at two factors), followed by the Student—Newman-Keuls

and Tukey’s test for multiple comparisons to determine if p was smaller than 0.05. Statistical
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analyses were performed using Statistica for Windows software and Jamovi Software. Means,
standard deviations, and correlations were calculated using MS Excel 2016.

The data from the chromatographic analyses of O. vulgare were subjected to two-way
ANOVA, using the statistical package SPSS 17.0 (SPSS Inc., Chicago, Illinois, USA).
Additionally, each dataset was individually analyzed using one-way ANOVA for each year and
Tukey's test. Standard deviation error (SD) was used for means comparison at p < 0.05 to detect

significant differences (See Results and Annex).
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Chapter 3: Assessment of the chemical and genetic variability among
accessions of Cicerbita alpina (L.) Wallr., an alpine plant with anthelmintic

properties

3.1 Introduction

C. alpina (L.) Wallr., syn. L. alpina (L.) A. Gray, also known as alpine-sow-thistle, belongs to
the Asteraceae family, specifically the subfamily Cichorioideae and the tribe Cichorieae. It is a
perennial alpine herb that thrives in fertile and moist forest sites situated between 1000 and 1800
meters above sea level (Pignatti et al., 1995). With a diploid chromosome count of 2n = 18
(Dolezalova et al., 2002), C. alpina exhibits a distinctive inflorescence of the Asteraceae family,
composed of numerous small florets arranged on a common receptacle, similar to other species in
the Lactuca and Cichorium genera (Pignatti et al., 1982). The species relies on insect pollination
and primarily disperses its fruits (achenes) by wind, facilitated by the pappus characteristic of the
Asteraceae family (Swakon et al., 2012). Its distribution in Europe is sporadic, encompassing
isolated habitats within central mountain ranges such as the Alpine Arc, the northern Balkans, and
the Carpathians (Swakon et al., 2012). Notably, after the last ice age, it expanded its natural
distribution to include Central Europe up to Scandinavia, where it grows at lower elevations
ranging from 10 to 750 meters a.s.l.. (Mitch et al., 2010). In Italy, the species is distributed in the
Alps and northern Apennines. Traditional use of C. alpina is prevalent in the Northeastern regions,
where locals harvest its young shoots in early spring to create unique delicacies like "Radicchio
dell'Orso™ and "Radic di monte™ (Scartezzini et al., 2012). Until recently, its utilization was limited
to these local culinary applications, food preparations, and salads. However, it has been discovered
that its leaf extracts exhibit potent antiparasitic activity against animal nematodes (Poulopoulou et
al., 2022).

Nematodes, or roundworms, are parasitic helminths that can infect the GI tract of livestock,
leading to significant economic losses in the production chain (Roeber et al., 2013). The misuse
of traditional chemical drugs employed to treat these infections has contributed to developing drug
resistance over time, posing a challenge in modern organic agriculture, necessitating sustainable
and effective parasite control solutions (Mendaza De Gives et al.,, 2022). MAPs from

ethnoveterinary-listed plants appear to be a promising alternative to AH treatments since it is well
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known to prevent and treat parasite infections in humans and animals by reducing the load of
helminths and thereby improving the overall health of the infected. However, for many of these
plants, there is a limited or incomplete scientific evaluation and validation of their efficacy
(Ranasinghe et al., 2023). In a recent study, eggs of A. galli, an intestinal parasite that infects
poultry (Zaman et al., 2020), were treated in vitro with methanolic extracts of ten different known
ethnoveterinary plants found in the Italian Alps. Among them, C. alpina extracts showed the
lowest rates of ED and were therefore selected for further studies (Poulopoulou et al., 2022).

C. alpina is known for its abundance in caffeic acid derivatives, including CGA, ChA, 3,5
DCQ, and CfA (Fusani et al., 2010). As a member of the Asteraceae family, it also accumulates
STLs (Zidorn et al., 2005), which could serve as chemical or chemosystematic markers for the
tribe, and have previously demonstrated synergistic AH activity against various nematodes
(Valente et al., 2021; Buza et al., 2020; Shula et al., 2020). Within C. alpina, the predominant STL
is GPL (Fusani et al., 2010), which belongs to the guaianolide class and could have potential as an
AH agent.

The present study focused on a unique collection of populations from the province of Trentino,
Italy. These populations underwent chemical and genetic evaluation to provide new insights
regarding the phytochemical profile, genetic structure, and distribution of alpine sow thistle in
northern Italy. The ultimate goal would be to identify superior chemotypes and genotypes rich in
potential AH substances, which could serve as valuable starting materials for future plant breeding
and domestication programs.

3.2 Results
3.2.1. Phytochemical results
3.2.1.1. Optimization of the extraction procedure

During the initial phase of this study, an extensive trial was conducted to optimize and evaluate
various extraction techniques for the chemical analysis of C. alpina and T. vulgare (See Chapter
4). Here, thirty-two distinct extraction protocols were applied for rigorous testing. The
experimentation focused on assessing two extraction techniques labeled as (1): No Tissuelyser and
(2): With Tissuelyser. Incubation times were also considered, denoted as A (no incubation) and B
(>48 h incubation time) (Figure 3.1). Additionally, eight different solvent combinations were
examined, namely: 100% MeOH, 80% MeOH in H20, 80% MeOH in H.O + 0.1% FA, 50%
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MeOH in H20, 100% acetone, 100% EtOH, 100% ethyl acetate (EtOAc), and a combined mixture
of MeOH/Acetone/H>0 in a ratio of 3:1:1 (Materials and Methods 2.4).
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Figure 3.1: Optimization of the extraction procedure. A comparison of the quantity (mg/g DW) of CGA, ChA, 3,5
DQC, and LAC as it changes between four combinations of solvents (100%, 80%, 80% + formic and 50 % MeOH in

H-0, for two different extraction protocols (1) and (2) and two separate incubation times (A) and (B).

During the extraction experiments, it became evident that EtOH demonstrated limited
efficiency, whereas acetone and EtOAc proved entirely ineffective in isolating the targeted STLs
and caffeic acid derivatives from C. alpina. Conversely, the combination of MeOH/Acetone/H,0
demonstrated only trace amounts of the targeted compounds when applying the extraction protocol
(1). However, significantly improved results were obtained when employing the extraction
protocol (2).

In Figure 3.1, the results obtained from the systematic investigation, focusing on the solvent
combinations that demonstrated successful extraction efficiency with both protocols (1) and (2),
are presented. These combinations included 100% MeOH, 80% MeOH in H20, 80% MeOH in
H>0 + 0.1% FA, and 50% MeOH in H20. Initially, it was apparent that the most promising solvent
combinations would be 80% MeOH + FA and 50% MeOH, as they displayed favorable extraction
outcomes for the targeted compounds. The results also indicated that Protocol (2) led to a higher
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final yield of most derivatives compared to Protocol (1). This suggests that Protocol (2) is more
effective in extracting the target compounds, likely due to differences in extraction mechanisms or
efficiency. This outcome aligns with expectations, given the use of the Tissuelyser machine, which
may have enhanced the extraction process.

The incubation time had diverse effects on the final concentration of each compound of
interest. Some compounds showed an increase in concentration with extended incubation time,
while others seemed to decrease. These variations highlight the importance of considering
incubation time as a critical factor in optimizing the extraction process for each specific metabolite.
In our case, since we were interested in STLs and this particular class seemed to degrade faster
than the other substances, it was decided not to incubate the samples during the analysis but to
inject the extracts as soon as possible after the extraction process was done.

Since many samples needed to be handled at the same time, it was concluded that the most
expedient and convenient method for this study was protocol (1) using 80% MeOH in H20 and no
incubation time (A). Even though 50% MeOH in H>O showed slightly better results with the
protocol (1), after an incubation of two days (B), significant rates of degradation were noted for
the STL derivative, while 80% MeOH or 80% MeOH + FA were more stable, and no significant
differences were noted between them regarding their extraction efficiency.

In conclusion, the systematic investigation indicated that 80% MeOH (with or without FA) is
a promising solvent combination for effectively extracting STLs and caffeic acid derivatives from
C. alpina and T. vulgare by applying protocol (2), which yielded higher quantities of the target
compounds. However, protocol (1) is faster and more cost-effective when dealing with numerous
samples. Understanding the differential impact of incubation time on each component is crucial

for fine-tuning the extraction process and achieving optimal results in chemical analytics.

3.2.1.2. Development and validation of a new LC-MS/MS-based method for qualitative and
guantitative analysis of STLs and caffeic acid derivatives

The establishment of the instrument parameters was achieved by introducing the standard
compounds in the MS. Two main classes of compounds were introduced in the method: (1) STLs
and (2) caffeic acid derivatives. The relevant transitions and parameters (DP, EP, CE, CxP) were
manually optimized for each studied substance, as shown in Supplementary Table S2 (Annex).

The fragmentation pattern (Q3) of each metabolite was observed by comparing the results with
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existing literature, if available, and the RT was also documented. Two predominant fragments, the
quantifier (Fragment 1) and the qualifier (Fragment 2), were identified for each specified chemical
standard (ID). Four DCQ derivatives (1,3 DCQ, 3,4 DCQ, 3,5 DCQ, 4,5 DCQ), CfA, CGA, and
ChA, the STLs LAC and LACP, and the carboxylic acids, tartaric and SkA, were identified in
negative mode using [M—H]— as precursor ion, while the LAC derivative GPL was found in the
[M+HCOO]- adduct ion. Compounds such as p-coumaric acid and caffeic acid are typically more
readily detected in the negative ionization mode due to their acidic functional groups. However,
in our analysis they were also observed under positive ionization [M+H]*, which, although less
common, has been reported in previous studies depending on the analytical conditions. COST was
also characterized by a positive ionization mode (Supplementary Table S2). For example, GPL’s
parent compound (Q1) was a negatively charged ion at 525 with a RT at 6.7 min., and Q3
fragmentations at 419 and 213 (Supplementary Table S2).

The method validation adhered to the established guidelines outlined by the FDA. Calibration
standards and control samples derived from C. alpina were utilized to evaluate crucial validation
factors, such as linearity range, calibration curves (CC) in solvent and in matrix, matrix effect,
LoD, LoQ, and recovery (as shown in Supplementary Table S3, in Annex). To assess the linearity
of the instrument's response, calibration curves of the fifteen studied compounds were employed
over a broad concentration range (0.0002 ppm to 100 ppm). The outcomes, encompassing ranges
of linearity, curve parameters, and LODs, can be found in Supplementary Table S3a. Notably, 1,3
DCQ, GCA, and COST exhibited the lower LODs (0.0002 ppm) in the study, while the majority
of compounds had a range that did not exceed 10 ppm. Additionally, the matrix effect [1-
(SlopSolvent/SlopMatrix)*100] was accounted for by comparing each substance’s response in the
sample matrix to its response in a standard solution and expressed as its percentage. All of the
studied compounds displayed positive values indicating ion suppression, except COST (S3a),
which showed ionization enhancement. For compounds (p-coumaric, CfA, 3,4 DCQ, and LACP)
where the matrix effect exceeded the suggested value (15%), the repeatability and recovery test
was acceptable (<15%,) as can be seen in Supplementary Table (S3b) and for this reason, they
were not excluded from the final method.

To evaluate variability within a single day (intra-day) and across consecutive days (inter-day),
ten replicate quality control samples were extracted and injected on the same day, followed by

reinjection for seven consecutive days. According to existing literature, the coefficient of variation
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(CV%) should not exceed 15% for intra-day and 20% for inter-day assays. As observed in
Supplementary Table S3b, only CGA was found to be close to the recommended limit of 15%
(Reed et al., 2002) during the intra-day test, while the remaining compounds ranged from 1% (3,5
DCQ) to 9% (CfA). For the inter-day test, the CV% results were <12% for all the studied chemical
compounds. Lastly, a recovery test was conducted by spiking ten plant extracts with known
amounts of the studied substances (1 ppm and 5 ppm). Recovery was determined by calculating
the percentage of the average ratio between the measured value and the expected value. The results
are presented in Supplementary Table S3b and ranged from 86.47% (LAC) to 98.75% (CGA)
during the 1 ppm test and from 92.06% (3,5 DCQ) to 98.67 % (p-coumaric acid) during the 5 ppm

test.

3.2.1.3. STLs and caffeic acid derivatives know for the species

In the present study, and to better understand the chemical diversity of C. alpina, a thorough
chemical analysis was conducted using the novel developed and validated targeted LC-MS/MS
method previously described. To evaluate the phytochemical profile and the bioactive potential of
C. alpina, the main classes of compounds described for the species were analyzed qualitatively

and quantitatively.

C. alpina

SkA =

Caffeic
CA et
CGA [ —
LAC
ChA | ————
GPL [ —————— |
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Figure 3.2: STLs and caffeic acid derivatives in C. alpina. The mean values of the most abundant substances,

calculated for the years 2021 and 2022, alongside the SD error bars, are presented in the above chart.
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C. alpina is known to accumulate various caffeic acid derivatives (CGA, DCQ isomers, ChA,
etc.) and the bitter STL GPL (Zidorn et al., 2005; Fusani et al., 2010). In the present study, the
main compounds identified were: 4,5 DCQ, 3,5 DCQ, ChA, GPL, CfA, caffeic acid, LAC, traces
of LACP, and 3,4 DCQ, as well as the two carboxylic acids SkA and tartaric acid, respectively, as
shown in Figure 3.2 and Supplementary Table S4a. Among them, the metabolites with the highest
concentration were ChA, followed by GPL, CGA, 3,5 DCQ, CfA, tartaric, and caffeic acid.

According to the analysis, the species is rich in ChA, GPL, CGA, 3,5 DCQ, and CfA. The
mean values of the four most prevalent substances and how they differentiate between the eight
populations are depicted in Figure 3.3. The most dominant substance was found to be ChA,
followed by the STL derivative GPL and CGA.
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Figure 3.3: ChA, GPL, 3,5 DCQ, and GCA accumulation (mg/100 g dw) within the C. alpina accessions. ChA,
GPL, 3,5 DCQ, and GCA accumulation (mg/100g) within the C. alpina accessions. The mean value of four abundant
metabolites in C. alpina (a: ChA, b: GPL, c: 3,5 DCQ, and d: CGA) and how they differentiate between the eight
accessions for the years 2021 (1) and 2022 (2) are presented in the above figure. Superscript letters indicate statistically
significant differences (p < 0.05) among populations, based on Tukey’s HSD post hoc test. A: Agnelezza, B: Bondolo,

J: Juribello, M: Passo Maghnen, N: Val Nambrone, P: Peller, V: San Valentino, Z: Zambana.
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Chemical analyses conducted on plant material in 2022 revealed a significant increase in the
levels of the majority of the analyzed metabolites compared to the findings from 2021. For
example, ChA levels almost doubled from 172.5 mg/100 g of dry plant material (mean value of
2021) to 315 mg/100 g (mean 2022) in the second year. A similar trend was observed for GPL, 3,5
DCQ, and other compounds (Figure 3.3). Concerning the accumulation of ChA during the second
year (2022), the populations of Zambana and San Valentino accumulated the highest amounts (320
and 315 mg/100 g), followed by Juribello, Passo Manghen, Val Nambrone, and Peller, for which
no significant statistical difference could be found. In 2021, Peller and Zambana accumulated the
highest amounts of ChA, followed by Juribello, Passo Manghen, San Valentino, and Val
Nambrone. Bondolo and Agnellezza had lower concentration levels during both years (Figure 3.a).

Regarding the main STL derivative, GPL, populations Peller and San Valentino accumulated
the highest values in 2021, followed by Zambana and Agnelezza, while in 2022, Zambana
produced the highest amount (218 mg/100 g). Furthermore, San Valentino, Agnelezza, and
Bondolo showed an accumulation level between 194 and 180 mg/100 g of dried tissue, while the
remaining populations had shown significantly lower amounts (132—-156 mg/100 g) (Figure 3.3b).

The accumulation of the most abundant DCQ isomer in C. alpina, 3,5 DCQ, was higher in the
accessions of Juribello, San Valentino, Val Nambrone, and Zambana for the year 2022 (Figure
3.3¢). In contrast with the general trend observed in the collection, Peller was the only
representative that displayed similar amounts of the derivative during both years and accumulated
the highest amounts in 2021 (84.7 mg/100 g). Regarding the accumulation of CGA (Figure 3.3d),
the substance increased significantly in Zambana and San Valentino during 2022, while in the first
year, the highest amount/value was found in VVal Nambrone.

To summarize, Zambana, San Valentino, and Juribello produced the highest amount for most
of the studied substances during the second year of evaluation, while during the first year, it was
Peller. A two-way ANOVA confirmed the significant difference (p <0.05) between each
dependent variant (metabolite) and our fixed factors (year, population, and year x population), as
can be seen in the Annex Table S4a (ANOVA: C. alpina STLs and Caffeic acid derivatives). As a
general trend from the chemical analysis, it could be assumed that each substance was found to
increase substantially during the second year of evaluation (2022). For certain metabolites, such
as LAC and caffeic acid (Supplementary Figure 1Sa and 1Sb), substantial changes in concentration
were observed between 2021 (blue) and 2022 (yellow). Notably, LAC in the Juribello population
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exhibited a ten-fold increase, while caffeic acid in Zambana showed an even more pronounced
forty-fold increase. Both metabolites serve as intermediates in the biosynthetic pathways leading
to guaianolide-type STLs and caffeic acid derivatives, respectively. For instance, the
concentrations of ChA and CGA were significantly increased as well in 2022, partially following

the trend of their corresponding precursors.

3.2.1.4. Additional Polyphenolic content

To further investigate the chemical complexity of C. alpina, samples were screened using a
broader targeted LC-MS/MS approach (Vrhovsek et al., 2012). This analysis allowed the
identification and quantification of eleven additional polyphenolic compounds, expanding upon
those previously reported for the species. The main phenolic compounds isolated were the flavone
glycosides, apigenin-7-O-glucoside (Ap-7-O-glu) and luteolin-7-O-glucoside (Lu-7-O-glu),
alongside their precursors apigenin (Ap) and luteolin (Lu), the methylated flavone chrysoeriol, the
flavonol glycosides quercetin-3-O-glucuronide (Qu-3-O-glucur), quercetin-3-O-galactoside (Qu-
3-0O-gal), rutin (syn. quercetin 3-O-rutinoside), and the CGA acid derivative neochlorogenic acid
(neoCGA). Furthermore, two coumarins, esculin and daphnetin (only in traces), plus ferulic acid
(only in traces) were identified. Among them, the most highly accumulated metabolites were Ap-

7-O-glu, Lu-7-O-glu, Ap, and Lu, as can be seen in Figure 3.4 and Supplementary Table S4b.
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Polyphenols C. alpina
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Figure 3.4: Most abundant polyphenols. The mean value of the eleven additional polyphenols identified in C. alpina
using the Vrhovsek et al. (2012) method, along with the calculated SD error bars. The value was calculated as the

mean accumulated for each metabolite in the years 2021 and 2022.

In C. alpina, the highest concentrations of Ap in 2021 were recorded in Passo Manghen. A
general trend across most accessions indicated a significant decline in Ap accumulation during
2022 compared to 2021. Notably, Agnelezza exhibited the highest Ap production in 2022 (Figure
3.5A). Regarding Ap-7-O-glu, the greatest quantities in 2022 were observed in Agnelezza and Val
Nambrone, whereas Bondolo, San Valentino, and Zambana showed no statistically significant
differences between the two years (Figure 3.5B). For Lu, Passo Manghen accumulated the highest
levels in 2021, followed closely by Agnelezza and Zambana. In 2022, Agnelezza, Passo Manghen,
and Zambana again emerged as the leading producers (13.6 mg/100 g), with the remaining
accessions exhibiting no significant differences (Figure 3.5C). In the case of Lu-7-O-glu, Val
Nambrone and Juribello showed the highest levels in 2021, followed closely by Juribello, Passo
Manghen, and Peller. In 2022, Agnelezza, Bondolo, and Juribello demonstrated the highest

accumulation (Figure 3.5D).
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Figure 3.5: Mean value of the most abundant polyphenols among the accessions of C. alpina. The mean value of
Ap, Ap 7-O-glu, Lu, and Lu-7-O-glu, and how they differentiate between the eight local populations of C. alpina for
the years 2021 (1) and 2022 (2), alongside their calculated SD error bars. Superscript letters indicate statistically
significant differences (p < 0.05) among populations, based on Tukey’s HSD post hoc test. A: Agnelezza, B: Bondolo,
J: Juribello, M: Passo Maghnen, N: VVal Nambrone, P: Peller, V: San Valentino, Z: Zambana.

3.2.2 Genetic Results
3.2.2.1 Genetic variability evaluation

To evaluate the genetic structure of alpine sow thistle accessions, SSR markers of closely
related species were tested for their transferability. Out of 24 primers developed for C. intybus,
five gave no amplification products, and another twelve were nonspecific and were not further
considered in the genetic evaluation. However, seven SSRs (M1.2, M7.19, M5.14, M4.11b,
M4.10a, M2.6, and M1.3) (Patella et. al., 2019) were successfully applied to C. alpina.
Furthermore, three loci (89, 135, and 341) out of ten transferred from C. nankingense (Wang et
al., 2013) to T. vulgare were also included in the screening. In the end, ten specific markers were
successfully optimized and used for the characterization of genetic diversity in C. alpina
(Supplement Table S1A).
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Allelic Patterns across Populations
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Figure 3.6: Mean allelic patterns for C. alpina. The mean allelic pattern found for each of the eight C. alpina
populations during the SSR tests is depicted above. The reported information is Na = Number of Different Alleles, Na
(Freq >=5%) = No. of Different Alleles with a Frequency >= 5%, Ne = No. of Effective Alleles =1/ (Sum pi"2), | =
Shannon's Information Index = -1* Sum (pi * Ln (pi)), No. Private Alleles = No. of Alleles Unique to a Single
Population, No. LComm Alleles (<=25%) = No. of Locally Common Alleles (Freq. >= 5%) Found in 25% or Fewer
Populations, No. LComm Alleles (<=50%) = No. of Locally Common Alleles (Freq. >= 5%) Found in 50% or Fewer
Populations, He = Expected Heterozygosity = 1 - Sum pi”2, uHe = Unbiased Expected Heterozygosity = (2N / (2N-
1)) * He, pi= number of affected Alleles.

In Figure 3.6, the variations in the amplified allelic patterns across the germplasm collection
are presented. In total, 53 different alleles were detected. The average number of different alleles
(Na) for each accession ranged from 2.00 in San Valentino to 3.30 in Agnelezza and Val
Nambrone, with an average of 2.5 alleles per locus examined. The highest mean of expected

heterozygosity (He) within the different accessions was observed for Agnelezza (0.41), an ecotype
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originating from lower altitudes within the Lagorai mountain chain, while the lowest was observed
for San Valentino (0.26), an ‘isolated' collection of the Adamello region (see Figure 3.9). In
general, the unbiased heterozygosity values (uHe) were higher than the numbers of He for all of
the populations, probably due to the small population sizes (Harris et al., 2017). The Shannon-
Weaver information index (1) ranged from 0.45 in Passo Manghen and San Valentino to 0.77 in
Agnelezza, which was the accession presenting the highest genetic variability overall. The most
polymorphic locus identified in C. alpina was M4.10a. Additionally, unique (private) alleles were
detected in the accessions from Agnelezza, Bondolo, Juribello, Val Nambrone, Peller, and
Zambana. These private alleles may serve as valuable genetic markers for future breeding

programs aimed at the segregation and preservation of these distinct accessions.

3.2.2.2 Population structure analysis of C. alpina
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Figure 3.7: Structure analysis for the accessions of C. alpina. Bayesian model-based structure (K=3) (B) of 80
individual plants of C. alpina originating from eight germplasm collections distributed in the Italian Alps. The barplot
represents each individual as a single vertical bar broken into K color segments (A), with lengths proportional to the

estimated probability of membership in each inferred cluster (Cluster A: Blue, Cluster B: Green, Cluster C: Red).

Structure analysis assigns genotypes into respective groups according to their allele
frequencies. In Figure 3.7A, each analyzed individual is represented by a single vertical line, and
each color represents a different gene pool as calculated by STRUCTURE, presuming that each
individual has inherited a distinct proportion of its ancestors from each of the K genotypes
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(Pritchard et al., 2000). In the case of C. alpina germplasm, the STRUCTURE analysis assumed
three genetic groups (K = 3) as the most likely number (Figure 3.2B).

Principal Coordinates (PCoA)

Bonddlo

< Juribello

% Val Nambrone

® Zambana
< P.so Manghen

78%

< San Valentino * pell
eller

¢ Agnelgzza
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Figure 3.8: Principal coordinates analysis for C. alpina. The principal coordinate’s analysis (PCoA)
presents/recognizes two different clusters between the eight local populations of C. alpina. The first one would be the
green cluster consisting of accessions that belong to the genetic pool B (Passo Manghen, Juribello, and San Valentino),
while the second one concentrates the remaining individuals that are an admix of the genetic pools A and C (Bondolo,

Val Nambrone, Peller, Zambana, and Agnelezza).

Considering the mean value for each geographical group, a PCoA was constructed using
GenAlex v. 6.3 and PAST v. 4.03 software. The PCoA was performed to assess the presence of
possible clusters between and within the eight different populations of the species. Through this
process, two distinct clusters were identified: Juribello, Passo Manghen, and San Valentino,
assigned to genetic group B (green), formed a separate class, while the remaining accessions
formed a second cluster (genetic groups A and C) (Figure 3.8).

The genetic analysis indicated that accessions originating from the center of the region, either
east or west of the Adige River (Peller, Val Nambrone, Bondolo, Zambana, and Agnellezza), are
a genetic mixture between groups A and C (red and blue), as shown in the geographic map below

(Figure 3.9). In Contrast, Passo Manghen, Juribello, and San Valentino -originating from the
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middle and eastern parts of the Lagorai Mountain and in Adamello, on the western border between

Trentino and Lombardia, respectively, predominantly belong to the genetic cluster B (green).
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Figure 3.9: Distribution of C. alpina accessions in Trentino. The circles show the percentage of ancestry (for K=3)

Clusone
.

Gandino
.

and the geographic origin within the province of Trentino (Italy) for the eight different C. alpina accessions. Table

show the elevation sites of local C. alpina Accessions.

3.2.3 Correlation analysis

In line with the work presented and to better understand the chemical variability within the
years 2021 and 2022, a correlation analysis of selected environmental factors, such as temperature
(temp) and rainfall (water availability) (Supplementary Table S5), was conducted with the support
of STATISTICA for the most prevalent metabolites of the species. For a probability rate < 0.05,
only the accumulation of CfA and Ap-7-O-glu could be linked to changes observed in the
parameters of rainfall/water availability and temperature over two years of cultivation and analysis
(Figure 3.10A and B).
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Scatterplot: Temp  vs. Caftaric (Casewise MD deletion)

Scatterplot: Rain  vs. Caftaric (Casewise MD deletion)
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Figure 3.10: Correlation Analysis for Temperature and Rain. A correlation analysis for the environmental factors
of temperature and rain was performed with the support of STATISTICA for a probability rate < 0.05 and the
metabolites (A) CfA and Ap-7-O-glu (B), found in C. alpina in 2021 and 2022.

For example, the overall accumulation of CfA was positively correlated with the significant
decrease in rainfall, which could have resulted in the temporary drought stress observed in 2022,
while it was negatively correlated with the overall increase in the mean temperature during the
same year. In contrast, correlation analysis demonstrated that the reduction of Ap-7-O-glu during
the second year was positively correlated with the decrease in rainfall and negatively impacted by

high temperatures (Figure 3.10B).
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3.2.4. STL’s and caffeic acid derivatives Canonical Correspondence Analysis (CCA)

GPL

36.01%

(mean)

1ain (mean)
T
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Figure 3.11: Canonical Correspondence Analysis for C. alpina.The CCA showed the influence of different
environmental conditions (temperature, rain, and altitude) and genotyping data of each population on the accumulation
of GPL. The ordination axes were derived as linear combinations of the environmental variables for the years 2021
and 2022, respectively, while each population was identified by a unique color and acronyms: Agnellezza
(black/A_2021-A 2022), Bondolo (aqua/B_2021-B_2022), Juribello (blue/J_2021-J2022), Manghen (blue-
violet/M_2021-M_2022), Val Nambrone (chartreuse/N_2021-N_2022), Peller (orangered/P_2021-P_2022), San
Valentino (cadetblue/VV_2021-V2022), and Zambana (forestgreen/Z_2021-Z_2022). Zambana individuals sampled in
2021 and 2022 were grouped together, meaning that they are less influenced by water scarcity and environmental

differentiation than the rest of the accessions regarding the accumulation of GPL.

A CCA analysis was performed to evaluate the potential influence of the analyzed genotypes
of C. alpina on different metabolites. The results indicate that for certain genotypes, climate
conditions seem to influence the accumulation of specific chemical substances. The axis variance
was different for the STL and caffeic acid derivatives studied: GPL (axis1 63.99%, axis2 36.01%)
(Figure 3.11), 3,5 DCQ (axisl 94.44%, axis2 5.56%), ChA (axisl 70.87%, axis2 29.13%), and
CGA (axisl 95.66%, axis2 4.341 %), respectively (Supplementary 3SA, B and C).

Evident in Figure 3.11 and Supplementary Figures 3SA, B, and C, the analysis revealed
distinct clustering patterns between populations sampled in 2021 and 2022 for most substances.
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Specifically, 2021 populations formed a cohesive cluster positively correlated with water
availability, while 2022 populations clustered separately, showing a negative correlation with
increased mean temperatures. This trend aligns with previous correlation analyses of CfA and Lu-
7-O-glu (Section 3.2.4).

Zambana populations displayed unique patterns across metabolites. For 3,5 DCQ (Supplement
Figure 3Sa) and CGA (Supplement Figure 3Sbh), Zambana 2022 individuals clustered separately,
indicating a stronger influence of the decrease in rainfall on their metabolite accumulation
compared to other populations. Conversely, Zambana individuals from both years grouped
together for GPL (Figure 3.11), suggesting a lesser environmental effect on this compound.
Interestingly, for ChA (Supplement Figure 3Sc), the increased 2022 temperature appeared to
enhance metabolite accumulation across all genotypes, including Zambana.

Agnelezza populations exhibited significant stability in metabolite profiles, with individuals
from 2021 and 2022 clustering together for 3,5 DCQ, CGA, and ChA, suggesting reduced
sensitivity to environmental factors like water scarcity or temperature changes. However, for GPL,
Agnelezza 2022 individuals followed the clustering trend of the rest and seemed to be equally
influenced by environmental conditions. These findings underscore the role that genetic factors
can interplay in the accumulation of specific metabolites in different environmental conditions.
Agnelezza seemed to demonstrate a more stable metabolite profile across conditions, while
Zambana appeared more sensitive to environmental changes, particularly for 3,5 DCQ, CGA, and
ChA.
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3.3 Discussion

Studies on ethnoveterinary plants and the exploration of their antiparasitic effects often lead to
the identification of promising active compounds not only for veterinary medicine but also for
human health (Valente et al., 2021). C. alpina is a tall alpine herb that accumulates phytochemicals
with demonstrated AH and antiparasitic activity (Poulopoulou et al., 2022), while recent studies
have also noted its strong antioxidant response and potential as a treatment for metabolism-related
diseases (Zheleva-Dimitrova et al., 2023). These characteristics make the species an attractive
candidate for integration into the pharmaceutical and agricultural industries, warranting further
research.

To initiate efforts in domestication and establish a plant breeding program, a thorough
evaluation of the genetic diversity of available C. alpina germplasm is essential. However, despite
its close relation to the Cichorium genus, only 30% of tested chicory SSR markers were
transferable within the genetic characterization of the current collection. This outcome might have
been expected, as similar studies have found that marker pairs effective in cultivated varieties do
not necessarily amplify DNA from wild relatives (Wang et al., 2013). Even between species of the
same genus, such as C. endivia L. and C. intybus, which can interbreed, the successful transfer of
microsatellites was less than 50% (Ghedina et al., 2015). These findings highlight the high species
specificity of these markers, making SSRs a useful tool to study population genetics but also
necessitating the confirmation of their transferability or the establishment of new markers.

During the SSR analysis, a medium level of heterozygosity (average He) was observed within
the C. alpina collection, ranging from 0.24-0.41. Moreover, the same SSR markers (M1.2, M7.19,
M5.14, M4.11b, M4.10a, M2.6, and M1.3), which reveal a medium- to high level of variability
within the accessions, had confirmed restricted gene flow between inbred lines of C. intybus
(Ghedina et al., 2015). Mitch and coworkers (2011) noted partially similar trends within C. alpina
populations originating from isolated sites in central and northern Europe, with the support of
AFLP markers.

The genetic structure of C. alpina appears to be closely related to topography and influenced by
the level of isolation characteristic of mountainous ecosystems (Michl et al., 2007). Originally
found at high altitudes, the genus expanded after the last ice age and now naturally inhabits the

northern parts of the European continent and Scandinavia, where it can even grow at sea level
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(Michl et al., 2010). Our study supports a medium-to-high level of genetic diversity (see Figure
3.6) within the eight local populations from the Italian Alps (Trentino). The population of Passo
Manghen, located at the highest elevation (2048 m a.l.t.), and San Valentino (1850 m a.l.t.)
presented the lowest Shannon Index value (0.45), followed by Juribello (0.54), which originates
from the borderlines of the region. STRUCTURE analysis indicated that most of these populations
belong to genetic cluster B (marked with green in Figure 3.9), likely due to their isolation resulting
from altitude and/or geographic position (Cisternas-Fuentes et al., 2023). In contrast, the highest
genetic variability (0.77) was observed in Agnellezza, the population at the lowest elevation (1503
m), followed closely by Bondolo (0.75) and Peller (0.72), two populations from the western part
of the region, neighboring the collection sites of VVal Nambrone and Zambana. Most of these
populations seem to share two common ancestors (Cluster A: blue and Cluster C: red), possibly
due to their geographic positioning. Only Agnelezza showed a mix of all three assessed genetic
clusters, likely owing to its low altitude and proximity to populations on the west side of the river,
which separates the eastern from the western area. These conditions make Agnelezza a good
candidate for unintentional natural “pre-breeding”. Considering the aforementioned results, a co-
effect between the level of isolation and altitude among the three predicted genetic groups is
apparent. Similar observations were noted by Stachurska-Swakon et al. (2011) using AFLP
markers. The authors were able to identify that populations originating from higher altitudes in the
western Carpathians (Poland) had lower genetic variation (Nei and | coefficients) compared to
accessions collected from lower altitudes in Scandinavia or central Europe. There are studies on
different species as well, such as wild populations of raspberry (Rubus idaeus L.) in the Central
Balkans (Veljkovi¢ et al., 2019), where altitude seems to be a more significant factor in genetic
separation among populations than spatial distribution. In the case of alpine-sow-thistle, a broader
comparison could provide a more global overview of the genetic diversity within the species
among populations from different sites in Europe, such as similar collections used in Michl et al.
(2007), with the help of the established genetic tools.

The genetic and chemical diversity observed within a species or accession offers valuable
information not only about the population structure but also for the selection of superior genotypes
for plant breeding programs. Hence, in the present study, we examined the chemogenetic diversity
of the samples based on their chemical composition (chemotype) and genetic background

(genotype). The most abundant chemical metabolites identified include the STLs and caffeic acid

75



Chapter 3

derivatives ChA, GPL, CGA, 3,5 DCQ, and CfA, as previously reported in the literature (Zidorn
et al., 2005; Fusani et al., 2010; Zheleva-Dimitrova et al., 2023). Flavones, such as Ap-7-O-glu,
Ap, Lu-7-O-glu, and Lu, characteristic of Asteraceae, are also present. These metabolites are
suspected to possess the main antiparasitic, antioxidant, and AH properties of the species
(Poulopoulou et al., 2022; Zheleva-Dimitrova et al., 2023; Ocampos et al., 2023).

Results of the chemical analysis further confirmed a high variability within and between the
accessions, which also indicated significant seasonal variations. Similar studies have observed
changes in the total STL and phenolic content of Cynara cardunculus L. (artichoke, Asteraceae)
across different harvesting seasons, suggesting a diverse response closely associated with the
cultivar itself (Rouphael et al., 2016). Seasonal patterns between years often correspond to
variation of climatic conditions, while alterations in the composition and concentration of STLs
and caffeic acid derivatives in Asteraceae species can significantly affect forage bitterness (Foster
et al., 2011). Overall, the chemical diversity observed in wild MAPs undergoing cultivation trials
is substantial and can be attributed to variations in cultivation practices, environmental conditions,
abiotic or biotic stresses, and the high level of biodiversity that distinguishes this specific group of
plants (Lubbe et al., 2011).

In the context of C. alpina, the notable rise in the synthesis and accumulation of STLs and
caffeic acid derivatives during the second year of assessment might have contributed to a decrease
in other chemical compounds like polyphenols or flavones. For instance, a preferential increase in
the precursor flux of one pathway (caffeic derivatives) might indirectly deplete other closely
related pathways that share the same precursors (i.e., flavonoids) (Boncan et al., 2020). This
observation could partially explain the decline in major phenolic compounds in contrast to the
increase in certain CQAs or caffeic acid derivatives.

Furthermore, abiotic and biotic factors can also affect plants by causing changes in their gene
expression and, consequently, their entire metabolism. In the case of phenolic compounds, it is
well-established that stressors can significantly increase the expression of differentially regulated
genes within the first twelve hours, which require considerable energy intake (Kilian et al., 2007).
However, when stress parameters (such as drought, heat, cold, or infection) persist for longer
periods (< 24 hours), Kreps et al. (2002) and Seki et al. (2002) found that the expression of many
stress-responsive genes in Arabidopsis thaliana L. can be significantly reduced. In A. thaliana

roots, Xiong et al. (2006) proved that during prolonged periods of drought stress, there is a
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significant decrease in the activity of PAL, which is the first enzyme and entry point in the
biosynthetic pathway of phenylpropanoids and polyphenols in plants. Even though some studies
support the notion that environmental stresses often increase the accumulation of phenolic
compounds, these findings mainly focus on short-term stresses (Krol et al., 2014). The mechanism
of response to a long-term and continuous stressor may yield different effects. According to Krol
et al. (2014), it seems that the total phenolic content and antioxidant activity of grapevine leaves
and roots are significantly reduced under long-term drought stress. This suggests a deceleration in
selected elements of secondary or specialized metabolism during extended water scarcity, which
serves as a survival strategy against harsh environmental conditions (Akula et al., 2011).

In a most recent study regarding the physiological and transcriptomic responses of Ligularia
fischeri (Ledeb.) Turcz (Asteraceae) to severe drought stress (Park et al., 2023), the team of Park
et al. was able to identify, for the first time, two anthocyanins and two flavones (Lu-7-O-glu and
Lu-7-O-glucur) that were increased in accumulation by drought stress. Conversely, all other types
of CQAs and flavonol contents in L. fisheri (including CGA, 3,5 DCQ, etc) were significantly
decreased in the plant under water deficit. The research was mainly focused on the response of
phenylpropanoid biosynthesis in association with differentially expressed genes (DEGs). Among
the potential drought-responsive genes examined by Park et al. (2023) were shikimate O-
hydroxycinnamoyl transferase (LfHCT) and hydroxycinnamoyl-CoA quinate/shikimate
transferase (LfHQT4), which were both downregulated and most likely responsible for the
observed reduction of CQAs in L. fischeri. To summarize, the flavonoid biosynthetic pathway in
L. fischeri was found to be modulated by drought stress, with both enhancement and suppression
observed in different branches. Park et al. screened a broad array of corresponding genes, which
were divided into two primary groups. The "response to water deprivation™ gene set comprised 38
upregulated and 76 downregulated genes. Similarly, the "flavonoid metabolic process” gene set
showed 23 upregulated and 65 downregulated genes under drought conditions (Park et al., 2023).

According to the literature, there are diverse responses in the accumulation of polyphenols in
plants in terms of temperature stimuli as well. Generally, low temperatures seem to lead to the
activation of their biosynthesis, whereas high temperatures seem to suppress this process
(Zagoskina et al., 2023). Molecular and genetic studies on Chrysanthemum x morifolium (Ramat.)
Hemsl. (cultivar 'Fencui') have identified a novel atypical transcription factor belonging to
subgroup 7 (SG7) R2R3-MYB, designated as CmMYBO012. This transcription factor is induced in
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response to prolonged high-temperature exposure and has been found to inhibit flavonoid
biosynthesis (Zhou et al., 2021). Flavonol synthesis in Vitis vinifera L. may also be indirectly
affected by high temperatures, with a general decrease of metabolism at the whole-vine as
suggested by Gouot et al. (2018).

These observations could partially explain the disparities in the levels of phenolic compounds
accumulated during the first and second years, characterized by a notable decrease in total rainfall
and longer periods of dryness, which might cause temporary drought stress. The reduction in Lu-
7-O-glu during the second year of evaluation seemed to be positively correlated with a significant
decline in rainfall and was adversely affected by high temperatures. In contrast, the increase of
caffeic acid and STL derivatives appears to be positively influenced by the same environmental
parameters. In general, drought-responsive genes can influence the biosynthetic pathway of SM
through various mechanisms, such as the regulation of reactive oxygen species (ROS), which can
promote the synthesis of both phenolic and terpene compounds for detoxification (Ripoll et al.,
2014; Kumar et al., 2021). For example, drought stress has been found to upregulate the expression
of terpene synthases in R. officinalis, leading to an increase in the accumulation of monoterpenes,
diterpenes, and sesquiterpenes (Moghadam et al., 2023).

The impact of environmental variations on chemical content can sometimes be contingent upon
the genetic background of each accession. For instance, the CCA analysis of ChA, 3,5 DCQ, CGA,
and GPL shows that the response of Agnelezza and Zambana to climate change conditions was
different and influenced by individual genotypes. Notably, Agnelezza seems to demonstrate lesser
susceptibility to environmental adversities when compared to Zambana for most of the studied
substances.

In general, the challenges associated with the domestication of C. alpina primarily arise from
the constraints imposed by its native environment (Scartezzini et al., 201). Furthermore, the
accumulation of phytochemical compounds in C. alpina appears to be influenced by genetic and
environmental factors unique to mountainous ecosystems. The ability to mitigate or control such
variations could play a crucial role in overcoming a significant obstacle to utilizing alpine sow
thistle as a potential source of natural AH drugs, as well as in establishing plant breeding programs.
In the course of establishing a plant breeding program for the domestication of C. alpina, one
approach to consider could be the implementation of controlled pollination techniques involving

parent plants sourced from distinct regions (e.g., Scandinavia, the Carpathians, and the Alps)
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adapted to significantly different climate conditions over evolution. This strategy could help
explore the potential of hybridization between geographically isolated taxa to expand the species’
range to more favorable environments. Furthermore, the chemical composition of the obtained
generations needs to be analyzed, and the potential impacts arising from such hybridization should
be assessed carefully.

In conclusion, the present study provided comprehensive insights into the genetic structure
and chemical composition of C. alpina populations collected in the Province of Trentino. The
findings indicate a moderate to high level of variability, suggesting limited gene flow between the
local populations. Moreover, the analysis revealed the presence of three distinct genetic groups
(K) within the studied populations. For the chemical characterization of the species, the primary
focus was on STLs, caffeic acid derivatives, and polyphenols. During the analysis, several
substances that have previously demonstrated AH and insecticidal properties (Valente et al., 2021,
Ocampos et al., 2023) were identified. Notably, ChA, 3,5 DCQ, GPL, CGA, Ap-7-O-gluc, Lu-7-
O-glu, Ap, and Lu were found to be the most abundant. The concentrations of these metabolites
partially align with previous research; however, it should be noted that C. alpina remains relatively
understudied, which poses challenges in drawing definitive conclusions. Significant variability
was observed not only within individual samples of the same accessions but also among the eight
distinct populations analyzed. As a result, numerous chemotypes and genotypes enriched in
potential anti-inflammatory, AH, and other antioxidant properties have emerged. Further
investigation is warranted to explore these promising chemical and genetic phenotypes and

establish breeding programs aimed at domesticating the species.
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Chapter 4: Genetic and chemical profiling of wild Tanacetum vulgare

populations from distinct origins and their potent anthelmintic activity

4.1 Introduction

Tanacetum vulgare L. is a perennial herbaceous plant of the Asteraceae (Compositae) family
(Kumar and Tyagi, 2013). The species is commonly known as “Tansy", a name that derives from
the Greek term "Athanasia”, which symbolizes immortality and was most likely bestowed upon it
because its bright, yellow flowers retain vitality even when dried (Weaver, 2021). T. vulgare is
diploid (2n = 18), self-incompatible, and relies heavily on pollinators for seed production (Lokki
et al., 1973). The species is indigenous to Europe and Asia, while it was introduced to North
America during the colonial period for its applications in both medicinal and horticultural contexts
(Kleine and Miller, 2011). Nowadays, thriving as a wild MAP, it is widespread across the northern
hemisphere, commonly encountered along roadsides, hedgerows, and disturbed areas (Ac¢imovié¢
and Puvaca, 2020). This species encompasses two varieties: var. vulgare, extensively distributed
in northern Europe and North America, and var. boreale, found in Russia, China, Korea, and Japan
(Ac¢imovi¢ and Puvaca, 2020), while it is famous for presenting diverse chemotypes worldwide
(Nurzynska-Wierdak et al., 2022).

T. vulgare is valued in the cosmetic and pharmaceutical industries due to its abundance of
unique and diverse bioactive compounds (Sukele et al., 2023). The plant's extracts demonstrate
potent antimicrobial, antioxidant (Devrnja et al., 2017), AH, and insecticidal activities (Godinho
et al., 2014). Notably, Rohloff and colleagues (2004) isolated several secondary metabolites from
the aerial parts of the plant, including monoterpenes, sesquiterpenes, and flavonoids. Indeed, T.
vulgare contains a range of substances, including thujone and PARTH, a STL that belongs to the
class of germacranolides and has been extensively studied for its anticancer properties (Karam et
al., 2021).

Over the years, scientific studies have provided numerous pieces of evidence demonstrating
the AH activity of T. vulgare extracts against diverse parasitic worms, including GI nematodes in
both animals and humans. For example, in vitro assays have unveiled Tansy’s promising activity
against parasitic worms that affect humans, including A. lumbricoides and T. trichiura (Godinho
et al., 2014; Liu et al., 2020), while previous animal studies have demonstrated the efficacy of

extracts from the species against H. contortus and Trichostrongylus colubriformis (Klongsiriwet
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et al., 2015; Klavina et al., 2023). In a recent study by Poulopoulou et al. (2022), methanolic
extracts derived from T. vulgare inhibited the ED of A. galli, which causes substantial annual
losses in the livestock/poultry industry (Zaman et al., 2020) (see also Introduction).

Tansy is a species with great plasticity, and many studies have documented or explored the
cause and impact of its diverse chemotypes before (Kleine and Muller et al., 2011; Wolf et al.,
2011). To address the research objectives of HERBAL and better understand the species itself,
chemical analyses employing LC-MS/MS and assessment of genetic variability utilizing SSR
molecular markers were conducted on a collection of T. vulgare sourced from the province of
Trentino, Italy. The goal was to identify chemotypes and genotypes rich in AH compounds,
enabling the improved cultivation of high-quality plants and utilization of the plant and its extract

as a natural deworming agent to reduce parasitic burdens in farm animals, like poultry.

4.2 Results
4.2.1. Chemical Analysis
4.2.1.1. STLs and Caffeic Acid derivatives in T. vulgare

Chemical diversity manifests in the form of distinct chemotypes characterized by specific
metabolites from discrete chemical classes. To comprehensively explore the chemical diversity of
T. vulgare, a chemical analysis was conducted using a novel and validated targeted metabolite
profiling approach based on LC-MS/MS with MRM-based quantification (Materials and Methods,
C. alpina 3.2 Results).

Figure 4.1 provides a comprehensive overview of the mean value (mg/100 g) and SD error
(mg/100 g) of eleven caffeic acid and STL derivatives: 3,5 DCQ, CGA, PARTH, 4,5 DCQ, SKA,
COST, LAC, caffeic acid, LACP, 1,3 DCQ, and COS found in the Tansy collection (Table S4c).
The metabolites with the highest average accumulation were 3,5 DCQ (178.6 mg/100 g), CGA
(145.5 mg/100 g), 4,5 DCQ (85.1 mg/100 g), and PARTH (49.6 mg/100 g), which also depicted a
notable SD error equal to 49.6. PARTH was found to display significant differentiation not only
between but also within the eleven populations, as will be explained in the following paragraphs
in detail. Conversely, minor amounts of COST, LAC, LACP, 1,3 DCQ, and caffeic acid were
detected.
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Figure 4.1: STLs and caffeic acid derivatives in T. vulgare. The mean value of eleven caffeic acid and STL

derivatives identified in the T. vulgare collection, along with their calculated SD error bars.

The chemical analyses conducted on the 2022 harvest indicated a partial increase in the majority
of the examined metabolites compared to the data recorded for the 2021 material. However, it is
crucial to consider that the experimental field of T. vulgare experienced a significant infestation
during 2022, necessitating the application of insecticidal treatments. This infestation had a
pronounced impact on the populations of Palu De Fersina and Caldonazzo, resulting in
considerable damage and the loss of individual plants. Despite these challenges, the application of
an acaricide effectively mitigated the infestation of the common red spider mite (T. urticae). The
second-year analysis of the Tansy collection revealed substantial differences in the accumulation
of few specific metabolites compared to the first-year study, while others displayed a degree of
stability (See Annex, Supplementary Tables S4c, S4d, and the Anova Tables). These findings
might highlight the complex interplay between environmental factors and chemical reactivity
within this botanical species, although further studies are needed to confirm them. A visual
representation of this pattern is depicted in the following figures, showcasing the mean values of
the three most prominent metabolites (3,5 DCQ, CGA, and PARTH) and their distribution within
the eleven accessions of T. vulgare for the years 2021 (A) and 2022 (B) (Figure 4.2-4.4).
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Figure 4.2: The accumulation of 3.5 DCQ in T. vulgare. The mean value of the most abundant DCQ (3.5 DCQ) in
T. vulgare and how it differentiates between the eleven accessions for the years 2021 (A) and 2022 (B). Number 1
refers to Agnedo, 2) Canezza, 3) Grigno, 4) Palu Del Fersina, 5) Caldonazzo, 6) Segonzano, 7) Stramentizzo, 8)
Tesero, 9) Barco, 10) Bonn, 11) Siena. More details are provided in the Annex Supplementary Table S4c, where
superscript letters indicate statistically significant differences (p < 0.05) among populations, based on Tukey’s HSD

post hoc test.

Tansy is known to be rich in 3,5 DCQ, a substance with potent antioxidant activity (Devrnja
et al., 2017). Taking a closer look at Figure 4.2, it becomes evident that the differences in the
accumulation of 3,5 DCQ in the years 2021 (A) and 2022 (B) are not as pronounced in Agnedo
(1), Canezza (2), Grigno (3), Palu Del Fersina (4), and Caldonazzo (5) as the variance observed in
the remaining accessions (Segonzano (6), Stramentizzo (7), Tesero (8), Barco (9), Bonn (10), and
Siena (11). For the year 2021, Agnedo (1) exhibited the highest mean value of 215 mg/100 g of
DW, while Tesero (8) showed the lowest value (125 mg/100 g). In the subsequent year, 2022, Palu
Del Fersina (4) demonstrated the highest accumulation with 210 mg/100 g of DW, while the
remaining accessions displayed relatively similar amounts, with Grigno (3) recording the lowest.
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Figure 4.3: Accumulation of CGA. The mean value of the CGA and how it differentiates between the eleven
accessions of T. vulgare for the years 2021 (A) and 2022 (B). For space management, number 1 refers to Agnedo, 2)
Canezza, 3) Grigno, 4) Palu Del Fersina, 5) Caldonazzo, 6) Segonzano, 7) Stramentizzo, 8) Tesero, 9) Barco, 10)
Bonn, 11) Siena. More details are provided in the Annex Supplementary Table S4c, where superscript letters indicate

statistically significant differences (p < 0.05) among populations, based on Tukey’s HSD post hoc test.

In T. vulgare, CGA emerged as the second most prevalent caffeic acid derivative. Once again,
the statistical distinction between the years 2021 and 2022 appears to be less pronounced in the
accessions of Agnedo (1), Canezza (2), and Grigno (3) compared to the rest. In contrast, a
significant increase in the accumulation of this substance was observed during the second year in
the remaining populations, particularly in Stramentizzo (7) and Tesero (8). In these two accessions,
the levels varied from 87 mg/100 g and 75 mg/100 g in 2021 to 183 mg/100 g and 175 mg/100 g,
respectively, during the subsequent evaluation in 2022. This substantial rise in accumulation
represents a noteworthy finding for these populations since a similar pattern was detected for 3,5
DCQ.

PARTH emerged as the predominant STL within the tansy collection. Distinctively, it
demonstrated considerable variations, not only across the studied accessions but also within
individual plants of the same population/genetic groups, as can be seen in Figure 4.4. Among the
accessions, Canezza (2A) displayed the highest mean value of PARTH in 2021 (103 mg/100 g),
closely followed by Grigno (3A), Sienna (11A), Agnedo (1A), and Palu Del Fersina (4A).
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Conversely, accessions Caldonazzo (5A), Stramentizzo (7A), and Tesero (8A) showed minimal
accumulation (around 1 mg/100 g or less) during the initial evaluation (2021), while Segonzano
(6A), Barco (9A), and Bonn (10A) exhibited approximately 10-20 mg/100 g of DW.

PARTH
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Figure 4.4: Accumulation of PARTH. The mean value of the most abundant STL derivative, PARTH, and how it
differentiates between the eleven accessions of T. vulgare for the years 2021 (A) and 2022 (B) can be seen in the
above figure. Number 1 refers to Agnedo, 2) Canezza, 3) Grigno, 4) Palu Del Fersina, 5) Caldonazzo, 6) Segonzano,
7) Stramentizzo, 8) Tesero, 9) Barco, 10) Bonn, 11) Siena. More details are provided in the Annex Supplementary
Table S4c, where superscript letters indicate statistically significant differences (p < 0.05) among populations, based

on Tukey’s HSD post hoc test.

In 2022, Canezza (2B) once again demonstrated the highest mean value of PARTH (134
mg/100 g), followed by Palu Del Fersina (4B), Grigno (3B), Segonzano (6B), Sienna (11B), and
Barco (9B). To this extent, even the low-yielding populations from the first year, including
Caldonazzo (5B), Stramentizzo (7B), and Tesero (8B), exhibited a significant increase in PARTH
accumulation during 2022. A similar trend was also observed for Stramentizzo and Tesero in
relation to 3,5 DCQ and CGA, further highlighting the dynamic nature of metabolite production
across different environmental conditions and genetic backgrounds. More details are provided in
the Annex Supplementary Table S4c. This extreme variability observed between the eleven
different populations is also evident within many of the accessions themselves and could lead to

the characterization of three distinct chemotypes: high producer lines (Canezza, Palu Del Fersina,
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Grigno), intermediate-low (Bonn, Sienna), and low lines, which accumulate amounts lower than
1 mg/100 g or even less (Caldonazzo). Further details will be provided in subsequent analyses.

In light of the intriguing variability of PARTH, a focused analysis considering the values of
ten individual plants per population was performed. According to previous data, the most
substantial amount of PARTH was isolated from Canezza (2), and within this accession, the

accumulation spanned from 1.5 to 228 mg/100 g of DW in 2022.
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Figure 4.5: Distribution of PARTH within the Canezza population. The distribution of PARTH within the
population Canezza (2) for the years 2021 and 2022, alongside the calculated SD error bars. The results were obtained
and evaluated between ten (A, B, C, D, E, F, G, H, I, J) individuals of the population in the passage of two cultivated
years (2021 (1) and 2022 (2).

Within the population of Canezza six plants (A, B, C, D, E, J) demonstrated a high-production
capacity/capability during both years, accumulating approximately 100 mg/100 g DW or more of
the substance, while a subset of four plants (F, G, H, 1), classified as intermediate-low chemotypes,
exhibited quantities significantly below the 100 mg threshold (from 1.52-10 mg/100 g DW).
Moreover, within this subgroup, one individual plant that displayed 1.66 mg/100 g DW during the
first year of analytics (G1) accumulated 10 mg/100 g in 2022. A similar pattern was displayed by
the high-production capacity plants C and E as well, which accumulated 89 (E1) and 109 (C1)
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mg/100 g during the first year and 195 (E2) to 197 (C2) mg/100 g DW during the second. To
summarize, the analysis revealed chemotypes that accumulated high amounts of PARTH as well
as those with intermediate-low levels. Some plants produced lower amounts in one year and
substantially higher amounts in the second. As a result, a distinct chemical variation of PARTH
was noted, and further confirmation, through a broader analysis of individual plants, including
chemo-genetic studies, is needed to understand the genetic and environmental factors contributing
to this observation.

Those first chemical results in Canezza prompted an interest in a more detailed examination of
the intermediate or high-producer accessions, as indicated in the following figures (4.6-4.7). For

instance, Figure 4.6 provides a summary of the PARTH content within the populations of Angedo
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Figure 4.6: Accumulation of PARTH in Agnedo and Grigno. The accumulation and variation of PARTH between
nine individual plant representatives (A, B, C, D, E, F, G, H) within the accessions of Angedo and Grigno for the years
2021 and 2022

Agnedo was the only population in which the total mean accumulation of PARTH declined
during the second year of analysis, from 62.5 to 45.5 mg/100 g DW, respectively. As can be seen,
one plant within the accession was classified as a high producer in both years (plant I), with its
concentration decreasing from 221 to 180 mg/100 g DW during the second year. The plant D1 was
classified as a high producer in 2021 (182 mg/100 g) but an intermediate producer in 2022 (91.3
mg/100 g). On the contrary, the individual plant C that was classified as an intermediate-low type
in 2021 was a higher producer in 2022. Plants E, G, and J were zero producers in 2021 but
intermediate-low producers in 2022. Based on these results, the Agnedo accession appeared to
comprise individuals representing all the observed and spontaneously defined chemotypes.

Similarly, an analogous pattern was noticed in Grigno, albeit the observed variation was not as
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pronounced as the one detected in Agnedo. Four plants were high producers (F, H, I, and J), with
F1 presenting the highest value, 222 mg/100 g DW in 2021 and 192 mg/100 g in 2022. The
remaining high producers (H, I, and J) showed a significant increase in the accumulation of
PARTH during 2022. All other plants were low producers, with two, B1 and E1, presenting as

intermediate in the first year and intermediate-low in the second.
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Figure 4.7: Accumulation of PARTH in the accessions of Siena and Bonn. The accumulation of PARTH and how
it differentiates between ten individual plant representatives of Siena and Bonn for the years 2021 and 2022. The

results were obtained and evaluated fromten (A, B, C, D, E, F, G, H, 1, J) individuals of each population.

Siena and Bonn were the only accessions that were assigned to the blue genetic cluster (B, see
chapter 4.2.2.2) and did not originate from Trentino. Across the collection and as can be seen in
Figure 4.7, every individual plant predominantly exhibited an intermediate chemotype during the
2021 analysis. However, in 2022, notable variations were observed among the individual plants,
resulting in either significant increases or decreases, respectively. Notably, plant E of Siena
displayed a significant variation, accumulating only 17.5 mg/100 g DW of PARTH in the initial
year, yet tenfold of that quantity (175 mg/100 g DW) in the subsequent year. In general, plants
marked as A through E in Figure 4.7 demonstrated increased accumulations during the second-
year analysis, whereas F through J, with the exception of I, were found to have a reduced
concentration of PARTH for 2022. Conversely, within the Bonn accession, all individuals showed
a substantial increase in PARTH accumulation during the second year, except for plants A, C, and
F.

Finally, populations Canezza, Bonn, and Siena were the only ones encompassing plants that

were classified into high, intermediate, or intermediate-low producers, with PARTH content
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ranging from 1.6 to 228 mg/100 g DW. In contrast, there were many examples of specimens,
within the remaining accessions, that did not produce any PARTH and were marked as zero
producer plants (Caldonazzo, Stramentizzo), even in populations that seem to accumulate a high
mean value of the substance (e.g., Grigno and Agnedo). The overall data indicate a partial increase
in the accumulation of the total chemical content during the second year of analysis (2022);
however, there were exceptions to this pattern. For instance, both the collective and individual
values of PARTH exhibited a notable decrease in the population of Agnedo (1) and a small decline
in the population of Grigno (3) in 2022.

4.2.1.2. Additional polyphenolic content of T. vulgare.

To further investigate the polyphenolic composition of the T. vulgare accessions, samples were
analyzed using a broader targeted LC-MS/MS approach, as described by Vrhovsek et al. (2012).
In total, fourteen polyphenols were detected and quantified (Figure 4.8) during this screening,
including additional compounds beyond those previously reported.

The additional polyphenolic compounds identified with the Vrhovsek et al. (2012) method were
the flavonol glycosides kaempferol 3-O-glucuronide (Km-3-O-glucur), quercetin-3-O-
glucuronide (Qu-3-O-glucur), quercetin-3-O-glucoside (Qu-3-O-glu), rutin (syn. guercetin 3-O-
rutinoside), the flavone glycoside Lut-7-O-glu, alongside its aglyca, Lu, and the flavone Ap.
Moreover, the methylated flavone chrysoeriol, the methylated flavonol laricitrin, and the CGA
acid derivatives neoCGA and cryptochlorogenic (CryptoCGA) were detected alongside the 2,4-
dihydro-benzoic acid (2,4-diOH-BZA) (Table S4d).

Notably, the highest accumulated metabolite was Km-3-O-glucur, accompanied by Qu-3-O-glu
(32.38 mg/100 g), Qu-3-O-glucur (25.91 mg/100 g), chrysoeriol (20.7 mg/100 g), Lu (11.8 mg/100
g), and Lu-7-O-glu (7.21 mg/100 g). Among the analyzed polyphenols, Km-3-O-glucur showed

the highest variation not only among different accessions but also within the eleven accessions.
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Figure 4.8: Additional polyphenolic content of T. vulgare. During a screening with the Vrhovsek et al. (2012)
method, fourteen additional polyphenolic compounds were identified in the T. vulgare germplasm collection. In the
chart here, the mean value of each metabolite for two consecutive years is presented, along with the calculated SD

error bar.

To visualize this pattern, the mean values of Km-3-O-glucur and its distribution within the Tansy
collection, along with the corresponding SD error bars for the years 2021 and 2022, are shown in
Figure 4.9. It becomes evident that the accumulation of the identified metabolite has a significant
variation. For example, Bonn and Siena (genetic cluster: Blue, chapter 4.2.2.2) exhibited only
marginal concentrations of the substance during both years, while the remaining Trentino
accessions showed more variable concentrations, with population Stramentizzo (7) being the sole
exception and accumulating only small amounts (1,5 mg/100 g in 2021 and 7.5 mg/100 g of DW
in 2022). A general trend in the collection is that a substantial increase in Km-3-O-glucur was
observed during the second year of analysis for all the studied populations. Accession Barco (9)
accumulated the highest values during both years (approximately 116 mg/100 g DW in 2021 and
332 mg/100 g DW in 2022), followed by Tesero.
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Figure 4.9: Accumulation of Km-3-O-glucur. The accumulation of Km-3-O-glucur and how it differentiates
between the eleven accessions for the years 2021(A) and 2022 (B), alongside SD error bars. For space management
and better visualization, number 1 refers to Agnedo, 2) Canezza, 3) Grigno, 4) Palu Del Fersina, 5) Caldonazzo, 6)
Segonzano, 7) Stramentizzo, 8) Tesero, 9) Barco, 10) Bonn, 11) Siena. More details are provided in the Annex
Supplementary Table S4d, where superscript letters indicate statistically significant differences (p < 0.05) among

populations, based on Tukey’s HSD post hoc test.

In general, a wide variability was observed not only between the different Trentino populations
but also within certain populations themselves, such as Palu Del Fersina (4), Caldonazzo (5),
Segonzano (6), Tesero (8), and Barco (9). Barco and Tesero produced the highest amounts of Km-
3-O-glucur, as shown in Figure 4.9, during 2021 and 2022, while Bonn (10) and Strametizzo (7)
produced the lower amounts. Generally, a notable increase in the Km derivative was observed
within the accessions during 2022, however, the underlying factors that may have contributed to
this phenomenon need further investigation. The majority of the plants exhibited more than 100
mg/100 g DW of the flavonol compound, but within the collection, some individuals accumulated
lower amounts, even traces. Figure 4.10 depicts individual plants from both Bonn and Barco.
Within Bonn, the sampled plants exhibited minimal to low levels of Km-3-O-glucur (ranging from
0.09 to 3.21 mg/100 g DW), with a subtle yet discernible increase during the second year of
analysis. In contrast, Barco accession encompassed plants displaying accumulations of the
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compound up to 539 mg/100 g (C2). Notably, all ten representative plants in Barco exhibited a
significant increase during the second year of analysis, with a solitary exception: Plant F, which

had shown a decrease.
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Figure 4.10: Accumulation of Km-3-O-glucur in Bonn and Barco. The concentration of Km-3-O-glucur and how
it differentiated within ten individual specimens (A, B, C, D, E, F, G, H, I, J) of the Barco and Bonn accessions for
the years 2021, marked with (1), and 2022, marked with (2).

To conclude, distinct chemotypes were observed for the accumulation of Km-3-O-glucur in
the T. vulgare collection. Among the studied accessions, Stramentizzo (7), Bonn (10), and Siena
(11) accumulated the lower amounts of the derivative in 2021, with Siena showing a significant
increase during 2022 (Figure 4.9). Within those accessions, the representative plants produced only
traces of the substance or medium to low amounts. Finally, the remaining populations have shown
intermediate or high production levels, with most of them showing an increased concentration

during the second year of analysis.

4.2.2. Genetic Results
4.2.2.1 Genetic variability evaluation

To assess the genetic variability within the T. vulgare collection, a total of eleven SSR markers
were employed. Ten SSRs (179, 378, 70, 89, 341, 321, 658, 204, 123, and 245) previously
described by Wang et al. (2013) (see Materials and Methods, section 2.2.2) were used, along with
one additional marker, M4.11b, which was applied for the first time in T. vulgare and had been
previously utilized in the genetic analysis of C. alpina (Patella et al., 2019). Details of all SSR

markers used are provided in Supplementary Table S1B.
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Na 3.818 3.182 2909 2545 2.818 2.909 2545 2636 3364 2909 2545
Na Freq. >=5% 3.818 3.182 2909 2545 2.818 2.909 2545 2636 3364 2909 2545
Ne 2.468 2.390 1.940 1.851 2.152 1.986 1.792 1946  2.308  2.168 1.794
I 1.003 0.869 0.743 0.653 0.759 0.746 0.610 0.689 0.914 0.746 0.586
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He 0.548 0.489 0.434 0.392 0.432 0.442 0.351 0.415 0.514 0.427 0.340
uHe 0.579 0.518 0.459 0.415 0.480 0.470 0371 0.438 0.544 0.4356 0362

Fig 4.11: Mean allelic patterns across the populations of T. vulgare. The SSR study was carried out to investigate

the genetic parameters for the germplasm collection of T. vulgare. As mentioned in the table above Number 1 refers

to Agnedo, 2) Canezza, 3) Grigno, 4) Palt Del Fersina, 5) Caldonazzo, 6) Segonzano, 7) Stramentizzo, 8) Tesero, 9)
Barco, 10) Bonn, 11) Sienna,

Overall, the analysis revealed a total of sixty-nine different alleles among the eleven

accessions. The average number of Na ranged from 2.545 to 3.818, resulting in an average of 3

alleles per locus examined. Accession Agnedo (1) exhibited the highest average number of

different alleles (Na = 3.818) and effective alleles (Ne = 2.468), while the lowest values were

recorded for Sienna (11) (Figure 4.1). In general, the uHe values were higher than the numbers of
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He for all of the populations, probably due to the small population sizes (Harris et al., 2017). The
Shannon-Weaver information index ranged from 1.003 in Agnedo (1), which presented the highest
genetic variability, to 0.58 in Sienna (11), which depicted the lowest. The most polymorphic loci
for T. vulgare were 89, 123, and M4.11b. Unique alleles were identified for all accessions except
Caldonazzo (5) and Sienna (11) during the SSR analysis. This information can be valuable for
future breeding programs as it allows for the differentiation and characterization of the nine distinct
accessions within Trentino. A medium level of heterozygosity (average He) was found in the SSR

analysis, as commonly anticipated in natural populations.

4.2.2.2 Population structure assessment for T. vulgare

The identification of potential genetic clusters among the eleven germplasm collections of T.
vulgare was performed using the STRUCTURE analysis software (Figure 4.12). To determine the
optimal number of clusters (K), the plotted AK values were examined (see Figure 4.2B).
Noteworthy, the highest AK value was observed at K = 5, indicating the presence of five distinct
genetic pools within the Tansy accessions (Cluster A: pink, Cluster B: yellow, Cluster C: Blue,
Cluster D: Green, Cluster E: Red). In Figure 4.12A, each analyzed individual is represented by a
single vertical line, and each color represents a different gene pool as calculated by STRUCTURE,
presuming that each individual has inherited a distinct proportion of its ancestors from each of the

K genotypes calculated (Pritchard et al. 2000).
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Figure 4.12: Population structure assessment of T. vulgare. Bayesian model-based structure (K=5) of 110 individual plants of
T. vulgare originating from nine germplasm collections distributed in the Italian Alps and two accessions provided by the Botanic
Garden of Bonn and Sienna (Cluster A: pink, Cluster B: yellow, Cluster C: Blue, Cluster D: Green, Cluster E: Red). In the
case of the eleven different T. vulgare germplasm collections, the STRUCTURE analysis assumed five genetic groups (K=5) as

the most likely number.

A Principal Coordinates Analysis (PCoA 4.13) conducted to evaluate potential clusters among
the eleven different accessions revealed the presence of two primary clusters (PCoA). Siena and
Bonn (Cluster C: Blue), which did not originate from Trentino, exhibited distinct differentiation
from the other accessions. In contrast, the remaining accessions displayed greater similarities and
formed a separate, predominant cluster (PCoA 4.3). Within this cluster, four separate sub-clusters
were formed: 1) encompassing Agnedo, Canezza, and Palu Del Fersina (Cluster B: Yellow), 2)
Grigno, Caldonazzo, and Barco (Cluster E: Red), 3) Segonzano and Stramentizzo (Cluster A:
Pink), and finally 4) Tesero (Cluster C: Green).
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PCoA 4.13: Preliminary Principal Coordinates Analysis for T. vulgare. A preliminary PCoA was performed for

the eleven accessions of T. vulgare to assess the presence of possible clusters between and within the collection.

To summarize the genetic analysis conducted on the germplasm collection of Tansy in Trentino
has revealed the existence of five distinctly separated genetic clusters. The results are visualized
in the following map (Figure 4.14), where each accession is represented by a circle. The size of
the circular sectors indicates the percentage of genetic ancestry contributed by each cluster. The
colors (pink, yellow, blue, green, and red) represent specific genetic clusters labeled A, B, C, D
and E, respectively (Cluster A: pink, Cluster B: yellow, Cluster C: Blue, Cluster D: Green, Cluster
E: Red).
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Figure 4.14: Distribution of the T. vulgare populations in Trentino. The MAP displays the genetic ancestry of
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eleven accessions of T. vulgare within the province of Trentino, based on a K=5 genetic clustering analysis. The
circles represent the percentage of ancestry assigned to each genetic cluster, while the colors (pink, yellow, blue,

green, and red) correspond to specific clusters (A, B, C, D, and E, respectively).

The accessions Agnedo, Barco, Caldonazzo, Canezza, Segonzano, and Tesero showed
evidence of mixed ancestry. This observation suggests that individuals from these populations
exhibit genetic admixture, implying historical gene flow or interbreeding between them.
Specifically, Caldonazzo and Barco have a higher percentage of genetic influence by the red
cluster (E). Canezza has a higher percentage from the yellow cluster (B), while Segonzano is from
the pink cluster (A). Agnedo, on the other hand, displayed an approximately equal genetic
influence from both yellow and red clusters. Finally, Grigno, Palu del Fersina, and Stramentizzo
were identified as pure representatives of their respective genetic clusters: E, B, and A, while
Tesero stood out as the only representative of the C genetic cluster (green).

In conclusion, the genetic clustering data obtained from the PCoA (Figure 4.13) generally
aligns with the geographic distribution of the accessions across the region (refer to Figure 4.14).
However, the differentiation between Trentino clusters is less distinct in the PCoA results
compared to those from the Structure analysis, likely due to the inclusion of the Bonn and Siena

accessions in the PCoA. According to the Structure analysis, the admixed accessions are primarily
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concentrated in the Valsugana Valley, particularly along the Brenta River and southeast of the
Lagorai mountain range. Among these, the Caldonazzo, Barco, and Grigno accessions, located
along the Brenta River, are predominantly associated with the red cluster (E), while Agnedo,
situated north of the Brenta, appears to be genetically admixed. Structure analysis revealed a
predominance of the yellow cluster in the Canezza and Palu del Fersina populations. This pattern
may be attributed to the presence of the Fersina River, which separates the Mocheni area, where
these populations were collected, from the Valsugana Valley. Accessions from Segonzano and
Stramentizzo (pink cluster: A) are geographically located in the central and northern sections of
the Cembra Valley, near the Avisio River. Lastly, the Tesero population (green cluster: C)

originates from the northernmost part of the Trentino region, within the Fiemme Valley.
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4.3. Discussion

T. vulgare is a medicinal herb of the Asteraceae family listed in several pharmacopeias
(Devrnja et al., 2017). The aerial parts of this species are well known for their effectiveness in
treating migraine, neuralgia, and rheumatism while also exhibiting notable AH and insect-repellent
activities (Godinho et al., 2014; Ozbilgin et al., 2018; Babich et al., 2023). Phytochemical analysis
of the present study has indicated the presence of numerous biologically active metabolites within
the Trentino germplasm collection, with a predominant abundance in STLs, caffeic acid
derivatives, and polyphenols, which could be responsible for the AH (Godinho et al., 2014,
Poulopoulou et al., 2022), anti-inflammatory (Coté et al., 2017), and antioxidant (Devrnja et al.,
2017) properties of the species.

To support the domestication process of Tansy and implement a plant breeding program, a
comprehensive assessment of the genetic diversity of the existing collection was necessary. For
this purpose, SSR markers identified through transcriptome sequencing of C. nankingense
(Asteraceae) were tested. Wang and colleagues (2013) evaluated during that time, eighty-one
markers across various plant genera (Chrysanthemum, Leucanthemella, Ajania, Artemisia,
Opisthopappus, Pyrethrum, Tanacetum, and Crossostephium), and many of them were
transferable across species, revealing a significant level of allelic diversity (Wang et al., 2013).

As out of the twenty-six SSRs (Wang et al., 2013) assessed in the Tansy collection, only ten
primers displayed specific amplification products, indicating a transferability success rate of nearly
40%. This could have been expected since the Asteraceae family is known to exhibit low levels of
genetic conservation, resulting in limited transferability of microsatellite markers across different
genera (Whitton et al., 1997). For instance, cross-genera transferability of SSRs from sunflowers
is of limited use in safflower (Garcia-Moreno Maria et al., 2010). Similar results had been observed
in the C. alpina studies described in Chapter 3. Indeed, even among species of the same genus,
such as Ambrosia artemisiifolia L. (Asteraceae) and A. trifida L., the successful transfer of
microsatellites was approximately 40%, as reported by Meyer et al. (2017). This relatively low
transferability rate could be attributed to the greater phylogenetic distance between those two
species when compared to other subspecies like A. psilostachya, which has shown higher rates of
transferability with A. artemisiifolia. Furthermore, these findings underscore the significant
species specificity of these markers, thus highlighting the importance of SSRs in population

genetics. Nonetheless, it also supports the crucial necessity of verifying their transferability before
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studies and/or the need to design novel markers when exploring diverse species (Aeillo et al.,
2020).

Medium to high levels of genetic diversity were observed in the nine local populations of T.
vulgare, in line with previous studies performed on wild medicinal plant populations (Varga et al.,
2022). For example, a genetic study performed within a wild germplasm collection of Hieracium
pilosella L. (Asteraceae) isolated from ten different locations within the Trentino region, had
shown high to medium levels of polymorphism (Zini and Komjanc, 2006), while in a more recent
study during the development of microsatellite locus for T. cinerariifolium (Trevor) Sch.Bip., the
observed (Ho) and expected (He) heterozygosity ranged in similar values (from 0.167 to 0.708 and
0.197 to 0.864) (Varga et al., 2022) as the ones found for T. vulgare.

During the Structure analysis, the majority of the Trentino population seemed to belong in the
genetic clusters E (red) and B (yellow) (see Figure 4.14). Among these populations, Agnedo
exhibited the highest genetic variability (1.003), closely followed by Barco (0.914) and Canezza
(0.869). Notably, these admixed populations display genetic contributions from at least three
common ancestors (Cluster E: red, Cluster B: yellow, and Cluster A: pink), likely attributed to
their geographic location and spatial proximity. The overall high genetic diversity within those
Trentino populations could also be partially attributed to the outcrossing nature of Tansy (Lokki
etal., 1973), as has been shown before for Asteraceae species such as Cirsium arvense L. in North
America (Bodo-Slotta et al., 2010) and Senecio leucanthemifolius L. subsp. vernalis (Asteraceae)
populations in Iran (Eftekharian et al., 2015). These populations seem to hold potential as
candidates for unintentional natural "pre-breeding" strategies, such as pollen or seed dispersal
through wind, rivers, human or animal activities, etc.

Canezza, located upstream of the Fersina River, and Palu Del Fersina display a pronounced
enrichment of the yellow cluster, whereas Caldonazzo and Barco, located downstream of the
Brenta, predominantly align with the red cluster and are more similar to Grigno. A significant
positive correlation between genetic and geographic distances in wild populations of Zizania
latifolia (Griseb.) Hance, ex F. Muell by Chen et al. (2017) suggests that Isolation by Distance
(IBD) predominantly influenced the genetic differentiation of the studied populations. Despite
initial rejection of the corridor function of rivers in the genetic variations (due to high genetic
differentiation and breaks among the wild rice populations), Structure analysis showed that,

finally, most accessions clustered according to their river system origins. This clustering is
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probably attributed to IBD effects rather than hydraulic dispersal, given the proximity of
populations within the same river flow or systems, much like what was observed in the case of T.
vulgare. In contrast, populations without admixed individuals, such as Stramentizzo (Cluster A,
pink), Palu del Fersina (Cluster B, yellow), and Grignio (Red cluster E), demonstrated lower |
values (0.601, 0.653, 0,752) and were situated not in close proximity with one another (Figure
4.14). A recent study by Chen et al. (2023) on a threatened endemic alpine herb in Taiwan
(Euphrasia nankotaizanensis Yaman) supports the observation that species of specific origins in
mountainous regions seem to exhibit similar genetic trends. This concordance between genetic
clustering and geographic distribution offers significant insights into the historical migration and
gene flow patterns of these populations, as outlined by Toth et al. (2019). The findings indicate
potential regional influences and barriers that may have shaped the genetic composition of T.
vulgare in the investigated area. Further inquiry and analysis are warranted to elucidate the
underlying factors contributing to this observed genetic structure.

The exploration of genetic diversity within a plant genus may offer valuable insights into
population structure, however, it is essential to recognize that molecular markers utilized to assess
genetic variation may not always correlate with variations in phenotypic traits, such as plant
chemical composition (Wolf et al., 2012). As a consequence, in this study, we performed a
comprehensive investigation of the chemo-genetic diversity within the studied populations,
integrating genetic findings with chemical analyses to provide a more holistic understanding.

The Tansy collection was abundant in various classes of metabolites, such as STLs, caffeic
acid derivatives, and various polyphenols. Among them, the predominant substances were the
caffeic acid derivatives 3,5 DCQ and CGA, the STL derivative PARTH, and the flavonol glycoside
Km-3-O-glucur. 3,5 DCQ is one of the major caffeic acid derivatives identified in the germplasm
collection of T. vulgare, with an antioxidant activity comparable to quercetin (A¢imovi¢ and
Puvaca, 2020), closely followed by CGA. In a recent study, Babich et al. (2023) showed evidence
that CGA, present in significant amounts in the aerial parts of Tansy, displays similar antioxidant
properties as 3,5 DCQ does (Babich et al., 2023). 3,5 DCQ and CGA are also prominent caffeic
acid derivatives in the close relative species T. parthenium (Hordiei et al., 2023), while the overall
antioxidant activity of Tansy extracts seems to be positively correlated with the total phenolic
content of the plant’s extracts (Sukele et al., 2023). Furthermore, the noteworthy wound healing

and anti-inflammatory properties displayed by Tansy are potentially attributed to the presence of
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PARTH (Shahhoseini et al., 2019). Of equal importance, PARTH could possibly be among the
main agents responsible for the AH activity of Tansy (observed by Poulopoulou et al., 2022), as
proposed by recent studies (Valente et al., 2021), since it is the main STL identified in the studied
collection.

AH effects in plants can be attributed to compounds such as polyphenols and terpenoids
(Cowan, 1999), which are notably present not only in T. vulgare but also in plants of the same
family (Asteraceae) like chicory (Valente et al., 2021) and C. alpina (Poulopoulou et al., 2022),
which both contain significant amounts of caffeic acid derivatives, flavonoids, and STLs. In vitro
studies suggest that STLs, including LAC and LACT, present in traces in T. vulgare, are partially
responsible for chicory's antiparasitic activity, particularly against nematodes like H. contortus and
Oesophagostomum dentatum (Pefia-Espinoza et al., 2018). Previous studies have reported a
positive correlation between STL concentration and nematode inhibition (Foster et al., 2011).
More recent investigations, including in silico analyses, have further substantiated the role of
STLs, such as 8-deoxylactucin (8-DOL), LAC, and LACP, as the primary bioactive compounds in
chicory root (C. intybus var. sativum). These compounds have demonstrated broad-spectrum
antiparasitic effects across various hosts, including Caenorhabditis elegans and Ascaris suum
(Pefia-Espinoza et al., 2020). Their activity appears to be exerted either as individual entities or
through synergistic interactions with other STL compounds, such as LAC (Valente et al., 2021).

Bano et al. (2020) have also revealed recently that flavonoids, which are widely reported as
antioxidants, also possess promising nematicidal activity, some of which were found to be more
active than carbofuran. In the study of Bano et al. (2020), the nematicidal activity of flavones and
flavonols such as Ap, Lu, Lu-7-O-glu, kaempferol, rutin, isorhamnetin, and quercetin was tested
for the first time against Meloidogyne incognita. In addition, a recent study on Tansy populations
from Latvia, rich in phenolic compounds (including quinic acids, CGA, caffeic acid, rutin,
quercetin, kaempferol, and Ap), supports that leaf extracts, which show a higher accumulation of
polyphenols (caffeic acid derivatives, flavones, and flavonols) than flower extracts, are more
efficient in vitro against Trichostrongylidae nematodes in sheep (Klavina et al., 2023). Zheleva-
Dimitrova et al. (2023) also support that leaf extracts from C. alpina have an overall higher
antioxidant capacity than flower extracts. To conclude, a higher concentration of phenolics,

according to Klavina et al. (2023), seems likely to contribute to the AH effectiveness of Tansy

102



Chapter 4

extracts as well, so both STLs and polyphenols present in the aerial parts of the plant could be
candidate AH compounds, suggesting even the possibility of synergistic effects.

Chemical diversity is a well-documented and well-established phenomenon in MAPs (Li and
Zidorn, 2022). Phenolic compounds, including CQAs (3,5 CQQ, CGA, caffeic acid) and
flavonoids (rutin, Ap-7-O-Glc, quercetin, and kaempferol), are of interest, due to their antioxidant
(Sukele et al., 2023) and AH potential (Bano et al., 2020; Klavina et al., 2023). While most studies
on T. vulgare focus on variations in the plant's EO (Kleine and Muller 2011; Muresan 2015; Clancy
et al. 2016), significant differences in the content of phenolic compounds have also been detected
by Teterovska et al. (2023). According to this group, samples of wild-growing T. vulgare from
Latvia are abundant in CGA (A¢imovi¢ and Puvaca, 2020), even though their phenolic profiles
were found to vary. The methanol extracts examined were also found to contain Lu and 3,5 DCQ,
with 3,5 DCQ showing the strongest antioxidant activity (IC50 = 9.7 uM) (Bano et al., 2020;
Teterovska et al., 2023).

During the chemical analyses of the present Tansy collection, 3,5 DCQ was found to be the
most abundant caffeic acid, with CGA following closely. Conversely, their accumulation exhibited
no remarkable extremes and remained relatively stable, with their mean concentration
demonstrating a partial increase during the second year of evaluation. Chemical variations between
two consecutive years have been documented in Asteraceae before, e.g., in the case of Cynara
cardunculus var. altilis by Mandin et al. (2020) and populations of Tithonia diversifolia Hemsl.
(Pretti et al., 2018). However, the most extreme chemical variations were found, both within and
between the studied accessions, in the case of the flavonol glycoside, Km-3-O-glucur, and the
main STL derivative PARTH. Unfortunately, most existing studies on the metabolite variability
of T. vulgare have primarily focused on its EO composition and volatile compounds (Eckert et al.,
2023), offering limited insight into fluctuations in STL content. In general, both abiotic factors,
such as thermal and oxidative stress, and biotic interactions, including those with herbivores and
antagonists, can trigger significant metabolic shifts in T. vulgare. These influences have been
shown to affect the composition and accumulation patterns of SMs, as reported by Dicke and
Baldwin (2010) and Eberl et al. (2018).

In 2012, Rosselli et al. conducted an important study where they isolated and characterized
several classes of STLs within a T. vulgare collection native to Bulgaria. PARTH was among the

STL derivatives known for its anti-inflammatory and anti-tumor properties (Karam et al., 2021).
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Roselli and coworkers (2012) demonstrated the presence of three pure chemotypes within a limited
population of Tansy based only upon the class of STLs detected, concluding that specimens that
don’t show variability in their STL content are extremely hard to obtain. During the present
chemical analysis, the germplasm from Trentino exhibited an obvious variation in the
accumulation of PARTH. This remarkable diversity was observed within individual accessions
and across different accessions, prompting the assumption that T. vulgare likely encompasses three
distinct chemotypes: a high-producer, an intermediate-low producer, and a zero-producer type for
PARTH. This phenomenon has been documented in other Asteraceae species as well. For example,
Wallaart et al. (2000) analyzed the levels of artemisinin (STL), its biosynthetic precursors, and
related sesquiterpenes in plants of Artemisia annua L. originating from various locations in China,
Germany, the USA, Vietnam, and the Balkan Peninsula. Among them, the Vietnamese A. annua
chemotype presented high artemisinin and dihydroartemisinic acid but low artemisinic acid levels,
while in contrast, the Chinese, European, and American chemotypes showed lower artemisinin
and dihydroartemisinic acid levels with higher artemisinic acid levels (Wallaart et al., 2000; Li
and Zidorn, 2022).

To summarize, there are a multitude of chemotypes observed for T. vulgare (Kleine and Muller
etal., 2011; Rahimova et al., 2023). For example, more than fifteen distinct chemotypes (based on
the EOs composition of the species) have been documented only in Scandinavia and the Baltic
regions to date (Rohloff et al., 2004), while Roselli et al. (2012) mentioned three regarding the
STLs content of a small germplasm collection in Bulgaria. Additionally, a comprehensive study
examining the chemical composition of T. vulgare across different global regions supports a
substantial variation among distinct geographic locations as well (Muresan, 2015). In the study of
Muresan et al. (2015), the observed variations were found to be associated with underlying genetic
factors. These findings underscore the presence of extensive genetic variability within the species,
evident not only within Europe but also across worldwide populations (Muresan, 2015).

This observed intraspecific chemical variation in T. vulgare seems to affect plant performance
and interactions with other species in the field communities (Ojeda-Prieto et al., 2023).
Specifically, the presence of certain volatile or non-volatile organic compounds is associated with
increased growth and altered interactions with herbivores and neighboring plants (Ojeda-Prieto et
al., 2023). In the second year of our experiment (2022), a significant infestation was monitored in

the Tansy collection, which led to the application of chemical agents, more specifically, an
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acaricide constituted by a paraffinic mineral oil. Certain accessions (Palu Del Fersina and
Caldonazzo) showed higher susceptibility compared to others and suffered significant losses. The
possible direct influence of insecticide application on the chemical composition of the Tansy
collection remains uncertain, while there is no available research directly linking an increase in the
accumulation of CGA, 3,5 DCQ, or PARTH components to infestations in T. vulgare.

However, it is well established that the cellular response to insect herbivory results in changes
in gene expression, notably the upregulation of defense-related genes and the downregulation of
photosynthesis genes in plants (Kariyat et al., 2012; Singh et al., 2021). This includes the activation
of defense genes involved in anti-nutritional protein production, SMs synthesis via the shikimate-
phenylpropanoid pathway, and genes associated with phytohormone signaling pathways such as
jasmonic acid, salicylic acid, and ethylene. Jasmonic acid, in particular, activates the key enzyme
PAL, initiating polyphenol biosynthesis (Ryan, 2000). Polyphenols can act in many cases within
the tissue as antifeedants (Singh et al., 2021). For example, CGA in chrysanthemums
(Dendranthema grandiflora Ramat) can effectively defend against thrips (Frankliniella
occidentalis) (Leiss et al., 2009). An increase in phenolic acids and flavonoids, particularly
quercetin, has also been observed in white cabbage (Brassica oleracea L. var. capitata f. alba;
Brassicaceae) when infested by cabbage butterflies (Pieris brassicae L.) or flea beetles
(Phyllotreta nemorum L.) (Kovalikova et al., 2019). Chemical defenses of plants against T. urticae
(common red spider, which in this case infested the Tansy collection) primarily involve the
production of deterrent and toxic metabolites, including phenolic compounds, terpenoids,
alkaloids, and specific glucosinolates that confer resistance (Santamaria et al., 2020). These
findings indicate that polyphenols could partially protect plants against some insect herbivores and
that their production could, in some cases, be regulated based on particular host-herbivore systems
and genotype-environment interactions (Singh et al., 2021).

In conclusion, and based on previous studies, it has been proposed that the intraspecific
variability found within the accessions of Tansy could be mainly attributed to plant adaptation,
habitat conditions, and genetic background (Kleine and Muller et al., 2011; Wolf et al., 2012;
Muresan, 2015; Aé¢imovi¢ and Puvaca et al., 2020). It is crucial to consider both genetic and
chemical diversity while developing a breeding program for the domestication of wild MAPSs, not
only true in the case of T. vulgare. The presence of highly adapted potential AH specimens might

exhibit varying responses in different genotypes and/or chemotype groups (Wolf et al., 2012).
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Thus, considering both aspects will enable a more comprehensive and effective approach for
establishing a successful breeding program.

The present analysis of the chemical composition and genetic background of the Tansy
collection from Trentino holds promise for enhancing our understanding and facilitating the
development of strategies to leverage their potential AH advantages for the first time. Chemical
compounds identified in the species, such as 3,5 DCQ, CGA, PARTH, Km-3-O-glucur, Qu-3-O-
glucur, and Lu, are known to exhibit valuable bioactive properties (anti-inflammatory, antioxidant,
AH) and are of considerable interest in numerous applications (Sukele et al., 2023). Furthermore,
the identification of three distinct chemotypes differing in parthenolide accumulation within the
collection provides valuable insights into the regulation of sesquiterpene lactone biosynthesis.
Such variation likely reflects differences in the activity or expression of key biosynthetic genes,
including those encoding germacrene A synthase, germacrene A oxidase, and costunolide
synthase, which are central in the pathway leading to parthenolide formation. These chemotypic
patterns therefore represent a promising basis for future functional genomic and metabolic studies
aimed at elucidating the genetic control of STL biosynthesis.

All these data hold promise in formulating strategies that harness the species' genetic reservoir
to develop a diverse selection enriched with potent AH properties (Bano et al., 2020; Poulopoulou
et al., 2022; Klavina et al., 2023). Such advancements could pave the way for establishing distinct
chemotypes or even varieties with high AH activity and potential benefits not only for the
agricultural sector but also for the pharmaceutical industry.

Incorporating natural substances from T. vulgare in animal feed may offer a viable alternative
for pasture management, particularly considering the limitations and costs associated with the
excessive use of chemical AH drugs nowadays (Mendaza De Gives et al., 2022). However, it is
crucial to emphasize that further research is warranted to comprehensively elucidate the underlying
mechanisms of action, ascertain the efficacy and safety profiles, and determine appropriate dosage
regimens for the plant (Ranasinghe et al., 2023). For example, cytotoxicity studies in A. millefolium
and Tansy have shown before that these plants can also be harmful, and should be used carefully

in human and animal nutrition (Sowa et al., 2020).
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Chapter 5: Comparative chemo diversity, genetic diversity and anthelmintic
activity of Greek Oregano (Origanum vulgare subsp. hirtum) germplasm: A

‘multi-directional’ pre-breeding evaluation

5.1 Introduction

Among the Mediterranean MAPs, Origanum vulgare spp., commonly known as Oregano,
stands out as a perennial species belonging to the Lamiaceae family, with extensive applications
in the food and pharmaceutical industries (Marrelli et al., 2018). In addition to its conventional
culinary use as a spice, Oregano possesses a highly valuable EO with a unique chemical
composition, predominantly accumulated in the inflorescences along with the leaves and stems of
the plant. Notably, the aerial parts of oregano are rich in secondary metabolites, particularly
polyphenols, flavonoids, and terpenoids, with the monoterpenes carvacrol and thymol representing
the major constituents (Vokou et al., 1993; Gutiérrez-Grijalva et al., 2017). Numerous studies have
confirmed the antibacterial (Gavaric et al., 2015; Cui et al., 2019), antifungal (Bedoya-Sernaetal.,
2018; Kapustova et al., 2021), and insecticidal (Abiti et al., 2020; Bedini et al., 2021) activities of
Oregano oil, which are attributed to its unique chemical composition. However, limited research
has focused on the AH effects of the species, while the potentially lethal activity of Oregano EOs
or extracts against adult worms of A. galli (Tabari et al., 2015; Rajkovi et al., 2019) has only been
partially examined in vitro.

The genus Origanum comprises 49 taxa, including 43 species, and variants identified in ten
regions surrounding the Mediterranean Sea (letswaart, 1980; Carlstrom, 1984). Additionally, 18
hybrids have been found in Eurasia and North Africa, demonstrating the high variability and
polymorphism observed in Origanum, primarily attributed to plasticity and tendencies toward
hybridization (Azizi et al., 2012). This significant phenotypic diversity resulted in the
establishment of six main subspecies in the Mediterranean zone (Vokou et al., 1993). Subspecies
“rich” in EOs are found in the southern regions of Europe, while taxa “poorer” in EO content are
distributed in the northern and central regions. Greek oregano (O. vulgare L. subsp. hirtum
letswaart) represents one of the six distinctive subspecies prevalent in the Mediterranean region.
It thrives in numerous islands and the mainland of Greece and is characterized by dense glandular
trichomes, which contribute to a higher accumulation of EO compared to other subspecies (Vokou
et al., 1993; Kokkini et al., 1994).
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To support the observed chemodiversity within the species, a multitude of assays have been
conducted over the last years on Oregano accessions from Italy, Austria, Iran, and Bulgaria (Verma
etal., 2010; Lucas et al., 2013; De Mastro et al., 2017; Andi and Maskani, 2021; Alekseeva et al.,
2021). Researchers have employed biomarkers and molecular markers, including AFLP analysis,
Random Amplified Polymorphic DNA (RAPD) markers, and SSR markers derived from
expressed sequence tags (ESTs) of O. vulgare's essential oil glands, to capture the genetic diversity
of different populations. Moreover, SRAP markers, an accessible alternative developed by Li and
Quiros (2001), have been effectively utilized in genetic diversity assessments of the genus in Egypt
(Amar and Wahab, 2013), and more recently in Turkey and Bulgaria (Tulin et al., 2018; Alekseeva
etal., 2021).

Despite previous research on various O. vulgare subspecies, limited information is available
regarding the chemical and genetic diversity of O. vulgare subsp. hirtum populations, which are
endemic to Greece. Therefore, this comprehensive study aimed to assess the diversity of sixteen
Greek Oregano accessions, four clones, and one population from the island of Imvros (Turkey) by
examining their genetic structure, EO content, polyphenolic, and terpenoid profiles. These findings
provide valuable insights into the bioactivities of Greek Oregano's SMs, offering a descriptive

database for future breeding programs and the selection of desired traits.

5.2 Results
5.2.1 Chemical Analysis
5.2.1.1. Polyphenolic Content of the Oregano Collection

Within the two-year evaluation, thirteen polyphenolic compounds, including
hydroxycinnamic acids, flavones, and flavonols, were quantitatively identified using targeted LC-
MS/MS analysis. Those compounds were naringenin, caffeic acid, cryptoCGA, Ap, Ap-7-O-glu,
NeoCGA, rosmarinic acid (RA), Lu, Lu-7-O-Glu, Km, taxifolin (syn. Dihydroquercetin), and
dihydrokaempferol (Supplementary Table S4e). Among the identified substances, RA (Figure 5.2)
appeared as the most abundant phenolic compound, presenting values exceeding multiple times
the amount of the other identified metabolites (Figure 5.1). Given its substantial presence and for
better visualization, RA is presented separately in Figure 5.2, while the mean value of the
remaining polyphenols can be found in Figure 5.1. Naringenin, taxifolin, and dihydrokaempferol
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were found in notable amounts, followed by Ap, Lu, caffeic acid, Ap-7-O-glu, and Km. Traces of
Lu-7-O-Glu, neoGCA, and cryptoCGA were also detected (Figure 5.4).

Polyphenols in Oregano

dihydrokaempferol I 29.9
taxifolin |
kaempferol IENE 4.1
Lu-7-0-Glu W 1.3
Lu -89
neoCGA @ 1.0
Ap-7-O-glu  INE- 5.4
Ap I—EH10.7
cryptoCGA I 2.6
caffeic INNNNNNE-7.5
. . 37.0
naringenin I

36.8
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Figure 5.1: Polyphenolic content of Greek Oregano. The mean value of the twelve most profound hydroxycinnamic

acids, flavones, and flavonols identified in the Oregano collection is presented, alongside the calculated SD error bar.

The concentrations of naringenin, taxifolin, and dihydrokaempferol were found to vary
significantly among the accessions. Naringenin content ranged from 21,5 (OvH14) to 71,5 mg
/100 g of DW (OvH21) (Supplementary Table S4e), taxifolin from 10.8 to 81 mg/100 g of DW,
and finally, dihydrokaempferol presented values from 4.92 (OvH7) to 54.2 mg/100 g of DW
(OvH18). Naringenin content showed distinct groupings: high (71,5 mg/100 g of DW),
intermediate (39.7-53.2 mg/100 g DW), and low (21.5-37.2 mg/100 g of DW), as can be seen in
Supplementary Table S4e. RA was the most abundant phenol, with concentrations ranging from
329.7 (OvH9) to 3319.6 mg/100 g DW (OvH1) among the accessions (Figure 5.2). This finding
aligns with prior studies indicating that RA serves as the principal phenolic acid within O. vulgare
species (Weglarz et al., 2020).

Figure 5.2 illustrates a detailed presentation of the mean value of RA across the twenty-one
Greek Oregano samples. Additionally, the figure provides information on the calculated SD error

bars, highlighting the variability in RA content within the accessions. The populations OvH1,
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OvVHS6, and Ov19 exhibited the highest concentration levels of RA, ranging from 2238.1 to 3319.6
mg/100 g of DW, followed closely by OvH8, OvH7, OvH2, and OvH3, with values approximately
around 2000 mg/100 g DW. Conversely, the lowest accumulation levels were observed in
accessions OvH9, OvH15, and OvH18, with a RA content of 267.3 mg/100 g of DW, 463.8 mg/100
g of DW, and 568.2 mg/100 g of DW, respectively. Based on these observations, the accessions
were classified into three groups regarding the accumulation of RA: high concentration (1640-
2726 mg/100 g DW), intermediate content (1103-1200 mg/100 g DW), and low content group
(<873 mg /100 g DW). Last but of equal importance, over two consecutive years of chemical
analysis, the accumulation of RA presented no notable variations and remained stable, as can be
seen in Figure 5.2. The sole exception was OvH1, which emerged as one of the higher producers
in both years. OvH1 showed higher concentration during the second year and presented the highest
SD error among the accessions during the first year (Figure 5.2). Significant differences among

Rosmarinic Acid
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Figure 5.2: Rosmarinic acid content. The concentration of RA and how it differed within the twenty-one accessions

of the Greek Oregano collection during the first and second years of chemical analytics.

the most dominant polyphenols identified for Oregano are denoted by different superscript letters
in the columns, according to Tukey's criterion at a significance level of p < 0.05 (see Annex, S4e¢).
More specifically, the two-way ANOVA analysis revealed significant effects of the accession
factor on RA, with p-values ranging from 0.000 to 0.001, indicating substantial differences
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between the Oregano accessions. However, no significant differences were observed between
years or in the interaction between year and accession for RA (Annex, Total variance% % and

Significance S4e).

5.2.1.2 EO composition

The EO of Oregano was obtained by hydrodistillation, while the composition was determined
through a GC-MS analysis. Details are shown in Supplementary Table S4f, while the mean values
are presented below in Figures 5.3 and 5.4. The primary volatile monoterpenes identified in the
EO samples were p-cymene, y-terpinene, thymol, and carvacrol, which together comprise over
80% of the total EO content (Supplementary Table S4f A. ). Additionally, in significantly lower
amounts a-thujene, a-pinene, camphene, S-pinene, p-myrcene, a-phellandrene, -3-carene a-
terpinene, 1-octen-3-ol, S-phellandrene, c-terpinene, cis-sabinene hydrate, borneol, terpinen-4-ol,
p-caryophyllene, a-humulene, -bisabolene, and caryophyllene oxide are present (Sarrou et al.,
2017). Notably, carvacrol and thymol, which are also considered chemical markers for Origanum
spp. and quality markers of the Oregano’s EO, were found as the predominant monoterpene

phenols in all analyzed samples, although in significantly varying percentages among the studied

accessions.
Essential oil yield (%)
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Figure 5.3: Essential oil content (%0). The mean value of the essential oil yield (%) for the twenty-one accessions of

O. vulgare subsp. hirtum, along with their SD error bars, in two consecutive years.
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The EO content of the twenty-one population samples analyzed varied between 4.7% and
8.8%, as shown in Figure 5.3. Based on their EO content, the accessions can be categorized into
three main groups: (a) high yield, with EO content exceeding 7% (OvH2, OvH3, OvH4, OvH9,
OvH10, OvH11, OvH15, OvH17, OvH18, OvH19, and OvH21), (b) medium yield, with content
ranging from 6% to 7% (OvH1, OvH5, OvH6, OvH8, OvH20), and (c) low yield, with EO content
below 6% (OvH5, OvH7, OvH12, OvH13, OvH14, OVH16).

In terms of carvacrol content, accessions OvH13, OvH21, OvH7, and OvH5 exhibited notably
higher amounts (81.2%, 80.5%, 80.1%, and 80.0%, respectively), while OvH4, OvH10, OvH15,
and OvH18 showed significantly lower amounts (<30%). It is noteworthy that during the two years
of chemical analysis in oregano, no significant differences were observed in the yield (%) of
individual accessions across years (Annex, Total variance % and Significance S4f). Additionally,
no significant standard deviation (SD) was recorded, as illustrated in Figure 5.4.
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Figure 5.4. Carvacrol content. The concentration (%) of carvacrol and how it differentiates within the twenty-one

accessions of the Greek Oregano collection during the first and second years of analysis.

Thymol content also showed significant diversity across the populations (See Annex, “Total

variance % and Significance S4f, Thymol”), ranging from trace amounts (below 1%) in accessions
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OvH5, OvH6, OvH7, OVH9, OvH12, OvH13, OvH16, OvH19 to exceeding 40% in OvH4,
OvH10, OvH17, OvH18 (Supplement Table S4e). Finally, according to the analysis on the EO
monoterpenes the Oregano accessions could be classified into three distinct chemotypes: (a)
carvacrol-rich types, with carvacrol content ranging between 60% and 81% (the majority of the
accessions) and low thymol content (traces up to 5%), (b) high thymol producers, with thymol
content exceeding 60% and very low carvacrol content (OvH17), and last (c) intermediate
thymol/carvacrol chemotypes, where thymol content was approximately twice that of carvacrol
(OvH4, OvH10, and OvH18), or with an inverse ratio (OvH14).

Finally, in addition to carvacrol and thymol, both p-cymene and y-terpinene were present in
significant amounts in all samples, although in lesser quantities. Some accessions, such as OvH7
and OvH15, displayed higher concentrations of p-cymene in comparison to y-terpinene, while
others, including OvH2, OvH11, and OvH18, were predominantly characterized by y-terpinene
(Supplement Table S4f A).

5.2.1.3 Pentacyclic triterpenes

Pentacyclic triterpenes (PTs), including ursolic, oleanolic, and betulinic acid, constitute a
prominent subset of terpenoids present in Origanum species, and more specifically in Greek
Oregano (Furtado et al., 2017). These bioactive compounds bear considerable scientific interest
owing to their multifaceted pharmacological properties, encompassing anti-inflammatory,
antiviral, antitumor, antigenic, antiallergic, cytotoxic, and hepatoprotective activities (Furtado et
al., 2017; Alfaro-Almaguer et al., 2022; Abdullah Khan et al., 2022).

The targeted LC-MS analysis revealed that ursolic acid was the predominant triterpenoid,
followed by oleanolic and betulinic acid (Supplementary Table S4f B). The content of ursolic acid
ranged from 450.3 to 1230.8 mg /100 g DW, while oleanolic acid varied between 22.1 and 245.5
mg/100 g DW, and betulinic acid from 27.8 to 145.2 mg/100 g DW (Supplement Table S4f B).
Particularly noteworthy were accessions OvH4 and OvH15, which showed significantly higher
levels for all three triterpenoids, surpassing the majority of analyzed accessions by a factor of 2-3.
The highest producer for all triterpenes was Ov15, while the lowest was OvH10 (Figure 5.5).
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Triterpenes
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Figure 5.5: Pentacyclic triterpenes in Oregano. The mean value of the main triterpenes (mg/100 g DW), ursolic,

oleanolic, and betulinic acid, in the Oregano accessions.

To comprehensively assess the biochemical composition and elucidate the relationships among
the twenty-one Oregano accessions, a PCA analysis was conducted, considering the three major
classes of metabolites present: polyphenols (A), monoterpenes (C), and triterpenes (E) (see Figure
5.9 A, C, E). The PCA revealed distinct clustering patterns among the accessions when analyzing
the dataset with polyphenol content as a variable (A). More specifically, three primary clusters
emerged: the first cluster comprised accessions from Central-Western Macedonia and Thessaly
(Figure 5.5 A), which are mostly in close proximity, except for OvH1 and OvH18. The second
cluster included accessions from the Aegean Islands, which were more scattered and appeared to
be admixed with the third cluster, which included accessions from the Peloponnese (also more
dispersed) (Figure 5.5 A). In the first cluster, Oregano accessions from Thessaly and Western
Macedonia grouped with those from Central Macedonia, indicating a close relationship. This
grouping was mostly influenced by the presence of polyphenolic metabolites such as RA, caffeic
acid, and flavone glycosides (Figure 5.5 B). The clustering of Aegean Islands accessions was

primarily influenced by flavones such as Lu, Ap, and CGA derivatives such as NeoGCA,
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CryptoGCA, and the flavanone naringenin, whereas the clustering of Peloponnese accessions was
mainly affected by the presence of the flavonols Qu and Km.

The PCA based on monoterpene composition also revealed the formation of three clusters
(Figure 5.5C); however, there was a certain degree of overlap among them, which made it
impossible to draw any solid conclusions. This suggests that incorporating additional variables,

chemicals or not, could help to achieve a more distinct differentiation among the clusters.
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Figure 5.6: PCA and biplot analysis of polyphenols, monoterpenes, and triterpenes. PCA and biplot analysis of
the twenty-one O. vulgare subsp. hirtum accessions native to Greece based on their polyphenolic fingerprint (A and

B), monoterpenes composition (C and D), and triterpenes content (E and F).

Finally, the PCA analysis conducted for the triterpenoid metabolites (Figure 5.5E) also
presented three clusters. The first cluster, which includes accessions from Central-Western
Macedonia and Thessaly, was denser and overlapping with the clusters of the Aegean Islands and
Peloponnese grouping - accessions. A noteworthy exception, accession OvH15 (Imvros, Turkey,
Aegean Islands), was positioned distinctly from all other accessions, despite its geographical origin
(Aegean). This differentiation was found to primarily be influenced by the significantly higher

betulinic acid content presented in OvH15 (Figure 5.5 F). Finally, the accumulation of ursolic and
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oleanolic acids presented a certain level of correlation with geographic origin. These compounds
could effectively distinguish accessions originating from Peloponnese and the Aegean Islands
from the rest (Figure 5.5 F). This analysis suggests the potential use of triterpenoid profiles as
chemical markers for distinguishing Greek oregano accessions from various geographic regions

or locations.

5.2.2 Genetic Results

To investigate the genetic structure of the Greek Oregano accessions (see Figure 5.7), twelve
SRAP primer combinations (me2-em1, me2-em2, me2-em3, me2-em5, me2-em8, me3-em1, me3-
em15, me4-em2, med-em3, med-em5, me4-em7, and me4-em8) and two SSRs markers (OR27
and OR12) were utilized (Supplementary S1c). In total, 118 polymorphic alleles were detected,
ranging in size from 112 to 573 bp for SRAP markers and 113 to 134 bp for SSR markers. The
number of SRAP alleles per locus varied from twenty at locus me2-em1 to six at loci me2-em5,

me2-em8, and me4-em8. The highest number of alleles (six) was observed at locus OR27 for SSR

markers.
Code Accession origin Cultivated
OvH1 Clone A (Thessaloniki-Central Macedonia)
OvH2 Arethousa (Thessaloniki-Central Macedonia)
OvH3 Stavros (Thessaloniki-Central Macedonia)
OvH4 Evia 1 (Aegean islands)
OvH5 Alonnisos (Sporades-Aegean islands)
OvH6 Stratoniki (Chalkidiki-Central Macedonia)
° \j) OvH7 Clone B (Thessaloniki-Central Macedonia)
{ —e OvH8 Mavrouda (Thessaloniki-Central Macedonia)
k\ OvH9 Andros (Aegean islands)
Q OvH10 Pelion (Magnesia-Thessaly) Thessaloniki
\ﬂﬁ OvH11 Argolis (Peloponnese) (Central
[ONIANISLAXDS NORTH AEGEAN OVH12 Kozani (North-West Macedonia) Macedonia)

OvH13 Clone C (Thessaloniki-Central Macedonia)
(J" OvH14 Mt. Taygetos (Peloponnese)
OvH15 Gokceada (Imvros,Turkey Aegean islands)
OvH16 Vrinaina (Magnesia-Thessaly)
[ G T OuH17 Evia 2 (Aegean islands)
» OvH18 Karpenisi (Evritania-Central Greece)
e N “ ’ SOUTH mcma‘ils Clone H (Thessaloniki-Central Macedonia)
. .‘o. 3 " f 0\5H20 Vitina (Arkadia- Peloponnese)
S @  ovH2l Samothraki (North Aegean islands)

Figure 5.7: Origin and code names of Oregano populations. The accession origin and code naming of sixteen
Greek Oregano accssions (OvH2, OvH3, OvH4, OvH5, OvH6, OvH8, OvH9, OvH10, OvH11, OvH12, OvH14,
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OvH16, OvH17, OvH18, OvH20, OvH21), four clones (OvH1, OvH7, OvH13, OvH19) and one population from
Imvros (Turkey) (OvH15), along with a visual representation of their distribution across Greece, are provided. All
samples were cultivated in the experimental fields of ELGO in Thessaloniki-Thermi, Central Macedonia (indicated

by a blue marker) following their initial collection.

The percentage of polymorphic loci was highest in the accessions from Central Macedonia
(83.9%) and lowest in those from Western Macedonia (46.62%), with an average of 66.10% across
all loci (SRAPs and SSRs). The number of bands detected ranged from 99 in Central Macedonia
accessions to 64 in Central Greece accessions, with eight private bands found in Central
Macedonia, three in Aegean Islands, three in Peloponnese, and three in Thessaly accessions. The
mean value of effective alleles (Ne) ranged from 1.372 for the Aegean Islands to 1.284 for Central
Greece accessions, with an overall mean value of 1.333 for loci and populations (Figure 5.8). The
mean value of diversity (h) ranged from 0.221 for the Aegean Islands to 0.172 for Western
Macedonia, with an overall mean value of 0.2 for loci and accessions. The highest value for
Shannon's Information Index (1) was 0.340 for the Aegean Islands group, while the lowest was

0.256 for the Western Macedonia group, with a mean value of 0.307 across all loci and accessions.

Allelic Patterns across Populations
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| 0.399 0.266 0.342 0.269 0.367 0.280
No. Private Alleles 0.000 0.000 0.000 0.000 0.032 0.000
No. LComm

Alleles (<=25%) 0.000 0.000 0.000 0.000 0.000 0.000
No. LComm

Alleles (<=50%) 0.226 0.065 0.161 0.032 0.129 0.129
h 0.257 0.172 0.215 0.175 0.236 0.183

Figure 5.8: Allele patterns for O. vulgare subsp. hirtum. Distribution of the number of effective alleles (Ne), No of
private bands, Shannon's Information Index (1), and mean diversity (h) across the O. vulgare subsp. hirtum originated
from Greece.

5.2.2.1 Structure Analysis

The genetic clustering analysis was conducted using the STRUCTURE software and indicated
that the Oregano accessions can be best represented by two distinct gene clusters (Figure 5.9B), as
shown in Figures 5.9 (Clusterl: Green, Cluster2: Red) and 5.10A (Clusterl: Black, Cluster2:
Gray). These clusters consist of populations with notably different levels of participation (q) from
each of the two distict genetic groups (Figure 5.10A).

Accession Cluster
Clone A
Arethousa
Stavros
Evia1
Alonnisos
Stratoniki
Clone B
Mavrouda
Andros
Pelion
Argolis
Kozani
Clone C
Mt. Taygetos
Gockceada
Vrinaina
Evia2
Karpenisi
CloneH
Vitina
Samothraki
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Figure 5.9: Population structure assessment of O. vulgare. (A) Bayesian model-based structure (K=2) of 208

individual plants of O. vulgare originating from sixteen germplasm collected from Greece, four clones and one
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accession from Imvros, Turkey (Cluster 1: Green, Cluster 2: Red). (B) In this case, the STRUCTURE analysis assumed

2 genetic groups (K=2) as the most likely number.

In more detail, upon examining the mean genetic values of each geographic group of the Greek
genotypes, two distinct genetic patterns were identified (Cluster 1: Green and Cluster 2: Red on
Figure 5.9; Cluster 1: Black and Cluster 2: Gray on the Map/Figure 5.10). The first pattern
(Clusterl: Black/Green) included most of the Peloponnese group, except for the OvH20 accession,
half of the Aegean Islands group (OvH9, OvH4, OvH21), two from Central Macedonia (OvH8
and OvH2), and one from Thessaly (OvH10), with the highest q value observed in the accession
OVH9 (0.993). The second pattern (Cluster 2: Gray / Red in Figure 5.9) encompassed most of the
accessions from the Central Macedonia group (OvH1, OvH3, OvH6, OvH13, OvH19), the
remaining accessions of the Aegean Islands group (OvH5, OvH15, OvH17), one from Thessaly
(OvH16), and the single accessions from Western Macedonia and Central Greece areas, OvH12
and OvH18, respectively. Higher g values, ranging from 0.991 to 0.988, were observed in the
accessions OvH15, OvH16, OvH17 (Cluster 2: Gray), and OvH19 (Cluster 1: Black), while only
population OvH7 exhibited an equal proportion of both genetic patterns. The remaining accessions
were a mixture of both genetic clusters (Cluster 1: Black, Cluster 2: Gray). Last but not least, an
analysis using GeneAlex software indicated that a higher variance (67%) was observed within the
different accessions, with the variance among the accessions being significantly lower (33%)
(Figure 5.10B).
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Percentages of molecular variance

K2
Clusterl

Figure 5.10: MAP based on the Structure analysis. Genetic structure of the twenty-one natural populations of O.

vulgare subsp. hirtum accessions native to Greece cultivated in Thessaloniki-Thermi (A). The pie chart represents
rather average coefficients of membership resulting from the genetic structure analysis (best fit model, K=2). The

black and gray colors represent two different gene pools, Cluster 1: Black or Green in Figure 5.9, and Cluster 2: Gray

or Red in Figure 5.9. (B) The pie chart represents the percentages of molecular variance within and among the

accessions (ACS) (Figure 5.10 was provided by Dr. Louisa Palmieri).

5.2.3. CCA Analysis in Oregano

The CCA analysis was performed to assess a possible differentiation of the analyzed Oregano
genotypes based on their most prominent volatile compounds, p-cymene, thymol, carvacrol, and
y-terpinene. The results of the CCA analysis (Figure 5.10) reveal the effect of these volatiles on
the genotypic relationship.

The CCA biplot analysis revealed a notable association among the majority of Oregano
accessions, within a specific genetic cluster (clusterl: C1 and cluster2: C2) and their geographic
origin. Accessions belonging to C2 (with a solitary exception, OvH21 of cluster C1) exhibited a
distinct grouping on the left side of the plot and seem to be more affected by the accumulation of
carvacrol. These accessions originate from diverse regions in Greece, including six from C.
Macedonia (OvH13, OvH7, OvH19, OvH6, OvH1, OvH3), four from the Aegean Islands (OvH17,
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OvH5, OvH15, OvH21), and two single accessions from W. Macedonia and Thessaly (OvH12 and
OVH16, respectively).

On the contrary, accessions belonging to C1 are spread on the right side of the plot, and their
grouping is primarily influenced by the production of p-cymene, thymol, and y-terpinene. This
cluster encompasses all the individuals originating from Peloponnese (OvH11, OvH14, OvH20),
two from C. Macedonia (OvH2, OvH9), and one accession from Thessaly (OvH10). It is
noteworthy that two accessions from the same geographical region (Thessaly), specifically OvH16
and OvH10, exhibit distinct genetic cluster memberships, with the first belonging to C2 and the
second to C1. These accessions are positioned on the left (OvH16) and right (OvH10) sides of the
plot, indicating potential differentiation not only in their genetic profiles but also in their
biochemical characteristics. This observation suggests that while geographic proximity may
influence some Oregano accessions, other factors such as genetic variation or environmental

conditions also seem to contribute significantly to the final total volatile chemoprofile.
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Figure 5.10: CCA biplot for the O. vulgare subsp. hirtum accessions. CCA biplot (Axisl = 50.33% of variance;
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Axis 2 = 31.43%) of O. vulgare subsp. hirtum accessions clustering, according to the variables studied. The different
colors represent the accession's provenance area (Aegean Islands: blue, C. Greece: Orange, C. Macedonia: Purple,
Peloponnese: Pink, Thessaly: Green, W. Macedonia: yellow). C1 are the accessions belonging to gene pool 1 (cluster
1), and C2 are the accessions belonging to gene pool 2 (cluster 2). The green vectors show the influence of volatile
composition on population grouping.

On the other hand, in the case of OvH20 and OvH21, the positioning suggests that geographical
origin and environmental conditions seem to have a more pronounced influence on their volatile
compositions rather than genetic factors themselves. This underscores the importance of
considering both genetic and environmental factors when studying the chemotypic diversity of

Oregano accessions.
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5.3 Discussion

Oregano (O. vulgare) exhibits significant intra- and inter-specific variability, particularly in
terms of its phytochemical characteristics and genetic makeup (Jafari Khorsand et al., 2022;
Alekseeva et al., 2023). The present study offers a comprehensive investigation of O. vulgare
subsp. hirtum, indigenous to Greece, describing for the first time its metabolic and genetic
diversity, while providing valuable insights for the selection of optimal genetic material in further
breeding programs targeting superior chemotypes.

The genetic studies were conducted with the help of SSRs and SRAP markers, which nowadays
are an efficient and affordable technique (Poczai et al., 2013). Back in 2008, Novak et al. marked a
significant milestone in the study of the Origanum genus, as they established the development of
SSR markers using ESTs from EO glands of O. vulgare. In that study, the number of effective
alleles (Ne) ranged between 2 and 4, while the observed and expected heterozygosity (h) ranged
from 0.01 to 0.60 and from 0.14 to 0.67, respectively (Novak et al., 2008). In another relevant
study, Amar and Wahab (2013) studied the genetic and chemical variability among four Origanum
species cultivated in Egypt, including O. vulgare, O. vulgare subsp. hirtum, O. syriacum var.
syriacum, and O. majorana. This marked the first instance of coupling inter-simple sequence
repeats (ISSR) and SRAP markers for research purposes in Origanum. Notably, their findings
suggested that the SRAP marker system exhibited greater efficacy compared to ISSR, particularly
in elucidating intraspecific diversity and relationships within Origanum germplasm (Amar and
Wahab, 2013). Last but not least, Tascioglu et al. (2018) utilized a combination of SSR and SRAP
markers, similar to the ones used in the present study, to characterize 22 Origanum species and 24
taxa (Origanum boissieri letsw., Origanum solymicum P.H.Davis, Origanum. hypericifolium O.
Schwarz et P.H. Davis, Origanum. sipyleum L., Origanum. acutidens (Hand.-Mazz.) letsw.,
Origanum. haussknechtii Boiss., Origanum. husnucan-baseri H. Duman, Origamun. leptocladum
Boiss., Origanum. munzurense Kit Tan and Sorger., Origanum. rotundifolium Boiss., Origanum.
amanum Post., Origamun. bilgeri P.H. Davis., Origanum. vogelii Greuter and Burdet., Origanum.
minutiflorum Schwarz et P.H. Davi., O. majarona L., O. onites L., Origanum. syriacum L. subsp.
bevanii (Holmes) letsw., O. vulgare L. subsp. vulgare, Origanum. vulgare L. subsp. gracile (K.
Koch) letsw., O. vulgare L. subsp hirtum, Origanum. vulgare L. subsp. viridulum (Martrin-Donos)
Nyman., Origanum. laevigatum Boiss.), that grow naturally in Turkey and belong to eight sections

(sects.) in the genus of Origanum (Chilocalyx, Brevifilamentum, Majorana, Origanum, Amaracus,
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Anatolicon, Longitubus, Prolaticorolla). Among these and for the eleven species that had more
than one individual representative (O. saccatum, O. husnucan-baseri, O. leptocladum, O.
rotundifolium, O. majorana, O. onites, O. syriacum, O. vulgare subsp. vulgare, O. vulgare subsp.
hirtum, O. vulgare subsp. viridulum, O. laevigatum), analysis within the studied populations were
possible (Tascioglu et al., 2018) and revealed moderate levels of variability with the mean Ne
value being 1.6, the 1 = 0.48, and the h = 0.33.

For the current genetic assessment and categorization of the Greek Oregano collection, two SSR
and twelve SRAP markers were employed. The analysis revealed a mean Ne value of 1.333, a
mean | value of 0.307, and a mean h value of 0.2. These metrics/findings align with previous
studies on the genus (Novak et al., 2008; Tasciogluet al., 2018), demonstrating intermediate
variability among the accessions and the presence of private bands, up to eight, with potential
value for future breeding programs and species identification.

Two distinct genetic patterns were identified among the twenty-one Greek genotypes. Cluster
1 (Black/Green) predominantly encompassed accessions from the Peloponnese, along with select
accessions from the Aegean Islands, Central Macedonia, and Thessaly. Cluster 2 (Gray/Red)
comprised most Central Macedonia accessions, along with some from the Aegean Islands,
Thessaly, and single accessions from Western Macedonia and Central Greece. Notably, all
accessions are an admixture between those two genetic clusters, with only OvH9 nearly
exclusively belonging to Cluster 1 (<99%), while OvH15, OvH16, and OvH17 were strongly
associated with Cluster 2. OvH7 was the only accession exhibiting an equal representation of both
genetic patterns.

These findings are in line with the results of Alekseeva et al. (2021), who analyzed the genetic
structure of eight natural O. vulgare subsp. hirtum populations native to Bulgaria using similar
SRAP markers. Their study identified a predominant K value of 2, with a clear association between
geographic origin and genetic identity. Specifically, two accessions from the Kresna Gorge region
were grouped into the first cluster, while the remaining accessions from the Eastern Rhodopes
were assigned to the second cluster (Alekseeva et al., 2021). During the present study a larger
number of native populations were analyzed, and no clear geographic affinity was detectable.
Similarly, this is also the conclusion drawn by the team of Alekseeva et al. (2021), despite the
original K=2 value, they propose a K= value of 10, highlighting that the considerable heterogeneity
present within each population is higher than the one between populations. That is similar to the
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data obtained for the present study as well, since genetic variance was found to be primarily within
accessions (67%), with lower variance observed among them (33%). In a similar study on eighteen
natural populations belonging to three species of Eplingiella (E. cuniloides, E. fruticosa and E.
brightoniae), 74% of genetic diversity was originating from within populations (Silva et al., 2023).
An even higher variation within-population (81.47%) was observed in Elsholtzia stauntonii Benth.
(Lamiaceae) using SSR markers, as reported by Zhang et al. (2022), indicating greater within -
population genetic variation compared to both Eplingiella and Origanum. This pattern suggests
that randomly selecting plants from individual populations for genetic resource collections could
result in an incomplete representation of the actual genetic diversity and this is why foundational
research is important for establishing breeding programs (Govindaraj et al., 2015; Alekseeva et al.,
2021).

O. vulgare subsp. hirtum is widely recognized for its distinctive phytochemistry and bioactivity,
as highlighted in studies by Kokkini et al. (1993) and W¢glarz et al. (2020). Chemical composition
analyses have revealed diverse polyphenolic profiles among the studied Greek accessions, with
variations influenced by factors such as genotype, geographic origin, environmental conditions,
and analytical techniques. Among the polyphenolic substances identified, RA emerged as the most
abundant, followed by naringenin and taxifolin. These compounds exhibited considerable
variability among the twenty-one different populations, reflecting the influence of genetic diversity
and environment on the Oregano’s phytochemical composition (Jafari Khorsand et al., 2022).
Interestingly, despite the considerable variation observed among accessions, no significant
differences were documented between two consecutive years of chemical analysis. This
observation suggests a degree of stability in the polyphenolic profiles of O. vulgare subsp. hirtum
cultivated in consistent environmental conditions and under similar cultivation techniques over
time (Jafari Khorsand et al., 2022)

RA was the most abundant polyphenolic substance within the Oregano collection, consistent
with previous reports. In general the concentration of RA observed in the current study (483.98-
3319.58 mg/100 g DW) seems to be significantly higher than what was found by Jafari Khorsand
(2022) (659.6-1646.9 mg/100 g DW), and more similar to what has been documented by
Shekarchi et al., (2012) (2500 mg/100 g DW).

The relatively high concentrations of naringenin and the two dihydroflavonols (taxifolin, and

dihydrokaempferol) were unexpected, as these intermediates are usually further converted to other
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flavonoids or their glycosides (Yan et al., 2016). In this case, their presence may indicate an
insufficient metabolic conversion, which led to the accumulation of the above dihydroflavonols in
the Oregano accessions (Yan et al., 2016; Jafari Khorsand et al., 2022). The Greek populations
also contained in lesser amounts cryptoCGA, Ap, Ap-7-O-glc, NeoCGA, Lu, Lu-7-O-Glu, Km
and Qu-3-O-Glc + Gal that could contribute to their bioactivities and overall product quality (Ozer
etal., 2023).

Most of the accessions displayed abundant EO content and more particularly a high
concentration of carvacrol, meeting international and EU pharmacopeia standards. Based solely
on EO composition, the studied populations were categorized into three chemotypes: carvacrol-
rich, thymol-rich, and intermediate thymol/carvacrol types as has been documented before (Sarrou
et al., 2017). The existence of distinct chemotypes emphasizes the chemo-diversity of this plant
species as it has been shown before in O. vulgare subsp. hirtum accessions collected from Sicily,
Calabria, Campania, Liguria, and Emilia Romana in Italy. These studies, similar to the present,
reported a high carvacrol, a high thymol or a high carvacrol/thymol content (Russo et al., 1998;
De Martino et al., 2009; Napoli et al., 2009; Bonfanti et al., 2012; Licata et al., 2015). More
recently, chemotypes rich in carvacrol were also identified within two populations of O. vulgare
subsp. hirtum from Bulgaria (Alekseeva et al., 2021), although the concentrations reported (56.4%)
were significantly lower than those found in the Greek accessions (80%). During a more in depth
phytochemical study of the Bulgarian populations by Alekseeva et al. (2021) on an individual plant
basis, the group identified a thymol-type plant (43.7% thymol, 4.1% carvacrol) among the
carvacrol types, suggesting potential gene mutations related to terpenoid biosynthesis or changes
in gene expression due to genetic or epigenetic factors.

Kokkini et al. (1996) had reported the existence of thymol-rich chemotypes from wild O.
vulgare subsp. hirtum in northern Greece, while those collected from southern parts of Greece
were mainly carvacrol-type. However, in our study, several Greek Oregano chemotypes from
northern Greece (specifically from C. Macedonia) exhibited high carvacrol content (OvH13,
OvH19, OvH7). This suggests that the phytochemical characteristics of these plants could be
influenced by genetic factors controlling the expression of biosynthetic genes responsible for
carvacrol and/or thymol accumulation, respectively. This conclusion is supported by the

elimination of environmental factors in our study, indicating that genetic background plays a more
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significant role than environmental interactions (epigenetic factors) for most of the studied
accessions as we also confirmed in the CCA analysis.

In 2021 the team of Krause et al. (2021), elucidated the carvacrol/thymol biosynthetic pathway
in T. vulgaris, proposing that the formation of thymol and carvacrol occurs via the hydroxylation
of y-terpinene at either the 3-position (to thymol) or 6-position (to carvacrol), catalyzed by CYP
enzymes of the 71D subfamily (Krause et al., 2021). This reaction produces unstable intermediates,
likely cyclohexadienols, which are further converted by a short-chain dehydrogenase acting
synergistically in plants to form these phenolic monoterpenes. Understanding how the expression
of genes responsible for carvacrol and thymol synthesis is regulated in O. vulgare
subsp. hirtum accessions with high carvacrol content and minimal thymol would be highly
valuable. This knowledge could aid in the development of biomarkers for MAS selection in future
breeding programs for Greek Oregano, aiming to receive plant lines of desired EO compositions.
Furthermore, hybridization experiments between high and low carvacrol chemotypes could shed
light on the inheritance of genes responsible for carvacrol/thymol biosynthesis in plants.

Finally, PTs, including ursolic, oleanolic, and betulinic acid, were isolated from the Greek
Oregano collection in significant quantities. Betulinic acid ranged from 27-145 mg/100 g DW, and
oleanolic acid from 19-245 mg/100 g DW. Ursolic acid was the most abundant among them (429-
1230 mg/100 g DW), as has been reported by Shen et al. (2010), who also identified ursolic acid
as the most dominant triterpene (848 mg/100 g DW ), followed by oleanolic acid (250 mg/100 g
DW) in more or less similar quantities. It is also noteworthy to mention that the presence of
betulinic acid in Oregano was reported here for the first time. Furthermore, PCA (Figure 5.9 E)
supports that the distinct triterpenoid profiles identified for the Greek Oregano accessions could
serve as additional chemical markers for distinguishing the subspecies populations within the
country, and especially accessions originating from Aegean and Peloponnese.

Another significant discovery from this study was the successful correlation between the
genetic clusters of the Oregano accessions and their volatile compound profiles, focusing on p-
cymene, thymol, carvacrol, and y-terpinene. In general, monoterpenes are predominantly
synthesized through the fusion of the C5 intermediates isopentenyl diphosphate and dimethylallyl
diphosphate, resulting in the formation of the C10 compound geranyl diphosphate (GPP). This
acyclic intermediate is the substrate for a diverse family of monoterpene synthases, which generate

a wide array of cyclic and acyclic products with varied carbon skeletons (Degenhardt et al., 2009).
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In Oregano, y-terpinene is a precursor to the monoterpenoid phenolic compounds thymol and
carvacrol (Figure 5.11). Many studies on the EO from plant species rich in these substances in the
family of Lamiaceae (e.g., Thyme and Oregano) confirm that, since they also contain significant
amounts of y-terpinene (Poulose and Croteau, 1978; Crocoll et al., 2010). This underscores the
interrelationships among the studied compounds and explains their selection for the PCoA analysis

in Oregano due to their significant biosynthetic interplay.
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Figure 5.11: Biosynthesis of thymol and carvacrol. In the biosynthesis of thymol, carvacrol, and p-cymene, GPP
is initially cyclized to y-terpinene by the terpene synthase TvTPS2. Cytochrome P450 enzymes (CYP71D) then
hydroxylate y-terpinene at either the C-3 or C-6 position, producing dienol intermediates (Krause et al., 2021). These
intermediates are subsequently converted to the corresponding ketones by a short-chain dehydrogenase (SDR). The
resulting allylic ketones undergo keto—enol tautomerism, leading to the formation of thymol and carvacrol.
Additionally, the formation of p-cymene occurs through the spontaneous rearrangement of the unstable dienol

intermediates in aqueous conditions.
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In the present study, accessions belonging to genetic cluster C2 were primarily characterized by
their high carvacrol content, while accessions of C1 were more affected by the production of p-
cymene, thymol, and y-terpinene. The distinct genetic clustering of two accessions (OvH10 and
OvH16) from the same geographical origin (Thessaly) suggested a potential association between
genetic and biochemical profiles, while the positioning of accessions OvH20 (Peloponnese) and
OvH21 (Aegean Islands) indicated a more pronounced influence of geographical provenance and
environmental conditions on volatile composition than others. This finding underscores the
intricate relationship between the genetic makeup of Oregano accessions and the production of
specific volatile compounds, which contribute to their aromatic and flavor profiles. Genotype and
environment (GXE) seem to affect in different levels the metabolite content in Oregano populations
as it has been reported before for other MAPs species, such as raspberry (Duran-Soria et al., 2021),
Lavandula spp. (Gorgini Shabankareh et al., 2021), Melissa officinalis L., and T. vulgaris
(Németh-Zamboriné et al., 2019).

In conclusion, the comprehensive investigation of O. vulgare subsp. hirtum accessions
collected from different parts of Greece have provided valuable insights into their metabolic and
genetic diversity, with implications for future breeding programs targeting superior chemotypes.
The use of SSR and SRAP markers facilitated genetic studies, revealing intermediate variability
among accessions and the presence of private bands with potential value for breeding and species
identification. There were several accessions high in carvacrol content (OvH13, OvH19, OvH7,
OvH21, OvH5, and OvH1), which is preferable and valuable for the industry. Moreover, chemical
analyses highlighted the abundant presence of other important polyphenolic metabolites, such as
RA and PTs, such as oleanolic and ursolic acid, which contribute to the overall product quality
and bioactivity of Greek Oregano (Shen et al., 2010; Chroho et al., 2022). Finally, the correlation
between genetic clusters and volatile compound profiles underscored the complex interplay
between genotype, environment, and metabolite content in Oregano that could help in future
selection or the establishment of breeding programs. Overall, this study enhances the
understanding of Greek Oregano diversity and offers valuable insights for its utilization in various
fields, including pharmaceuticals, agriculture, and food science.

More specifically, the EFSA Panel on Additives and Products or Substances used in Animal
Feed (FEEDAP) recently recognized the beneficial effects of Oregano EO as a feed additive,
confirming the safety and efficacy of O. vulgare subsp. hirtum EO for all poultry species (EFSA
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FEEDAP Panel, 2019). In recent years, the poultry industry has increasingly incorporated Oregano
oil into animal rations, attributing its use to a range of benefits, including enhanced feed intake
(Kholif, 2021), antioxidant and antibacterial activities (Zhao et al., 2021; Zhang et al., 2021,
Gordilo Jaramilo et al., 2021; Jin et al., 2021), and stimulation of endocrine and digestive enzyme
secretion (Wang et al., 2018). Despite the extensive body of research on its functional properties,
there remains a paucity of scientific evidence specifically addressing its impact on parameters
directly associated with animal health. Therefore, although Greek Oregano EO demonstrates
considerable promise for industrial application, further veterinary and nutritional investigations
are required to comprehensively assess its potential.

During the genetic and phytochemical work, an in vitro assay was conducted within the
HERBAL project to evaluate the AH activity of five different Greek chemotypes against A. galli.
Five accessions, varying in EO composition, one high in carvacrol (OvH19), two rich in thymol
(OvH17, OvH4), and two thymol/carvacrol chemotypes (OvH14, OvH15), were selected and
tested at the Free University of Bozen-Bolzano. The results can be found in Table 5.12, where
Flubendazole is an AH drug significantly inhibiting egg ED (reduction up to 10%) and was used
here for comparison. Among the EO samples, the EO from OvH14 (Taygetos-Peloponnese)
exhibited the lowest embryonic development at 38% (Table 5.12). Yearly analysis revealed that
samples from Taygetos (OvH14), Gokceada (OvH15), and Thessaloniki (OvH19) harvested in
2020 had lower ED compared to 2019 (Supplementary Figure 4S). In 2019, ED ranged from 40%
in the first week to 49% by the experiment's end, aligning with positive controls (thymol and
carvacrol). In 2020, initial ED was 26%, fluctuating to 30% and 49% in the second and third weeks,
and stabilizing at 31% by the experiment's end. The negative control showed 72% embryonic
development, while the positive controls (flubendazole, thymol, and carvacrol) exhibited 10% and
44%, respectively. Phytochemical analysis revealed that OvH14, which showed the lower ED
(38%), is characterized by a balanced chemoprofile, with thymol concentration at 24% and

carvacrol at 46%.
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