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ABSTRACT

The phytochemical therapeutic potential of Doliocarpus dentatus Red
and White Ecotypes: Metabolomics, phytohormone profiles and
Antioxidant Properties

Ewart Anthony Smith

The study examines the phytochemical and phytohormone profiles of two ecotypes of
Doliocarpus dentatus (Capadulla) from Guyana with an emphasis on their potential therapeutic
applications, particularly in the context of erectile dysfunction. The research concentrates on the
red and white ecotypes, which are visibly differentiated by the colouration of their inner and outer
bark; moreover, the red ecotype is widely regarded by traditional knowledge to be more efficacious
in treating erectile dysfunction. The study seeks to provide much-needed scientific evidence to
support the traditional medicinal uses of D. dentatus and aims to accomplish this by providing

semi-targeted and targeted analysis of its bioactive compounds.

The thesis employs a multi-faceted approach, commencing with Chapter 2, an examination
of the international and national frameworks that govern natural product research in Guyana,
thereby ensuring ethical and sustainable practices. Chapter 3, Liquid chromatography-mass
spectrometry-based metabolomics was utilized to analyze the phytochemical profiles of the red
and white ecotypes of D. dentatus. Approximately 847 compounds were identified, with 138
tentatively classified as potentially therapeutic, particularly polyphenols exhibiting antioxidant

properties.



Chapter 4 focus on the phytohormone profiling revealed that the red ecotype generally
exhibited higher levels of active cytokinins, particularly trans-zeatin (¢Z) and cis-zeatin (cZ),
compared to the white ecotype. A strong correlation was identified between specific cytokinins
and secondary metabolites such as flavonoids and alkaloids, suggesting complex interactions that

may enhance the therapeutic potential of D. dentatus.

Chapter 5 further analysis of total phenolic content, flavonoid content, and their antioxidant
capacities demonstrated differences between the red and white ecotypes, with the red ecotype
generally showing higher levels of these compounds. Both ecotypes demonstrated significant
antioxidant activity, with the red ecotype showing enhanced radical scavenging capacity. The study
also revealed a diverse range of bioactive compounds, including flavonoids, terpenoids, and

alkaloids, which may contribute to the plant's reported medicinal properties.

This semi-targeted and targeted analysis provides novel insights into the phytochemical
and phytohormone profiles of D. dentatus ecotypes, offering a scientific basis for their traditional
medicinal uses and potential therapeutic applications. The findings suggest that D. dentatus,
particularly the red ecotype, may have significant potential for developing new drugs, especially

in the context of erectile dysfunction therapy.

KEYWORDS

Doliocarpus dentatus, ecotypes (red and white), metabolomics, therapeutic properties, secondary
metabolites; Nagoya protocol; Bioactive compounds, antioxidant, phenolic content; erectile

dysfunction, liquid chromatography-electrospray ionization tandem mass spectrometry.
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1. CHAPTER 1: GENERAL INTRODUCTION

Natural products derived from diverse plant families have played a crucial role in
traditional medicine and drug development for centuries. Plant-based compounds have been a
significant source of chemicals leading to the creation of numerous pharmaceutical drugs over the
past 100 years (Gasmi et al., 2022; Veeresham, 2012). The World Health Organization (WHO)
recognizes the widespread use of plant-based traditional medicines, particularly in developing
countries where populations often rely on herbal remedies for primary health care (Gasmi et al.,
2022).The use of plants in traditional medicine has been extensively documented, with plant
extracts serving as natural remedies in various forms such as teas, potions, and oils (Aponte et al.,
2008).

The Dilleniaceae family is a significant group of angiosperms with a pantropical
distribution that extends into Australia (U.K.G. & M.L.A.M.S., 2024). It comprises 10—14 genera
and approximately 500 known species of shrubs, lianas, and occasionally trees or herbaceous
plants (Acevedo-Rodriguez, 2018; Bruniera & Groppo, 2010).

The family has a broad distribution across tropical and subtropical regions worldwide as
shown in Fig 1.1, with significant diversity in Southeast Asia, Australia, Africa, and the Americas
(Lu et al., 2024). These plants are commonly found in tropical, subtropical rainforest forests,
savannas, and montane areas (Zhang et al., 2009). In the Americas, particularly in Central and
South America, Dilleniaceae species are well-represented by climbing plants, such as the lianas in

the Doliocarpus genus (Takahashi et al., 2023).



Global Distribution of the Dilleniaceae family
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Figure 1. 1 Global Distribution of the Dilleniaceae family, green circles on the map on the
continents. Image using ArcGIS Pro. The data was generated by the Global Biodiversity
Information Facility (GBIF) on October 17, 2024, (User, 2024).

1.1.  Phytochemical profile of Dilleniaceae

Studies indicate that the phytochemical profile of the Dilleniaceae family is diverse and
extensive, with over 130 compounds isolated from various species. The major classes of

compounds found in this family include flavonoids, terpenoids, lignans, anthraquinones, and other



phenolic derivatives. Flavonoids are particularly abundant, with 76 different compounds
identified, including flavones, flavonols, dihydroflavonols, and isoflavones (Lima et al., 2014).
Terpenoids are another important group for which 33 compounds have been identified, including

phytosteroids and triterpenes with different structural skeletons (Lima et al., 2014).

The Dilleniaceae family displays a wide range of biological activities across its various
genera and species. Researchers have documented several notable effects, including antimicrobial
properties, where species such as C. americana, D. indica, and Tetracera show antibacterial,
antifungal, and antimycobacterial activities against different pathogens (Biso et al., 2010). Other
significant activities include anti-inflammatory, analgesic, antioxidant, antidiabetic, anticancer,
gastroprotective, hepatoprotective, antihypertensive, antileishmanial, immunomodulatory, and
xanthine oxidase inhibitory activities, largely attributed to their rich content of flavonoids,
terpenoids, and phenolic compounds (Alam et al., 2012; Kushima et al., 2009; Sauvain et al.,

1993).

The Dilleniaceae family exhibits remarkable pharmacological potential, supported by
ethnomedicinal practices, traditional medicinal use and robust scientific evidence (Lima et al.,
2014). However, despite their promising bioactive profiles of the Dilleniaceae species , only seven
out of nineteen studied species have been rigorously analyzed for therapeutic properties (Barua et
al., 2018; Lima et al., 2014; Sabandar et al., 2017). This stark research gap highlights a largely
untapped resource. Future studies may reveal even more diverse and potent applications,

particularly among under-investigated species such as Doliocarpus dentatus (Lima et al., 2014).



Dilleniaceae-derived chemicals show significant promise as sources of targeted
therapeutics, supported by both traditional uses and modern pharmacological research. Notably,
compounds such as betulinic acid and koetjapic acid, isolated from species like Dillenia indica
and Dillenia serrata, have demonstrated potent anticancer activity. These triterpenoids induce
apoptosis in cancer cells by modulating critical signaling pathways, including Akt/mTOR, NF-«xB,
and JAK/STAT3, which are involved in cell survival, inflammation, and metastasis (Jalil et al.,
2015; Nordin et al., 2017). Betulinic acid, in particular, has shown selective toxicity toward cancer
cells with minimal effects on normal cells, making it a promising candidate that has already

advanced to preclinical trials (Nordin et al., 2017).

In addition to their anticancer potential, Dilleniaceae extracts have exhibited strong anti-
inflammatory and analgesic properties. For example, extracts from Dillenia serrata have been
shown to inhibit prostaglandin E2 production at levels comparable to standard anti-inflammatory
drugs like indomethacin (Nordin et al., 2017). Similarly, D. dentatus contains betulin and betulinic
acid, which provide analgesic and anti-inflammatory effects in animal studies without genotoxicity
(Branquinho et al., 2021; Lima et al., 2014; Sauvain et al., 1993). The family also offers
antidiabetic and antioxidant benefits, as seen with D. indica fruit extracts, which help regulate
blood glucose and reduce oxidative stress in diabetic models. These effects are attributed to the
presence of flavonoids and triterpenoids and have even led to patents for diabetes-related

formulations (Jalil et al., 2015; Lima et al., 2014; Nordin et al., 2017).



1.2. Doliocarpus dentatus (Aubl.) Standley

Doliocarpus dentatus (Aubl.) Standley, hereafter referred to as D. dentatus is a species
within the Dilleniaceae family. It is used in traditional medicine for various therapeutic properties.
It i1s well-known for its role in treating conditions such as venereal disease and skin ulcers

(Branquinho, Verdan, et al., 2021a; Van Andel T, 2000).

The two ecotypes of D. dentatus, which can be found in Guyana, are the most utilized in
traditional medicine (Branquinho, Verdan, et al., 2021a; Branquinho, Verdan, Silva-Filho, et al.,
2021; van Andel, 2000). While anecdotal evidence is abundant for their beneficial effects on
specific illnesses such as leishmanial ulcers, erectile dysfunction (ED) and for promoting overall
health and wellness, no scientific evidence has been provided to back up the claims. Accounts of
intended benefits are publicized on popular online platforms such as YouTube since news journals,
the Guyana Chronicle journal in 2013 popularized D. dentatus ethnomedical and pharmacological
properties. An acceptable and much-publicized claim is that D. dentatus acts as a natural
aphrodisiac, earning it the nickname 'local Viagra' due to its widespread informal use for this

purpose. Nonetheless, these claims remain unsupported by scientific evidence.

1.3. Botanical Description

D. dentatus morphological features are shown in (Fig 1.2). The outer barks and mature
leaves of D. dentatus red ecotype are shown in (Fig 1.3). D. dentatus red ecotype consists of bark
that is greyish brown, smooth with circular plates. In cross-section, the cambia producing
alternating concentric rings of xylem and phloem, either cylindrical or slightly asymmetrical (Fig
1.3). The white ecotype is characterized by bark that is greyish brown and has a papery, flaky, or
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peeling texture with rectangular plates. In cross-section, it features successive cambia that produce
alternating concentric rings of xylem and phloem, which are either cylindrical or slightly

asymmetrical.

The inner bark of the white ecotype is light red to orange while the inner bark of the red
ecotype is dark red both having alternated concentric rings of xylem and phloem, either cylindrical
or slightly asymmetrical (Fig 1.3). The younger parts of the stem, petioles, and major leaf veins
are covered with appressed, long slender trichomes, which become less prominent as the plant

matures.

The leaves have dentate margins, a feature reflected in the species name "dentatus". As the
plant ages, its stems and leaves become glabrate, or nearly hairless. D. dentatus is a woody
climbing vine that is well-adapted to tropical forest habitat. Its woody stem ascends and spreads
throughout the canopy. The seeds are typically two in number, reniform, and black, each encased
in a white aril (a specialized structure for seed dispersal), which may be either membranous or
fleshy (Aymard & Gerardo, 2000). The inflorescences are characterized by their arrangement in

fascicles or glomerules.

The woody stem is ascended and spread through the canopy. The seeds are typically two,
reniform, black, covered by a white arillode (specialise structure for seed dispersal) this is
membranous or fleshy. (Aymard & Gerardo, 2000). Inflorescences of fascicles or glomerules. The
flowers exhibit bisexuality and actinomorphic. The calyx is composed of 3—6 free, subequal sepals,
with the inner sepals generally larger, imbricate, and persistent. The petals, which number between

2 and 6, are free, white, and early caducous. The stamens are numerous, characterized by unequal



filaments that may be flexuous or reflexed and the anthers dehisce via longitudinal sutures. The
ovary is superior and unicarpellate, housing two basal ovules. The style is terminal and filiform,
while the stigma varies from punctiform to peltate (Aponte et al., 2008; Raissa Borges Ishikawa et

al., 2017; Oliveira et al., 2002; Sharma et al., 2001) .

Doliocarpus dentatus red Doliocarpus dentatus leaves Doliocarpus dentatus white
ecotype (A) (both ecotypes) (B) ecotype (C)

Figure 1. 2. Barks and mature leaves of D. dentatus (red and white ecotypes). A. D. dentatus
red ecotype. B. D. dentatus mature leaves of red and white ecotypes. C. D. dentatus white
ecotype. Photos by Ewart Smith - (21N0261909 — 0578704) (Potaro Siparuni, Region 8,
Guyana, August 2022).
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Doliocarpus dentatus red Doliocarpus dentatus Fruit Doliocarpus dentatus white
ecotype (A) (both ecotypes) (B) ecotvne (C)

Figure 1. 3. D. dentatus red and white ecotypes morphological characteristics used to
determine its selection for known therapeutic benefits. A. D. dentatus red ecotype, B. D.
dentatus fruits ( red and white). C. D. dentatus white. Photos by Ewart Smith ( Potaro
Siparuni (21N0261909 — 0578704), Region 8, August 2022, Guyana).

1.4.  Ecology and Distribution
The Doliocarpus genus comprises 50 species, mostly woody climbers, known as lianas, that
thrive in tropical regions of Central and South America and parts of the Caribbean shown in (Fig
1.4) (Bhatia et al., 2014; Huang et al., 2021; Kumar et al., 2007; Sasidharan et al., 2011). In
Guyana, D. dentatus is frequently found as a large canopy liana in undisturbed mixed forests (Van
Andel T, 2000). The species plays a vital role in forest regeneration and is ecologically important,
but its conservation is critical due to habitat loss and degradation (Aymard-Corredor & Monzoli,

2024; Aymard, 1997; Dalziell et al., 2018).
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Figure 1. 4. illustrates the distribution of D. dentatus across Guyana. The distribution in
Guyana (red circles on the map) is known for its therapeutic benefits. The Potaro-Siparuni
region of Guyana, where our studies are conducted is highlighted in cyan in the map.

1.5.  Phytochemical and Phytohormone Profiles D. dentatus

The phytochemical composition of D. dentatus exhibits a diverse range of bioactive
compounds include flavonoids, tannins, alkaloids and terpenoids (Raissa Borges Ishikawa et al.,

2017; R. Jagessar et al., 2013; Lima et al., 2014; Sousa et al., 2020), similar to other members of



the Dilleniaceae family (Aponte et al., 2008; De Toledo et al., 2011; Endringer et al., 2010; Lima
etal., 2014).

D. dentatus may contain a variety of phytohormones with distinct effects that can influence
its phytochemical composition and can enhance antioxidant and anti-inflammatory properties.
Phytohormones are traditionally viewed as plant produced compounds that occur at <10®M;
minute levels (Aoki et al., 2024; Hoyerova et al., 2006; Kisiala et al., 2019) and function in
complex networks of signaling interactions that impact the growth and development of plants (EI-
Showk et al., 2013). Phytohormones aid in control diverse aspects of plant growth and
development, including embryogenesis, organ size, pathogen defence, stress tolerance, and
reproductive development (Han & Kahmann, 2019; Vondrakova et al., 2018; Z. Wang et al., 2016).
These processes are influenced by a complex network of interactions among various plant
hormones such as auxins, cytokinins, gibberellins, abscisic acid, ethylene, brassinosteroids,
jasmonic acid, and salicylic acid (Choudhary & Kumari, 2021; Ma & Ma, 2016; Arpan Mukherjee

et al., 2022; Stroud et al., 2022; Van der Does et al., 2013).

Phytohormones play a crucial role in the regulation of secondary metabolites in plants,
which can enhance antioxidant and anti-inflammatory properties (Divekar et al., 2022; Lv et al.,
2021b). These hormones, including JA, CKs and SA are recognized for their ability to modulate
secondary metabolism in plants (Bernabé-Antonio et al., 2023). They can trigger transcriptional
reprogramming, resulting in an increased synthesis of secondary metabolites such as
phenylpropanoids, terpenoids, and alkaloids. Specifically, JA signaling is known to regulate the
biosynthesis of terpenoid indole alkaloids and phenylpropanoids, while SA and CKs may induce

the production of anthocyanins and phenolics (Bernabé-Antonio et al., 2023).
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Phytohormones have the capacity to enhance antioxidant defenses by modulating the
activities of both enzymatic and non-enzymatic antioxidants. For example, SA and ET can
stimulate the production of antioxidants, thereby aiding plants in scavenging reactive oxygen
species (ROS) and alleviating oxidative stress (Bernabé-Antonio et al., 2023). This mechanism is
essential for safeguarding plants against abiotic stressors, such as ozone exposure, as an increased
antioxidant capacity contributes to plant survival. The augmented antioxidant capacity is primarily
attributed to the enhanced production of secondary metabolites with antioxidant properties,
including flavonoids, which are recognized for their antioxidant, anti-inflammatory, and

anticarcinogenic effects (Roy, 2017).

CKs are a group of evolutionarily significant molecules, renowned for their pivotal roles
in signaling, where they coordinate various aspects of plant growth and development (Kisiala et
al., 2019; Mok & Mok, 2001; Mok, 2019; Svolacchia & Sabatini, 2023). Chemically, these
molecules are N°® adenine derivatives, and they display a broad phylogenetic occurrence, extending
from bacteria to humans, with both shared and divergent roles, such as promoting growth and
influencing virulence (Aoki et al., 2024; Kieber & Schaller, 2018; Pils & Heyl, 2009). This diverse
functionality underscores the complex and multifaceted nature of CKs across different kingdoms

of life.

While phytohormones do not directly exhibit anti-inflammatory properties, the secondary
metabolites they regulate can have significant anti-inflammatory effects. Phytochemicals such as
flavonoids and phenolic acids, which are influenced by phytohormones, have been shown to
modulate immune responses and reduce inflammation in various models (Mohammed et al., 2014;

Nisar et al., 2023). For instance, flavonoids such as luteolin and kaempferol have been found to
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suppress chronic inflammation by inhibiting pro-inflammatory CK and pathways (Nisar et al.,
2023). These compounds can target multiple pathways involved in inflammation, thereby
providing potential therapeutic benefits. Thus, the indirect role of phytohormones in enhancing
anti-inflammatory properties occurs through the regulation of these beneficial secondary
metabolites (Mohammed et al., 2014; Nisar et al., 2023).

Despite the vast majority of phytohormone studies have investigated production by and
action in plants, current research is highlighting the importance of CKs, their conjugates, their
interaction and influence on the biosynthesis of secondary metabolites such as terpenoids,
phenylpropanoids and alkaloids in D. dentatus ecotypes that may contribute to its efficacy for
treatment for ED.

The investigation of phytochemicals and their potential interactions with CKs in D.
dentatus ecotypes presents significant opportunities for the discovery of bioactive compounds that
may serve as treatments for ED. Examining the interplay between phytochemicals and CKs could
enhance our understanding of plant-based remedies and their therapeutic applications. This topic

is further elaborated upon in Chapter 3, 4 and throughout the remainder of the thesis.

1.6. Thesis Format and Research Objective, hypotheses and predictions

At the onset of research presented in this thesis, very little was known about the
phytochemical and phytohormone profiles and phenolic and flavonoid content of the two ecotypes
of the D. dentatus red and white, known in Guyana as Capadulla. While D. dentatus is regarded
as a powerful aphrodisiac, key questions remain: What phytochemicals are present in the stem of

D. dentatus red and white ecotypes? And is there a difference between the phytohormone profiles,
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phenolic and flavonoid content and cytokinin profiles of D. dentatus red and white ecotypes? The
overall objective of this thesis is a spectrometry-based metabolomics investigation of D. dentatus
ecotypes from Central Guyana with a focus on the therapeutic potential of various biomarkers for
erectile dysfunction therapy. This thesis is presented as a compilation of four manuscripts, each
representing a single chapter; followed by a general discussion in which the overall findings and
future directions are discussed.

The research objectives, hypotheses and predictions of this thesis were to:

1. Examine international and national policy frameworks governing natural product
research in Guyana.

1.1. Ho: the implementation of strong international and national policy frameworks in Guyana
increases transparency, accountability, and sustainability in natural product research,
thereby enhancing the country's ability to derive economic benefits from its biodiversity
while ensuring environmental conservation and social equity.

1.2. Based on the current trends and policies in Guyana, it is predicted that the country will
continue to strengthen its international and national policy frameworks governing natural
product research. This will likely involve further implementation of agreements like the
National Policy on Access to Genetic Resources and Fair and Equitable Sharing of Benefits
to better regulate access to its rich biodiversity and ensure equitable benefit sharing with

local stakeholders and international partners.
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2.0. Determine the general profile and target bioactive compounds of taxonomic origin of

D. dentatus ecotypes in response to erectile dysfunction (ED) therapy.

2.1. Ho: The red ecotype of D. dentatus contains higher levels of flavonoids, such as epicatechin
methyl gallate, catechin gallate, and proanthocyanidin A2, compared to the white
ecotype, which will correlate with enhanced therapeutic potential for erectile
dysfunction. This higher flavonoid content is associated with enhanced antioxidant
activity which reduces reducing oxidative stress and inflammation, thereby improving

therapy for ED.

2.2.Ho: The metabolic pathways involved in the biosynthesis of flavonoids and other
polyphenols in the D. dentatus red ecotype are more active, contributing more to its higher

therapeutic efficacy for erectile dysfunction compared to the white ecotype.

3. Determine the phytohormone levels in D. dentatus red and white ecotypes.

3.1. Ho: The red ecotype of D. dentatus contains higher cytokinin levels compared to the white
ecotype, leading to enhanced secondary metabolites with antioxidant and anti-
inflammatory properties, contributing to its greater therapeutic efficacy for ED.

It is predicted that the D. dentatus red ecotype will contain higher levels of CKs than the
white ecotypes of D. dentatus. The differences in CK levels may be linked to its secondary
metabolites with antioxidant and anti-inflammatory properties, contributing to its greater

therapeutic efficacy for ED.
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4. Assess the phenolic, flavonoid content and antioxidant capacities of D. dentatus red and

white ecotypes

4.1.Ho: The red ecotype of D. dentatus contains higher concentrations of total phenolic and
flavonoid compounds compared to the white ecotype, which is associated with greater
antioxidant activity, as measured by assays such as 2,2-diphenyl-2-picrylhydrazyl

(DPPH).

It is predicted that both ecotypes of D. dentatus red exhibit significant levels of phenolic and
flavonoid compounds, contributing to their antioxidant capacities. The red ecotype, given its
higher metabolic profile, pigmentation and flavonoid content, is likely to show higher antioxidant

activity compared to the white ecotype. This will be discussed in chapter 5.

To achieve these objectives, I examined the international legal framework and instruments that
facilitate the development of trust, protection of biological resources, benefit sharing and
connections between developing countries rich in biodiversity with research and development
users. | further focused on the legal Framework of Guyana for protecting Biodiversity Resources
and provides an understanding of the legal framework implemented in Guyana South America to
protect biodiversity resources (chapter 2). Chapter 2 provided guided compliance with ethical and
legal standards for natural product research, especially when it involves the collection of biological
material from Indigenous communities in Guyana South America. It has emphasised building trust
and establishing partnerships with local communities to ensure ethical and sustainable collection
practices and capacity building and knowledge sharing to empower local communities and

promote their participation in the research process (Chapter 2). The information gathered in
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Chapter 2 was used to design a protocol for collecting biological material in a standardised and
ethical manner. Once the protocol was finalised, it was tested and refined through a pilot study
before being implemented in the main study. Overall, chapter 2 was crucial in ensuring the study's

success by providing a solid foundation for collecting high-quality biological material.

In Chapter 3, I collected samples of D. dentatus red and white ecotypes from the Guyana
rainforest. Samples were analysed in positive and negative electrospray ionisation (ESI) modes
using liquid chromatography-mass spectrometry in full scan mode with a minor modification. All
acquired untargeted mass spectrometry data were analysed using XCMS Online, XCalibur
software, MetaboAnalyst (5.0 and 6.0), and Metaboquest and database. This analysis was done for
methanolic extracts of D. dentatus red (treatment) and D. dentatus white (control) to understand
the phytochemical profiles of the two ecotypes and to identify potential bioactive compounds in
the different ecotypes. Approximately 847 compounds were identified through the metabolomic
screening, with 138 compounds tentatively identified as potentially therapeutic—particularly

polyphenols, which are known to have antioxidant properties.

Polyphenols emerged as the dominant class of compounds in both ecotypes, accounting for
63.9 % of the identified metabolites. This abundance of polyphenols, particularly in the red
ecotype, underscores the potential therapeutic value of D. dentatus, given the well-documented
health benefits of these compounds, including antioxidant and anti-inflammatory properties.

Chapter 4 focuses on the phytohormone profiles of D. dentatus red and white ecotypes.
The screening was conducted to determine whether there is difference between the phytohormone
profiles of D. dentatus red and white ecotype. The screening of these ecotypes reveals that, red

ecotype generally exhibited higher levels of active CKs, particularly trans-zeatin (tZ) and cis-
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zeatin (cZ), compared to the white ecotype. Notably, the red ecotype showed a remarkable
accumulation of certain glucoside forms, especially tZ7G, suggesting a potential reservoir of
inactive cytokinins that could be converted to active forms under specific conditions. A strong
correlation was identified between specific cytokinins (e.g., tZR, tZ9G, DZR, DZ) and secondary
metabolites such as flavonoids and alkaloids, suggesting a complex interaction that may enhance

the therapeutic potential of D. dentatus.

Chapter 5 is more targeted and functional testing approach, and builds on the data from
Chapters 3 and 4 to examine the total phenolic and flavonoid content and antioxidant capacity of
D. dentatus red and white ecotypes. Polyphenols represent the predominant class of secondary
metabolites identified in both red and white ecotypes. Furthermore, other significant superclasses
of compounds encompass benzenoids, phenylpropanoids, polyketides, lipids, and lipid-like
molecules. This chapter seeks to enhance our understanding of the specific compounds present in
D. dentatus ecotypes, with particular emphasis on the concentrations of phenolic compounds and

antioxidants within these ecotypes.

The red and white ecotypes of D. dentatus reveals significant differences in their
phytochemical profiles and antioxidant capacities. The red ecotype exhibits higher total phenolic
content, averaging 119.70 mg/g, compared to the white ecotype's 61.08 mg/g. Similarly, the red
ecotype contains more flavonoids, with an average of 4.146 mg/g, while the white ecotype
averages 1.584 mg/g. FTIR analysis shows distinct spectral patterns, with the red ecotype
displaying stronger peaks indicative of higher hydroxyl and amine functional groups. The red
ecotype also demonstrates superior antioxidant activity, as evidenced by its ability to scavenge

reactive oxygen species more effectively. These findings suggest that the red ecotype may offer
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greater health benefits due to its enhanced antioxidant potential, supporting its traditional use in

herbal medicine.

This PhD research revealed novel insights into the widespread application of D. dentatus, a
plant species found in the South American rainforest especially Guyana with potential medicinal

properties that can be used to develop new drugs.
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2. CHAPTER 2

Compliance with International and National Frameworks governing Natural Product
Research in Guyana: Insight into the policies, guidelines and a Communication and
Engagement strategy for sharing information.

Published in: Journal of Academic Research and Essays (2024)

ABSTRACT

The controversial utilisation of biological resources arises from the amalgamation of
globalisation and biopiracy, both fueled by Intellectual Property Rights (IPRs). Historically,
biodiversity exploration remained unhindered, devoid of legal or ethical repercussions. However,
over time, extensive debates have taken place, culminating in pivotal agreements: the United
Nations Convention on Biological Diversity (UNCBD), ratified during the Nairobi Conference on
May 22, 1992; the Trade-Related Aspects of Intellectual Property Rights (TRIPS); and the Nagoya
Protocol (NP), inked on October 29, 2010, in Nagoya, Japan, and globally enforced from October
12, 2014. These significant accords, including the Convention on Biological Diversity (CBD),
uphold nations' sovereignty over natural resources and acknowledge Indigenous and rural
communities' traditional knowledge concerning biodiversity. This assessment delves into the
global legal framework and instruments that foster trust, protect biological resources, ensure
equitable benefit sharing, and establish connections between biodiverse developing countries and
research entities. It also highlights Guyana's legal framework, shedding light on its measures to

safeguard biodiversity resources and conserve biodiversity within its jurisdiction.

Keywords: Guyana, Biological Resources; Intellectual Property; Stakeholder Engagement;

Communication Framework; Trade-Related Aspects.
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3. INTRODUCTION

The interaction of industrialisation, urbanisation, and unsustainable extraction of biological
resources for Natural Products (NP) has led to the extinction of unique species (Pimm et al., 2014;
Vellend et al., 2017). This has sparked controversy over the use of biological resources, resulting
in the loss of phylogenetic and functional diversity, habitat degradation, species invasions, and
environmental shifts, indicating impending species loss (Pimm et al., 2014). NP research relies on
biological materials for novel drugs and chemical leads (Katz & Baltz, 2016; Tavares et al., 2020).
However, the ongoing biodiversity decline jeopardizes NP research and its potential benefits.
Moreover, cultural practices rooted in traditional knowledge tied to natural resources are impacted
(Martins et al., 2014). This necessitates a sustainable approach that balances environmental and

societal impacts through conservation, alternative resource methods, and preservation.

The core objective of natural product drug discovery is to isolate and understand the
structures of natural compounds, known as secondary metabolites, for societal use (Katz & Baltz,
2016; Rosenthal & Katz, 2003). These molecules enhance the producing organism's survival [8].
Natural products possess biological activity due to their specific chiral forms, complementing
synthetic molecules in drug development (Kinghorn et al., 2011). Over 60% of US-introduced
chemical entities in the past 25 years have been natural product-based (David, 2008; Li et al.,
2022). Despite advantages, NP drug discovery faces challenges, including complex structures,
limited sources, ethical concerns, regulatory hurdles, cost, and limited mechanistic understanding
(Atanasov et al., 2015; Barnes et al., 2016). Additionally, regulations and intellectual property
complexities affect access, benefit-sharing even under the recently adopted Kunming-Montreal

Global Biodiversity Framework (Digital Sequence Information on Genetic Resources), and
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patentability (Brink & van Hintum, 2022; Decision, 2011; Heffernan, 2020; Hiemstra et al., 2019;
Lyal, 2022; Sunderland et al., 2004). Guyana navigates international and national frameworks for
access, trade, and benefit-sharing of biological materials yet confronts threats like biopiracy and
climate change. This review aims to guide researchers on ethical access, Indigenous knowledge
respect, and legal considerations in Guyana's biological material collection process. By adhering
to these guidelines, researchers can ensure responsible practices that respect nature and
communities. The findings may inform policymakers and stakeholders, facilitating sustainable
biological material access strategies and equitable benefits sharing, aligning with the UNCBD

principles

3.1. International Conventions that Contribute to Biodiversity Conservation and
Sustainable Utilisation: International Instruments and Mechanisms

International efforts to conserve biodiversity and ensure sustainable resource utilization
have given rise to significant international conventions, notably the Convention on Biological
Diversity (CBD) and the Trade-Related Aspects of Intellectual Property Rights (TRIPs). These
instruments have emerged as pivotal with global support (Rajam & Schovsbo, 2022). More than
190 nations have subscribed to these documents, aiming to safeguard biodiversity, including
diverse ecosystems. The CBD commits globally to protecting biological diversity as well as
upholding the rights of Indigenous peoples and local communities. It protects a country's biological
resources and community rights, while TRIPs offer a baseline of intellectual property rights
protection, specifically defending private rights (Rajam & Schovsbo, 2022). The CBD entered into
force in 1993, responding to the growing importance of conserving and sustainably using

biodiversity. In parallel, the TRIPs agreement, arising from the emergence of biotechnological
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discoveries, has introduced private rights to various domains, including biotechnology. However,
this has led to intricate legal complexities for biotechnology entities and researchers, prompting
discussions on the balance between fostering innovation and ensuring public access to essential

technologies (Lakshmi et al., 2012)

The UNCBD is a crucial component of these international efforts. Born out of the United
Nations Environment Program (UNEP), it originated from the need to address environmental
protection and its global implementation. The UNCBD was ratified in 1992 in Rio de Janeiro,
Brazil, envisioning the preservation of biodiversity, responsible utilization of genetic resources,
and equitable sharing of derived benefits (Farnsworth, 1988; McGraw, 2002). The CBD, via the
Nagoya Protocol, introduces concepts such as "Prior Informed Consent (PIC)" and underscores
sovereign rights in determining access criteria (Smagadi,2006). Furthermore, it acknowledges the
intricate challenge of distinguishing tangible and intangible components of genetic resources,

which affects property rights classifications.

Complementary to the CBD, the Nagoya Protocol, globally enforceable since 2014, seeks
fair benefit sharing arising from genetic resource use. By addressing legal clarity and transparency
in interactions between developed countries and developing countries, the Nagoya Protocol
advances the preservation of biological diversity, contributing to its sustainable utilization (Buck
& Hamilton, 2011; Kamau et al., 2010; Morgera et al., 2012). The scope of application of the
Nagoya Protocol encompasses a wide range of biological entities, including plants, animals,
microbes, and fungi, and pertains to their utilisation in both academic and commercial research

and development endeavours (Denny, 2022).
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Notably, Articles 2¢, d, and e hold particular significance within this context. Article 2¢
emphasises the utilisation of genetic resources, emphasising research and development concerning
the genetic and biochemical composition of these resources. This also includes the incorporation
of biotechnology, as defined within Article 2¢ of the Convention (Denny, 2022). Articles 2d and
2e further clarify the protocol's scope by defining derivatives as naturally occurring biochemical
molecules originating from genetic expression or biological resource metabolism. Articles 2d and
2e applied regardless of whether such derivatives contain functional units of heredity (Sherman &
Henry, 2020). Importantly, the concept of Access and Benefit Sharing (ABS) is central to the
Nagoya Protocol. ABS is concerned not with the monetary value of the biological resource, but
rather with the additional value generated through research and development (R&D) conducted on
that genetic resource. However, it is worth noting that the implementation of ABS, intended to
promote equitable benefit sharing, might inadvertently stifle innovation due to the complexities of
research taxation (Aubertin & Filoche, 2011; Denny, 2022). The Nagoya Protocol aims to balance
fair remuneration for genetic resources with administrative processes that do not hinder innovation,
fostering a favourable R&D environment, and fair benefit sharing to promote equity in genetic

resource usage.

3.2.  Trade-Related Aspects of Intellectual Property Rights (TRIPS)
Intellectual property rights (IPRs) are a dynamic landscape shaped by diverse national aims,
beliefs, cultures, traditions, and political contexts, leading to varying levels of protection and
enforcement. IPRs grant individuals exclusive rights over their creative or innovative creations,
providing legal protection under national law (Correa, 2020). These rights cover a spectrum of

creative works, from inventions to artistic expressions, with the primary goal of fostering
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economic, social, and cultural progress. Patents, copyrights, and other forms of IPRs enable
creators to profit from their contributions, stimulate innovation, and facilitate the dissemination of
knowledge and technology (Munson, 2023; Strathern, 1999). The intellectual property system
serves as a vital tool for public policy, cultivating a conducive environment for creativity,
technological advancement, and the equitable distribution of benefits to society at large (Braga,

1989; Sople, 2016).

Early international efforts to establish a comprehensive framework for intellectual property
protection resulted in the Paris Convention for the Protection of Industrial Property (1883) and the
Berne Convention for the Protection of Literary and Artistic Works (1886). Subsequent
agreements, such as the Rome Convention (1961) and the Budapest Treaty (1977), further
expanded the scope of intellectual property protection. The World Trade Organization (WTO) was
established to address trade-related aspects of IPRs, culminating in the Agreement on Trade-
Related Aspects of Intellectual Property Rights (TRIPS) under the Uruguay Round negotiations.
TRIPS is a comprehensive and transformative international agreement that bolsters intellectual
property rights across various domains, including patents, copyrights, trademarks, and more. This
landmark accord enhances global intellectual property standards, promotes fair competition, and
fosters innovation on a worldwide scale (Arlidge et al., 2018; Chadha, 2000; Rheude et al., 2022;

Walseth, 2002).
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3.3.

Objectives of Trade-Related Aspects of Intellectual Property Rights (TRIPS)

The Trade-Related Aspects of Intellectual Property Rights (TRIPs) agreement, an integral
component of the WTO, applies universally to all WTO member nations. Reflecting principles
similar to the General Agreement on Tariffs and Trade (GATT) and the General Agreement on
Trade in Services (GATS), TRIPs establish essential foundations such as non-discrimination
provisions, national treatment provisions, and the concept of most-favoured-nation status
(Baranyanan, 2021; Busch & Reinhardt, 2003). Although predating TRIPs, the 1883 Paris
Convention laid an initial groundwork for global intellectual property (IP) standards, yet it did not
establish a comprehensive and uniform level of IP protection (Harris, 2010). In contrast, the TRIPs
Agreement sets forth minimum IP protection and enforcement standards, applicable across WTO
member states (Correa, 2022; Tyson & Frazier, 2022)By becoming parties to the WTO Agreement,
nations commit to ensuring effective and appropriate worldwide protection of intellectual property
rights (Murray et al., 2022; Simmons, 2010). TRIPs stand as a comprehensive global accord on
intellectual property, covering diverse categories of IPRs and establishing fundamental
prerequisites for their safeguarding. This entails delineating the administration and enforcement of
IPRs and establishing mechanisms to address disputes among members regarding the adequacy of

protection (Correa, 2000, 2022).
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3.4. The TRIPs Agreement comprises six distinct sections:

1.

Part T The initial section outlines broad terms and key concepts, including
provisions related to national and most-favoured-nation treatment and IPR

exhaustion (Baranyanan, 2021; Stone, 2011).

Part IT outlines the core requirements for intellectual property protection that WTO
members must embody. Sections I and II include substantive regulations to be

incorporated into national legal systems.

Part I1I addresses the enforcement responsibilities of members, establishing general

guidelines for intellectual property enforcement procedures and remedies.

Part IV outlines the procedures for acquiring and maintaining IP protection, and
also provides mechanisms for resolving disputes transparently to safeguard rights

(Murray et al., 2022; Tyson & Frazier, 2022).

Part V introduces provisions for transition, technological transfer, and technical

cooperation.

Finally, Part VI addresses institutional structures and addresses specific challenges

such as safeguarding existing subject matter (Simmons, 2010; Stone, 2011).

The preamble of the TRIPs Agreement played a crucial role in the negotiations during the

Uruguay Round. The primary intention was to acknowledge intellectual property as private

property rights and eliminate distortions and barriers in international trade. This signifies the

practice of Intellectual Property Rights (IPRs) by holders rather than government authorities
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(Busch & Reinhardt, 2003). Similarly, under Article 28, a patent right grants exclusive rights to
the inventor, enabling them to prevent others from using, manufacturing, or selling the patented
product (Singh, 2002). The objectives of the TRIPs Agreement are clearly delineated in Article 7,
while Article 8 lays out its guiding principles. Both articles play a significant role in helping less
developed nations balance their gains from the TRIPs negotiations. While emphasizing the
importance of IPRs in promoting creativity and innovation, Article 7 also addresses concerns of
potential negative impacts on social and economic development, striving to achieve a balanced
approach to IP protection that considers both producers and users. Article 66 of the TRIPs
Agreement contains provisions for technology transfer, particularly addressing the needs of least
developed countries. These nations, facing economic and administrative limitations, are granted
flexibility to establish a sustainable technical foundation. The agreement offers 10 years from the
date of application, subject to restrictions outlined in Articles 3, 4, and 5. Additionally, Article 67
outlines extension options, further highlighting the council's role in safeguarding IPRs to stimulate
technical innovation and facilitate the dissemination of technological advancements for social and

economic welfare.

3.5. Relationships between the United Nations Convention on Biological Diversity (CBD),
Nagoya Protocol (NP), and Local Laws

In contrast to India's Biological Diversity Act of 2002, the Environmental Protection Agency
(EPA) of Guyana does not differentiate between local and foreign researchers regarding transaction
costs for the exchange and utilisation of biological materials. The 2007 Guyana National Policy
on Access to Genetic Resources and Fair Benefit-Sharing advocates for this inclusive approach. It

emphasises that access to genetic resources and associated knowledge for research in biology,
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agriculture, and biotechnology should be provided without causing harm to its citizens or impeding
the country's wider interests, regardless of whether the research is for commercial or non-
commercial purposes. The policy framework of Guyana focuses on actively managing national
genetic resources. This framework aims to support the sustainable use and preservation of genetic
resources, as well as to promote social, cultural, and economic growth. It emphasises involving
relevant parties and providing support for developing skills to ensure successful participation in
access and benefit-sharing agreements (Tables 1, 2 and 3). Furthermore, it stresses the importance
of respecting the culture, traditions, customary laws, and community regulations of Amerindian
and local communities, particularly when entering their territories (Fusi et al., 2019; Kamau, 2022;

Mr Lilwah, 2007) which is aligned with the CBD..

3.6. Guyana Legal Framework for the Protection of medical biodiversity (natural
products)

The preservation of Guyana's medical biodiversity (NPs) is anchored in the 1996
Environmental Protection Act and the 2000 Biodiversity and Access to Genetic Resources
Regulations but is supported by other acts and legislative frameworks (Table 1). These legal
instruments oversee the exploration, development, and commercial utilisation of biological
resources and traditional wisdom and ensure the just and balanced sharing of benefits derived from
these endeavours among resource providers and guardians. Moreover, these regulations uphold
Indigenous communities' and local societies' rights and interests concerning their biological and
cultural legacy. This overarching approach is pivotal for fostering sustainable progress and

shielding vulnerable communities from exploitation. Furthermore, it underscores the paramount
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importance of safeguarding biodiversity and ancestral wisdom for the well-being of future

generations.

Table 2. 1. National Legislation for the Sustainable Use of Guyana's Natural Resources

National Policy, Legislative Framework, and Institutional Context Date
1. Environmental Protection Regulations 2000
2. Guyana Forestry Commission Act, Cap. 67:02 2011
3. Protected Areas Act, Act No. 14 2013
4. Wildlife Management and Conservation Regulations 1999
5. Species Protection Regulations 2000
6. Fisheries Act 1996
7. Iwokrama International Centre of Rainforest Conservation and 1919

Development Act. 2005
8. Wild Birds Protection Act 1919
9. Plant Protection Act 2011
10. Mining Environmental Regulations 2006
11. Mining Act, Cap. 65:01 1989

3.7.  Exploring the Utilisation of Guyana's Enchanting Tropical Rainforest

In the heart of South America, Guyana's extensive tropical rainforests, comprising almost
85% of the country's geographical area, serve as a remarkable example of nature's resilience and
human stewardship (Ter Steege et al., 2013; van den Boog et al., 2018). The historical preservation
of these lush tropical forests can be attributed to factors such as Guyana's low population density,
remote and inaccessible forest areas, and historically limited disturbances (Elias-Roberts, 2020;
Steege et al., 1995). This preservation has nurtured a rich tapestry of biodiversity, offering refuge
to unique species while also fostering a profound cultural connection between Indigenous
communities and the forest (Hammond, 2005; Shah & Cummings, 2021). As history intertwines

with the present, Guyana's approach strikes a harmonious balance between sustainable economic
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development and ecological integrity, encompassing responsible timber harvesting and a strategic
shift towards non-timber forest products (Clarke, 2006; Sizer, 1996; Ter Steege et al., 1999). This
innovative strategy not only enhances local livelihoods but also contributes to global conservation

efforts, showcasing Guyana's dedication to both its people and the planet (Ter Steege et al., 1999).

Amidst a broader global context, Guyana's commitment to environmental conservation
extends beyond its borders, as evidenced by its participation in international agreements such as
the United Nations Convention on Biological Diversity and many others (Table 2) (Soltis et al.,
2003). This dedication highlights the nation's role as a responsible global citizen, offering financial
and technical support to developing countries for biodiversity conservation (Soltis et al., 2003).
Guided by a comprehensive framework of policies and strategies, Guyana's sustainable forest
management approach emphasises the protection of diverse ecosystems, the promotion of
equitable resource utilisation, and the cultivation of a resilient environment in the face of evolving
challenges (Straul} et al., 2022). As the nation traverses the delicate terrain between preserving
cultural traditions, pursuing economic aspirations, and safeguarding ecological well-being, its
tropical rainforests stand as a living testament to the harmonious coexistence of humanity and

nature (StrauB3 et al., 2022).

3.8. Navigating Biodiversity Conservation in Guyana: Challenges and Solutions

Guyana's commitment to biodiversity conservation preservation and environmental
sustainability is underscored by its participation in international agreements Having signed the
United Nations Convention on Biological Diversity (CBD) in 1992 and subsequently ratifying it

in 1994, Guyana has embraced a global effort to protect its rich natural heritage (Soltis et al., 2003).
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This Convention mandates the development of conservation strategies, plans, and programmes,
integrating biodiversity protection into sectoral policies (Soltis et al., 2003). CBD Member nations,
including Guyana, are also called upon to provide financial and technical support for biodiversity
conservation in developing countries, promoting equitable and sustainable use of genetic resources
(Soltis et al., 2003). The Convention also emphasises establishing protected areas and regulating
access to genetic resources to ensure their sustainable and equitable utilisation (Table 2).

Since its CBD ratification, Guyana has taken significant strides toward the sustainable
management of its natural resources weaving conservation principles into national decision-
making processes (Table 2). Measures are in place to minimise adverse impacts on biological
diversity, while customary use of natural resources is encouraged within compatible cultural
practices (Soltis et al., 2003). The country's commitment extends beyond policy and legislation, as
evident in its adherence to various international and national frameworks. These frameworks
provide a solid foundation for Guyana's development of policies geared towards reducing carbon
emissions, safeguarding wildlife habitats, and promoting sustainable development (Straul} et al.,
2022).

Guyana's commitment to biodiversity preservation is translated into tangible action through
a series of national policies, plans, and legislative frameworks. The National Forest Policy,
National Land Use Policy, and Policy on Access to Genetic Resources emphasize sustainable
utilization (StrauB3 et al., 2022). National strategies such as the Low Carbon Development Strategy
(LCDS) and National Protected Areas Strategy contribute to biodiversity management (Strauf3 et
al., 2022). The National Coordinating Committee on Biosafety and Biosecurity ensures Guyana's

adherence to international agreements, while the Ministry of Natural Resources and the
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Environment plays a pivotal role in harmonizing policy and management across natural resource
sectors(StrauB3 et al., 2022).

Despite these commendable efforts, several challenges and gaps remain in Guyana's
biodiversity conservation journey. The absence of a specific biodiversity policy poses a hurdle,
potentially leading to deforestation and habitat loss (Clerici et al., 2020). The harmonization of
diverse legislation is essential to ensure effective and efficient conservation efforts, avoiding
conflicts and contradictions (Blind & HeB, 2023). Furthermore, the scarcity of baseline data
hampers the establishment of adequate trends in biodiversity, urging the nation to invest in
comprehensive monitoring mechanisms (McNellie et al., 2020). A robust monitoring system is
crucial for evaluating interventions and demonstrating their impact (Maja & Ayano, 2021).

The lack of awareness of the National Biodiversity Strategy and Action Plan (NBSAP)
among stakeholders underscores the need for targeted outreach and education(Shen & Jiang,
2021). Similarly, the absence of a single authoritative source of biodiversity and environmental
data impedes informed decision-making and calls for the establishment of a centralized and
transparent data-sharing mechanism (Shen & Jiang, 2021). Collaboration between academic
institutions and government sectors is pivotal to bridging knowledge gaps and implementing
sustainable practices (Kopnina, 2020).

Guyana's journey toward biodiversity conservation and sustainable development is marked
by international commitments, national policies, and dedicated institutions. While challenges
persist, they provide opportunities for growth and innovation. Through strategic policy

development, harmonisation of legislation, robust monitoring, enhanced stakeholder engagement,
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and collaborative efforts, Guyana can further solidify its position as a global steward of
biodiversity and a model for sustainable resource management.

Guyana has adhered to international and national frameworks governing natural resources
are important for ensuring the quality, safety and efficacy of natural products and their derivatives.
These frameworks and adoption agreements from the CBD have been established since 1990. They
have provided the foundation for Guyana to start its conversation on policies tailored to reducing
carbon emissions, protecting wildlife habitats, and promoting sustainable development. By
implementing these agreements, the country can contribute to global efforts to mitigate climate

change and preserve biodiversity (Strauf} et al., 2022).
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Table 2.2: The Biodiversity-Related Conventions to Which Guyana Is a Party

Convention

Ratification / Accession

10.
11.
12.
13.

14.

15.
16.

17.

1.The United Nations Convention on Biological Diversity (CBD)

a. Cartagena Protocol on Biosafety

Nagoya Protocol on Access to Genetic Resources and the Fair and
Equitable Sharing of Benefits Arising from their Utilization.
Convention on International Trade in Endangered Species of Wild
Fauna and Flora (1973).
Cartagena Convention for the Protection and Development of the
Marine Environment of the Wider Caribbean Region (1983)
Specially Protected Areas & Wildlife (SPAW) Protocol (1990)
International Plant Protection Convention (1952)
Convention on the Protection of the World Cultural and

Natural Heritage (1972)

United Nations Convention on Climate Change

Montreal Protocol

Kyoto Protocol
Vienna Convention on the Protection of the Ozone Layer

United Nations Convention to Combat Desertification

International Convention for the Prevention of Pollution
(MARPOL 73/78)

Basel Convention on the Control of Trans-boundary Movement of
Hazardous Waste and their Disposal
Stockholm Convention on Persistent Organic Pollutants

Rotterdam Convention on Prior Informed Consent for

Certain Chemicals and Pesticides in International Trade

Minamata Convention on Mercury

Signatory in 1992.
ratified in 1994.
Acceded to 2008

Acceded to 2014

Ratified in 2010

Ratified in 2010
Acceded to 1970
Acceded to 1977

Signatory in 1992; ratified in
1997.

Acceded to 1993

Acceded to 2003

Acceded to 1993

Signatory in 1996; ratified in
1997

Acceded to 1997

Acceded to 2001
Acceded to 2007

Acceded to 2007

Signatory in 2013
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3.9. Applications to Guyana involved in Access to Benefit Sharing (ABS) initiatives,
including the Nagoya Protocol

In the context of Guyana's engagement in Access to Benefit Sharing (ABS) initiatives, the
Nagoya Protocol holds significant importance. The Protocol dictates that each nation appoints a
National Focal Point (NFP) and a Competent National Authority (CNA) to facilitate access to
genetic resources, ensuring Prior Informed Consent (PIC) and Mutually Agreed Terms (MAT). In
Guyana, the EPA serves as the National Focal Point (NFP) and the Competent National Authority
(CNA) responsible for facilitating access to genetic resources, ensuring Prior Informed Consent
(PIC), and negotiating Mutually Agreed Terms (MAT) figure 1. However, Guyana's involvement
in ABS, including the Nagoya Protocol, has been comparatively limited in contrast to other
regions. This restricted engagement hampers its influence in shaping global ABS discussions,
despite the crucial role of genetic resources for its Indigenous communities. Despite challenges in
defining stakeholders and ensuring equitable engagement, efforts are being made to incorporate
indigenous communities in ABS discussions, highlighting the pivotal role of Traditional
Knowledge (TK) and the necessity for multidisciplinary approaches (Berger Filho & Maia, 2022;
Karger & Scholz, 2021; Knight et al., 2022; Rakotondrabe & Girard, 2021; Sikor et al., 2014;

Sirakaya, 2020; Suiseeya, 2014).

Regarding safeguarding research and development, the Nagoya Protocol emphasizes legal
stability throughout the research process. It introduces the concept of International Certificates of
Compliance, providing tangible evidence of due diligence and legal provenance in utilising genetic
resources (Burton & Evans-Illidge, 2014) Guyana has adopted compliance measures from diverse

member states, such as the EU, to inform its approach [68]. However, challenges persist in
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stakeholder engagement and defining Indigenous communities, necessitating robust strategies for
communication and collaboration. These endeavours aim to ensure equitable involvement within
Community-Based Participatory Research (CBPR) frameworks and address concerns related to
Traditional Knowledge and Intellectual Property (Camara-Leret et al., 2014; Parks, 2018;
Rakotondrabe & Girard, 2021; Sirakaya, 2020; Suiseeya, 2014; Zheng, 2021). The overall
objective is to create a comprehensive and inclusive engagement plan that respects all stakeholders'
rights and contributions while facilitating effective research and development Figure 2 (Leonidou

et al., 2020; Stocker et al., 2020)

United Nations Convention on Biological Diversity (UNCBD)
Guyana became a signatory to the UNCBD in June 1992 and ratified it in August 1994.

l

The Nagoya Protocol (NP)
Guyana became a party to the NP in October 2014.
e Access and Benefit-sharing (ABS)
e Traditional Knowledge

l

Pay processing fee Application
and submit reviewed by the

EPA approves or

research EPA's Research & ! S
denies application

application to the Development and
EPA Analytics units

Attachments

Once approved, pay fee for issuance of

Obtain approval letters from:

the permit.
e Ministry of Amerindian Affairs

e Ministry of Natural Resources
(Guyana Forestry Commission)

e Village councils or concession owner
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Figure 2. 1:Compliance Process for Collecting Biodiversity Material for Natural Product
Research in Guyana

3.10. Protection for Research and Development

The research community requires legal stability that goes beyond just issuing access
licenses. This involves establishing legal frameworks and mechanisms that provide clarity and
consistency in terms of compliance with regulations, laws, and agreements related to access and
benefit-sharing of genetic resources. By emphasising legal stability, the Nagoya Protocol aims to
create an environment where researchers, institutions, and stakeholders can conduct their activities
with confidence, knowing that they are operating within clear and predictable legal frameworks
(Klymenko, 2022). To accomplish this, the contributing country's CNA issues International
Certificates of Compliance and submits them to the Access and Benefit-Sharing Clearing House.
Once deposited, these certificates become international documents that serve as publicly
discoverable, tangible evidence of legal origin. The proof is publicly available and securely
recorded, including information like the granting authority's date, unique provider identifier,
covered content for commercial or non-commercial use, confirmation of previously informed

consent (PIC), and mutually agreed terms (MAT) (Burton & Evans-Illidge, 2014).
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3.11. The Guyana Approach to Compliance with International and National Policies
Governing Biodiversity Research.

The "Guyana Approach to Compliance with International and National Policies Governing
Biodiversity Research™ aligns scientific endeavours with regulatory frameworks. Guyana ensures
that its biodiversity research complies with both global and local policies. This approach promotes
the advancement of scientific knowledge while upholding principles of sustainability,
conservation, and benefit-sharing as outlined in international agreements such as the Convention
on Biological Diversity (CBD). However, the lack of specificity in the Protocol's compliance
responsibilities has allowed Guyana to adopt measures and guidelines from 28 EU member states
to establish a standard for compliance procedures. The EU law provides specific details on user
duties, the development of registries for genetic resource collections, and the appointment of
competent authorities and focal points. It also establishes government monitoring of user
compliance, recognition of best practices, and the imposition of sanctions (Burton & Evans-Illidge,

2014). Key attributes relevant to researchers are:

1. Users of genetic resources must undertake due diligence to ascertain that the genetic
resources they use (and traditional knowledge associated with genetic resources) have
been accessed following the laws or regulatory requirements of the providing country and
that benefits have been shared as required.

2. Ifavailable, an international certificate issued by the providing country's CNA and lodged

in the ABS Clearing House must be sought, held, and transferred as required.
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Possessing a standard material transfer agreement of the Treaty on Plant Genetic
Resources for Food and Agriculture for specific material covered by the Treaty meets the
due diligence obligation.

. Transfer and use of genetic resources and traditional knowledge can occur only if
consistent with the Confirmation of Prior Informed Consent (PIC) and Mutually Agreed
Terms (MAT)

. Where provenance is unclear, users must either seek clarity by obtaining the necessary
PIC and MAT or discontinue the use.

Users can rely on ex-situ material obtained from registered collections, as registration is
contingent on the display being fully compliant with the CBD and the Nagoya Protocol.
Users receiving research funding will be requested to declare they have exercised due
diligence.

Users must advise relevant National Competent Authorities that they have met their
obligations whenever they reach the product approval stage. This information will be put

on the Access and Benefit-sharing Clearing House.

3.12. Stakeholder Identification

In the realm of stakeholder identification, a primary hurdle arises from the absence of

consensus in defining a community for a research project or pinpointing its constituents. Guided

by the principles outlined by Brunger et al. [61], two key criteria were followed. Firstly, a

community encompasses individuals who share the stipulated risks associated with the proposed

research. Secondly, the community is not a pre-established entity but rather takes shape gradually

in response to specific facets of the study and community engagement activities tied to the research
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project. The process of characterising the community involves recognising stakeholders who
genuinely hold interests in the study, be they individuals, groups, organisations, or agencies. This
facilitates swift and effective engagement and facilitates the ongoing evaluation of community
requirements, anticipating changes that might influence study conclusions or necessitate
adjustments in community involvement strategies. For instance, before commencing data
collection on Indigenous Forest land in Guyana, the research plan is to be presented to the EPA
and discussions will be held with the Ministry of Amerindian Affairs regarding engagement with
Amerindian villages/communities [Figure 1].

The commencement of stakeholder engagement begins with identifying stakeholder groups
and delineating when they will be consulted throughout the research process. Stakeholders
encompass those impacted by research activities during data collection or likely to be affected
during research execution (research-affected parties). These stakeholders may experience positive
or negative and direct or indirect impacts. Furthermore, stakeholders with interests in the study or
influence over project outcomes (other interested parties) are also engaged. Consequently, an array
of stakeholder groups is identified for consultation during research preparation. This includes
government agencies at various levels, private sector entities, civil society organisations, local
communities, indigenous villages, foresters, and members of the private sector. The engagement
approach employs diverse methodologies and tools depending on research phases and stakeholder
groups. The overarching aim is to foster substantial discussions, exchange of information, and
viewpoints pertinent to the research endeavour. A pivotal initial step involves disseminating study
details to enhance stakeholder awareness and encourage their assessment of potential impacts. This

lays the groundwork for the subsequent element of the engagement plan—consultations—where
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stakeholders actively engage with the researcher, offering feedback on challenges and providing
suggestions (Table 2.3).

The stakeholder consultation process operates through a tripartite strategy to involve all
pertinent stakeholders and gather feedback. Methodologies include public meetings, one-on-one
discussions, interviews, and feedback solicitation. Public meetings facilitate information sharing
and consultations with broad stakeholder groups. Conversely, one-on-one interactions, interviews,
and focus groups facilitate in-depth and specific discussions, fostering open dialogue between
stakeholders and the researcher. These engagements, though focused, enable stakeholders to seek
clarifications on planned research activities and provide additional insights into resource use near
the research site, thus identifying potential conflicts (Table 2.3).

The imperative organisation and reporting phase involve maintaining a stakeholder registry,
methodically documenting interactions, and incorporating feedback into the research process.
These steps ensure evidence preservation and meaningful consideration of feedback in the research
progression. Furthermore, the feedback and recommendations from the stakeholder engagement
process are shared with the EPA to guide future engagement initiatives, particularly those led by

the company during project implementation. The process for organising and reporting feedback
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Collected from the community and stakeholders is depicted in Table 3, highlighting the flow

of communication and collaboration.

Table 2. 3: Process for Organizing and Reporting Stakeholder Feedback (From Qutreach to

Community Involvement Stages)

Inform Consult Involve Collaborate Co-lead
The Obj ective | Toprovide the e To gather e To work e To partner with e To place final
public with feedback from directly with stakeholders in each | decision—-making in
of the information to targeted stakeholders aspect of the the hands of
research assist them in stakeholders continuously to decision, including stakeholders so that
understanding on the ensure that the development of they drive decisions
approaCh the purpose of research concerns are alternatives and and implementation
the research project goals, consistently priorities of the work.
and alternative and process, understood and
solutions share matrices, considered e Community e Strong
or strategies e Community involvement bidirectional
e Communication | for changes involvement relationship
flows from one e Community e Communication
to the other to More community flow is flow is  Final decision-
inform involvement bidirectional bidirectional. making is at the
Level of ) o Forms community level.
community e Some « Communication partnerships with e Entities form
involvement community flows to the the community on | bidirectional « Entities have
involvement community and each aspect of two | communication formed a strong
then back from the project, from channels. partnership
community. development to structure.
solution
* Entities from
bidirectional
communication
channels
Email e Ask for input on e Appoint to the
Social media initiative o Invite to join leadership role on a o Invite to join the
Send press strategies. working groups working group to steering committee
Examples releases or an advisory help share strategies | and/or similar body
announcing e Invite to small body for the e Partnership with decision-
research milestone groups or initiative building, trust making power in the
individual e Partner in policy | building initiative.
presentations about advocacy e Broader health
the initiative outcomes affecting

the broader
community
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The Second Voluntary National Review on the Sustainable Development Goals (SDGs) 2023
and the Low Carbon Development Strategy (LCDS) 2030 show that Guyana has made
considerable progress in accordance with the international biodiversity framework. The EPA and
other Competent National Authorities (CNASs) have highlighted the country's commitment to the
agreements and guidelines of treaties like the Convention on Biological Diversity. This
commitment is reflected in actions such as formulating biodiversity strategies and designating
protected areas. Moreover, Guyana has scrutinized the efficacy of its compliance mechanisms,
which encompass enforcement, monitoring, and accountability. The country also acknowledges
the influence of socioeconomic and political elements, including power dynamics, the impact of

multinational corporations, and the rights of Indigenous populations.

3.13. CONCLUSION

Overall, Guyana has achieved a comprehensive understanding of compliance with the
international biodiversity framework necessitates a multidisciplinary approach encompassing
legal, political, economic, and socio-cultural dimensions. This approach allows for a holistic
assessment of the numerous factors that influence compliance with international biodiversity
agreements. By considering the complex interplay of legal, political, economic, and socio-cultural
factors, policymakers and stakeholders can better address the challenges and barriers to
compliance. Ultimately, a multidisciplinary approach to understanding compliance with
international biodiversity frameworks is crucial in promoting sustainable conservation efforts and

protecting biodiversity for future generations.
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ABSTRACT

Doliocarpus dentatus is thought to have a wide variety of therapeutic phytochemicals that
allegedly improve libido and cure impotence. Although a few biomarkers have been identified with
potential antinociceptive and cytotoxic properties, an untargeted mass spectrometry-based
metabolomics approach has never been undertaken to identify therapeutic biofingerprints for
conditions, such as erectile dysfunction, in men. This study executes a preliminary phytochemical
screening of the woody vine of two ecotypes of D. dentatus with renowned differences in
therapeutic potential for erectile dysfunction. Liquid chromatography—mass spectrometry-based
metabolomics was used to screen for flavonoids, terpenoids, and other chemical classes found to
contrast between red and white ecotypes. Among the metabolite chemodiversity found in the
ecotype screens, using a combination of GNPS, MS-DIAL, and SIRIUS, approximately 847
compounds were annotated at levels 2 to 4. Level 4 annotations provided molecular formulas with
multiple structural candidates, while level 2 annotations incorporated predictive or literature-
supported structural evidence, such as diagnostic MS/MS fragmentation patterns. The majority of
compounds falling under lipid and lipid-like molecules, benzenoids and phenylpropanoids, and
polyketides, indicative of the contributions of the flavonoid, shikimic acid, and terpenoid

biosynthesis pathways. Despite the extensive annotation, we report on 138 tentative compound
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identifications of potentially therapeutic compounds, with 55 selected compounds at a level 2
annotation, and 22 statistically significant therapeutic biomarkers, the majority of which were
polyphenols. Epicatechin methyl gallate, catechin gallate, and proanthocyanidin A2 had the
greatest significant differences and were also relatively abundant among the red and white
ecotypes. These putatively identified compounds reportedly act as antioxidants, neutralizing
damaging free radicals, and lowering cell oxidative stress, thus aiding in potentially preventing
cellular damage and promoting overall well-being, especially for treating erectile dysfunction
(ED).

Keywords: Capadulla erectile dysfunction mass spectrometry metabolomics polyphenols

antioxidants
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3.1. INTRODUCTION

Doliocarpus dentatus, popularly known as Guyanese Capadulla, is an important
medical woody stem belonging to the Dilleniaceae family (Gurni et al., 1981; Lima et al., 2014).
The D. dentatus species is commonly found in tropical rainforests in Central and South America,
from Mexico to South Brazil, and the Amazon region has the highest representation of the species
(Branquinho, Verdan, dos Santos, et al., 2021). In Guyana, the woody vine of D. dentatus grows
in mixed to evergreen lowland forests (Bhatia et al., 2014; Huang et al., 2021; Kumar et al., 2007;
Sasidharan et al., 2011). The Capadulla woody vine is regarded locally as a powerful aphrodisiac
(Andel & Banki, 2003; Andel et al., 2003). The stem of the D. dentatus is used to make tea or
drink, which purportedly raises libido, cures impotence, and improves sexual desire in men (Van

Andel T, 2003).

In Guyana, the traditional use of D. dentatus has involved treating specific symptoms of
diabetes, Leishmanial ulcers and erectile dysfunction (ED) and supporting overall well-being
(Singh et al., 2013; Van Andel, 2001). The differences between D. dentatus red and white ecotypes
are recognized by their wood color instead of their botanical features, such as leaves and fertile
organs (van Andel, 2000). Two ecotypes of D. dentatus (i.e., white and red) are used similarly as
an aphrodisiac without reported noticeable differences in their efficacy by Guyanese locals.
Informants have also indicated that the D. dentatus red species is considered a better aphrodisiac
than the Capadulla white ecotype and that "Capadulla red is considered a male species consumed
by males". At the same time, "Capadulla white is regarded as the female species but is consumed
when Capadulla red is in limited supply".
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In earlier studies on D. dentatus, using mass spectrometry, total phenolic (204.04 mg/g), flavonoid
(89.17mg/g), tannins (12.05 mg/g) contents and sitosterol-3-O-D-glucopyranoside, kaempferol 3-
O-L-aminopyranoside, betulinic acid and betulin were discovered in the ethanolic extract of D.
dentatus leaves, which evaluated for widespread use against pain (Raissa Borges Ishikawa et al.,
2017). Additional phytochemical analysis confirmed the presence of butyric acid, steroids,
lactones, anthracensides, betulinic acid, tannins, flavones, and phenolic acids in this plant (R. C.
Jagessar et al., 2013).

D. dentatus leaves' ethanolic extract was evaluated for widespread use against pain in animal
models, and its toxicogenicity (Branquinho, Verdan, Dos Santos, et al., 2021). The results indicated
that an ethnopharmacological dose of the aqueous extract from the leaves of D. dentatus decreased
the pain response, indicating analgesic and anti-inflammatory actions. Furthermore, toxicogenic
assays determined that the aqueous extract of D. dentatus does not have genotoxic potential and
does not modify splenic phagocytosis (Branquinho, Verdan, Dos Santos, et al., 2021; Branquinho,
Verdan, Santos, et al., 2021). Another study suggested that the extract from the leaves of Capadulla
has antibacterial and anti-inflammatory properties, demonstrating that the leaves have
phytochemical compounds that can treat various illnesses (R. B. Ishikawa et al., 2017; Raissa
Borges Ishikawa et al., 2017; R. B. Ishikawa et al., 2018). The extract from the leaves of the D.
dentatus 1is safe to use during the gestational period. It does not cause DNA damage and is not
teratogenic (Raissa Borges Ishikawa et al., 2018).

In vitro studies of the biological activity of D. dentatus have shown that it is an antimicrobial
against strains of Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus; anti-

inflammatory; cytotoxic in leukemic cells of the K562 lineage (R. B. Ishikawa et al., 2017). It is
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effective against amastigotes of Leishmania amazonenses (Aponte et al., 2008; Sauvain et al.,
1996) and does not cause genomic or chromosomal damage, implying that it is safe for use
(Branquinho, Verdan, dos Santos, et al., 2021; Branquinho, Verdan, et al., 2021b; Raissa Borges
Ishikawa et al., 2018; R. C. Jagessar et al., 2013; Rodrigues & de Carvalho, 2008).

Although many phytochemicals have been discovered in D. dentatus leaves, the woody vine of
Doliocarpus dentatus has not been investigated using mass spectrometry-based metabolomics and
other bioinformatics techniques. The objective of the current study is to determine the
phytochemical profile of D. dentatus ecotypes utilizing untargeted and semi-targeted plant
metabolomics using liquid chromatography (LC) coupled with electrospray ionization mass
spectrometry (ESI-MS/MS). Liquid chromatography-electrospray ionization-mass spectrometry
(LC-ESI-MS) is a sensitive technology for determining compound molecular masses. ESI-tandem
mass spectrometry (MS/MS) can be utilized to get additional structural information on compound
fragmentation patterns (Mari et al., 2015; Prabakaran et al., 2018). LC-MS-based metabolomics
methods are commonly used to profile complex biological extracts such as those from plants
(Feussner & Feussner, 2019; Shimizu et al., 2018), with non-targeted plant metabolomics being of
particular interest, owing to the enormous plant kingdoms metabolite variety (Gorrochategui et
al., 2016; L. Wang et al., 2018).

The goal of this work sought to do a preliminary investigation of the phytochemical profiles
of D. dentatus that will provide additional information on the potential use of the compounds,
compare compounds in both ecotypes and identify any unique or beneficial compounds present in
D. dentatus using mass spectrometry-based metabolomics. This information can be used better to

understand the physiology and ecology of this species and potentially inform conservation efforts.
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It may also affect human health, as D. dentatus is a known source of bioactive compounds.
Additionally, understanding the metabolic pathways of this plant could eventually help target new

therapies for erectile dysfunction (ED) in men.

3.2.  MATERIALS AND METHODS

3.2.1. Chemicals Used for Metabolite Extraction and Liquid Chromatography—Mass

Spectrometry

HPLC-grade solvents, such as acetonitrile and methanol, were purchased from Fisher
Scientific (Hampton, NH, USA). Water used for metabolite extraction and the mobile phase in
liquid chromatography—mass spectrometry (LC-MS) was previously purified using a Milli-Q
system (Millipore, Burlington, MA, USA). Benzyladenine and abscisic acid-labeled standards

were acquired from OlChemim Ltd., Olomouc, Czech Republic.

3.2.2. Study Site and Plots—Eagle Mountain Forest Potaro-Siparuni, Guyana

The Eagle Mountain Forest is about 200 km south-southwest of Georgetown, Guyana's
capital city (21N0261909 - 0578704). The Eagle Forest, located in an isolated area, is characterized
by steep sandstone ridges ranging in height from 100m — 724.8m above sea level. Annual rainfall
is very high (3500-4000 mm), with a noticeable peak in May and June. The study area is
ecologically significant, supporting a high diversity of flora and fauna. It is dominated by
Leguminosae/Fabaceae subfamilies (Mimosaceae, Caesalpiniaceae, and Papilionaceae)
(Hammond, 2005; P. B. Matheny et al., 2003). D. dentatus liana was collected randomly after an
inventory of all D. dentatus lianas had been carried out and their position recorded. The
measurement point for all D. dentatus liana was 3-5cm representing seedlings, and poles, 20 cm
and up, representing mature individuals in the diameter range, known to capture demography for
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seedling poles and mature individuals (Castilla et al., 2022). In July 2022, we gathered a total of
four biological samples, all of which were chosen at random from the D. dentatus liana population
present at the Eagle Mountain study location. Collections included red and white D. dentatus,
utilizing diameter classes (50 mm — 200 mm).

For every individual D. dentatus liana selected (N=3), a 20 mm disc was carefully extracted
from various points along the woody vine, encompassing the ground level, an intermediate
position, and an emergent point. The processed samples of the same ecotypes with similar diameter
formed a composite sample (CS = 9). Following extraction, these samples were promptly placed
in dry ice to maintain their metabolic integrity during transit. Subsequently, they were transported
to the University of Guyana (Greater Georgetown, Guyana). Here, the samples underwent further
processing to prepare them for in-depth analysis. Finally, the samples were sent to Trent University

(Peterborough, Canada), where advanced metabolomic analysis was conducted.

3.2.3. Biological Sample Preparation and Metabolite Extraction

Metabolite extraction was performed as previously published (Nguyen et al., 2023a). Thirty
mg of D. dentatus dried tissues were pre-weighed before the extraction. Tissues in 2 mL
Eppendorf tubes with two zirconium grinding beads (Comeau Technique Ltd., Vandreuil-Dorion,
Canada) were loaded into a Retsch MM300 ball mill (Haan, Germany) where they were shaken
for five minutes at 25 Hz. The powder was suspended in 1 mL of ice-cooled 80% MeOH/20%
double distilled water v/v and sonicated for 15 minutes. Tubes were centrifuged (Sorvall ST 16
centrifuge; ThermoScientific, Waltham, Massachusetts, USA) at 10,000 rpm for 10 minutes. 700
uL of sample supernatant was transferred to 0.2 uM PVDF centrifuge filters with 2 mL receiver

tubes and spun down at 10,000 rpm for 5 minutes. Filtered extracts were dried at ambient
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temperature in the Speed vacuum centrifuge (ThermoScientific Savant SpeedVac™, Rockford, IL,
USA). Residues were redissolved in 400 pL. 50% MeOH/water and spun down again at 10000
rpm. 300uL of supernatant was transferred to a 350 pL autosampler insert inside a 2 mL glass vial
with a septa cap. 10 uL of benzyladenine and 27 pL of abscisic acid labeled standards (OlChemim
Ltd., Olomouc, Czech Republic) were added to each vial to monitor retention time deviation across

samples for positive and negative ionization modes, respectively.

3.2.4. Data Acquisition via Liquid Chromatography—Mass Spectrometry (LC-MS)

Extracts from both D. dentatus ecotypes (i.e., red and white) were analyzed by LC-MS
(Nguyen et al., 2023b) with minor modifications. For an untargeted metabolomics analysis, the
data were acquired using a Thermo Q-Exactive Orbitrap mass spectrometer (Thermo Scientific,
San Jose, CA, USA) coupled to a Thermo Dionex Ultimate 3000 Liquid Chromatograph System
(Thermo Scientific, San Jose, CA, USA). All samples were injected for analysis in a mixed mode
(positive and negative electrospray ionization (ESI) modes) with an initial mass range of m/z
80—600 at a resolution of 140,000 at m/z 200 full width at half minimum (FWHM), with an
automatic gain control (AGC) target of 3 x 106, and maximum injection time (IT) of 524 ms. The
following conditions were used for the heated electrospray ionization (HESI) probe: capillary
temperature, 250 °C; sheath gas, 30 arbitrary units; auxiliary gas, 8 units; probe heater temperature,

450 °C; S-Lens rf level, 60%; and capillary voltage, 3.9 kV.

Quality controls (QCs) composed of equal volumes of sample replicates, were used for
data-dependent tandem mass spectrometry (ddms2). QCs were created with a mixture of all
replicates from both ecotypes and also from each ecotype. Fragmentation using ddms2 was

performed at a resolution of 17,500 with an AGC target of 5 x 105 within a narrower mass range
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of 100 to 600 m/z. The fragmentation was triggered at a loop count of 10 (top 10 most intense
peaks per scan), with a precursor isolation window of 1 m/z at a normalized collision energy (NCE)

of 35 eV. The maximum IT was 64 ms.

The chromatographic separation was accomplished with an HGP-3400RS dual pump and
WPS-3000 autosampler equipped with a Kinetex C18 column (2.1 i. d x 50 mm, 2.6 um particle
size, Phenomenex, Torrace, CA, USA) operated at an approximate room temperature of 22 °C.
The instrument control was achieved with Chromeleon Chromatography Data System software
version 6.8(ThermoScientific; Ottawa, ON, Canada). For the separation, component A comprised
ddH20 with 0.1% formic acid, and component B comprised acetonitrile (CH3CN) with 0.1%
formic acid, at a flow rate of 0.3 mL/min. Mobile phase B was held at 0% for 30 s, before
increasing it to 100% over 3 min. Solvent B was then held at 100% for 2 min before returning to
0% over 4 min for column re-equilibration. The total runtime was 10 min, with a sample injection

volume of 25 pL.

3.2.5. Data Processing of Untargeted Mass Spectrometry Data

The MS Convert utility (Version 3.0) of the open-source ProteoWizard program was used to
convert raw mass spectrometric data to mzXML format (Chambers et al., 2012). As the LC-MS
acquisition occurred in mixed ionization mode, negative and position ions were extracted
separately by using the default for peak picking, and threshold peak filter with absolute intensity
using the most intense ions (0.001 and above). Peak peaking, retention time correction, and peak
grouping were all conducted using the default parameters of XCMS Online (Smith et al., 2006)

which is included in the Supplemental Information. The pairwise option in XCMS Online was
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used with the white ecotype as the control (Chong et al., 2019). After peak peaking, retention time
correction, and peak grouping, the resulting peak intensities matrix was subjected to statistical
analysis using MetaboAnalyst 5.0 (Chong et al., 2019). The data was normalized by sum and then
log-transformed before principal component analysis (PCA) to visualize the overall clustering
pattern of the samples. Additionally, partial least squares discriminant analysis (PLS-DA) was
performed to identify metabolites that contributed most to the separation between sample groups.
The significance of differential metabolites was determined using the t-test and fold change
analysis.

D. dentatus red and white putative MS! m/z features were compared to databases of
physiologically active substances in literature and with bioinformatics servers used in untargeted
metabolomics such as KnapSack (Shinbo et al., 2006), KEGG (Kanehisa et al., 2019), Plant

Metabolic Network using the PlantCyc database (https://plantcyc.org) (Hawkins et al., 2021),

MetaboQuest (Fan et al., 2020), SciFinder (Houngue¢ et al.) and PubChem (Kim et al., 2022). In
the processing module of XCalibur 4.1 (ThermoScientific, Waltham, MA, USA), we inputted the
putative identities of key therapeutic compound families (i.e., flavonoids, terpenoids, and
alkaloids). They extracted the exact masses of protonated or deprotonated compounds.

Putative identities of key therapeutic compounds families (i.e., flavonoids, terpenoids, and
alkaloids) generated were inputted in the processing module in XCalibur 4.1 (ThermoScientific,
Waltham, MA, USA) where the exact masses of protonated or deprotonated compounds were
extracted. This semi-targeted approach was done to determine peak quality and to monitor peaks
within samples for therapeutic compounds falling under polyphenolics, terpenoids, and alkaloids.

Relative quantification of peak areas was done to determine up-or-downregulated compounds, by
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the ratio of the averages of [Capadulla Red] / [Capadulla White]. If the ratio (fold change; FC)>
1, the samples are upregulated. The converse is downregulated if the ratio <1 (Supplemental Fig3.
2). Metabolite AutoPlotter was used to generate images for tentative metabolites with

corresponding peak areas (M. Pietzke & A. Vazquez, 2020). The workflow for data processing

can be seen in Fig 3.1) for MS1 data.
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Figure 3. 1.Metabolomics workflow used for extracting, acquiring, and analyzing compounds
present in D. dentatus ecotypes. The icons used are sourced from The Noun Project.
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3.2.6. Statistical Analysis of Metabolomics Datasets

Untargeted metabolomic analyses generate complex multivariate datasets with thousands of
tentative metabolites features and their corresponding intensities. Various dimensionality reduction
procedures are employed to simplify the data and understand the relationships among samples
based on these intensities. Metabolomic data analysis is characterized by high dimensionality,
where the number of measured metabolite features exceeds the number of samples and collinearity
among the features. These factors challenge traditional linear regression methods, necessitating
statistical procedures capable of handling collinearity (Pezzatti et al., 2020).

Before any statistical analysis, preprocessing steps were applied to normalize the data to
facilitate further analysis. This involved sum normalization, log, transformation, and Pareto
scaling to ensure the appropriate scaling of the obtained data using the MetaboAnalyst 5.0 platform
[13] (www.metaboanalyst.ca, accessed from January 14, 2022, to June 10, 2023). By normalizing
the data through sum normalization, applying a log> transformation, and performing Pareto scaling,
the dataset was prepared for subsequent statistical analysis. These preprocessing steps help to
ensure that the data is appropriately scaled and standardized, allowing for meaningful comparisons
and accurate statistical inference. We used ANOVA and the volcano plot to find metabolites
strongly affected by the experimental factor, which is the difference between the red and white

ecotypes.
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The XCMS Online software tool was utilized to annotate the LC-MS dataset, which was
subsequently analysed through the MetaboAnalyst 5.0 platform. The methodology employed to
identify differential metabolites involved using the standard volcano plot, which integrates the t-
test and fold-change techniques. The graph displays the logarithmic transformation of the fold-
change values on the X-axis and the negative logarithmic transformation of the p-values obtained
from the t-test on the Y-axis (H. Wang et al., 2013).

Furthermore, this analysis sought to uncover potential m/z biofingerprints that were elevated
or downregulated in D. dentatus red and white ecotypes that may have therapeutic potential for
erectile dysfunction. These statistical approaches, combined with the visual representation
provided by the volcano plot, Principal Component Analysis (PCA), Partial Least-Squares
Discriminant Analysis (PLS-DA) and hierarchical cluster analysis (HCA), offer valuable insights
into the metabolomic variations between the D. dentatus red and white ecotypes.

Principal Component Analysis (PCA) and Partial Least-Squares Discriminant Analysis (PLS-
DA) are commonly employed to reduce the dimensionality of the data and identify differences
between groups. PCA aims to replace correlated variables with uncorrelated variables, known as
principal components (PCs), which capture most of the variability in the original dataset. This
allows for initial biological conclusions about the samples, which can be further verified using
PLS-DA or orthogonal projections to latent structures DA (OPLS-DA). Despite having fewer
samples than variables (metabolite features and intensities), multivariate statistical methods such
as PCA (Houriet et al., 2022; Jiang et al., 2022), PLS-DA (Fonville et al., 2010) and hierarchical

cluster analysis (HCA) (Granato et al., 2018) are appropriate for analyzing metabolomics datasets
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(Bartel et al., 2013; Blaise et al., 2021; Bockel et al., 2021; Cambiaghi et al., 2017; Dias et al.,
2012; Peris-Diaz et al., 2019; Roessner & Dias, 2013).

In our study, we performed PCA to examine the relationships among samples based on the
relative intensities of all tentative metabolite features. PCA groups sample into clusters based on
overall similarity or metabolite profile differences. Samples with similar profiles are grouped
together on the PCA plot. PCA determines these relationships solely based on the metabolite
features without considering sample descriptions such as species or treatment. Following
determining sample relationships through PCA, we identified the top 25 significantly different
features (P < 0.05) using PLS-DA or OPLS-DA. These features allow for separating samples into
distinct groups, indicating significant differences in their accumulation among ecotypes and
treatments.

Additionally, HCA was conducted to identify the top 25 statistically significant tentative
metabolite features between the ecotypes in both positive and negative modes. Pearson's
correlation was used to assess the relatedness of samples based on these 25 features (Figures 6 and
7). The results of HCA were visualized as a heatmap, with samples and features displayed on the
X- and Y-axes, respectively, and relative metabolite intensities indicated by a color scale. The
relationship among samples was depicted using a color-coded dendrogram atop the HCA plot.
Similar to PLS-DA, HCA identifies metabolite features that separate samples into distinct clusters
aligned with sample descriptions. Ward's clustering algorithm and Pearson's correlation were
employed to construct the dendrograms, with the Euclidean distance indicated on the X-axis. All

statistical analyses were performed using the MetaboAnalyst 5.0 platform (Pang et al., 2021).
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3.2.7. Tandem Mass Spectrometry-Data Analysis for Metabolite Annotation

Using diverse bioinformatic tools can aid in metabolite annotation. Global Nature
Production Social Molecular Networking (GNPS), SIRIUS and MS-DIAL were therefore used to
query fragments for putative identification (Branquinho, Verdan, Santos, et al., 2021; Li et al.,
2016). The metabolite annotation levels using these tools are level 2 for MS-DIAL, levels 2 and 3
for GNPS, and level 3 using the in silico fragmentation tool SIRIUS and were assigned these levels
as recommended by the Metabolomics Standards Initiative (Sumner, 2007). The workflow for data

analysis can be seen in (Fig.3.1).

3.2.8. Metabolite Annotation using MS-DIAL

Tandem mass spectrometry raw data were processed with MS-DIAL 5.1 (Tsugawa et al.,
2015). Automatic feature detection was performed between retention times of 0 and 10 min for
mass signal extraction in positive and negative ionization modes. MS' and MS? tolerance were set
to 0.01 and 0.025 Da, respectively, in profile mode. Minimum feature height, mass slice width and
the sigma window value were all set to the default of 1000 (AU; arbitrary units), 0.1 Da, and 0.5,
respectively (Hu et al., 2019). Alignment for samples was done at 0.015 Da mass tolerance and
0.05 min for the retention time tolerance for MS!. Database matches were done with the parameters
of MS! and MS? at 0.01 and 0.05 Da, respectively (instructions as previously published (Perez de
Souza et al., 2019)). Databases for both positive and negative ionization modes were downloaded

and chosen for level 2 from the MS-DIAL website

(<http://prime.psc.riken.jp/compms/msdial/main.html> accessed March 1, 2023).
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3.2.9. Metabolite Annotation Using GNPS via Classical Molecular Networking

Raw data from quality control samples from each ecotypewere converted to mzXML via
MSConvert option in Proteowizard and submitted to GNPS. A molecular network for both negative
and positive ionization data was created using the online workflow (https://ccms-
ucsd.github.io/GNPSDocumentation/) on the GNPS website (http://gnps.ucsd.edu). The data was
filtered by removing all MS/MS fragment ions within +/- 17 Da of the precursor m/z. MS/MS
spectra were filtered windows by choosing only the top 6 fragment ions in the +/- 50Da window
throughout the spectrum. The precursor ion mass tolerance was set to 0.02 Da and a MS/MS
fragment ion tolerance of 0.02 Da. A network was then created where edges were filtered to have
a cosine score above 0.6 and more than 3 matched peaks. Further, edges between two nodes were
kept in the network if and only if each of the nodes appeared in each other's respective top 10 most
similar nodes. Finally, the maximum size of a molecular family was set to 100, and the lowest
scoring edges were removed from molecular families until the molecular family size was below
this threshold. The spectra in the network were then searched against GNPS' spectral libraries. The
library spectra were filtered in the same manner as the input data. All matches kept between
network spectra and library spectra were required to have a score above 0.6 and at least 3 matched
peaks (M. Wang et al., 2016).

The workflow and results of Classical Molecular networking can be found in the following
GNPS repositories for positive and negative ionization data (Task IDs =
€06a20c58fa04355ba3630912077b3ea and 8ceaa322aac44c62a027d131b33dc4ce).

Dereplicator+ (Mohimani et al., 2018) and Network Annotation Propagation (NAP)(R. R.

da Silva et al., 2018) were used in conjunction for enhanced annotation. Although
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MolNetEnhancer (Ernst et al., 2019) is used a workflow used for combining results of CMN,
Dereplicator+ and NAP, this function did not work for annotating our results for visualization of
compound classes via Cytoscape (Shannon et al., 2003). However, overall visualization was done
in Cytoscape 3.10.0 after merging networks of both negative and positive ionization modes (Choi

et al., 2021) (included in Supplemental Information).

3.2.10. Metabolite Annotation Using GNPS via Feature-Based Molecular Networking

The mzMine 2.5.3 analysis pipeline (Olivon et al., 2017; Pluskal et al., 2010) was used to
look for MS! features corresponding to MS? fragments. Data acquired from QC samples from each
ecotype analyzed using ddMS? were converted to the mzXML format using the MSConvert option
in Proteowizard, as mentioned previously. The peaks were aligned using the previously published
parameters with modifications involving mass detection, chromatogram building, smoothing
deconvolution, deisotoping, alignment and gap filling (Reveglia et al., 2022). All data (for MS!
and MS?) was used and stored in .mgf format with the corresponding .csv file.

A molecular network was created with the Feature-Based Molecular Networking (FBMN)
workflow (Nothias et al., 2020) on GNPS (https://gnps.ucsd.edu)(M. Wang et al., 2016). The
results from mzMine 2.5.3 were exported to GNPS for FBMN analysis. FBMN was used to resolve
any isomers and also to check for any other annotations due to cleaning up data during mzMine
preprocessing. The data was filtered by removing all MS/MS fragment ions within +/- 17 Da of
the precursor m/z. MS/MS spectra were window filtered by choosing only the top 6 fragment ions
in the +/- 50 Da window throughout the spectrum. The precursor ion mass tolerance was set to

0.02 Da and the MS/MS fragment ion tolerance to 0.02 Da. A molecular network was then created
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where edges were filtered to have a cosine score above 0.6 and more than 3 matched peaks. Further,
edges between two nodes were kept in the network if and only if each of the nodes appeared in
each other’s respective top 10 most similar nodes. Finally, the maximum size of a molecular family
was set to 100, and the lowest scoring edges were removed from molecular families until the
molecular family size was below this threshold. The spectra in the network were then searched
against GNPS spectral libraries (Horai et al., 2010; M. Wang et al., 2016). The library spectra were
filtered in the same manner as the input data. All matches kept between network spectra and library
spectra were required to have a score above 0.6 and at least 3 matched peaks. The
DEREPLICATOR was used to annotate MS/MS spectra (Mohimani et al., 2018). The molecular
networks were visualized using Cytoscape software (Shannon et al., 2003).

The workflow and results of FBMN networking can be found in the following GNPS
repositories ~ for  positive  and  negative  ionization data (Task IDs =
39963758986b4f09b0b992d130489534 and 031003b2e66744fab8923d6ee405a5¢2).
Dereplicator+ and Network Annotation Proparagation (NAP) were used in conjunction for
enhanced annotation. Although MolNetEnhancer is a workflow used for combining results of
CMN, Dereplicator+ and NAP, this function did not work FBMN for annotating our results for
visualization of compound classses via Cytoscape at that time. Dereplicator+ also did not work for
FBMN annotation, revealing no hits. The workflow for FBMN processing can be seen in

Supplemental Information (Fig 3.1).
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3.2.11. Using SIRIUS as an In Silico Fragmentation Tool for Metabolite Annotation

mzXML files corresponding to quality controls for each ecotype and both positive
ionization modes were imported into SIRIUS 5.6.2. Peaks were classified and their MS?
fragmentation patterns tentatively annotated with the ZODIAC, CSI: FingerID, CANOPUS using
ClassyFire and NPClassifier modules within SIRIUS 5.6.2 (Djoumbou Feunang et al., 2016;
Duhrkop et al., 2019; Duhrkop et al., 2021; Duhrkop et al., 2015; Hoffmann et al., 2022; Kim et
al., 2022). Default settings were used for the different modules, with Orbitrap being the instrument
of choice, and MS? queried within 10 ppm error. For positive ion mode, [M+H]* and [M+H-H,0]*
adducts were used, with [M-H] being the adduct used in negative ionization mode. All databases
were used for tentative identification. For tentative identification, a combination of COSMIC and
ZODIAC scores were both considered. Manual analysis of the matching substructures was
conducted before structural assignment was made. If the fragmentation pattern did not match the
structures proposed by CSI:FingerID, matching fragments from the proposed structures were
considered when the class was assigned using CANOPUS. If the ZODIAC score was <50%, no
tentative identification was made. If the SIRIUS score was < 50% with no accompanying ZODIAC
score, no identification was made. A combination of scores of > 90% for SIRIUS and > 70% for
ZODIAC were used for screening (K. Blatt-Janmaat et al., 2023; K. L. Blatt-Janmaat et al., 2023;

Peters et al., 2023).
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3.2.12. Cheminformatics Using ClassyFire for Compound Class Groupings

For querying data in cleaning up tentative metabolite names, and to identify compounds
not named from both GNPS and SIRIUS, the Pubchem Identifier service
(https://pubchem.ncbi.nlm.nih.gov/idexchange/idexchange.cgi accessed September 18, 2023) was
used to convert SMILES to InChiKeys for the batch compound classification tool in ClassyFire
(Djoumbou Feunang et al, 2016). ClassyFire Batch Compound Classification
(https://ctb.fiehnlab.ucdavis.edu/ accessed September 18, 2023) was used to categorize InChiKeys
to compound classes. SMILES without corresponding InChiKeys, and InChiKeys not found not
found in ClassyFire were not used in metabolite annotation. Also, duplicate data were deleted after
checking InChiKeys. InChiKeys were used for structural information instead of SMILES format

as they are standardized and are of fixed length, allowing for easy data processing (Ollivier et al.,

2022)
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Figure 3. 2 : Processing of tandem mass spectrometry data using a combination of
bioinformatics tools for level 2—3 annotations.

3.3.  RESULTS
3.3.1. Untargeted Metabolomics: Analysis of D. dentatus Red and White Ecotypes
Metabolomics analyses of the woody vine D. dentatus red and white ecotypes in natural
communities have not been previously undertaken. Therefore, in this study, we aimed to explore
and describe the metabolomic differences between these ecotypes on a global level, specifically
focusing on the occurrence of secondary metabolites, such as polyphenols (i.e., flavonoids),
terpenoids, alkaloids, and other compounds, in the D. dentatus red ecotype compared to the D.
dentatus white ecotype to identify potential biofingerprints and/or differentially expressed
compounds that may have been a potential therapy for erectile dysfunction in men. This study
represents one of the initial efforts to investigate and present the descriptive metabolomic results

for these two ecotypes.

To investigate the dissimilarities in the metabolome between the D. dentatus red and white woody
vine ecotypes, we conducted an untargeted metabolomics analysis using LC-MS/MS (liquid
chromatography—tandem mass spectrometry). This allowed for the detection of 9562 tentative
metabolite features that were further queried for exact and approximate matches in the databases
of physiologically active substances in the literature and with bioinformatics servers used in

untargeted metabolomics.
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Among these detected features, we observed 2664 tentative metabolite features with
positive ionizations [M+H] + and 2470 with negative ionizations [M-H] — in the D. dentatus red
ecotype. Similarly, in the D. dentatus white ecotype, we identified 2316 tentative metabolite
features with positive ionizations [M+H] +. These findings indicate variations in the metabolite
profiles between the red and white ecotypes of D. dentatus, as demonstrated by the differing

numbers of detected tentative metabolite features in each ecotype.

We utilized the “Functional Analysis” module and the Gene Set Enrichment Assay (GSEA)
tool within MetaboAnalyst 5.0 to better understand the metabolic differences between the two
ecotypes. The purpose was to compare the tentative metabolite features (9562) obtained from our
analysis. Using the GSEA tool, we searched for metabolite features in the annotated A. thaliana
metabolite database that closely matched our mass charge ratio (m/z) features. This allowed us to
find similarities with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database and other

bioinformatics servers used in untargeted metabolomics.

Upon conducting the global metabolomic analysis, we found a total of 637 putative
metabolite features that matched with the reference database. Among these, 107 features 16.79%
were exclusive to the D. dentatus red ecotype, while 64 features belonged to the D. dentatus white
ecotype 10.05%. Notably, approximately a portion % of these putative metabolite features, about

36.58%, were unique to the D. dentatus red or white ecotypes (Oliveros, 2007) (Fig. 3.3).

80



[A] 6]

107 233 64

Figure 3. 3: Venn diagrams illustrating the comparisons of tentative metabolite features and
tentatively attributed pathways between the D. dentatus red and white ecotypes. Venn diagram (A)
consists of the common and unique tentative features grouped in D. dentatus red- and white-
ecotype woody vines. Venn diagram (B) consists of the tentatively attributed metabolite features
in each woody vine D. dentatus ecotype using features from both ionization modes.

Utilizing the abovementioned software tools and approaches, we successfully compared
numerous metabolite features and identified the putative compounds that differed between the two
ecotypes at levels 3 and 4 (Apendex 3) (Schrimpe-Rutledge et al., 2016). This comprehensive
analysis provided valuable insights into the metabolic variations within these ecotypes, further
enhancing our understanding of their distinct characteristics. For further validation, MS2 data
processing revealed 55 selected compounds composed of flavonoids, terpenoids, and some

alkaloids at a level 2 annotation level (Tables 3.1 and 3.2).

We utilized volcano plots to determine tentative features in D. dentatus red that exhibit up-
regulation or down-regulation compared to the D. dentatus white control in both positive and
negative ionization ionizationmodes. Several tentative m/z features deviated from the typical

pattern within the volcano plot, indicating significant fold changes in regulating D. dentatus red
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and white ecotypes (Figure 4). To validate these tentative m/z features, we referred to the Omics

Craft database module MetaboQuest (http://tools.omicscraft.com/MetaboQuest/) (Oliveros, 2007,

Schrimpe-Rutledge et al., 2016). The analysis revealed compounds such as Methocarbamol di-
TMS derivative, Diosprin, Deoxycytosine, and others (Figure 4A). However, these putative
compounds did not align with the biofingerprints of interest, particularly the polyphenolic
compounds like catechin groups (Fig.3.6). The presence of polyphenols is noteworthy as they
possess antioxidant, anticancer, anti-inflammatory, cytotoxic, and antimicrobial properties,
primarily due to their radical-scavenging ability (Moon et al., 2021). These findings suggest that
further exploration of polyphenolic compounds in D. dentatus red and white may hold potential as
a therapeutic response for erectile dysfunction. Their beneficial effects, attributed to their diverse

bioactivities, make them a promising area of interest for potential therapeutic interventions.
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Table 3.1.tentative identification of selected compounds derived from a combination of classical
molecular networking and feature-based molecular networking with fragmentation data grouped
according to natural product classification (NP superclass). Tentative identification and/or
ionization mode with an asterisk (*) were found in feature-based molecular networking.

Molecular

Precursor

Tentative Identification Adduct MS? NP Superclass
Formula m/z
(R)-Norlaudanosoline C6H17NO4 M+H 288.12 123.04, 143.05, 149.00, 161.06, 164.0, 225.09 Alkaloids
Salsolinol C13H24N,0; M+H 180.102 117.07, 137.06, 145.0, 151.07 Alkaloids
Cinchonidine C9H2N,O M-H 293.166 59.01, 96.96 Alkaloids
Coniferyl aldehyde C1oH10; M+H 179.07 55.02,91.06, 105.07, 119.05, 123.04, 147.0 Cinnamic acids
and derivatives
3-Hydroxy-4- CiH;0s | M+H-H,0 | 177.054 89.05, 117.03, 145.0, 149.06 Cinnamic acids
methoxycinnamic acid and derivatives
6-Methylcoumarin C1oHgO, M+H 161.06 91.06, 105.07, 115.06, 119.0 Coumarins
Phloridzin Cy7H30013 M+H 453.139 85.03, 123.04, 139.0, 163.04, 205.05, 273.08 Flavonoids
Kaempferol * C1sH;0O0¢ M-+H 287.055 153.02, 165.02, 213.06, 287.0 Flavonoids
M+H 303.049 137.02, 151.0, 165.02, 229.05, 257.04
Quercetin CisH;007 Flavonoids
M-H 301.035 121.02, 151.0, 179.00
Maesopsin C5H 1206 M-H 287.056 57.03, 83.01, 125.0, 151.00, 215.07, 259.06 Flavonoids
(-)-Epicatechin 115.0, 123.04, 139.04 Flavonoids
C5H406 M+H 291.086
(+)-Catechin 123.04, 139.0, 147.04, 161.06, 165.05, 179.07, 207.07 Flavonoids
Epigallocatechin M-+H 307.081 84.08, 111.04, 123.04, 139.0, 151.04 Flavonoids
Ci5H1,07
Gallocatechin M-H 305.066 109.3, 125.0, 137.02, 161.02, 165.02,219.07 Flavonoids
Apigetrin [Cosmosiine] C,1H50010 M+H 433113 256.73,271.0 Flavonoids
Astragalin [Kaempferol- M-+H * 449.108 85.03, 153.02, 287.0 Flavonoids
3-O-glucoside] Cy1Hy0n M-H 447.091 227.03,255.03, 284.0 Flavonoids
Kaempferol-4-glucoside M-+H 449.108 85.03, 97.03, 127.04, 287.0 Flavonoids
Isoquercetin * Cy1H0012 M-H 463.088 151.00, 255.03, 271.02, 300.0 Flavonoids
6-Methoxyluteolin C21H206 M+H-H,O 327.158 137.06, 151.0, 171.08, 203.11 Flavonoids
M-H 435.13 125.02, 167.0, 179.03, 273.08 Flavonoids
Phlorizin C21H24010
M+H * 289.092 85.03,127.0 Flavonoids
(-)-Catechin gallate M+H 443.096 123.04, 139.0, 153.02, 273.07 Flavonoids
CyH 5010 M-H 441.08 109.03, 125.02, 169.0, 193.01, 245.08, 289.07 Flavonoids
Epicatechin gallate
M+H * 443.097 139.0, 153.02, 165.05, 273.07, 291.09 Flavonoids
Rutin CosH24015 M-H 599.105 125.02, 151.00, 169.0, 284.03, 285.04, 313.06 Flavonoids
Procyanidin B1 M-H 577.135 109.0, 125.0, 161.03, 203.07, 245.08, 289.07, 407.08 Flavonoids
C30H26012
Procyanidin B2 M+H 579 15 127.0, 139.04, 191.03, 2339036 247.06, 271.06, 287.06, Flavonoids
Isatin CsHsNO, M+H 148.04 92.05, 120.0 Indoles and
derivatives
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Tentative Identification Molecular Adduct Precursor MS? NP Superclass
Formula m/z
; ii’g;“'o'gauoyl'ﬁ'])' CaoHxO4 M-H 483.078 125.02, 151.01, 169.0, 211.02, 271.04, 313.07 Phenolic acids
Chlorogenic acid Cy3H30012 M-H 497.166 125.02, 169.0, 313.06, 331.07 Phenolic acids
M+H-H,0 153.018 79.02,97.03, 107.0, 125.02
Gallic acid C7H¢Os Phenolic acids
M-H * 169.014 81.03, 97.03, 125.0, 169.01
4-Allyl-2,6- Phenolic
dimethoxyphenol C10H 205 M+H 195.102 107.0, 135.08, 154.06, 163.07, 195.10
compounds
(Eugenol) *
Genipin * CyHuOs | M+H-H,0 | 209.081 121.0, 149.06, 177.06, 181.05, 209.08 Phenolic
compounds
Coumaroyl quinic acid * | CygH;50s M-H 337.092 93.03, 163.04, 173.04, 191.0 Phenolic
compounds
Protocatechuic acid * C7H04 M-H 137.024 93.03, 108.02, 109.03, 137.0 Phenolic
compounds
p-Coumaric acid * CoH;05 M+H-H,0 | 147.044 91.05, 119.0, 123.96, 147.04 Phenolic
compounds
Phenolic
Methyl gallate * CsHgOs M-+H 185.045 113.01, 126.03, 153.02, 185.0 compounds
(gallotannins)
Phenolic
Cuminyl alcohol * CoH 20, M+H-H,O 133.101 91.05, 105.07, 118.08, 133.1 compounds
(phenylpropanoids)
Alpha-Pinene * CoHys M-+H 137.13 67.05, 79.05, 81.07, 95.09, 109.10, 137.10 Terpenoids
Ascaridole CoH1602 M+H 195.102 95.05, 123.08, 149.06, 167.07 Terpenoids
(IR)- (-)-Nopol CiHO | M+H-H0 | 149.132 65.04, 81.07, 93.07, 107.09, 121.0 Terpenoids
Dianthoside C13H,004 M+H 289.092 97.03,127.0 Terpenoids
Dihydro-o-ionone CsH»O M+H 177.164 79.06, 81.07,93.07, 95.09, 107.09, 1121.1, 149.06 Terpenoids
Farmesol * CysHyO M+H 223.205 69.07, 95.09, 83.09, 1029é130é1121.10, 135.12, 205.20, Terpenoids
Betulinic acid CoHuOs | MHHHO0 | 430357 | 370781079509 10910, 12312, 13713, 18916, Terpenoids
. . 69.07, 95.09, 107.09, 121.10, 135.12, 189.16, 203.18, .
Betulonic acid C30Hy504 M+H-H,O 437.341 215.18,241.19. 25521, 391 33 Terpenoids
. . 57.07, 81.07, 95.09, 109.10, 137.13, 189.16, 203.18, .
Sumaresinolic acid C30Hy504 M+H-H,0 455.352 391,33, 409.35 Terpenoids
Betulin CioHs0s M-+H-H,0 425378 67.06, 81.07, 95.09, 109.10, 123.12, 137.13, 189.16, Terpenoids

201.16,215.18, 227.18, 255.21, 269.23
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Table 3.2. Tentative identification of compounds resulting from data analysis using MS DIAL grouped according to natural
product classification (NP superclass). Tentative identifications that were not seen in the GNPS workflow are denoted by an

asterisk (*).

Tentative Identification Molecular Adduct Precursor MS? NP Superclass
Formula m/z
Epicatechin gallate CnHi3010 | M+H | 443.0972 | 139.039; 153.0184; 165.0548 Flavonoids (catechin gallates)
Quercetin CisH1007 | M+H | 303.0499 137.0240, 229.0488 Flavonoids (flavonols)
Methylophiopogonanone A * Ci9His0s | M+Na | 365.1052 | 185.0422;203.0528; 365.1057 Flavonoids (homoisoflavanones)
. Phenolic compounds
Emodin * CisHi00s | M-H | 269.0452 | 201.0566; 241.0503; 269.0546 -
(hydroxyanthraquinones)
Catechol CeHsO2 M-H | 109.0293 81.0345,91.0189, 108.0217, Phenolic compounds
109.0294
3-Coumaric acid * CoH303 M-H | 163.0402 119.0499, 163.0034 Phenolic compounds (hydroxycinnamic acids)
p-Coumaric acid CoHzO3 M+H | 165.0546 91.0540, 912;) %Zi,2119.0493, Phenolic compounds (hydroxycinnamic acids)
Caffeic acid * CoH304 l\é[:-é-l- 135.0451 107.0499, 135.0450 Phenolic compounds (hydroxycinnamic acids)
2
2-[(2S,4aR,8aS)-2-hydroxy-4a-
methyl-8-methylidene- Terpenoids (eudesmane, isoeudesmane, or cyclic
3,4,5,6,7,8a-hexahydro-1H- CisH»O3 | M-H | 249.1495 205.1594, 249.1494 P - > orey
. terpenoids)
naphthalen-2-yl] prop-2-enoic
acid *
Saikikogenin D * Cs0HasOs | M+H | 473.3625 | 473.3460 (only MS' available) Terpenoids (triterpenoids)
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Figure 3. 4: (A) Volcano plot from the mass spectrometry data demonstrates the magnitude and
significance of D. dentatus red compared with the control (D. dentatus white) in (A) the positive
ionization mode and (B) the negative ionization mode. The horizontal dashed line shows where
the p-value is 0.05 [- log10 (0.01) = 1.5], and the vertical lines show where the fold change is 2
[log2 (2) = 1] or 0.5 [log2 (0.5) = —1]. The two-fold change and p-value of 0.05 were used as the
threshold cutoff. A total of 208 significantly upregulated, 166 downregulated, and 170
nonsignificant features were identified. (C) Venn diagram showing the repartition of the features
obtained as statistical differences between D. dentatus red and white ecotypes combining both
ionization modes (Oliveros, 2007).
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3.1.1. Tentative Identification of the Significant Metabolites

To compare shared and unique tentative metabolite features among ecotypes, we utilized a
Venn Diagram (Heberle et al., 2015). For predicting the pathways to which the tentatively
identified metabolite features belong, we compared their accurate masses against the annotated
metabolite database of Arabidopsis thaliana using the “Functional Analysis” module and the Gene
Set Enrichment Assay (GSEA) tool within MetaboAnalyst 5.0 (Fig 3.1). The GSEA tool searches
for similar metabolite features in the annotated A. thaliana metabolite database and provides a
ranked list of statistically significant metabolic pathways enriched in these metabolites. The list
includes corresponding p-values and adjusted p-values, indicating the significance level. GSEA
employs a cut-off-free approach, searching for similarities between the metabolite features of the
test species and A. thaliana. The resulting list ranks the metabolic pathways based on the similarity
of metabolites and provides p-values derived from Kolmogorov-Smirnov tests (Chong et al., 2019;

Pang et al., 2022).

3.1.2. Pathway Analysis of D. dentatus Ecotypes

A pathway analysis was performed to investigate the possible biomarkers within two
separate ecotypes. This work aimed to elucidate the metabolic regulatory mechanisms that
impacted the synthesis of diverse secondary metabolites and metabolic processes. A thorough
analysis of the metabolic pathways was performed to identify the difference between the red and
white ecotypes of D. dentatus. Databases, such as KEGG and HMDB, were used to analyze the

obtained biomarkers.
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The research utilized a range of techniques for visualizing and analyzing the data. The data
were shown using a scatter plot, and an enrichment analysis was performed using Fisher’s exact
test. Furthermore, a topological study was conducted to examine the out-degree centrality. These
methods were selected based on their statistical significance and capacity to evaluate the influence

of routes.

The red ecotype of D. dentatus showed a statistical significance (p < 0.05) in the pathways
related to the formation of sesquiterpenoids and triterpenoids, galactose metabolism, flavonoids,
steroids, flavones, and flavonols. Additional data further substantiated these findings,
demonstrating statistical significance values ranging from p = (0.000 to 0.01586) for the pathways
mentioned above. The red ecotype of D. dentatus was statistically involved in the biosynthesis of
sesquiterpenoid and triterpenoid, the biosynthesis of flavonoid, and galactose metabolism. The
significance levels for these pathways ranged from p = (0.03 to 0.58). In contrast, the influence of
limonene and pinene degradation, as well as the production of anthocyanin, an isoquinoline
alkaloid, tropane, piperidine, and pyridine alkaloid, was shown to be relatively insignificant, as

illustrated in (Fig 3.5 and appendix 2).

Regarding the D. dentatus white ecotype, the metabolic pathways that exhibited the highest
importance were flavonoid biosynthesis, valine, leucine, and isoleucine biosynthesis. The
statistical significance of these routes ranged from P = (0.0000 to 0.00046416). Additionally, the
impact of these pathways varied, with significance levels ranging from P=0.08 to 0.36. In contrast,
the degradation of valine, leucine, and isoleucine, inositol phosphate metabolism, and tryptophan
metabolism had reduced impacts, as depicted in Figure 5B and Supplementary Table 8. Given the

preceding literature on the D. dentatus species, it is plausible that these metabolic pathways exert
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substantial effects and can influence the taxonomic classification at distinct hierarchical levels

(Kharazian & Mohammadi, 2014).

In the context of biochemistry and nutrition, interactions between compounds often yield
various health benefits. These interactions are multifaceted and can result in enhanced outcomes.
For example, antioxidants like Epicatechin methyl gallate, Catechin gallate, and Proanthocyanidin
A2 can collaborate to neutralize harmful free radicals more effectively, extending protection
against oxidative damage (Pang et al., 2022). Additionally, some compounds can improve the
absorption and utilization of others, increasing the availability of essential nutrients like vitamins
and minerals. Metabolic interactions can also occur, enhancing the effectiveness or duration of
specific com-pounds (Kharazian & Mohammadi, 2014). Furthermore, compounds interacting with
the same cellular pathways can regulate cellular processes cooperatively, leading to improved cell
function and modulation of inflammation. Nutrient synergy is another aspect where certain
compounds are more effective when consumed together, while balancing effects can mitigate

adverse outcomes of specific com-pounds when consumed alone (Matysik & Liebisch, 2017).

These interactions are intricate and context-dependent, influenced by factors, such as the
types of compounds involved, their concentrations, individual genetics, and overall dietary and
lifestyle choices. Researchers continually explore these complex dynamics to better comprehend
how compounds collectively impact health and well-being, especially in the case of ED. Principal
component analysis was conducted on all the samples based on the LC-MS data. The overall
relationship among the samples was assessed by PCA using all the tentative metabolite features

identified for all the samples; on a PCA plot, samples that were spatially close to each other had
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more similar metabolite profiles. The PCA generated two distinct clusters, each cluster

corresponding to an ecotype of D. dentatus.
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Figure 3. 5. (A) Overview of pathway analysis from all metabolic pathways (KEGG and HMDB)
for D. dentatus red and white ecotypes. All the matched pathways were classified by p-values (y-
axis) from the pathway enrichment analysis and pathway impact values (x-axis) from the pathway
topology analysis. The node size exhibits the effect of impact values. The node colors exhibit
different p-values. (B) Integrated pathway activity profile of significant (p < 0.05) metabolite
features using both D. dentatus ecotypes linked to biosynthetic pathways as analyzed by
MetaboAnalyst 5.0 (GSEA algorithm) using default parameters and the Arabidopsis thaliana
pathway as the library. The colour gradient from yellow to red and the size of the dot indicate the
statistical significance and impact of pathways.

3.1.3. Principal Component Analyses of D. dentatus Red and White Ecotypes

The first two principal components, PC1 and PC2, explained 60.3% and 13.9%,
respectively, of the variability in the positive ionization mode. In contrast, 67% and 11% in the
negative ionization mode of the total variability among the samples and the clusters that
corresponded to the D. dentatus white ecotype and D. dentatus red ecotype, respectively, were
closer to each other, indicating overall similarities in their metabolite profiles (Figures 6 and 7).
The same pattern of relatedness was also observed in a dendrogram based on the Euclidean
distance, on which the D. dentatus red and D. dentatus white ecotypes were grouped in the same

clade (Fig.3.6 and 3.7).

The metabolic profiles of D. dentatus red and white ecotypes were examined with OPLS-DA to
probe for metabolite features that separated the samples into distinct clusters corresponding to the
ecotypes (Fig.3.6 and 3.7). The accumulation of the top 15 statistically significant metabolite
features that separated the samples into the two main PLS-DA clusters was mainly influenced by
the relative intensity of the sample and the ecotypes (Fig.3.6 and 3.7 and appendix ). However, a
close inspection of the relative abundance of some of the top statistically significant metabolite

features indicated that species and treatment influenced their abundance (Fig 3.6 and 3.7). For
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instance, the relative abundance of the flavonoids was significantly higher in the D. dentatus red
ecotype than in the D. dentatus white ecotype (Figure 7; Supplemental Figures S2 and S5). The
secondary metabolites putatively identified, such as alkaloids and terpenoids, were comparable

between the ecotypes (Figure 5; Supplemental Figures S3 and S4).

3.1.4. Metabolite Annotation and Compound Class Contribution Using Tandem Mass

Spectrometry Data

We annotated 847 compounds ranging from levels 2 to 4 by combining the usage of GNPS,
MS DIAL, and SIRIUS, and compounds without fragmentation data (MS1). Approximately 12%
of compounds annotated did not have fragmentation data and were placed at annotation level 4. In
pooling contributions of red and white ecotypes, with ClassyFire used to categorize the
compounds, most of the superclass of compounds fell into benzenoids, lipids, and lipid-like
molecules, and phenylpropanoids and polyketides at 13.7, 37.9, and 20%, respectively (Figure 8).
The phenolic compounds screened for therapeutic potential were majorly distributed in these
categories. Although alkaloids were a superclass of interest, they were the second lowest
contributor to the annotated compound pool at 0.6%.

In investigating phenylpropanoids and polyketides, the flavonoid class dominated the pool
at 63.9%, followed by macrolides and monologues at 5.9%, with equal contributions of cinnamic
acids and derivatives, isoflavonoids, and linear 1,3-diarylpropanoids at 5.3% each (Figure 9).
Under lipids and lipid-like molecules, the fatty acyl class contributed most to the pool at 45.5%,
followed by prenol lipids at 38%, and steroids and steroid derivatives at 6.54%. Terpenoids,

another category of interest for therapeutic potential, fell into prenol lipids.

92



With respect to the biosynthetic pathways, using the Mummichog algorithm under
MetaboAnalyst 5.0 for the initial screening of MS1 data, the pathway analysis results aligned with
the annotated compounds, especially with high contributions of compounds belonging to both

flavonoid and terpenoid biosynthesis pathways (Figures 5A, B).
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Figure 3. 6: (A) Principal component analysis score plot reflecting the visualization of the
relationship among the samples in terms of groupings, trends, or outliers, and showing differences
between D. dentatus red and white ecotypes along the x—axis (PC1) and y—axis (PC2) from
positive ionization data. Principal components 1 and 2 explain 60.2% and 13.9% of the variance,
respectively. (B) Loading plot describing the influence of variables on sample segregation. (C)
Partial least-squares discriminant analysis (PLS-DA) was applied to differentiate between D.
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dentatus red and white ecotypes. (D) Hierarchical cluster analysis (HCA), computed based on the
top 25 statistically significantly different metabolite features, grouped the samples into two groups
and by intensities. The colour scale indicates the relative intensity of each metabolite, and the
colour-coded dendrogram on the top of the HCA plot indicates the relationship among the samples.
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Figure 3. 7: (A) Principal component analysis score plot reflecting visualization of the relationship
among the samples in terms of groupings, trends, or outliers, and showing differences between D.
dentatus red and white ecotypes along the x—axis (PC1) and y—axis (PC2) from negative ionization
data. Principal components 1 and 2 explain 66.2% and 11.2% of the variance, respectively. (B)
Loading plot describing the influence of variables on sample segregation. (C) Partial least-squares
discriminant analysis (PLS-DA) was applied to differentiate between D. dentatus red and white
ecotypes. (D) Hierarchical cluster analysis (HCA), computed based on the top 25 statistically
significantly different metabolite features, grouped the samples into two groups and by intensities.
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The colour scale indicates the relative intensity of each metabolite, and the colour-coded
dendrogram on the top of the HCA plot indicates the relationship among the samples.
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Figure 3. 8: Sunburst plot of the different class levels of the nodes annotated by ClassyFire by
compounds from both positive and negative ionization modes from both red and white D. dentatus
ecotypes. ClassyFire summarizes the compounds according to the kingdom level (K), superclass
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level (SC), and class level (C). Benzenoid, phenylpropanoid, polyketide, and lipids and lipid-like
molecule superclasses dominate in the contributions of annotated compounds.
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Figure 3. 9: Flavonoid biomarkers of D. dentatus red and white ecotypes normalized peak areas
(mean * SE) of the top metabolite features identified by PLS-DA. Within each metabolite, the
intensity is dependent on the combination of ecotypes (ANOVA red ecotype x white ecotype
(control interaction)): proanthocyanidin A2 p < 0.04, epicatechin methyl gallate p < 0.015, and
catechin gallate p < 0.015. “*” and “ns” represent statistical significance and not significant,
respectively.
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3.3. DISCUSSION

The Orbitrap used in the present work has high resolving power and excellent mass accuracy,
precise mass measurements and broad analyte coverage, providing greater confidence in
identification, especially for complex matrices (Comtois-Marotte et al., 2017; Jia et al., 2014;
Lanekoff et al., 2015; Matysik & Liebisch, 2017; Williamson et al., 2016). Moreover, the full scan
mode allows the recording of unlimited compounds, which makes it feasible for the retrospective
analysis of any potential compounds of interest. The Orbitrap HRMS can also reduce method cost
and development time by not having to purchase multiple standards or in performing manual
method set-up. To date, Orbitrap HRMS has been used extensively in mass spectrometry
metabolomics base research for targeted and non-targeted analyses. However, LC-MS has some
drawbacks, including high instrumentation costs, complex data analysis, time-consuming data
processing, and challenges related to sample preparation and matrix effects. Therefore, metabolite
annotation was performed by spectral library matching as a first step. Several candidates of D.
dentatus red and white putative metabolites were then shortlisted. Those that showed identical
names from KnapSack (Shinbo et al., 2006), KEGG (Kanehisa et al., 2019), Plant Metabolic

Network using the PlantCyc database (https://plantcyc.org) (Hawkins et al., 2021), Metaboquest

(Fan et al., 2020), SciFinder (Houngue et al.) and PubChem (Kim et al., 2022), Global Nature
Production Social Molecular Networking (GNPS), SIRIUS and MS Dial were used to query
fragments for putative identification (Branquinho, Verdan, Santos, et al., 2021; Li et al., 2016).

Afterwards, peak confirmation was done with Xcalibur 4.1 having a mass error of = 10 ppm to
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determine whether these metabolites are present in the methanol extracts of D. dentatus red and

white ecotypes.

3.3.1. Untargeted Metabolomics Analysis Revealed Metabolites Present in Different
Ecotypes of Doliocarpus Dentatus

Secondary metabolites comprise organic chemicals that plants, fungi, and microbes
synthesize. These compounds play diverse roles in ecological and adaptive processes. Plants
provide several ecological functions, including herbivore defence, pollinator attraction, and
facilitation of environmental adaptations(Khammassi et al., 2022; Naczk & Shahidi, 2004). The
secondary metabolites, including flavonoids, terpenoids, and alkaloids, possess significant value
in traditional medicine., pharmaceuticals, perfumery, and flavouring.

The metabolites identified in the different D. dentatus ecotypes were diverse, with some
reported to have therapeutic benefits due to their varied bioactivities. Using LC-MS/MS analysis,
we found polyphenolic, terpenoid, and alkaloid metabolite classes, with polyphenols (flavonoids)
being the most statistically significant and relatively abundant between the red and white ecotypes.

There was a statistically significant difference between the polyphenols in the D. dentatus
red ecotype and the D. dentatus white ecotype (Figure 8). Flavonoids such as Epicatechin methyl
gallate, Catechin gallate, and Proanthocyanidin A2 significantly differed in the D. dentatus red
ecotype compared to the D. dentatus white ecotype - based on the integrated peak areas.
Epicatechin methyl gallate, Catechin gallate, Proanthocyanidin A2 and Proanthocyanidin B2
isomers, Quercetin 3 glycoside, Apigenin, (+)-Catechin, Leucocyanidin, Anthocyanidin 3-O-beta-
D-sambubioside, and Resveratrol, are different types of bioactive compounds commonly found in

D.dentatus (see Tables 1 and 2 , Supplemental Tables 1 — 7). These compounds belong to other
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classes of natural products and possess diverse biological activities. Epicatechin methyl gallate, a
bioactive compound found in various plant sources, exhibits antioxidant and anti-inflammatory
properties that have attracted significant scientific interest due to its potential health-promoting
properties (Legeay et al., 2015). One of its notable benefits is its ability to reduce oxidative stress

and inflammation in cells.

3.3.2. Flavonoids

Flavonoids are a class of secondary metabolites mainly composed of a benzopyrone ring that
contains phenolic or polyphenolic groups at various locations(Cavalcante et al., 2018). The
biosynthesis of phenols relies on two pathways: the shikimic acid pathway and the malonic acid
pathway (de la Rosa et al., 2019; Mandal et al., 2010). These compounds are predominantly
present in various botanical sources such as fruits, herbs, stems, grains, nuts, vegetables, flowers,
and seeds (Feliciano et al., 2015; Shan et al., 2017). The therapeutic efficacy and biological activity
of these various plant components are attributed to the presence of bioactive phytochemical
substances. (Thilakarathna & Rupasinghe, 2013). Flavonoids may offer antioxidant, anti-
inflammatory, anticancer, cardiovascular, and neuroprotective benefits (Patel et al., 2018), which
may contribute to reducing several sexual dysfunctions such as low sexual desire, erectile
dysfunction (ED), inability to achieve orgasm and premature ejaculation, which are relatively
common in men even at a young age (Feldman et al., 2000; Gupta et al., 2011; Pallangyo et al.,
2016; ROMEO et al., 2000; Selvin et al., 2007; Sipski & Alexander, 1997).

Moreover, research has indicated that incorporating better lifestyle behaviours might
enhance erectile function. Specifically, implementing dietary modifications and the augmentation

of nutritional antioxidant consumption appears to be the most encouraging and economically
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viable strategies for addressing erectile dysfunction (ED) (Barassi et al., 2009; Wing et al., 2010).
The consumption of several antioxidant-rich foods, such as pomegranate juice, coffee, wine, nuts,
and ginseng, has been associated with lower ED prevalence (Dorrance et al., 2002; Forest et al.,
2007; Jang et al., 2008; Lopez et al., 2015; Ramirez et al., 2016).

In general, it has been proposed that incorporating a healthy-style diet, which emphasizes
consuming fruits and vegetables while limiting animal protein intake, can potentially improve
symptoms of (ED). This dietary approach reduces glucose and lipid metabolism, enhances
antioxidant defenses, and elevates arginine levels. Consequently, these effects contribute to
increased nitric oxide (NO) activity, ultimately improving erectile function (Di Francesco &
Tenaglia, 2017; Estruch et al., 2013; Urpi-Sarda et al., 2012; F. Wang et al., 2013).

The justification for employing antioxidants to mitigate symptoms of erectile dysfunction
(ED) is derived from the discovery that ED frequently occurs before the manifestation of
cardiovascular (CV) conditions. Antioxidant chemicals have gained recognition for their
advantageous impact on mitigating cardiovascular risk, implying their potential to resolve
symptoms of erectile dysfunction (Solomon et al., 2003).

Catechin gallate, found in D.dentatus, possesses intriguing properties that have attracted
scientific attention (see Tables 1 and 2). Similar to other catechins, it exhibits antioxidant activity
and potential health benefits. Its antioxidant properties help reduce oxidative stress and prevent
chronic diseases associated with free radicals, such as cardiovascular disease (Miller et al., 2019;
Y.-Q. Xu et al., 2021). Catechin gallate also exhibits anti-inflammatory effects, mitigating
inflammation and potentially reducing the risk of chronic inflammatory diseases. Additionally, it

may positively impact cardiovascular health by improving lipid profiles, lowering blood pressure,
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and enhancing vascular function (Baranwal et al., 2022; Kim-Park et al., 2016; Oz, 2017). It has
antioxidant properties, which help protect cells from damage caused by harmful bodily molecules
such as Reactive Oxygen Species ( ROS) including superoxide anion, hydroxyl radical, hydrogen
peroxide, and peroxynitrite. (+)-Catechin may have several health benefits, including promoting
cardiovascular health, reducing inflammation, and potentially aiding in weight management
(Isemura, 2019; Kalender et al., 2002; Satoh et al., 2002).

Proanthocyanidin B2 is a specific type of proanthocyanidin, which is a type of flavonoid
found in various plants. Proanthocyanidins are known for their antioxidant properties and are
commonly found in foods like fruits, vegetables, nuts, seeds, and certain beverages such as red
wine and tea (Hornedo-Ortega et al., 2020). Proanthocyanidin B2 has been studied for its potential
health benefits. It exhibits antioxidant activity, helping to neutralize harmful free radicals in the
body (Barbe et al., 2019). It also has anti-inflammatory properties, which may be beneficial in
reducing inflammation-related conditions. Proanthocyanidin B2 may contribute to cardiovascular
health by promoting healthy blood vessel function and reducing the risk of blood clot formation.

Additionally, it has been investigated for its potential anticancer properties, as it may help
inhibit the growth of cancer cells (Lee et al., 2020). Proanthocyanidin A2 is a flavonoid subclass
found in plants recognized for their antioxidant capabilities. It is generated by polymerizing flavan-
3-ol monomers and is distinguished by its condensed tannin structure (Hornedo-Ortega et al.,
2020). Proanthocyanidins, especially Proanthocyanidin A2, have been linked to various health
benefits, including antioxidant activity, cardiovascular health, anti-inflammatory properties, skin

health, and dental health (Rauf et al., 2019).
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Proanthocyanidins can neutralize dangerous free radicals, promote healthy blood flow, lower
blood pressure, and enhance lipid profiles. (Zhang et al., 2018). Quercetin 3-glucoside, also known
as isoquercitrin, is a natural plant compound found in fruits, vegetables, and herbs ( see Tables 1
and 2). It belongs to the glycoside class and has antioxidant properties that protect cells from free
radical damage. Quercetin 3-glucoside also has anti-inflammatory eftects, which may help reduce
inflammation and manage inflammation-related conditions (Williamson et al., 1996; Zheng et al.,
2017). It has been studied for its potential cardiovascular benefits, such as improving blood vessel
function, lowering blood pressure, and inhibiting blood clot formation. Quercetin 3-glucoside also
modulates the immune system, potentially supporting immune function and defense against
infections (Bondonno et al., 2016). Its antioxidant and anti-inflammatory properties may promote
healthy skin by protecting against oxidative stress and inflammation (Choi et al., 2012; Lesjak et
al., 2018).

Apigenin is a natural flavonoid molecule in many plants with antioxidant, anti-inflammatory,
and anticancer activities (Kim et al., 2003). Its prevalence in plant-based meals such as parsley,
celery, and chamomile tea contributes to its potential health advantages (Patel et al., 2007).
Apigenin is an antioxidant that neutralizes damaging free radicals and lowers oxidative stress
associated with chronic illnesses such as cancer, cardiovascular disease, and neurological disorders
(Kaur et al., 2008; Kim et al., 2003). It also contains anti-inflammatory qualities, which aid in
lessening inflammation and discomfort. Apigenin has been found in studies to cause cell cycle
arrest and death in cancer cells, potentially reducing their growth and spread (Kaur et al., 2008;
Nicholas et al., 2007). Apigenin has been studied for its potential in cancer prevention and therapy,

including applications in breast, colon, prostate, and lung malignancies. It has also been examined
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for its potential to improve cardiovascular health, cognitive function, and immune system
performance (Madunic et al., 2018; Rossi et al., 2008). Leucocyanidin is a bioactive compound
in plants belonging to the flavan-3-ol flavonoids family. It has potent antioxidant capabilities that
protect cells from oxidative damage (Tahirovic & Basic, 2017). Moreover, leucocyanidin has anti-
inflammatory properties that may help minimize the risk of chronic inflammatory illnesses. It also
benefits cardiovascular health by promoting healthy blood vessels and heart function (Augustine,
2019). While further study is needed, leucocyanidin's antioxidant, anti-inflammatory, and
cardiovascular effects make it a promising molecule for overall well-being and disease prevention.
Anthocyanidin 3-O-beta-D-sambubioside is a unique anthocyanin pigment that contributes
to the vibrant colors of fruits, vegetables, and flowers. Its attachment to beta-D-sambubioside
makes it unique, contributing to the vibrant colors in plant-based foods and attracting pollinators
for plant reproduction. Anthocyanidin 3-O-beta-D-sambubioside offers potential health benefits
due to its antioxidant properties, which neutralize harmful free radicals in the body (Butu et al.,
2014; de Pascual-Teresa et al., 2010; Raffa et al., 2017; Santos et al., 2021). These free radicals
can cause cellular damage and contribute to chronic diseases like cardiovascular disease and cancer
(Butu et al., 2014; Jiang et al., 2020). Additionally, research suggests that anthocyanidin 3-O-beta-
D-sambubioside may have anti-inflammatory effects, modulating inflammatory responses and
reducing the risk of chronic diseases (de Pascual-Teresa et al., 2010; Peng et al., 2022). The
presence of anthocyanidin 3-O-beta-D-sambubioside in fruits and vegetables makes them visually
appealing and potentially beneficial for health.
The bioactive compounds discussed previously, such as Epicatechin methyl gallate, Catechin

gallate, (+)-Catechin, Proanthocyanidins, Quercetin 3-glucoside and Apigenin, offer various health
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benefits, especially for ED due to their antioxidant and anti-inflammatory properties (Sahin et al.,
2020). These compounds act as antioxidants, neutralizing harmful free radicals and reducing
oxidative stress in cells, which helps protect against cellular damage and supports overall well-
being. Additionally, they show potential in promoting cardiovascular health by improving lipid
profiles, lowering blood pressure, and enhancing blood vessel function, which may reduce the risk

of ED.

3.3.3. Alkaloids

Alkaloids are a class of organic molecules characterized by nitrogen atoms with elemental
properties, often found in many organisms, including plants, fungi, and mammals. Alkaloids are a
class of organic molecules characterized by the presence of nitrogen atoms, whose specific
elemental properties play a crucial role in defining the chemistry and biological activity of these
compounds. Nitrogen, as an element, typically forms three covalent bonds and possesses a lone
pair of electrons, which imparts basicity to the molecule and allows it to participate in hydrogen
bonding and other key interactions. These properties enable alkaloids to exhibit unique chemical
reactivity and contribute to their wide range of pharmacological effects. Alkaloids are found in
many organisms, including plants, fungi, and mammals, where they often serve important
ecological and physiological functions (Bribi, 2018; Roy, 2017). The biosynthesis of alkaloids
relies on the Shikimic acid and Malonic acid pathway(Damle et al., 2013; Hsu et al., 2015). These
important secondary metabolites have been recognized for their medicinal potential(Ku et al.,
2022). These compounds have been categorized into several groups based on their biosynthetic
precursor and heterocyclic ring system. These groups include indole, piperidine, tropane, purine,

pyrrolizidine, imidazole, quinolozidine, isoquinoline, and alkaloids (Vasquez et al., 2022).
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Alkaloids may hinder the initiation of diverse degenerative ailments through their ability to
scavenge free radicals or bind with catalysts involved in oxidative reactions (Laines-Hidalgo et al.,
2022).

The secondary metabolites, such as Trigonelline, Xanthurenic acid, Thiazole, and Raphanin
are all present in D. dentatus, of which their relative abundance is higher in the D. dentatus white
ecotype. At the same time, 4 - Methylelletierine, N — Methylelletierine, Nicotinamide, Stachydrine
and Acetylbrowniine were higher in the D. dentatus red ecotype ( see Table 1 and 2).

Trigonelline exhibits antioxidant and anti-inflammatory properties and may aid blood sugar
regulation and metabolic health (Khalili et al., 2018). Xanthurenic Acid is involved in amino acid
metabolism and is linked to regulating insulin levels and glucose metabolism (Marie et al., 2016).
Thiazole shows diverse biological activities and has garnered interest in medicinal chemistry
(Giimds et al., 2019). Methylelletierine and N-Methylelletierine possess anthelmintic properties,
which are beneficial for combating parasitic infections. Nicotinamide and Stachydrine are
associated with anti-hypertensive effects and affect blood pressure regulation (X.-R. Wang et al.,
2018). Acetylbrowniine offers anti-inflammatory properties (J.-B. Xu et al., 2021), while rapanin,
derived from radishes, has potential antioxidant and anticancer effects (Shuveksh et al., 2017).
These compounds interact with biological systems in distinct ways, offering a range of potential
health benefits, but further research is needed for a comprehensive understanding of their effects.

Secondary metabolites 4-Methylelletrine, N-Methylelletrine, Nicotinamide, Stachydrine,
Trigonelline, and Acetylbrowniine have not been subjected to comprehensive investigations as
potential therapeutic interventions for erectile dysfunction (ED). Although several compounds

may possess features that might potentially impact aspects associated with ED, such as regulating
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blood pressure, cardiovascular well-being, and blood sugar control, there is currently insufficient

data to substantiate their efficacy as primary therapies for ED.

3.3.4. Terpenoids

Terpenoids are a large and diverse class of structurally secondary metabolites derived from
five-carbon isoprene units naturally occurring in many plants (Ludwiczuk et al., 2017). The
biosynthesis of the Mevalonic acid pathway relies on the Shikimic acid and Malonic acid
pathway(Damle et al., 2013; Dewick, 2002; Hsu et al., 2015). Terpenoids differ due to their
functional groups and C10-unit hydrocarbon backbone. These are further categorized based on the
number of carbocyclic rings such as monoterpenes ( limonene, carvone, (1R)-(-)-Nopol and
carveol), diterpenes ( the retinoids), and tetraterpenes (o - and B-carotene, lutein, lycopene,
zeaxanthine, Betulinic Acid, Betulin and cryptoxanthine) (Christianson, 2017; Welling et al.,
2016). These subclasses may have anti-inflammatory, anti-cancer, antioxidant, anti-inflammatory,
and antimicrobial properties(Schmitz et al., 2022). Terpenoids are also essential for plant growth
and development, impart flavour, aroma, and colour to plants' foliage, flowers, and fruits (Ge et
al., 2022; Jafari, 2022) and defend them against insects, herbivores, and fungal diseases (Mithofer
& Boland, 2012).

Secondary metabolites such as alpha-Pinene, Ascaridole, (1R)-(-)-Nopol, 3-(beta-D-
glucopyranosyloxy)-2-methyl-4H-Pyran-4-one, 4-(2,6,6-trimethyl-2-cyclohexen-1-yl)- 2-
Butanone, Farnesol, Betulinic acid, Betulonic acid, Sumaresinolic acid, Betulin and Saikogenin D
are all present in D. dentatus, of which their relative abundance is comparable between D. dentatus

red and white ecotypes ( see Tables 1 and 2 and Supplemental tables 1 - 7).
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These compounds have diverse bioactive characteristics, from their potential use in
medicine to their role as natural antibacterial agents, antioxidants, and enhancers of olfactory and
gustatory sensations. Nevertheless, it is imperative to highlight that the precise bioactivities and
possible health advantages of these compounds are now being investigated, and their efficacy may
differ based on the particular circumstances in which they are utilized, thus requiring additional
investigation.

The current body of research on the influence of terpenoids on ED is still constrained.
However, it is important to highlight that terpenoids, naturally present in various plants, can
indirectly impact aspects related to ED. Terpenoids with anti-inflammatory and antioxidant
characteristics have promising potential in enhancing vascular health and mitigating oxidative
stress, pertinent factors in (ED). Specific terpenoids have the potential to facilitate vasodilation,
which can enhance blood circulation and thus have an indirect impact on improving erectile
function(Olabiyi & de Castro Bras, 2023). Moreover, several terpenoids, recognized for their
anxiolytic and stress-alleviating properties, can alleviate psychological elements contributing to
ED. Additional investigation is necessary to clarify the exact processes and effectiveness of

terpenoids in managing ED, considering their significant potential in treating this complex ailment.

3.3.5. Therapeutic Compounds and Possible Synergistic Effects

The compounds discussed in this research demonstrate many synergistic interactions,
particularly in the domains of fragrance, possible therapeutic effects, and anti-cancer
capabilities(Borges et al., 2019). The combination of Alpha-Pinene and (1R)-(-)-Nopol in essential

oils creates pleasant scents that contribute to the overall olfactory attractiveness of these oils. The
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potential exists for a synergistic interaction between farnesol and Saikikogenin D, resulting in
enhanced anti-inflammatory and antibacterial activities, hence increasing their therapeutic
efficacy(Joo & Jetten, 2010). In the context of anticancer activities, it has been shown that
compounds such as Betulin, Betulonic Acid, Betulinic Acid, and Sumaresinolic Acid may
potentially collaborate to produce favourable outcomes. The degree of synergy between 3-(beta-
D-glucopyranosyloxy)-2-methyl-4H-Pyran-4-one and 4-(2,6,6-trimethyl-2-cyclohexen-1-yl)-2-
Butanone is contingent upon the specific applications in which they are utilized(Xiao et al., 2022).

In the domain of (ED), secondary metabolites such as flavonoids, alkaloids, terpenoids and
other phytochemicals in whole plant extracts have been observed to facilitate favourable
interactions, presenting potential advantages(Durak et al., 2014). These interactions may augment
blood circulation, mitigate inflammation, and increase vascular and sexual well-being. Research
has shown that Green tea polyphenols, particularly epigallocatechin gallate (EGCG), have
antioxidant properties that may reduce oxidative stress in the body, which is known to contribute
to blood vessel damage and impaired blood flow, factors often linked to ED (Legeay et al., 2015).
Yohimbine is an alkaloid found in yohimbe bark, and it's known to have vasodilatory effects, which
means it can relax and widen blood vessels, improving blood circulation. In the context of ED,
increased blood flow to the penis is essential for achieving and maintaining an erection (Drevin et
al., 2020). Ginseng contains various terpenoids that may enhance nitric oxide production. Nitric
oxide is a signaling molecule that plays a crucial role in dilating blood vessels and promoting blood
flow to the penis, which may improve erectile function (Di Francesco & Tenaglia, 2017; Estruch

et al., 2013; Urpi-Sarda et al., 2012; F. Wang et al., 2013).
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The synergistic effects of polyphenol-rich extracts derived from sources such as green tea,
dark chocolate and berries, alkaloids present in yohimbine and ginseng, and terpenoids sourced
from herbs like ginkgo biloba and ginseng may potentially collaborate to enhance blood
circulation, induce vasodilation, and augment nitric oxide synthesis, thereby potentially
contributing to the amelioration of erectile dysfunction(Hemalswarya & Doble, 2006; Liu, 2003,
2004).

Moreover, the aforementioned phytochemical interactions have the potential to offer
antioxidant assistance, hence mitigating the detrimental effects of oxidative stress on blood vessels
and the consequential impairment of erectile function. The potential enhancement of sexual health
and alleviation of symptoms related to ED can be achieved through the synergistic actions of
polyphenols, alkaloids, and terpenoids derived from various sources.

Reactive Oxygen Species (ROS) play important roles in various diseases, including cancer,
obesity, and ED (Fernandez-Sanchez et al., 2011; Raj et al., 2011; Silva et al., 2014). ROS can
negatively impact the function of blood vessels in the penis, leading to vascular dysfunction.
Excessive ROS levels can cause oxidative damage to the endothelial cells that line the blood
vessels, reducing their ability to produce and release nitric oxide (NO). NO plays a crucial role in
vasodilation, essential for achieving and maintaining an erection (Lim & Park, 2014). ROS-
induced endothelial dysfunction reduces NO bioavailability, resulting in inadequate blood flow to
the penile tissues and erectile dysfunction (Rodriguez-Porcel et al., 2017; Sena et al., 2013).

Moreover, ROS can directly interact with and deactivate NO, further exacerbating the
impairment of NO signaling in erectile function (Judkins et al., 2010). NO is a vital signaling

molecule that induces smooth muscle relaxation in the penile tissue, facilitating the dilation of
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blood vessels and the influx of blood necessary for an erection (Ieda et al., 2020). Increased ROS
production can lead to the formation of reactive nitrogen species (RNS), which react with NO to
create peroxynitrite, a highly reactive compound that impairs NO-mediated vasodilation (Ieda et
al., 2020).

The penile tissue is susceptible to oxidative damage caused by ROS. Excessive ROS levels
induce oxidative stress, leading to lipid peroxidation, protein oxidation, and DNA damage within
penile cells. These harmful effects disrupt the normal cellular function and integrity of the penile
tissue, impairing its ability to achieve and sustain an erection (Chakraborty & Roychoudhury,
2022). Furthermore, ROS-induced oxidative stress can trigger inflammatory responses in the
penile tissue. Chronic inflammation can activate fibroblasts and promote the deposition of
extracellular matrix proteins, leading to fibrosis (Zhou et al., 2021). Penile fibrosis involves an
excessive accumulation of collagen and other fibrous components, resulting in structural changes
and stiffness of the erectile tissue, further contributing to erectile dysfunction (Yu et al., 2021).

The detrimental effects of ROS-induced damage on erectile function are multifaceted.
Excessive ROS production can impair vascular function, disrupt NO signaling, cause oxidative
tissue damage, promote inflammation and fibrosis, and contribute to age-related erectile
dysfunction. Understanding the mechanisms through which ROS influence’s erectile function can
guide the development of therapeutic strategies to mitigate oxidative stress and preserve erectile
health. However, further research is needed to understand their effects and specific applications
fully.

Plants exhibit an impressive capacity for synthesizing a wide array of organic compounds.

Upon conducting LC-MS/MS analysis on Guyana Capadulla ecotypes, we identified a diverse
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range of secondary metabolites such as alkaloids, terpenoids, fatty acids, phenylpropanoids,
organic acid, polyketides and gallotannins, lignans and flavonoids. These organic compounds are
believed to have evolved as a part of plant defense mechanisms against various environmental
challenges, including pests, diseases, and droughts (Dixon, 2001). Notably, among the identified
metabolites that were found in both ecotypes in more than one sample were, Salsolinol (alkaloid),
Lutein (carotenoids), and lyoniside (lignans - iridoid glycosides) (Tables 4 — 6). Salsolinol, found
in Guyanese Capadulla, is a natural compound in the isoquinoline alkaloid class that is the
combination of dopamine and acetaldehyde (Kurnik-ELucka et al., 2018). Research has focused on
its effects on addiction and reward pathways in the brain, particularly its role in reinforcing drug-
seeking behavior and addiction to substances like alcohol, nicotine, and opioids (Melis et al.,
2015). Salsolinol's interactions with neurotransmitter systems in the brain may contribute to the
pleasurable effects of drugs and the development of addictive behaviors. Additionally, it has been
studied for potential neurotoxic effects, leading to oxidative stress and damage to neurons, which
could be relevant to neurodegenerative diseases (Kurnik-Lucka et al., 2018). However, further
research is needed to understand its mechanisms and potential therapeutic applications fully.

In particular, green leafy vegetables like spinach, kale, and broccoli contain lutein, a
naturally occurring carotenoid pigment (Wallace et al., 2020). It is an effective antioxidant that
protects cells from the damage caused by risky free radicals, which can result in chronic diseases
and aging (Alves-Rodrigues & Shao, 2004). Because it is a vital component of the macular
pigment, which serves as the macula's protective layer, lutein is also crucial for maintaining eye
health. This pigment protects retinal tissues from ultraviolet and high-energy blue light damage,

reducing the risk of age-related macular degeneration (AMD) and cataracts. A diet high in lutein
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may be linked to better cognitive performance and a lower risk of cognitive decline in older people,
according to some research on the possible effects of lutein on cognitive function (Johnson, 2014).
To conclusively link lutein intake and cognitive health, additional research is necessary. A diet high
in fruits and vegetables, primarily those high in lutein, can support general health and the
maintenance of healthy eyes.

Specific plant sources contained a naturally occurring flavonoid glycoside called lyoniside,
which has potent anti-inflammatory and antioxidant properties (Chen, 2017) and was putatively
identified in Guyanese Capadulla. It functions as an antioxidant to protect cells from the damage
of harmful free radicals, which can accelerate aging and lead to chronic diseases. Furthermore,
lyoniside has demonstrated potential as a neuroprotective compound, protecting neurons and
promoting brain health (Lee et al., 2015). Although lyoniside research is still in its early stages, its
novel findings indicate that it has a high potential for therapeutic use, particularly in treating

inflammatory and oxidative stress-related diseases.

3.3.6. Several Metabolites Are Ecotype Specific

We described ecotype-specific metabolites as those present in only one ecotype
(Supplemental Tables 2- 3).

For instance, (-)-Epigallocatechin, Anthocyanidin 3-O-beta-D-sambubioside and
Naringenin (Supplemental Tables 2), which were present only in D. dentatus red ecotype, are three
bioactive compounds with significant potential in various fields. Epigallocatechin, found in green
tea, exhibits antioxidant and anti-inflammatory properties, contributing to its health benefits (Tang

et al., 2021). Anthocyanidin 3-O-beta-D-sambubioside, a plant flavonoid, offers antioxidant and
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anticancer properties, potentially aiding disease prevention (Wu et al., 2021). Naringenin,
commonly found in citrus fruits, has anti-inflammatory and cardiovascular health-promoting
effects, making it valuable for overall well-being (Onakpoya et al., 2017; Reshef et al., 2005).
These compounds hold promise for further research and applications in medicine, nutrition, and
functional foods.

Quercetin and myricetin, present only in D. dentatus white ecotype, are two flavonoids
renowned for their high bioactive characteristics and multiple health benefits (Flores & Ruiz del
Castillo, 2015). Quercetin is present in various fruits and vegetables, including apples, onions, and
berries, and is known for its antioxidant, anti-inflammatory, and immune-modulating properties.
It has been examined for its ability to lessen the risk of chronic illnesses and improve heart health
(Nishimuro et al., 2015). For instance, a comprehensive revealed that quercetin displayed
remarkable antioxidant activity in human blood plasma, effectively neutralizing harmful free
radicals. Furthermore, a study conducted on rats demonstrated that quercetin had anti-
inflammatory properties by inhibiting the production of pro-inflammatory molecules like tumor
necrosis factor-alpha (TNF-0) and interleukin-6 (IL-6), leading to a reduction in symptoms
associated with inflammatory diseases (Kobori et al., 2016; Mamani-Matsuda et al., 2006). These
scientific findings provide compelling evidence supporting the potential health benefits of
quercetin and its significance as a valuable dietary component.

Mpyricetin, on the other hand, is found in foods like berries, grapes, and tea and has
comparable antioxidant and anti-inflammatory qualities. Myricetin may have neuroprotective and
anticancer properties, according to research. These adaptable flavonoids are gaining attention in

scientific studies as vital components of a balanced diet and possible medicinal possibilities
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(Maurya et al., 2016). For instance, research has revealed that a diet abundant in berries, grapes,
and tea, rich sources of myricetin, can lower the risk of neurodegenerative diseases like
Alzheimer's disease (Kimura et al., 2021). Moreover, studies have indicated that myricetin can
impede the growth of cancer cells and trigger apoptosis, suggesting its potential as a prospective
candidate for upcoming cancer treatments (Agraharam et al., 2022).

Vendors of natural products in Guyana (known as herbalists colloquially) can use this
information on ecotype-specific metabolites; by leveraging evidence-based research, herbalists
can enhance their practices in selecting, preparing, dosing, and utilizing plant materials for
medicinal purposes. Scientific insights aid in proper ecotype selection, ensuring authenticity and
quality. Herbalists can adopt standardized preparation methods and understand the mechanisms of
action of medicinal plants. Moreover, scientific knowledge guides dosage recommendations,
identifies potential interactions, and helps in monitoring treatment effectiveness. By sharing
evidence-based information, herbalists can educate patients and contribute to research, leading to

safer and more effective herbal medicine practices.

3.4. CONCLUSION

The present study aimed to analyze the phytochemical profiles of D. dentatus ecotypes using
untargeted and semi-targeted plant metabolomics, employing liquid chromatography in
conjunction with electrospray ionization mass spectrometry. Our findings highlight the presence
of the diverse bioactive compounds in D. dentatus ecotypes, including polyphenolic compounds,
such as epicatechin methyl gallate, catechin gallate, proanthocyanidin A2 and proanthocyanidin

B2 isomers, quercetin 3 glycoside, apigenin, (+)-Catechin, leucocyanidin, anthocyanidin 3-O-beta-
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D-sambubioside, and resveratrol. These compounds exhibited diverse beneficial biological
activities. While this study primarily focused on metabolomics, our future investigations will
include antioxidant assays. Antioxidant assays and analyses are integral in comprehending the
intricate mechanisms that shield organisms from oxidative stress. These assays thoroughly
examine compounds and substances, assessing their potential to counteract the harmful impacts of
free radicals and reactive oxygen species. By conducting these assays, the researchers can amass
the critical data regarding the efficacy of different antioxidants in mitigating oxidative stress. Using
other solvents for metabolite extraction, isolating key therapeutic compounds of interest with
confirmation using nuclear magnetic resonance, and testing for bioactivity on select cell lines are
potential avenues for future research. This research may provide invaluable insights into the
potential interventions and treatments for conditions linked to oxidative stress, encompassing

cardiovascular disease, erectile dysfunction, and cancer.
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4. CHAPTER 4

Exploring The Cytokinin Profiles of Doliocarpus Dentatus and its Relationship with

Secondary Metabolites: Insights to its Potential Therapeutic Benefits.

ABSTRACT

Doliocarpus dentatus, a plant traditionally used in Guyanese medicine known as
"Capadulla" or "Guyanese natural Viagra," is renowned for its alleged therapeutic benefits,
including treating erectile dysfunction, cystitis, malaria, and other conditions, as well as possessing
anticancer properties. There are two known ecotypes of D. dentatus in Guyana: the red and white
ecotypes, both utilized for therapeutic benefits, particularly for erectile dysfunction. While both
ecotypes are used in Guyanese traditional medicine, the red ecotype appears to be preferred for its
potentially higher therapeutic efficacy, particularly for treating Erectile Dysfunction (ED). The
preference for the red ecotype may stem from a higher concentration of therapeutic compounds,
particularly polyphenols. These compounds may be enhanced by signaling molecules such as
cytokinins, which could contribute to higher antioxidant properties, potentially enhancing the
production of nitric oxide or improving blood vessel formation and providing better synergistic
effects with other compounds present in the red ecotype, such as betulin, which has demonstrated

protective effects against cardiovascular diseases and oxidative stress.

CKs in D. dentatus, such as tZ, cZ, and iPR, have shown promise in reducing oxidative
stress, a factor in chronic diseases such as cancer and neurodegenerative disorders. Emerging
evidence indicates that complex interrelationships exist between cytokinins (CKs) and secondary
metabolites in plants, mediated by intricate signalling pathways and biochemical processes. These

relationships may directly regulate the production of specific secondary metabolites, such as
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flavonoids and alkaloids, by modulating the activity of key enzymes involved in the biosynthetic
pathways of these compounds. This study investigates the phytohormone profiles, particularly
CKs, and their interaction with secondary metabolites in the red and white ecotypes of D. dentatus
for its alleged therapeutic benefits in treating erectile dysfunction. The research employed liquid
chromatography-tandem mass spectrometry (LC-MS/MS) to analyze and compare the CK
composition and metabolomes of the two ecotypes collected from Eagle Mountain Forest in
Guyana. A targeted approach was used for CK analysis, while a semi-untargeted approach was
implemented for metabolomic data analysis. The study detected 20 forms of CKs in both ecotypes,
with the red ecotype showing higher concentrations of active CKs, particularly trans-zeatin (¢Z)
and cis-zeatin (cZ), along with their glucoside forms, which accounted for 98.38% of the total CKs
content (9135.49 + 3174.72 pmol/g FW). Untargeted metabolomic analysis revealed 20,382
potential metabolite features in the red ecotype and 11,021 in the white ecotype. Further analysis
identified 5,275 tentative metabolite features, with 159 upregulated and 110 downregulated in the

red ecotype. Polyphenols accounted for 63.9% of identified compounds in both ecotypes.

Pathway analysis showed that the red ecotype demonstrated a higher occurrence of
flavonoids, flavone, flavonols, and anthocyanin biosynthesis, while the white ecotype was more
associated with monoterpenoid biosynthesis. Correlation network analysis highlighted positive
associations between specific CKs and alkaloids, as well as between #Z and iPR with phenolic
compounds. These findings suggest that the enhanced bioactivity of the red ecotype, evidenced by
elevated levels of CKs and increased enrichment in flavonoid biosynthesis, may support its
preferential application in traditional therapy. The study highlights the intricate interplay between

CKs and secondary metabolites in D. dentatus, providing critical insights into the regulatory
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mechanisms governing biochemical processes and signalling pathways involved in secondary

metabolite production.

Future research should focus on further elucidating the antioxidant potential of D. dentatus.
This could involve a comprehensive comparative analysis of antioxidant activities between the red
and white ecotypes using multiple assays, such as DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS
(2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)), and ORAC (Oxygen Radical
Absorbance Capacity). Additionally, isolating and characterizing specific compounds responsible
for antioxidant activity, particularly polyphenols, would be beneficial. Furthermore, developing
standardized extracts based on antioxidant compounds, studying environmental factors impacting
antioxidant content, conducting comparative ethnobotanical studies of traditional uses in different
regions of Guyana and assessing antioxidant stability under various storage and processing
conditions would contribute to a more comprehensive understanding of D. dentatus's antioxidant

potential and its possible therapeutic applications.

KEYWORDS: mass spectrometry, Capadulla, Cytokinins, Secondary metabolites,

Metabolomics, Therapeutic potential,
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4.1. INTRODUCTION

Doliocarpus dentatus, commonly referred to as Guyanese natural viagra, is a woody vine
belonging to the Dilleniaceae family. Its native habitat spans from Mexico to Southern Brazil
covering areas in Central to South America and exhibits the highest density in the Amazon
(Branquinho, Verdan, dos Santos, et al., 2021). The D. dentatus vine, variously referred to as
Capadulla, Kabuduli, and Kapadula, flourishes in both mixed and evergreen lowland forests in
Guyana (Bhatia et al., 2014; Huang et al., 2022; Kumar et al., 2007; Sasidharan et al., 2011) (Fig
4.1). This species occupies a significant role in the traditional medicinal practices of Guyana
(Gurni et al., 1981; Lima et al., 2014). Within the Doliocarpus genus, D. dentatus is regarded as
one of the most important species due to its relatively high abundance of phenylpropanoids and
polyketides (Ewart smith, 2023). Notably, the flavonoid class constitutes the predominant
component, representing 63.9% of the total identified compounds in both ecotypes, followed by
macrolides and monologues at 5.9% (Ewart smith, 2023; Raissa Borges Ishikawa et al., 2017;
Raissa Borges Ishikawa et al., 2018). Cinnamic acids and their derivatives, as well as
isoflavonoids, contribute equally to the overall composition. This species is known for its
purported aphrodisiac properties. It is believed that consuming it as a tea or cold drink can enhance
libido and treat male impotence (Ewart smith, 2023; Van Andel T, 2003; Van Andel T et al., 2003).
In Guyana, the D. dentatus species has distinct red and white ecotypes (Fig 4.1) and these ecotypes
can be distinguished by their morphological and physical characteristics ( Fig 4.1), such as the
texture of the vine's outer bark and the colour of the xylem and phloem that can be seen during

harvesting (van Andel, 2000).
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Other genera (Acrotrema, Davilla, and Dillenia) of the Dilleniaceae family have been
researched extensively due to their unique ethnobotanical uses and recognized for their extensive
therapeutic potential, characterized by a diverse array of secondary metabolites, including
flavonoids, terpenoids, lignans, and phenolic derivatives (Alexandre-Moreira et al., 1999;
Branquinho, Verdan, et al., 2021a; Bruniera & Groppo, 2010; De Oliveira et al., 2002; Killeen et
al., 1993; Kumari et al., 2009; Lima et al., 2014; Lopes et al., 2007; Sharma et al., 2001; Soares et
al., 2005). These metabolites are classified into various structural classes that are utilized in the
treatment of numerous health conditions, such as arthritis, diabetes, gastrointestinal disorders, and
inflammation (Lima et al., 2014). The biological activities exhibited by the Dilleniaceae family
are varied, encompassing anti-inflammatory, antioxidant, antimicrobial, and anti-ulcer properties,
which can be primarily attributed to the presence of flavonoids and terpenoids (Branquinho,
Verdan, dos Santos, et al., 2021; Branquinho, Verdan, Silva-Filho, et al., 2021; Raissa Borges
Ishikawa et al., 2017; Lima et al., 2014).

We now have evidence that D. dentatus ecotypes contain several forms of phytohormones
with distinct effects that might be able to influence its wider phytochemical profiles (Ewart smith,
2023). Phytohormones, organic signalling molecules derived from plants, play crucial roles in
regulating all plant processes including growth, development, source/sink transitions, and nutrient
distribution; moreover, they function as key mediators in plant response to various biotic and
abiotic stresses, thereby enabling plants to adapt to their dynamic environment (Kamada-Nobusada
et al., 2013). These compounds are typically synthesized in small amounts (<10M) within the
plant and are produced both in root and aerial organs (Hirose et al., 2008; Kamada-Nobusada et

al., 2013; Kuroha et al., 2009; Takei et al., 2004).
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Doliocarpus dentatus red
ecotype (A)

Doliocarpus dentatus leaves
(both ecotypes) (B)
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Doliocarpus dentatus red
ecotype (D)

Doliocarpus dentatus Fruit
(both ecotypes) (E)

Doliocarpus dentatus white
ecotype (F)

Figure 4.1. D. dentatus red and white ecotypes morphological features. (1A). D. dentatus red outer
bark, (1B) mature leaves of both ecotypes, (1C) D. dentatus white outer bark, (1D) D. dentatus red
inner bark, (1E), D. dentatus young leaves of both ecotypes and (1F) D. dentatus white inner bark.
Photos by Ewart Smith (21N0261909 — 0578704 - Potaro Siparuni, August 2021, Guyana).
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Extensive research has been carried out on phytohormones, including Auxins (IAA),
cytokinins (CK), gibberellins (GA), abscisic acid (ABA), and ethylene (ET) (Aoki et al., 2024;
Bean et al., 2022; Gibb et al., 2020; Kisiala et al., 2019; Kisiala et al., 2013; Morrison &
Woldemariam, 2022; Peres et al., 2019; Valleser, 2022). These plant hormones are well known for
their roles in controlling plant growth, development, and reactions to environmental stimuli across
disciplines such as biotechnology, agriculture, and horticulture (Bychkov et al., 2024; Jogawat et
al., 2021). Recently, there has been an increasing emphasis on researching CKs, their related
conjugates, and how they interact with plant secondary metabolites such as polyphenols,
flavonoids, terpenoids, and alkaloids (A Urra et al., 2013; Abbey et al., 2024; Gautam, 2023; Jenca
et al., 2024; Qiu et al., 2018; Zhang et al., 2025). Emerging evidence suggests there are intricate
relationships between CKs and secondary metabolites in plants, through complex signaling
pathways and biochemical processes. Understanding these interactions will help in developing
new strategies to enhance crop yield, improve stress tolerance, understand therapeutic benefits and
manage plant growth in various environmental conditions (Skalak et al., 2021).

CKs are phytohormones that play pivotal and significant roles in virtually all aspects of plant
growth. They regulate processes such as cell division, differentiation, photosynthesis, and
distribution of nutrients to actively growing sites (Jogawat et al., 2021; Kambhampati et al., 2017;
Kieber & Schaller, 2018). Additionally, CKs are instrumental in flower and seed development,
seed filling, the regulation of leaf senescence and anthocyanin production (Hutchison & Kieber,
2002). These hormones are vital for the production of crops or other plant products that are
valuable to humans and enable plants to respond to both biotic and abiotic environmental factors

(Fahad et al., 2015; Goh et al., 2019; Mok & Mok, 2001). Moreover, CKs act as signalling
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molecules in beneficial interactions with plant growth-promoting microbes and are essential
regulators of plant defence mechanisms against pathogenic species (Chanclud et al., 2016; Jorge
et al., 2019). CKs have been discovered in a broad range of organisms beyond plants, including
bacteria, fungi, algae, nematodes, insects, and even mammals (Jiskrova et al., 2016; Wareing et
al., 1977; N. Zhang et al., 2016).

Chemically, CKs are small molecules that are derivatives of an adenine structure with an
isoprenoid or aromatic side chain attached to the N® position, (Fig 2) (Goh et al., 2019; Kieber &
Schaller, 2018; Marquez-Lopez et al., 2019). Four primary types of naturally occurring CKs
include: isopentenyladenine (iP), zeatin—which includes both trans- and cis-isomers (¢Z, cZ) and
dihydrozeatin (DZ) (Fig 2). Other CKs can have aromatic side chains, such as ortho-topolin (0T),
benzyladenine (BA), and kinetin (KIN). These aromatic CKs are often used in bioassays because
of their increased biological activity, although they are less prevalent in nature than the isoprenoid
CK forms (Marquez-Lopez et al., 2019). Further modifications to CK structures result in different
forms including riboside and nucleotide derivatives as well as downstream sugar conjugates. CK
conjugates can result from glycosylation, xylosylation, or amino acid attachment. Glycosylation,
facilitated by the enzyme UGT, occurring at the O- or N-position of the CK molecule is thought to
deactivate CKs (Fig 2). Irreversible N-glucosides, form especially when CK levels are high due to
gene overexpression or external CK application. O-glucosides, on the other hand, can be de-
glycosylated and act as a storage form of free-CKs. Large amounts of N-glucosides of isopentenyl
adenine (iP) and trans-zeatin (tZ) are found outside plant cells, particularly in the xylem. This

modification of CKs helps regulate their levels and activity within plants (Fox et al., 1973; Galichet
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et al., 2008; Hosek et al., 2020; Jiskrova et al., 2016; Parker et al., 1972; Wareing et al., 1977; D.
Zhang et al., 2016).

This differential metabolism of N-glucosides represents a novel mechanism for regulating
bioactive cytokinin levels, with tZ N-glucosides functioning as a readily accessible storage form
rather than merely an irreversible inactivation product (Hosek et al., 2020; Hoyerova & Hosek,
2020). Additionally, a thiol group (-SH) can be added to position 2 of the adenine ring to create
methylthiolated CKs (Gibb et al., 2020). The biological activity of these modifications to the

chemical structure remains largely unknown (Goh et al., 2019).

Phytohormones, which are naturally occurring compounds in plants that regulate growth and
development, present potential therapeutic benefits for humans (Del Mondo et al., 2023). Specific
phytohormones, such as salicylic acid (SA), abscisic acid (ABA), and jasmonic acid (JA), exhibit
antioxidant properties that protect cells from damage caused by free radicals (Baltazar et al., 2011;
Randjelovi¢ et al., 2015). Others possess anti-inflammatory effects, which may assist in the
management of inflammatory conditions (Randjelovi¢ et al., 2015; Thrash-Williams et al., 2016;
Zheng et al., 2018). Certain phytohormones have been associated with improvements in
cardiovascular health by reducing blood pressure and enhancing cholesterol levels, while
additional compounds demonstrate neuroprotective effects that could safeguard brain cells.
Research suggests that some phytohormones exhibit anticancer properties, inhibiting the growth
and spread of cancer cells (Fausto de Souza et al., 2020). Furthermore, phytohormones may
promote skin health by stimulating collagen production, reducing wrinkles, and enhancing skin

elasticity; contribute to bone health by facilitating bone formation and preventing bone loss; and
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modulate the immune system, thereby enhancing its capacity to combat infections and diseases

(Del Mondo et al., 2023; Egamberdieva et al., 2017).

In both humans and animals, cytokinins and their derivatives demonstrate a range of effects
at both the cellular and organismal levels, indicating potential therapeutic applications, including
efficacy in the treatment of proliferative diseases such as cancer (Casati et al., 2011). Cytokinin
ribosides have shown anticancer activity in both in vitro and in vivo studies (Voller et al., 2010).
Kinetin, a specific type of cytokinin, has been observed to protect cells against oxidative stress at
low doses by reducing apoptosis (Othman et al., 2016). Additionally, cytokinins may exhibit
antioxidant properties, thereby providing protection against oxidative damage and enhancing

cellular viability(M. Fathy et al., 2022; Naseem et al., 2020).

Natural CKs - Free base, CK glucosides: O - glucosides CK glucosides: N - glucosides
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Figure 4. 2. Chemical structure of cytokinins (CKs), adapted and modified from (Marquez-L6pez
et al., 2019; Morrison, Emery, et al., 2015). Panel (4A) exhibits the adenine structure, and the
numbering system utilized for CK nomenclature, encompassing free base, riboside, and nucleotide
CKs. Panel (4B) outlines CK O-glucosides, and (4C) demonstrates N-glucosides. Blue boxes
highlight the incorporation of side chains, with larger blue boxes indicating the various side chains.
For O-glucosides, blue boxes indicate the glucose structure and glycosylation sites. Similarly,
purple and red boxes indicate the glucose structure and glycosylation sites for N-glucosides.
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CK interaction with secondary metabolites is an area of growing interest in plant biology, as
these interactions can influence both the biosynthesis of secondary metabolites and the overall
metabolic profile of plants (Kabera et al., 2014). CKs have been shown to influence the
biosynthesis of various secondary metabolites, including flavonoids, phenolic compounds, and
alkaloids (Jogawat et al., 2021; Kabera et al., 2014; Kumari et al., 2023). Research has shown that
CKs have significant effects on many genes involved in secondary metabolism, especially those
in flavonoid biosynthesis which are important for plant defence and pigmentation (Costa-Pérez et
al., 2023; Dobrev et al., 2017; Lebedev et al., 2022). In the carob study, the combination of 6-
benzyladenine (BA) (a synthetic cytokinin) and UV-C irradiation resulted in increased levels of
soluble flavonoids, flavonols, and hydroxycinnamic acids. This enhancement is often mediated
through the upregulation of genes involved in the flavonoid biosynthetic pathway (Bhargava et al.,
2013) and their critical role linked to redox states in cells, particularly glutaredoxin genes, which
suggested a protective function against oxidative stress (Dobrev et al., 2017; Lebedev et al., 2022).
Research has revealed that CKs such as BA play a critical role in boosting the biosynthesis and
accumulation of secondary metabolites in Santalum album heartwood (Celedon et al., 2016; Meng
et al., 2024). BA application significantly enhanced the production of essential oil (EO),
flavonoids, and phenolics. BA treatment also upregulated genes involved in terpenoid and
flavonoid biosynthesis, showcasing its regulatory effect on metabolic pathways. Additionally, BA
synergized with other phytohormones such as auxins, gibberellins, and jasmonic acid to promote

essential oils (EO) biosynthesis. Transcriptomic and metabolomic analyses revealed that BA
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activates a complex regulatory network, inducing heartwood formation and improving metabolite

production (Li et al., 2021; Zhang et al., 2025; Zhang et al., 2021).

The biosynthesis of phenolic compounds, which serve various functions including UV
protection and pathogen resistance, can also be influenced by CK levels (Aremu et al., 2015;
Garcia-Pérez et al., 2021; Marchica et al., 2020; Ray, 1986). Studies have indicated that CKs can
stimulate the production of phenolic acids in certain plant species, thereby enhancing their
antioxidant capacity and overall stress tolerance (Astot et al., 2000; Costa-Pérez et al., 2023;
Kytidou et al., 2020; Lv et al., 2021b). As an example, CKs have the remarkable ability to stimulate
development and trigger the production of secondary metabolites called phytoalexins found in
legumes, potato, (Solanum tuberosum) banana (Musa species), Tomato (Solanum Ilycopersicum)
and Rice (Oryza sativa). These phytoalexins serve as protective mechanisms that help plants
defend against diseases (Jogawat et al., 2021; Lee et al., 2024). This interaction is particularly
relevant in the context of plant responses to biotic and abiotic stresses, where phenolic compounds

play a crucial role in defence mechanisms (Dobrev et al., 2017; Khetsha et al., 2021).

CKs have been reported to affect the accumulation of alkaloids in certain plant species, which
can enhance a plant's defence mechanisms against herbivores and pathogens (Kadi et al., 2013;
Tariq et al., 2019). Catharanthus roseus and Amaryllidaceae species are prominent sources of
alkaloids. The application of CKs has been shown to enhance their alkaloid production, potentially
through the modulation of specific biosynthetic pathways. (Allen et al., 2002; Correa et al., 2022).

This observation indicates that CKs may function as signalling molecules, promoting metabolic
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flux toward alkaloid biosynthesis (Aoki et al., 2024; Aremu et al., 2015; Lopez-Vazquez et al.,

2024).

CKs exhibit a variety of physiological functions, involving subtle changes in structure that
allow for fine-tuning of various physiological processes in plants (Ahmad et al., 2023). CKs, like
other phytohormones, are found in living tissues at extremely low concentrations, (fmol to pmol
concentrations) (Kisiala et al., 2019; Marquez-Lopez et al., 2019). Because of this, very accurate
and sensitive analytical tools are needed to find and measure CKs in biological samples, which
usually have complex chemical matrices. Liquid Chromatography-Electrospray lonization-Mass
Spectrometry (LC-ESI-MS) can accurately detect and measure many different chemical
compounds (Smith, 2006; Stuckey, 2014; Wingfield & Wilson, 2016). Documenting potential
interactions between phytohormones and secondary metabolites would offer valuable insights into
the biochemical pathways in plants that may contribute to their medicinal properties. (Jogawat et
al., 2021; Santino et al., 2013). Moreover, understanding any interactions between phytohormones
and secondary metabolites would offer a chance to improve the therapeutic efficacy of medicinal

plants.
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In Guyana, the D. dentatus red ecotype is the preferred choice for traditional applications to
treat illnesses, including the after-effects of malaria, cystitis, erectile dysfunction and leishmanial
ulcers. It is also used as a contraceptive and disinfectant (Aponte et al., 2008; Hamuel, 2012; Lima
et al., 2014; van Andel, 2000). However, there is a significant lack of understanding regarding the
phytohormone profiles between D. dentatus red and white ecotypes and any associations with
secondary metabolites. The metabolic network involving CKs and secondary metabolites can be
complex, as CKs may influence the biosynthesis of secondary metabolites and they are subject to
regulation (Motyka et al., 2003; Nester & Ditchenko, 2020; M. Zhang et al., 2024).

Our previous work on D. dentatus red and white ecotypes shows that the red ecotype has a
relatively higher abundance of flavonoids (epicatechin methyl gallate and catechin gallate),
phenolic compounds (gallic acid, catechol and protocatechuic acid) and alkaloids (Ewart smith,
2023). This may be the reason why the red ecotype is preferred and more commonly used in
contrast to the white ecotype.

Given the importance of understanding these complex interactions, our research aims to
expand our knowledge of CKs and their relationships with secondary metabolites in medicinal
plants, focusing specifically on D. dentatus ecotypes. The primary objective was to analyze the
CK composition of D. dentatus ecotypes and investigate any associations with various secondary
metabolites, including alkaloids, flavonoids, and other phenolic compounds. By highlighting these
relationships, we hope to gain insight into the regulation of complex biochemical processes and

signalling pathways involved in secondary metabolite production. Ultimately, this study aims to
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deepen our understanding of the medicinal properties of the specific ecotypes of D. dentatus and

contribute to ongoing efforts to develop treatments using medicinal plants.

4.2. MATERIAL AND METHODS

4.2.1. Collection sites for D. dentatus red and white ecotypes - Eagle Mountain Forest
Potaro — Siparuni, Guyana.

The Eagle Mountain Forest is located approximately 200 km south-southwest of
Georgetown, the capital city of Guyana (21N0261909 - 0578704). The forest features steep
sandstone ridges ranging in elevation from 100 m to 724.8 m above sea level. The annual rainfall
in this area is exceptionally high, ranging from 3500-4000 mm, with a peak in May and June (Fig
3). In July 2022 and December 2024, a total of three biological samples of the red and white
ecotypes were collected at random from the D. dentatus liana population found in the Eagle
Mountain study location (Fig 4.3). A biological sample refers to plant material collected from the
same wood vine (Mei et al., 2019). D. dentatus red was collected in plot A 200 meters from plot
B where D. dentatus white ecotype was collected. These collections included both red and white
D. dentatus , ranging in diameter classes from 4 cm to 20 cm (Ewart smith, 2023). The differences
between D. dentatus red and white are recognized by their wood colour (Fig 4.1) instead of their

botanical features such as leaves outer and inner barks and fertile organs (van Andel, 2000).
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Figure 4. 3. Map of the Study area on the Eagle Mountain Forest located in Potaro Siparuni
(21N0261909 - 0578704) Region 8. The yellow area highlights Potaro Siparuni Region 8 of which
the study area is a part encompasses. Plot A the collection of the D. dentatus red ecotype
represented by a red circle. Plot B collection of D. dentatus white ecotype represented by the green
circle.
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4.2.2. Extraction and purification of phytohormone and metabolites

The extraction of multiple phytohormones from D. dentatus red and white ecotypes was
performed with slight modifications to previously published methods (Aoki et al., 2019; Castilla
et al., 2022; Kojima et al., 2009; P. Brandon Matheny et al., 2003; Stirk et al., 2018; Stirk et al.,
2013). The Guyana Capadulla extracts (GCE) samples, (Fig 4.1, panel A-D) were pulverized using
a Thomas Wiley Mill (Model ED-5; Greater Minneapolis, USA). The grounded samples were
sieved and immediately stored at -80°C for later extraction. Tissue 30 gm + 0.03 was ground using
a ball mill grinder and zirconium oxide grinding beads (Comeau Technique Ltd., Vaudreuil-
Dorion, Canada; 25 mZ, 5 minutes, 4°C). Stainless steel grinding cylinders were used for tissue
(xylem and phloem) greater than ~ 0.25 g (25 mZ, 30 seconds, 4 °C, Retsch MM300). In each
sample, 1 mL of 80 % methanol (MeOH), 1M of formic acid (HCOOH) 0.5 mL of chloroform
(CHCIs), and 0.2 mL of water (ddH20) were added with 10 nanograms (ng) of each internal
standard (1S) (Fig 4.1, Table 1 and 2 contains a list of all of the CKs and phytohormones scanned
that were detected with their internal standards and other analytes scanned that were not detected

(Tables 4.1, 4.2).
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Table 4. 1. Cytokinins (CKs) and congregates that were scanned and detected in either or both of
D. dentatus red and white ecotypes.

Endogenous Abbreviation ’H-labelled Internal Concentration
CKs Standards (ng)

Free bases (CKFB)

Né-isopentenyladenine iP 2HeiP 10
trans-zeatin 174 ’HsDZ 10
cis-zeatin cZ H;DZ 10
Dihydrozeatin DZ 2H;DZ 10
Ribosides (CKRB)

Neé-isopentyadenosine iPR 2Hg[9R]iP 10
trans-zeatin riboside tZR ’Hs[9R]1Z 10
cis-zeatin riboside cZR 2Hs[9R])¢Z 10
Dihydrozeatin riboside DZR ’H5[9R]DZ 10
Glucosides (CKGLUC)

isopentenyladenine-7-glucoside iP7G 2H¢iP 10
isopentenyladenine-9-glucoside iP9G 2HeiP 10
trans-zeatin-O-glucoside 170G 2HstZOG 10
cis-zeatin-O-glucoside cZ0G 2HstZOG 10
Dihydrozeatin-O-glucoside DZOG ’H,DZOG 10
Dihydrozeatin-O-glucoside riboside DZROG ’H,DZROG 10
trans-zeatin-9-glucoside t79G 2HstZ9G 10
cis-zeatin-9-glucoside cZ9G 2Hs5tZ9G 10
Dihydrozeatin-9-glucoside DZ9G ’H;DZ9G 10

Homogenized GCE samples were sonicated, vortexed and centrifuged at 8400 x g for 20
minutes (Sorvall ST 16 Centrifuge or Fisher Scientific Centrifuge at maximum speed). The
extraction used MeOH, CHCI3 and DI H2O which resulted in the separation into polar and nonpolar
fractions. The polar fraction on the top layer was decanted into another vial (Fig 4). A second round
of extractions for the polar fraction was performed in the same way, except residues were
reconstituted in 1 mL of 1 M formic acid to completely protonate all CKs (Kisiala et al. 2019;
Persaud et al. 2025). The polar fraction was subdivided into phytohormones and metabolites

fractions. The solvent fractions of MeOH and CHCI3; were combined to calculate total CKs within
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both D. dentatus ecotypes. A second round of extractions was performed in the same way except

residues were reconstituted in 1 mL of 1 M formic acid to ensure the complete protonation of all

CKs.

Table 4.2. Cytokinins (CKs) and phytohormones were scanned but not detected in either of D.

dentatus red or white ecotypes

Endogenous CKs Abbreviation ZH-lalS):;f;lailllt:rnal Concz::gatlon
Glucosides (CKGLUC)
trans-zeatin-O-glucoside riboside tZROG 2HstZROG 10
cis-zeatin-O-glucoside riboside cZROG ’Hs5tZROG 10
Methylthiols (2MeS-CK)
2-Methylthio- N°-isopentayladenine 2MeSiP 2He2MeSiP 10
2-Methylthio-NS-isopentenyladenosine 2MeSiPR ’Hs2MeSiPR 10
2-Methylthio-zeatin 2MeSZ ’Hs2MeStZ 10
2-Methylthio-zeatin riboside 2MeSZR ’Hs2MeStZR 10
Aromatics
Kinetin KIN ’H,BA 10
Né-benzyladenine BA ’H,BA 10
NS-benzyladenosine BAR ’H;[9R]BA 10
Acidic Phytohormones
Abscisic acid ABA [Hs] ABA 60
Indole-3-Acetic Acid TIAA [>Hs] IAA 10
Jasmonic acid JA [>Hg] JA (not added)
Salicylic acid SA [’H4]SA 10
Gibberellin A GA, [*H4]GA, 20
Gibberellin A4 GA4 [2H2]GA4 20
Gibberellin A7 GA; [*H2]GA; 20
Gibberellin Ay GAy [2H2]GAy 20
Glbb erellin Az() GAz() [sz] GAQO 20

HLB cartridges (VIOLET™ 200mg/6 mL, 40 mL; Canadian Life Sciences; Peterborough,

Canada) were pre-conditioned with methanol, DI H20O, and 50% ACN before loading

supernatants. 2 mL of 30% aqueous ACN was then added. Each extract was divided into two

fractions: one for CK analysis, the other was subjected to derivatization of acidic phytohormones
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and other metabolites. The derivatization process was carried out using a modified method based
on Kojima et al. All samples were evaporated to dryness at ambient temperature in a speed vacuum

centrifuge concentrator (Thermo Savant UVS 400a; Thermo Fisher Scientific, Berlin, Germany).

4.2.3. Derivatization of acidic phytohormones

The dried samples were reconstituted with 75 uL. of 1-propanol (Fisher Scientific; Ottawa,
Canada), 20 pL of DIH2O water, 5 pL of 500 mM bromocholine (Fisher Scientific; Ottawa,
Canada) in 70% ACN, and 1 pL of triethylamine (Fisher Scientific; Ottawa, Canada). These mixed
samples were vortexed and incubated at 80 °C for 130 minutes. Following incubation samples
were transferred to ice and dried using a speed vacuum concentrator (Thermo Savant UVS 400a;
ThermoFisher Scientific, Berlin, Germany) as above for 3 hours (A Urra et al., 2013; Fahad et al.,
2015; Goh et al., 2019; Hutchison & Kieber, 2002; Kambhampati et al., 2017; Kieber & Schaller,

2018; Mok & Mok, 2001; Skalak et al., 2021; Zhang et al., 2025) .

4.2.4. Solid phase extraction - sequential elution of CK fractions: free base,
riboside, methyl-thiolated and nucleotide forms.

The sequential extraction of free base, riboside, methylthiolated, and nucleotide forms of CK
was performed following Kisiala et al.(Kisiala et al., 2019) and Morrison et al. (Morrison, Emery,
et al., 2015). The CK isolation procedure used MCX cartridges (Oasis MCX 6 cc; Waters,
Mississauga, Canada) specifically designed for simple, polar compounds. Dried supernatant
residues were reconstituted in 1 mL of 1 M formic acid (HCOOH) to facilitate the complete

protonation of CKs. The reconstituted samples were subjected to MCX SPE. Solid-phase
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extraction (SPE) using a mixed-mode, reverse-phase/cation exchange cartridge. The cartridges
were activated with 5 mL of methanol and equilibrated with 5 mL of 1 M formic acid. Following
the equilibration process, the sample was loaded onto the cartridge and subsequently washed with
5 mL of 1 M formic acid (Morrison, Emery, et al., 2015). Samples were resuspended in 300 pL of
AcOH: ACN: DIH20 in a volumetric ratio of 0.08:5:94.92 (v: v: v) respectively. Samples were
then centrifuged at 8400 x g for 10 min and transferred to 2 mL clear vials fitted with 350 pL glass
inserts and stored at -20°C until mass spectrometry analysis.

The gradient elution and acquisition mode for mass spectrometry analysis was followed as
previously published (Bean et al., 2022; Ewart smith, 2023; Kisiala et al., 2019). A Thermo Q-
Exactive™ Orbitrap mass spectrometer, coupled to a Thermo Dionex Ultimate 3000 Liquid
Chromatograph System, was used to obtain data in full scan (FS) mode (Thermo Scientific, San
Jose, CA, USA). CKs were measured in positive ionization mode. Acidic phytohormones were
monitored using a full scan in positive ionization mode for 10 minutes. The experiment
encompassed a mass range from m/z 80 to 900. The analysis was conducted at a resolution of
140,000 at m/z 200, employing a full width at half maximum (FWHM) configuration.

The categorization of phytohormones in different sample types based on CK groups,
including aromatics, free bases, ribosides, nucleotides, glucosides, and methylthiols are specified
in (Table 1 and 2). Furthermore, the classification by Bean et al. (Bean et al., 2022) was employed
to determine the CK types, namely iP, tZ, cZ-, and DZ-types, and glucosides.

Isotope dilution analyses were used to determine the quantities of plant phytohormones.
quantifying the peak areas of the endogenous analytes relative to those of internal standards (IS).

(Kisiala et al., 2019). following formula, phytohormone concentration [pmol/gFW] = (((peak area
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of analyte/peak area of IS) x mass of IS)/MW x 1000)/mass of sample; where FW — mass of the
tissue, mass of IS = (10 ng, 20 ng or 60.1ng for CKs, GAs and ABA respectively) as per used in
method, MW —molecular mass of CK [g].(Kisiala et al., 2019). Three replicates of each type of
plant sample were analyzed. All recorded phytohormones met the level 1 annotation requirements
set by the Metabolomics Standards Initiative (Ewart smith, 2023; Schrimpe-Rutledge et al., 2016;
Sumner et al., 2007).

4.2.5. Liquid chromatography-mass spectrometry analysis of phytohormones and
metabolites

A parallel set of samples was split off from the CK profiling samples described above for red
and white ecotypes and those underwent untargeted metabolomics analysis (Fig 4.4) (Kojima et
al., 2009). The Thermo Q-Exactive™ Orbitrap mass spectrometer, coupled to a Thermo Dionex
Ultimate 3000 Liquid Chromatograph System, was used to obtain mass spectrometry data in full
scan (FS) mode (Thermo Scientific, San Jose, CA, USA). Metabolites in the (MeOH) and (CHCI3)
fractions were analyzed using both positive and negative modes of electrospray ionization (ESI).
The initial mass range was from 80 to 900 m/z, and the resolution was 140,000 at 200 m/z full
width at half maximum (FWHM). The automatic gain control (AGC) target was set to 3 x 105, and
the maximum injection time (IT) was 524 ms. For the heated electrospray ionization (HESI) probe,
the capillary temperature was set to 250 °C, the sheath gas was 30 arbitrary units, and the auxiliary
gas was 8 units. The probe heater temperature was set to 450 °C, the S-Lens RF level was 60%,

and the capillary voltage was 3.9 kV.
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Phytohormones and Untargeted Metabolomics Workflow [My workflow, highlighted in orange]
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Figure 4.4. The workflow diagram outlines a detailed analysis process for phytohormones and
untargeted metabolites in D. dentatus plant material. The orange arrows present the different steps
in the analysis. (1) the extraction using a MeOH/CHCIs/H,0 solvent mixture, resulting in separated
fractions. (2-3) LC-MS analysis follows, with data processing focused on peak alignment and
quality control through chromatographic profiles. (4) statistical analysis and visualization using
bar charts, line graphs, and pie charts. (5) the final output identifies specific phytohormones and
secondary metabolites compounds. The icons used are a combination of Noun Project and
BioRender.com.

4.2.6. Metabolomic Analysis of D. dentatus ecotypes

The study used the MS transform function of ProteoWizard to convert raw mass spectrometric
data into mzXML format (Fig 4.4) (Chambers et al., 2012). LC-MS collection was performed in
full scan ionization mode, with negative and positive ions extracted separately. XCMS Online was
used for peak identification, retention duration adjustment, and grouping. Statistical analysis was

performed using MetaboAnalyst 6.0, with normalization, log transformation, PCA, and PLS-DA
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for visualization (Chong et al., 2019). Compound comparisons were made against databases
containing physiologically active substances, and potential medicinal chemical families were
inputted into XCalibur 4.1 for peak quantification based on protonated and deprotonated masses

(Ewart smith, 2023; Morrison & Woldemariam, 2022).

The chemical composition of red and white ecotypes of D. dentatus was analysed using
various databases and analytical tools (Bartel et al., 2013; Cambiaghi et al., 2017; Ewart smith,
2023; Jiang et al., 2020; Jiang et al., 2022; Morrison & Woldemariam, 2022; Pang et al., 2022;
Schrimpe-Rutledge et al., 2016). Key secondary metabolite families such as flavonoids,
terpenoids, and alkaloids were identified. The study ensured accurate monitoring of sample peaks
and categorized substances based on their relative intensity. This was done using XCMS Online,

MetaboAnalyst 6.0 and XCalibur 4.1. software (Ewart smith, 2023).

4.2.7. Statistical Analysis and Bioinformatics tools

Data normalization was executed using sum normalization, log? transformation, and Pareto
scaling via the Metabo Analyst 6.0 platform (Pang et al., 2022) (www.metaboanalyst.ca, accessed
between April 14, 2024, and November 10, 2024). These preprocessing steps were critical for
calibrating the data to a common scale for equitable comparison and robust statistical evaluation.
After rescaling and normalizing, ANOVA and volcano plot analyses were used to identify any
differences between red and white ecotypes and to identify m/z features that had changed

significantly, (P< 0.005).

XCMS Online was used for LC-MS dataset annotation before utilizing MetaboAnalyst 6.0. A

standard volcano plot was used to identify different metabolites using t-tests and fold-change
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methods (Cambiaghi et al., 2017). This plot depicted log-transformed fold-change values against
negative log-transformed p-values from t-tests. Analysis of Variance (ANOVA) and comparison
of Least Significant Difference (LSD) were applied to compare associations between CKs and

alkaloids, flavonoids, terpenoids and other compounds present in D. dentatus ecotypes.

4.2.8. Tandem mass spectrometry (MS?) data processing

4.2.8.1. Data pre-processing: feature alignment using mzMine 2.5.3

Data pre-processing for feature alignment utilizing MZmine 2.5.3 is critical for the analysis
of mass spectrometry data, especially in the context of data-dependent tandem mass spectrometry
(DDA; ddMS?). The workflow commences with the conversion of raw ddMS? data into mzXML
or mzML formats, achieved through the use of the MSConvert tool within ProteoWizard (Bhamber
etal., 2021; Ewart smith, 2023). Subsequently, these files undergo processing through the MZmine
2.5.3 pipeline to identify MS' features that correspond to MS? fragments from various samples
(Heuckeroth et al., 2024). The pipeline incorporates parameters including mass detection,
chromatogram building, smoothing, deconvolution, deisotoping, alignment, and gap filling, all
grounded in established methodologies to ensure consistency (Guo & Huan, 2023; Heuckeroth et
al., 2024). The processed data, which is saved in .mgf format, facilitates further analysis with
bioinformatics tools (Petras et al., 2022). Particularly proficient in untargeted metabolomics,
MZmine 2.5.3 effectively manages large datasets, thereby assisting in the alignment and
characterization of compounds within complex biological samples (Heuckeroth et al., 2024;
Stincone et al., 2023; Tronel et al., 2024). This robust methodology establishes a foundation for

enhancing the understanding of metabolomic profiles.
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4.2.9. Metabolite annotation using Global Natural Products Social Molecular
Networking (GNPS) and Metabolite annotation using MS-DIAL (v. 5.1)

Metabolite identification was conducted utilizing the GNPS platform through the Classical
Molecular Networking workflow (Ewart smith, 2023; Phelan, 2020; Zuo et al., 2024). Mass
spectrometry data were processed in MZmine (version 3.0) and subsequently exported for GNPS
analysis. A molecular network for both negative and positive ionization data was created using the
online workflow (https://ccms-ucsd.github.io/GNPSDocumentation/, accessed on 14 September
2024) on the GNPS website (http://gnps.ucsd.edu, accessed on 14 September 2024). The data were
filtered to removed MS/MS fragment ions within 17 Da of the precursor m/z while retaining the
top six fragment ions within a +50 Da window (Petras et al., 2022; Zuo et al., 2024). Tolerances
for precursor and fragment ions were established at 0.02 Da and 0.05 Da, respectively. Molecular
networks were constructed with edges necessitating a cosine score exceeding 0.6 and a minimum
of three matched peaks, while nodes were interconnected if they ranked among each other’s top
ten most similar nodes (Zuo et al., 2024). Matches to GNPS spectral libraries were required to
adhere to similar thresholds, with DEREPLICATOR employed for additional MS/MS spectrum
annotation (Zuo et al., 2024). Cytoscape software was utilized for network visualization
(Doncheva et al., 2023; Lima et al., 2021).

Concurrently, LC-MS/MS data were processed using MS-DIAL (version 5.1), concentrating
on retention times between 0 and 10 minutes and a mass range of 0 to 700 Da in positive ionization
mode (Takeda et al., 2024). MS1 and MS2 tolerances were set at 0.01 and 0.025 Da, respectively,

with alignment parameters configured for a 0.015 Da mass tolerance and 0.5 minutes retention
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time tolerance (Takeda et al., 2024). Compound confirmation was supported by various public
databases, including MassBank, GNPS, ReSpect, and RIKEN PlaSMA, encompassing multiple
levels of metabolite identification (MSI) classification (Takeda et al., 2024) Key adducts such as
[M+H]" and [M+H] were incorporated into the analysis (Ewart smith, 2023; Takeda et al., 2024).
This integrated approach, which amalgamates FBMN and MS-DIAL, facilitated comprehensive
metabolite annotation and network visualization, thereby providing deeper insights into the

metabolomic profiles of the studied samples (Phelan, 2020; Takeda et al., 2024).

4.2.10. Correlation Analysis

Metabolite AutoPlotter v2.6 represents an advanced analytical tool designed for the
analysis and visualization of metabolomic data, encompassing correlation analysis (Matthias
Pietzke & Alexei Vazquez, 2020). The data preparation involved organizing the information into
Excel files formatted appropriately, specifically with designated columns for phytohormones and
metabolites. Upon loading the data, specific variables were analyzed to assess correlations. The
Pearson correlation coefficients served as the statistical measure for evaluating the associations
between cytokinins (CKs) and various classes of secondary metabolites. For visualization
purposes, heatmaps and network diagrams were utilized. These visualizations are customizable,
allowing for the accentuation of strong correlations or the highlighting of specific patterns. The
default settings were employed to identify significant correlations based on coefficient values and
p-values. Ultimately, the correlation matrix and accompanying visualizations were exported for
subsequent analysis. Further analysis was conducted on the data processed using Metabolite

AutoPlotter v2.6 ( https://mpietzke.shinyapps.io/autoplotter) in conjunction with R Studio 12.0.
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43. RESULTS

4.3.1. Metabolomic and phytohormone profiling of red and white ecotypes of D.
dentatus using LC-MS/MS and bioinformatics

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was employed to analyze the
phytohormone profiles and metabolomes of the red and white ecotypes of D. dentatus. The analysis
of CKs was conducted with a targeted approach, while a semi-targeted approach was adopted for
the metabolomic analysis. Putative mass-to-charge (m/z) features identified in the metabolomics
study were compared against databases containing physiologically active compounds documented
in the scientific literature. Public bioinformatics servers were employed to distinguish metabolite
features, including GNPS, MS-DIAL, and SIRIUS for untargeted metabolomics studies (Ewart
smith, 2023; Pluskal et al., 2020).

Tissue samples were scanned for over 35 different forms of CKs. Of these, 18 forms of CK
were detected (Fig 4.5, APX 3, Table 1) and they were classified into three groups based on their
function or structure: CK glucosides, active/freebase CKs, and riboside/nucleotide CKs. (Fig 4.5).
Among these, CK glucosides, which are considered mostly inactive forms (Cortleven et al., 2019;
Kieber & Schaller, 2018; Kleczkowski et al., 1995; Lomin et al., 2015; Smehilova et al., 2016;
Spichal et al., 2004), were identified in the D. dentatus ecotypes, including: DHZOG, DHZROG,
DHZ9G, tZ0OG, tZROG, tZ9G, cZ0G, cZROG, and ¢Z9G. In addition, active CK forms and their
immediate ribose conjugates were detected: iP, iPR, DHZ, DHZR, tZ, tZR, cZ, and cZR. The

concentrations of these analytes are detailed in (Fig 4. 5, APX 3, Table 1).
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The red ecotype of D. dentatus typically exhibited elevated concentrations of various
cytokinins (CKs) compared to the white ecotypes, especially in the glucoside form, which
constituted 98.38% of the total CKs (Fig 4.5, S1Table 1). The most notable exceptions were
iP7G and iP9G, for which the white, ecotype had higher levels. The red ecotype had higher

levels of free base CK (1.83% of what?).

tZ and iPR cytokinins exhibited significant interrelationships with various secondary
metabolites, including: alkaloids, phenolics, and flavonoids. Notably, /Z and iPR had strong
positive correlations with phenolic compounds, particularly 1-O-sinapoyl-beta-D-glucose.
Additionally, tropine had a strong positive correlation with ¢Z and its derivatives within the
alkaloid category. Furthermore, the analysis of flavonoids indicates that leucocyanidin is strongly
associated with several types of cytokinins, especially ¢Z derivatives (Fig 4.7). The red ecotype

was also enriched in the flavonoid biosynthesis pathway (Fig 4.8).
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Figure 4. 5. The mean CK concentrations and forms (glucosides, freebase and ribosides) (pmol
g DW) in D. dentatus ecotypes. (A) distribution of CK concentrations in D. dentatus red. (B),
distribution of CK concentrations in D. dentatus white ecotypes. The red ecotype exhibits a

substantially higher total cytokinin content (9135.49 + 3174.72 pmol/g FW) compared to the white

ecotype (1478.53 + 527.209 pmol/g FW), indicating a marked difference in cytokinin

accumulation between these two ecotypes.
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Figure 4. 6. Comparative analysis of phytochemical profiles between D. dentatus red and white
ecotypes. (A) volcano plot displaying differential tentative metabolites between red and white
ecotypes, where green indicates upregulated metabolites in red, blue indicates downregulated
metabolites, and black represents non-significant changes. The x-axis corresponds to the
logarithmic fold change, which indicates the extent and direction of tentative metabolite expression
changes. The y-axis provides the -logarithmic p-values, which indicate the statistical significance
of these changes. (B) Venn diagram highlighting shared and unique metabolites in red and white
ecotypes, accompanied by bar plots showing the total number of metabolites identified in each
ecotype. (C) Highlighted metabolites with significant fold changes, showing key bioactive
compounds such as secondary metabolites and phytohormones with differential abundance

between the two ecotypes.
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The analysis the D. dentatus extracts revealed significant differences in metabolite profiles.
The white ecotype showed 11,021 potential metabolite features across three samples (N=3), with
the D. dentatus red ecotype exhibiting 20,382 putative m/z features in both positive and negative
ionization modes. The D. dentatus white ecotype contained 9,696 potential metabolite features in
both positive ionization [M+H]" and negative ionization [M-H] mode (Fig 6).

Further analysis of the metabolomic data using analysis of variance (ANOVA) depicted in the
volcano plots (Fig 6 and Fig S1), showed 5,275 mz tentative metabolite features were identified,
with 2,829 mz in the positive ionization mode. In the D. dentatus red ecotype, 159 mz features
were upregulated, and 110 mz features were downregulated, using the white ecotype as a control
to identify differences in metabolite profiles. These findings align with previous research, which
reported higher upregulation of polyphenols and flavonoids (including flavones, flavanones,
flavanonols, and flavone-3-ols) in the red ecotype compared to the white ecotype (Ewart smith,
2023).

In the negative ionization mode, 2,446 mz tentative features were analyzed, resulting in 98 mz
features being upregulated and 88 mz features downregulated in the D. dentatus red ecotype
compared to the white ecotype as the control. To further our understanding of the metabolic
differences between the two ecotypes, we utilized the "Functional Analysis" module and the Gene
Set Enrichment Assay (GSEA) tool in MetaboAnalyst 6.0 (Fig 6). We compared the 5,275 potential
metabolite characteristics acquired from examining the two ecotypes in combined fractions.
Utilizing the GSEA program, we searched the annotated 4. thaliana metabolite database to find
metabolite characteristics that closely corresponded to our (m/z) features. This allowed us to

recognize resemblances with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
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and GNPS, MS-DIAL, and SIRIUS (Ewart smith, 2023; Pluskal et al., 2020) services in untargeted
metabolomics at annotation levels 4 and 3 (Schrimpe-Rutledge et al., 2016).

Upon completion of the global metabolomic analysis, we found 349 putative metabolite
features with annotation between levels 2, 3 and 4 (Schrimpe-Rutledge et al., 2016) based on
matching reference databases. Among these, 16 features (0.9 %) were exclusive to the D. dentatus
red ecotype (e.g. kaempferol and luteolin), while 17 putative features (e.g. dihydromyricetin,
eriodyctiol and eriodyctiol chalcone) belong to the D. dentatus white ecotype (4.2 %). Notably,
approximately 91.5 % of these putative metabolite features, were common to the D. dentatus red

and? white ecotypes (Fig 4.6).

To confirm our matches of the putative m/z from the previous search (Fig 6), the Omics Craft

database (http://tools.omicscraft.com/MetaboQuest/, was accessed from September 2024 to

November 2024). Putative features were searched within a £ 5 ppm error range with level 3
identification using MetaboAnalyst 6.0 and associated with KEGG pathways. XCalibur Software
(version 4.1) verified the masses in sample duplicates (Ewart smith, 2023; Tsugawa et al., 2019).
The search revealed the presence of compounds such as naringenin, delphinidin, delphinidin 3 -O-
glucoside, trans — Zeatin — beta — D-sambubioside, epigallocatechol, and cyanidin — 3 — O — beta
D — sambubioside, among others (Fig 7, S, Table 3). The detected D. dentatus ecotypes are
dominated by polyphenols (63.9%). Polyphenols are essential bioactive phytochemicals present in
many plant species, renowned for their powerful antioxidant activities. In light of these benefits,
we undertook a more comprehensive investigation of polyphenols, within the D. dentatus red

ecotype.
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4.3.2. Integration of Correlation network analysis with CKs and Alkaloids, Flavonoids
and Phenolic compounds

The study utilized correlation network analysis to find possible associations between CKs and
secondary metabolites such as alkaloids flavonoids and other phenolic compounds in different
ecotypes of D. dentatus. The correlation matrix reveals relationships between zeatin variants and
other compounds, where orange indicates positive correlations and teal indicates negative

correlations (Fig 4.7)

cZ derivatives (cZ9G, ¢cZOG, cZR, cZROG) show positive correlations with coniferin and
dopamine, while cZ, ¢Z9G, cZR, and cZROG exhibit negative correlations with pipecolinic acid.
dihydrozeatin (DZ) derivatives (DZ, DZ9G, DZOG, DZR, DZROG) are positively correlated with
hypoxanthine and coniferin and negatively correlated with pipecolinic acid. iP derivatives (iP,
1P7G, 1P9G, 1PR) are positively correlated with hypoxanthine and dopamine. Finally, trans-zeatin
(tZ) derivatives (tZ, tZ7G, tZ9G, tZOG, tZR, tZROG) tend to have positive correlations with

tropine and negative correlations with coniferin (Fig 4.7 A)

Proanthocyanidin B2, pelargonidin_3,5-di-beta-D-glucoside, naringenin, and leucocyanidin
show strong positive correlations among themselves, but negative correlations with trans-zeatin
derivatives (tZ, tZ7G, tZ9G, tZOG, tZR, and tZROG). kaempferol 3-O-glucoside, kaempferin,
and homoeriodictyol chalcone are positively correlated but negatively correlated with (cZ, cZ9G,
cZOG, c¢ZR, and ¢ZROG). genistein is positively correlated with delphinidin_3-O-glucoside,
which in turn shows positive correlations with delphinidin_3-O-beta-D-sambubioside and
delphinidin. Further positive correlations are observed within the cyanidin series (cyanidin_3-O-
glucoside, cyanidin_3-O-beta-D-sambubioside, cyanidin_3-O-beta-D-glucoside, and cyanidin_3-
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0-(6-O-p-coumaroyl)glucosidel), as well as between cyanidin, chalconaringenin, apiforol, 4-
coumaroylshikimate, and (-)-cpigallocatechin. Notably, (-)-epigallocatechin exhibits a positive
correlation with cis-zeatin derivatives (cZ, ¢Z9G, cZOG, cZR, and cZROG), while dihydrozeatin
derivatives (DZ, DZ9G, DZOG, DZR, DZROG) show some correlations with other compounds,
and trans-zeatin derivatives are negatively correlated with proanthocyanidin B2,

pelargonidin_3,5-di-beta-D-glucoside, paringenin, and leucocyanidin (Fig 4.7 B).

The correlation matrix displays relationships between zeatin variants and other compounds,
with orange indicating positive and teal indicating negative correlations. Cis-zeatin derivatives like
cZ, cZ9G, cZOG, cZR, and ¢cZROG show positive correlations with 3-O-methyl gallate, with
cZOG also positively correlated with sinapyl alcohol, while they generally exhibit negative
correlations with Vanillic acid; dihydrozeatin derivatives (DZ, DZ9G, DZOG, DZR, and DZROG)
are positively correlated with coniferyl alcohol and 3-O-methyl gallate, with DZOG also showing
a positive correlation with Sinapyl alcohol, and these forms also show negative correlations with
vanillic acid; in contrast, trans-zeatin derivatives (tZ, tZ7G, tZ9G, tZOG, tZR, and tZROG) tend
to have positive correlations with sinapyl alcohol, and a negative correlation with 5-O-caffeoyl-

shikimic acid, with tZ7G and tZ9G showing weak correlations overall (Fig 4.7 C).
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Figure 4. 7. Correlation heatmaps showing the relationships between CKs and three classes of
secondary metabolites in D.dentatus ecotypes. Panel (A): alkaloid correlations with CKs,
displaying values from -0.875 to 0.985. Panel (B): flavonoid correlations with CKs, revealing
diverse interaction patterns across different compounds. Brown colors indicate positive
correlations while teal colors represent negative correlations. Panel (C): phenolic compounds
showing correlations with various CKs, with colour intensity ranging from -0.945 (dark green) to
0.880 (dark brown).

4.4. Visualizing metabolic diversity: biosynthetic signatures in red and white D. dentatus
ecotypes.

The analysis combines p-values from pathway enrichment analysis with pathway impact
values from topology analysis using KEGG pathways in MetaboAnalyst 6.0. The data in the scatter
plots reveal the impacts and significance of various biosynthesis pathways in D. dentatus ecotypes
(Fig 8). In the red ecotype, key pathways such as flavonoid biosynthesis, monoterpenoid

biosynthesis, and flavone and flavonol biosynthesis show high impact and significance, as
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evidenced by large, dark red dots. These pathways are closely associated with secondary
metabolites involved in pigmentation and aroma, reflecting the red ecotype's distinct colouration.
Additionally, anthocyanin biosynthesis, another pathway related to pigmentation, displays
significance (p = 0.02 < 0.05) , further highlighting the metabolic emphasis on colouration in the

red ecotype.

In contrast, the white ecotype was enriched in pathways such as phenylpropanoid biosynthesis
and flavonoid biosynthesis, but these showed lower pathway impact and significance compared to
the red ecotype. Flavone and flavonol biosynthesis were less prominent, reflecting reduced
metabolic activity in pigmentation-related pathways. Furthermore, monoterpenoid biosynthesis,
significant in the red ecotype, was minimally impactful in the white ecotype. These differences
indicate that the red ecotype is metabolically geared towards pigmentation and aroma biosynthesis,
while the white ecotype demonstrates lower activity in these pathways, consistent with its lack of

pigmentation.
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Figure 4. 8. Presents a summary of pathway analysis, including selected metabolic pathways
obtained from the KEGG and HMDB databases for (A) D. dentatus red and white, (B) D. dentatus
red, and (C) D. dentatus white. The pathways that have been found are arranged according to their
corresponding p-values, which are shown on the y-axis. These p-values are obtained from the
functional analysis pathway enrichment. Furthermore, the x-axis presents pathway effect values
obtained from pathway topology analysis. The magnitude of each node in the overview correlates
to its effect value, while different node colours reflect variable p-values. The integrated pathway
activity profile identifies metabolite properties that are significantly related to biosynthetic
pathways, with a statistical significance threshold of p < 0.05. The analysis was performed using
MetaboAnalyst 6.0, employing the GSEA method with default settings. The Arabidopsis thaliana
pathway was used as the reference library.

45. DISCUSSION
4.5.1. Guyanese Capadulla D. dentatus red and white ecotypes reveal contrasting
phytohormone (Cytokinins) profiles.

D. dentaus red and white ecotypes are widely recognized in Guyanese traditional medicine
for their application in treating various underlying conditions, including erectile dysfunction
(Ewart smith, 2023; van Andel, 2000). However, the interactions between its phytochemistry
(phytohormones and phytochemical) remain largely unexplored and poorly understood.

The red and white ecotypes of D. dentatus demonstrate substantial medicinal potential due to
their distinct phytochemical profiles, particularly in their CKs and secondary metabolite
composition. Extracts from D. dentatus are rich in bioactive compounds such as alkaloids,
phenolics, flavonoids, and triterpenes (Fig 4.7, Table 3) which contribute to its pharmacological
properties, including anti-inflammatory, antioxidant, antimicrobial, antitumor and antidiabetic
effects (De Toledo et al., 2011; Divekar et al., 2022; Ewart smith, 2023; Kleczkowski et al., 1995;
Lomin et al., 2015; Smehilova et al., 2016; Spichal et al., 2004). CKs in D. dentatus, such as tZ c¢Z

and iPR have shown promise in reducing oxidative stress, a factor in chronic diseases such as
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cancer and neurodegenerative disorders (Allen et al., 2002; Correa et al., 2022; Lopez-Vazquez et
al., 2024). Traditional use of D. dentatus for conditions such as arthritis, diabetes, and
gastrointestinal disorders may support its therapeutic potential, with the red ecotype showing
higher CK concentrations and enhanced bioactivity compared to the white ecotype (Branquinho,
Verdan, dos Santos, et al., 2021; Costa et al., 2008; De Toledo et al., 2011; Divekar et al., 2022; R.
Jagessar et al., 2013; Sauvain et al.).

Cytokinins, particularly those in the red ecotype, may offer potential therapeutic benefits,
including antioxidant, anti-ageing, and neuroprotective effects (Choudhary & Kumari, 2021;
Daudu et al., 2017; Raiola et al., 2018; Thanapairoje et al., 2023) . Elevated levels of CKs such as
tZ and its derivatives ( DHZOG, DHZROG, DHZ9G, tZOG, tZROG, tZ9G, cZOG, cZROG, and
cZ9G) in the red ecotype suggest improved storage, transport, and activation mechanisms (Santino
et al., 2013; Stuckey, 2014; Wingfield & Wilson, 2016). Ribosides such as DZR (Fig 5, S1 Table
1) play crucial roles in CK metabolism and could contribute to prolonged therapeutic efficacy
when extracted for human applications. Controlled activation of CK conjugates, such as Z7G and
t79G, may enable sustained-release systems of secondary metabolites, reducing side effects and
enhancing stability in targeted treatments (Ewart smith, 2023; M Fathy et al., 2022; M. Fathy et
al., 2022; Raissa Borges Ishikawa et al., 2018; Jacob et al., 2022; Prajapat et al., 2022; Rafael et
al., 2023). This could be particularly useful in areas such as cancer therapy, immune modulation,
and wound healing (Jacob et al., 2022; R. Jagessar et al., 2013; Rattan & Clark, 1994), where the
red ecotype’s enhanced CK profile could provide distinct advantages.

The presence of O-glucosides and N-glucosides in D. dentatus further emphasizes the

adaptability and pharmacological relevance of this species. O-glucosides, linked to antioxidant and
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anti-inflammatory properties, and N-glucosides, associated with nitrogen storage and herbivore
defence, may offer additional therapeutic benefits (Rattan & Clark, 1994; Zadeh Hashem &
Eslami, 2018; Zwack & Rashotte, 2013). Studies have shown that CK forms such as tZ7G and
tZ9G act as storage reservoirs, releasing active cytokinins under specific conditions, which could
be harnessed for sustainable therapeutic applications (Rattan & Sodagam, 2005; Vedenicheva et
al.,2021). The higher CK concentrations and diverse metabolite profiles of the red ecotype provide
insights into its enhanced bioactivity, offering a foundation for applications in natural medicine,
dietary supplements, and pharmaceutical developments (Mboene Noah et al., 2021; A Mukherjee
et al., 2022; Nambara & Van Wees, 2021; Rattan & Clark, 1994; Rattan & Sodagam, 2005). These
findings underscore the need for further research to explore its full potential in human health and
sustainable practices.

The correlation network analysis revealed positive associations among CKs including ¢Z, cZ,
cZ9G, and tZ9G, which exhibited strong positive correlations with alkaloids such as tropine and
hypoxanthine (Fig 7). Alkaloids are a large class of plant secondary metabolites that possess
antimicrobial, analgesics, antimalarials and anticancer activity (Hesse, 2002; Mohammed et al.,
2024; Shao et al., 2024). These findings suggest that these CKs may play a significant role in
promoting the biosynthesis or accumulation of these compounds, which are frequently associated
with the plant's adaptive mechanisms, including defence and stress tolerance. CKs have been
shown to influence the production of tropane alkaloids in the Solanaceae family. The biosynthesis
of tropane alkaloids, including tropine, involves complex pathways that can be regulated by plant

hormones such as CKs (Spichal, 2012).
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GroBkinsky et al.,(2013) demonstrated that ¢Z pre-treatment in Nicotiana tabacum
significantly elevated salicylic acid (SA) levels by 30%, enhancing systemic acquired resistance
(SAR) against Pseudomonas syringae and reducing bacterial proliferation (GroBkinsky et al.,
2013). In contrast, cZ exhibited weaker effects on SA accumulation but still suppressed pathogen
symptoms, suggesting alternative signaling pathways. These differences were attributed to tZ’s
preferential binding to cytokinin receptors (e.g., AHK3/4) and its higher bioactivity compared to

cZ (GroBkinsky et al., 2013).

Rasi & Arash, et al., (2024) further highlighted the role of methyl jasmonate (MJ) in
modulating tropane alkaloid (TA) biosynthesis, with MJ treatment (150-300 uM) upregulating
genes such as TRI1 (tropinone reductase I) and HYOS (hyoscyamine synthase), leading to
increased scopolamine and atropine production (Rasi et al., 2024). This aligns with the broader
role of cytokinins in regulating secondary metabolism, as cZ and ¢Z derivatives (e.g., tZ9G) delay
senescence and stabilize chloroplast function, indirectly supporting alkaloid synthesis (Hallmark
etal.,2020). Gajdosova et al., (2013), emphasized cZ’s role as a stress-response marker, correlating
its accumulation with defense alkaloid production under herbivory or pathogen attack (Schifer et

al., 2015).

Notably, CKs such as cZR, tZR, and iP show significant negative correlations with dopamine
(Fig 7). This trend indicates that these CKs might suppress dopamine biosynthesis or redirect
metabolic resources toward other pathways. Such regulatory trade-offs emphasize the balancing
act between different secondary metabolite pathways, reflecting the plant's dynamic response to

environmental or physiological factors (Shao et al., 2024).
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Correlations between CKs and secondary metabolites particularly flavonoids and
anthocyanins, have been investigated (Fang et al., 1998; Solekha et al., 2024). Among the key
findings, ¢Z9G demonstrates a strong positive association with chalconaringenin (Fig 5),
suggesting its role in promoting the biosynthesis of flavonoid precursors that are essential for plant
defence mechanisms and pigmentation (Kumar et al., 2020). Similarly, ZR exhibits a strong
positive correlation with delphinidin glucosides and cyanidin derivatives, emphasizing its role in
enhancing anthocyanin production, crucial for antioxidant activity and stress tolerance (Hsiao et
al., 2003; Mielcarek & Isalan, 2021; Qamar et al., 2020; Vedenicheva et al., 2021; Zadeh Hashem
& Eslami, 2018). Chalcones, including chalconaringenin, are pivotal intermediates in the flavonoid
biosynthetic pathway, leading to the production of various flavonoids and anthocyanins. The
promotion of chalconaringenin biosynthesis by ¢Z9G indicates a potential mechanism through
which CKs can modulate secondary metabolite profiles in plants, enhancing their ability to cope
with environmental stresses and attract pollinators through pigmentation (Zhang et al., 2022; Zhu
et al., 2024).

Gong et al. (Gong et al., 2022) investigated the effects of varying nitrogen (N) conditions on
the accumulation of flavonoids and phytohormones in (Camellia sinensis) tea plants. The results
indicated complex correlation patterns. Certain flavonoid compounds (taxifolin, myricetin, and
apigenin) were positively correlated with CKs, such as iP, cZ and ZR. Furthermore, the interaction
between CKs and flavonoid biosynthesis has been linked to improved antioxidant activity in
plants, which is essential for mitigating oxidative stress. This highlights the broader implications
of CKs in enhancing plant resilience and adaptability through the regulation of secondary

metabolites (Gong et al., 2022; Zhang et al., 2022).
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Several notable correlations between phenolic and CKs. Among the most significant
relationships, vanillic acid (Fig 4.7, Table 3) had strong positive correlations with multiple CKs,
(Fig 7). 5-O-(4-Coumaroyl)-D-quinate also shows distinct positive correlations across several CKs
(Fig 7). Tetrahydrofolate exhibits a mixed pattern of correlations, with some strong positive
associations indicated by orange colours and some negative correlations shown in turquoise.
Sinapyl alcohol and sinapaldehyde display moderate to strong positive correlations with specific
CKs, while p-coumaroyl quinic acid shows a more varied correlation pattern across different CK
compounds (Fig 4.7).

The correlations between phenolic compounds and cytokinins (CKs) highlight significant
regulatory interactions in plant secondary metabolism. Among these, vanillic acid shows strong
positive correlations with multiple CKs, (Grzegorczyk-Karolak et al., 2020) such as ¢tZ, tZR and
tZROG (Fig 7, Table 3). This suggests that CKs may play a key role in modulating the biosynthesis
of vanillic acid, which is a phenolic compound with well-known antioxidant properties (Aimvijarn
et al., 2023; Ismail & Wright, 2018). Such interactions could imply a broader regulatory network
where CKs influence phenolic pathways to enhance plant stress responses or metabolic activity
(Barakate et al., 2011; Hoffmann et al., 2004; Lv et al., 2024).

Additionally, 5-O-(4-Coumaroyl)-D-quinate, a precursor in the biosynthesis of lignin and other
phenylpropanoids, also demonstrates consistent positive correlations with several CKs (Fig 4.7).
This points to CKs as potential regulators of lignin biosynthesis and structural phenolics critical
for plant integrity and defence mechanisms. Tetrahydrofolate exhibits a more mixed correlation
profile, with both strong positive (orange) and negative (turquoise) associations, indicating a

nuanced role of CKs in its metabolic pathways. Compounds such as sinapyl alcohol and
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sinapaldehyde show moderate to strong positive correlations with specific CKs, suggesting their
biosynthesis might be selectively regulated by certain CK derivatives. In contrast, p-coumaroyl
quinic acid displays a varied pattern of correlations across different CKs, suggesting there is a
complex interplay that may involve context-specific regulation or competing metabolic priorities.
These findings emphasize the multifaceted role of CKs in fine-tuning the production of phenolics,

with implications for plant stress tolerance, structural adaptation, and metabolic optimization.

3.1. Metabolic diversity and therapeutic potential of D. dentatus ecotypes

The study of D. dentatus reveals metabolic differences between its red and white ecotypes,
particularly in the biosynthesis of secondary metabolites, some of which have potential health
benefits (Fig 4.8). The red ecotype demonstrated 20 metabolic pathways, while the white ecotype
showed 16 pathways, highlighting the plant's complex biochemical capabilities and ecological
adaptations. Key pathways such as flavonoid, flavone, flavonol, anthocyanin, and monoterpenoid
biosynthesis were found to be highly significant. The red ecotype demonstrated higher activity in
flavone, flavonol and anthocyanin biosynthesis (p = 0.002 —0.060 < 0.05) compounds known for
their antioxidant and anti-inflammatory properties; meanwhile the white ecotype was more
associated with monoterpenoid and flavonoid biosynthesis. Flavonoids, such as quercetin, have
been extensively studied for their ability to combat oxidative stress, reduce inflammation, exhibit
anti-cancer properties, and prevent cell ageing (Honig et al., 2018; Naseem et al., 2020; Simioni
et al., 2018). Anthocyanins, pigments responsible for the red and purple hues in plants, were
particularly abundant in the red ecotype and are linked to anti-inflammatory, anticancer, and
neuroprotective effects (Noodén & Letham, 1986; Noodén et al.; Simioni et al., 2018). Meanwhile,
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monoterpenoids in the white ecotype, recognized for their antimicrobial, anti-inflammatory, and
analgesic properties, further highlight the plant’s therapeutic potential (Hu & Shani, 2023). The
categorization of metabolites into nitrogen-containing compounds (e.g., alkaloids) and nitrogen-
deficient compounds (e.g., terpenoids and phenolics) underscores the plant's broad chemodiversity.
Alkaloids have been used for centuries in medicine for their diverse pharmacological activities,
including analgesic, antimalarial, and anticancer properties, while phenolics have been associated

with anti-inflammatory, antidiabetic, and cardioprotective benefits (Durdn-Medina et al., 2017).

The red ecotype had phytohormone profiles with higher concentrations of active cytokinins,
such as tZ and cZ, alongside glucoside forms such as Z7G, which may serve as CK reserves for
activation under specific conditions. The untargeted metabolomics analysis further revealed a
greater number of upregulated metabolites in the red ecotype, with polyphenols accounting for
63.9% of identified compounds in both ecotypes. This abundance of polyphenols, particularly in
the red ecotype, underscores the potential therapeutic value of D. dentatus, given their well-
documented antioxidant and anti-inflammatory properties (Honig et al., 2018; Naseem et al.,
2020). Together, these metabolic and phytochemistry differences between the ecotypes illustrate
their unique adaptations and underscore D. dentatus as a promising source of bioactive compounds

for medicinal applications.

Future research on D. dentatus should prioritize the quantification of phenolic compounds in
both red and white ecotypes while also considering the ecological and environmental factors that
contribute to the metabolic variations between them. By doing so, valuable insights can be gained
regarding the adaptive mechanisms of these ecotypes and their potential resilience in the face of

climate change. Additionally, by focusing on the biosynthesis pathways of key metabolites such
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as flavonoids, anthocyanins, and monoterpenoids, we can uncover the regulatory genes and
enzymes involved, potentially paving the way for biotechnological applications. Further
investigation into the bioavailability and therapeutic effectiveness of these metabolites in clinical
settings would also substantiate their potential benefit to human health. Furthermore, it is important
to delve deeper into the physiological relevance of CK glucosides, specifically tZ7G, as reservoirs
for active cytokinins under stressful conditions. Lastly, broadening the scope of metabolomic and
genomic analyses to encompass related species would enhance our understanding of both the
conserved and distinctive characteristics of secondary metabolites in D. dentatus, thereby

contributing to our understanding of the evolutionary importance of these compounds.
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5. CHAPTERS

The Total Phenolic Content and Antioxidant Capacity of Guyanese Wood vine Doliocarpus
dentatus (Capadulla)

ABSTRACT

Doliocarpus dentatus, a plant traditionally utilized in Guyanese medicine and referred to as
"Capadulla" or "Guyanese natural Viagra," is recognized for its purported therapeutic benefits,
particularly in the treatment of erectile dysfunction. Within Guyana, two distinct ecotypes of D.
dentatus, namely the red and white varieties, are employed for their therapeutic properties. The
phytochemical analyses of these ecotypes reveal a prevalence of secondary metabolites, including
phenolic and flavonoid compounds. The mechanisms of action of these secondary metabolites are
understood to support antioxidant and anti-inflammatory properties, which may enhance overall
health, promote blood circulation, and exhibit adaptogenic effects that can mitigate oxidative
stress. Despite its prominent use in Guyanese traditional medicine, the red ecotype is preferred for
the treatment of erectile dysfunction, likely due to its higher concentration of therapeutic
compounds, particularly polyphenols. However, there is a paucity of information concerning the
total phenolic content, total flavonoid content, and antioxidant capacity of both the red and white

ecotypes of D. dentatus.

This study investigates the total phenolic and flavonoid content, as well as the antioxidant
capacity, of two ecotypes (red and white) of the Guyanese wood species D. dentatus. The aqueous

extracts of both ecotypes were subjected to analysis using spectrophotometric methods, including
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Folin-Ciocalteu assays for total phenolic content, aluminum chloride assays for flavonoid content,
and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and hydrogen peroxide (H.0:) assays to assess
antioxidant activity. The red ecotype demonstrates considerable potential as a natural product,
primarily attributable to its elevated phenolic content (119.70 mg GAE/g) and flavonoid content
(4.146 mg QE/g) when compared to the white ecotype (61.08 mg GAE/g and 1.584 mg QE/g,
respectively). This ecotype also exhibits a higher level of antioxidant activity, as evidenced by the
DPPH and H:0: scavenging assays, which indicate its capacity to neutralize reactive oxygen
species (ROS) and mitigate oxidative stress. The chemical assays suggest that the red ecotype
possesses the potential to protect cells from damage, which is critical in preventing or alleviating
various physiological conditions, including cellular damage, ageing, cancer, and disorders
impacting vital organs. Compounds such as apigenin and cyanidin 3-O-beta-D-glucoside, which
are found in higher concentrations in the red ecotype, are linked with cardiovascular health, anti-
inflammatory effects, and metabolic benefits. Fourier-transform infrared (FTIR) analysis reveals
an increased concentration of hydroxyl and amine functional groups in the red ecotype, further
substantiating the presence of secondary metabolites such as flavonoids, tannins, and alkaloids.
These compounds may interact with various free radicals and biological processes to promote
overall health. The red ecotype's enhanced capacity to quench ROS in comparison to the white
ecotype suggests a protective role against oxidative stress-related diseases, thus supporting its
traditional use in herbal medicine for the management of conditions associated with oxidative
stress and inflammation. Further research is warranted to identify the specific bioactive compounds
responsible for the observed antioxidant properties and to explore their potential health benefits in

Vivo.
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5.1. INTRODUCTION

Reactive Oxygen Species (ROS) are highly reactive molecules or ions that contain oxygen
and have unpaired electrons. These include the superoxide anion (O2e-), hydroxyl radical (*OH),
and hydrogen peroxide (H20») (Baliyan et al., 2022; Lewis et al., 2022). An excessive production
of ROS can lead to oxidative stress, which is a key factor in the development of various
physiological conditions such as cellular damage, aging, cancer, and disorders affecting the liver,
brain, heart, and kidneys (Aryal et al., 2019). This condition occurs when there is an imbalance
between the production of ROS and the cell's ability to detoxify or repair them. As a result, there
is potential damage to lipids, proteins, DNA, and other critical cellular components. Such damage
can interfere with cell function and lead to disease (Sera Kim et al., 2021). Environmental factors
suchas pollutants, UV radiation, and certain chemicals can increase ROS levels. This underscores
the importance of antioxidants in neutralizing these agents to maintain cellular balance and protect
against oxidative damage (Aryal et al., 2019; Raj Rai et al., 2021). However, the body's natural
antioxidants may be insufficient under elevated oxidative stress, highlighting the necessity of
incorporating dietary antioxidants into our diet (Aryal et al., 2019).

Recently, there has been a lot of attention on the benefits of naturally occurring antioxidants
due to their safe properties and their ability to interact with different free radicals found in living
cells (Mardani-Ghahfarokhi & Farhoosh, 2020). Numerous epidemiological studies have
demonstrated that consuming leafy vegetables rich in phenolic and flavonoid compounds, known
for their strong antioxidant properties, is linked to a reduced occurrence of cardiovascular diseases,
cancer, diabetes, and neurodegenerative disorders. These natural antioxidants, mainly phenolic

compounds, help eliminate harmful reactive oxygen and nitrogen species/radicals that are
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generated by various biological processes, such as ionizing radiation, photosensitization,
enzymatic activity, and biochemical reactions (Aryal et al., 2019; Nkwocha et al., 2023).

Although synthetic phenolic antioxidants such as butylated hydroxyanisole and butylated
hydroxytoluene are widely employed to reduce oxidative stress, their usage can potentially lead to
adverse health effects. As a result, the use of phenolic antioxidants derived from food and herbal
medicine is gaining widespread acceptance. These antioxidants are valued for their natural origins,
affordability, and ability to protect against radiation (Aryal et al., 2019).

Doliocarpus dentatus (Capadulla) stands as a amazing woody vine in the Dilleniaceae
family thriving, within the vibrant lush rainforests of South and Central America and has captured
the curiosity of researchers due to its diverse phytochemical and phytohormone profiles (De
Oliveira et al., 2002; Ewart smith, 2023; Mihalik, 1978). The woody vine is known for its various
biological properties including anti-hemorrhagic (Nishijima et al., 2009; Sauvain et al.), anti-
inflammatory, antioxidant, antimicrobial (Costa et al., 2008; De Toledo et al., 2011), antitumoral
(Camila et al.,, 2009), anti-ulcer, immunological (Kushima et al., 2009), and cancer
chemoprevention properties (Endringer et al., 2010). The phytochemical constituents of this
species included polyphenols, flavonoids, lignans and many others (Ewart smith, 2023; Raissa
Borges Ishikawa et al., 2017; R. Jagessar et al., 2013; Jahangeer et al., 2021). The woody vine of
D. dentatus 1is extensively employed in traditional Eastern medicine for the treatment of
leishmanial ulcers utilizing its bark. It is also known for its aphrodisiac properties used to manage
diabetes mellitus, hypertension, and various eye conditions and used as a treatment for malaria

(Andel et al., 2003; Cinthia et al., 2013; Ewart smith, 2023).
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While some studies on D. dentatus woody vine in Guyana have focused on its traditional
applications (Van Andel T et al., 2003; van Andel, 2000), we now have evidence that D. dentatus
red and white ecotypes contain secondary metabolites that may contain antioxidant, anti
inflammatory, antimicrobial and cancer chemoprevention properties.

To our best knowledge there is limited information available on its total phenolic, total
flavonoid content and antioxidant capacity. This study aims to analyze the total phenolic content,
total flavonoid content, and antioxidant activity of aqueous extracts of D. dentatus red and white

ecotypes.
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5.2. MATERIALS AND EXPERIMENTAL METHOD
5.2.1. Sample Collection
5.2.2. Study site and plots — Eagle Mountain Forest Potaro - Siparuni, Guyana

Potaro Siparuni Study Site

guyana_admin_regions_population

Csri. CGIAR USGS

0 87.5 175 350 525 700
— — i Kilometers

Figure 5. 1Eagle Mountain Forest located in mining district of Potaro Siparuni Region 8
(21N0261909 - 0578704) Guyana South America located in the pink.
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The D.dentatus red and white ecotypes were collected from the Eagle Mountain Forest
located approximately 200 km south-southwest of Georgetown, the capital city of Guyana
(21N0261909 - 0578704) and further identified by Officers ( Dendrologist) of the Guyana Forestry

Commission and members of the University of Guyana Faculty of Agriculture and Forestry.

For every individual D. dentatus liana selected, a disc ranging in diameter (50 mm— 200
mm) was carefully extracted from various points along the woody vine, encompassing the ground

level, an intermediate position, and an emergent point.

In July 2023, a total of three biological replicates for each ecotype of D. dentatus red and
white were collected. The processed samples of the same ecotypes with similar diameter formed
3 composite samples, 3 biological replicates for each ecotype and 9 technical replicates for each

ecotype.

Following sample preparation protocol , these samples were promptly placed in dry ice to
maintain their metabolic integrity during transit. Subsequently, they were transported to the
University of Guyana (Greater Georgetown, Guyana). Here, the samples underwent further
processing to prepare them for in-depth analysis. Finally, the samples were sent to Trent University
(Peterborough, Canada), where advanced metabolomic analysis was conducted. The samples were

grounded with a Thomas Wiley ED-5. The samples were them sieved ( 0.0029 mesh opening).

5.2.3. Sample Preparation

The sample preparation for the total phenolic content and antioxidant capacity of Guyanese
D. dentatus (Capadulla) red and white ecotypes with slight modifications to the previously

published methods (Cicco et al., 2009; Raissa Borges Ishikawa et al., 2017; Tahirovic & Basic,
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2017; Tan et al., 2014). One gram (1g) of each dried D.dentatus grounded sample was soaked in
100 ml of boiling, high-purity water (DI H>O). The mixture was then left to stand for 20 minutes.
The extracts were filtered using a Buckner funnel and Fisher brand filter paper with coarse porosity
with a fast flow rate. Each filtrate was concentrated to dryness using a speed vacuum concentrator
under reduced pressure and controlled temperature (40-50 °C) to give final extracts, which was

stored at - 80 °C until further use.

5.2.4. Chemicals

Gallic acid, Sodium carbonate (Na2CO3), Folin-Ciocalteu's reagent (FC) reagent and 2,2-
iphenyl-2-picrylhydrazyl (DPPH), Hydrogen peroxide H>O> and the reference standards L-
ascorbic acid, were purchased from Sigma Chemical Co. (St. Louis, MO, USA). HPLC-grade
methanol was purchased from Thermo Fisher scientific (Ontario, Canada). Fresh stock solutions
were prepared before each analysis. The absorbance measurements were performed using a

Bioteck Cytation800 spectrophotometer (Fullerton, CA, USA).

5.2.5. UV-Vis Spectrophotometer Analyses

The Agilent BioTek Cytation 5 Cell Imaging Multi-Mode Reader combines automated
digital microscopy and conventional microplate detection in a configurable, upgradable platform
was used to measure absorbance and fluorescence were measured from 200 to 760 nm (Rees et al.,
2025) using the default settings. It offers fluorescence, brightfield, high contrast brightfield, color
brightfield, and phase contrast imaging with magnification options ranging from 1.25x to 60x
(Little et al., 2020). The multi-mode detection modules include filter- and monochromator-based

fluorescence detection, luminescence, and UV-Vis absorbance detection (Dong et al., 2025;
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Queiroz et al., 2019). The system supports a wide range of microplate types, from 6- to 1536-well
plates, as well as other labware such as microscope slides and cell culture dishes (Queiroz et al.,
2019). Environmental controls include temperature regulation up to 65°C, with optional CO2/O;
control and Peltier cooling (Zein-Sabatto et al., 2025). Data acquisition and analysis are managed
through Gen5 software, which provides complete control over imaging and detection functions

(Zein-Sabatto et al., 2025).

5.2.6. Fourier-Transform Infrared Spectroscopy (FTIR)

Attenuated total reflectance Fourier-transform infrared spectroscopy (FTIR-ATR) spectra
was collected using a Thermo Scientific Nicolet 380 FTIR spectrometer (Thermo Electron
Scientific Instruments LLC, Swedesboro, NJ, USA) equipped with a single reflection diamond
ATR accessory. Samples were mounted on the diamond ATR crystal and measurements were
performed at room temperature. A total of 46 scans were collected for each sample over a range of
400 to 4000 cm—1 at a spectral resolution of 4 cm—1. ATR correction was performed after each
data acquisition. OMNIC software (Thermo Scientific Inc., Waltham, MA, USA)

(https://www.thermofisher.com/order/catalog/product/INQSOF0 18) was used for all spectral

manipulations.

5.2.7. Standard preparation for Total Phenolic Content (TPC)

The detailed procedure for preparing gallic acid standard solutions was previously
described and with slight modification (Cicco et al., 2009; Kupina et al., 2018). Experiments were
conducted using Folin-Ciocalteu's reagent (FC) reagent from Merck (1.09001), Sodium carbonate

(S6139), and pure Gallic acid (C0626) from Sigma. Gallic acid was selected as the standard to
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measure the phenol due to its presence in our D. dentatus extracts was as follows: 1 g of gallic acid
standard, measured using an analytical scale, were dissolved in 100 MeOH and DI H>O
respectively in a 1000 ml volumetric flask. Then, 1, 2, 3, 4, 5 and 6 ml of the above stock solution
were diluted to 10 ml with DI H>O to obtain different concentrations of gallic acid standard in
methanol at 5, 10, 15, 20 25 and 30 respectively. To prepare the calibration standard solutions,
refer to table 5.1 (approximately 10-90 mg/L gallic acid). A measured volume of the stock
standard solution was transferred to a 250 mL flask and diluted to the mark with deionized water.
These solutions were stored at 4 °C for up to one week. Fresh 100 mg/L gallic acid solutions were
then prepared for each methanol and distilled water concentration by further diluting the stored

solutions with methanol and water as needed to achieve the desired concentrations.

Table 5.1. The preparation of the calibration standard for gallic acid (mg/L).

Calibration Volume of StO,Ck Volume concentration of gallic
standard solution standard solution of flask(mL) acid (mg/L)
(mL)
1 0.25 50 5
2 0.5 50 10
3 0.75 50 15
4 1 50 20
5 1.25 50 25
6 1.5 50 30

Briefly, 1 g of extract (100-500 pug/mL) solution was mixed with 2.5 mL of 10 % (w/v)
Folin-Ciocalteu reagent. After 5 min, 2.0 mL of Na2COz (75%) was subsequently added to the D.
dentatus extracts and incubated at 50 °C for 10 min with intermittent agitation. Afterwards, the

sample was cooled, and the absorbance was measured using a UV Spectrophotometer (Shimadzu,
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UV-1800) at 743 nm against a blank without extract. The outcome data was expressed as mg/g of
gallic acid equivalents in milligrams per gram (mg GAE/g) of dry extract.

The Guyanese traditional D.dentatus tea extraction procedure was carried out using a
grounded method with modifications (Cheng et al., 2023). 25 grams of D.dentatus tea soaked in
400 mL DI H>O at a temperature of 90°C and set for 10,20,30,04,50 and 60 minutes and stirred
using a magnetic stirrer with a speed of 300 rpm. The grounding D.dentatus tea results filtered
using a speed vacuum concentrator under reduced pressure and controlled temperature (40-50 °C).
The second filtering process was carried out using the yellow hydrophilic syringe filter ( 45mm)

to give final extracts, which was stored at - 80 °C until further use.

5.2.8. Determination of Total Phenolic Content

The total phenolic content (TPC) was determined using the spectrophotometric method on
a PerkinElmer UV/Vis spectrometer Lambda 25. Folin-Ciocalteu's reagent was used in this method
to lower Mo (VI) ions with phenolics from D. dentatus ecotypes extracts. This creates blue Me(V)-
oxides that absorb light best at 743 nm (Aryal et al., 2019; Noreen et al., 2017; Singleton & Rossi,
1965; Slinkard & Singleton, 1977). To do the test, | mL of the supernatant from diluted D. dentatus
ecotypes was mixed with 1 mL of Folin-Ciocalteu reagent that had been diluted 1/10. The mixture
was then allowed to stand for 10 minutes. Next, 0.8 mL of 7.5% Na>COs was added to the Folin-
Ciocalteu reagent. After 30 minutes of incubation at room temperature, the absorbance of the
solutions was measured at 743 nm. The TPC was expressed as gallic acid (GA) equivalents (mg)

per volume of tea infusion (100 mL).
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5.2.9. Determination of Flavonoid Contents

The flavonoid contents of D. dentatus extracts were measured as per the Dowd method
(Arvouet-Grand et al., 1994; Aryal et al., 2019). An aliquot of 1 mL of extract solution (25-200
pug/mL) or quercetin (25-200 pg/mL) was mixed with 0.2 mL of 10% (w/v) AICI3 solution in
methanol, 0.2 mL (1 M) potassium acetate and 5.6 mL distilled water. The mixture was incubated
for 30 min at room temperature followed by the measurement of absorbance at 415 nm against the
blank. The outcome data were expressed as mg/g of quercetin equivalents in milligrams per gram

(mg QE/g) of dry extract.

5.2.10. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of the sample was analyzed using the DPPH method
(Ahmed et al., 2019; Aryal et al., 2019) with slight modification. The DPPHe radical had a
maximum absorbance at 520 nm, and the DPPH radical scavenging activity of the sample was
evaluated as a decrease in the absorbance. Briefly, the sample (50uL), methanol (4.4 mL), and
DPPH?* radical methanol solution (0.5 mL, 1 mM) were mixed and reacted at room temperature
for 30 min. The absorbance of the mixture was measured at 520 nm using a spectrophotometer. A
standard curve for the concentration of the standard compound and DPPH radical scavenging rate
was plotted using ascorbic acid. Radical scavenging capacity was expressed as a percentage RSA

(RSA%) and calculated using the following equation:
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Pencentage of Radical Scavenging Activity (Hz202) = [(Ao - A1)/Ac] X100 , where Ay =

absorbance of the control (phosphate buffer with H>O») and A1 = absorbance of the D.dentatus red

and white ecotypes extracts.

5.2.11. Hydrogen Peroxide Scavenging Activity

The radical scavenging activity of D.dentatus ecotype extracts was determined using the
H>0> method (Aryal et al., 2019) with slight modification. Briefly, 2 mL of extract solution (0.5—
1 pg/mL) was added to 4.0 mL of H>O» (20 mM) solution in phosphate buffer (pH 7.4). After 10
min, the absorbance was measured at A max 270 nm against the phosphate buffer blank solution.

The percentage scavenging of H>O» was calculated using the equation:

Pencentage of Radical Scavenging Activity (H202) = [(Ao- Ai)/Ac] X100 ,  where Ay =

absorbance of the control (phosphate buffer with H>O») and A1 = absorbance of the D.dentatus red

and white ecotypes extracts.

5.2.12. Phytochemical preparation of the D. dentatus tea extracts

The phytochemical preparation was done using (Zhang et al., 2012) with modifications.
The D. dentatus woody vines were ground to 0.508 mesh, and 22,500 mg of each sample ( red
and white ecotype) the sample were put into 1000 mL round bottle flasks were soaked in 400 ml
of boiling, high-purity water. The mixture was then left to stand for 20 minutes. The extracts were
filtered using a Buckner funnel and Fisher brand filter paper with coarse porosity with a fast flow
rate. 400 mL of the mixture was added into the separate flasks. The extraction was carried out in a
water bath (Fisher Scientific Isotemp 3006D) at 40 ° which was connected to a 2L solventvap

rotary evaporator and speed vacuum concentrator ( BUCH- Switzerland vacuum pump). Each
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filtrate was concentrated to dryness using a speed vacuum concentrator under reduced pressure
and controlled temperature (40-50 °C) to give final extracts. The extracts were weighed to give the
yield of the D. dentatus extract.

The Metabolomics profiles of D. dentatus tea extracts were determined using the method by Smith,
Ewart, et al., (Ewart smith, 2023) with slight modification. Tea extracts from both D. dentatus
ecotypes (i.e., red and white) were analyzed by LC-MS (Nguyen et al., 2023b) with slight
modifications. In the processing module of XCalibur 4.1 (ThermoScientific, Waltham, MA, USA),
we inputted the putative identities of key therapeutic compound family of interest (Polyphenols)
and extracted the exact masses of protonated or deprotonated compounds. This semi-targeted
approach was performed to determine peak quality and to monitor the peaks within the samples
for therapeutic compounds. The relative quantification of peak areas was conducted to determine
up- or downregulated compounds by calculating the ratio of the averages of D.dentatus Red to
D.dentatus white. If the ratio (fold change; FC) was greater than 1, the samples were considered
upregulated. The semi targeted approach foces on the polyphenols ( phenolics and flavonoids)
compounds. These secondary metabolities classes were selected due to the high relative
aboundance in the both D.dentaus red and white ecotypes. Polyphenols are structurally diverse
(e.g., flavonoids, phenolic acids, lignans) and exhibit strong antioxidant properties due to hydroxyl
groups and conjugated double bonds (Aryal et al., 2019; Qi et al., 2025).. Their ability to scavenge
free radicals, chelate metals, and modulate oxidative stress makes them critical targets for health-

related studies (Pandey & Rizvi, 2009; Quesada-Vazquez et al., 2024)

224



5.2.13. Statistical analysis

The experimental results were expressed as mean + standard error of the mean (SEM) of
three replicates. Where applicable, the data were subjected to one-way analysis of variance
(ANOVA) and the differences between samples were determined by Duncan’s Multiple Range

tests using Origin Pro student version 2024. P Values < 0.05 were regarded as significant.

5.3. RESULTS

5.3.1. The FTIR spectrum comparing the red and white ecotypes of D. dentatus reveals
several key quantitative differences and similarities across 4000 — 500 cm !
wavenumber
The image presents FTIR (Fourier Transform Infrared Spectroscopy) spectra comparing

red and white ecotypes, with absorbance plotted against wavenumber (Fig 5.2). The red ecotype

demonstrates a higher absorbance peak around 3300 cm™. Graphs (B) and (C) offer a more detailed
examination of the individual spectra for the red and white ecotypes, respectively, highlighting
specific peaks that correspond to various functional groups or molecular vibrations within the

samples (Fig 5.2).
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Figure 5. 2. A. FTIR spectra comparing the red and white ecotypes of D. dentatus, with three
biological replicates for each ecotype (N = 3). The x-axis represents the wavenumber in cm™!,
spanniffg from 4000 to approximately 500 cm™, whereas the y-axis indicates absorbance values
ranging from 0 to 0.4. B. lllustrates the distinct chemical groups observed in the (3375.4 - 2936.0)
cm ' and (1600 - 600) cm™! wave band regions.
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Table (5.2) provides a detailed comparison of the infrared (IR) spectral data for D. dentatus
ecotypes, highlighting the differences in peak intensities and assignments of functional groups. At
a wavenumber of 3400 cm™, both ecotypes exhibited broad peaks attributed to O-H or N-H
stretching vibrations, with the red ecotype showing a strong broad peak (0.35-0.37) compared to
amedium broad peak (0.22—0.29) in in the white ecotype (Fig 5.2). At 3000 cm™, medium shoulder
peaks (0.15-0.18) are observed in the white ecotype, while the second sample shows weaker
shoulder peaks (0.12-0.15), corresponding to C-H stretching in aliphatic compounds. Both
ecotypes displayed very weak absorption (0.03—-0.04) at 2000 cm™, which is associated with
combination bands. At 1600 cm™, sharp peaks are noted in both ecotypes—slightly stronger in the
red ecotype (0.20-0.22) compared to the white ecotype (0.18-0.20)—indicating C=0O stretching
or C=C aromatic vibrations. Strong, well defined peaks are present at 1000 cm™' for ecotypes, with
similar intensities (0.25-0.31 for the red ecotype and 0.25-0.30 for the white ecotype),

corresponding to C-O-C stretching and single C-O bonds.

The fingerprint region between 800 and 500 cm™', multiple weak peaks are observed, with
slightly higher intensities (0.08—0.15) in the red ecotype compared to the white ecotype (0.07—

0.12), representing C-C and C-H bending vibrations characteristic of this region.
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Table 5.2. Characteristic FTIR absorption bands, relative intensities, and functional region
assignments for D.dentatus red and white ecotypes in the spectral range of 4000-400 cm™. The
absorbance values show distinct variations between Red and White samples, particularly in the O-
H/N-H stretching region (~3400 cm™), while maintaining similar peak patterns across the
fingerprint region.

Wavenumber (cm™') | D.dentatus D.dentatus Assignment group

3400 Strong broad peak Medium broad peak | O-H/N-H stretching
(0.35-0.37) (0.22-0.29) vibrations

3000 Medium shoulder Weak shoulder peaks | C-H stretching
peaks (0.15-0.18) (0.12-0.15) (aliphatic)

2000 Very weak absorption | Very weak absorption | Combination bands
(0.03-0.04) (0.03-0.04)

1600 Sharp peak (0.20- Sharp peak (0.18- C=0 stretching/C=C
0.22) 0.20) aromatic vibrations

1000 Strong complex Strong complex C-O-C stretching, C-
peaks (0.25-0.31) peaks (0.25-0.30) O single bonds

800 - 500 Multiple weak peaks | Multiple weak peaks | Fingerprint region
(0.08-0.15) (0.07-0.12) (C-C, C-H bending)

5.3.2. Total Phenolic and Flavonoid content

5.3.3. Standard curve for Gallic acid showing the Linear relationship between absorbance
and gallic acid concentration (mg/L, N = 3, X £ SEM).

The graph showing the relationship between the concentration of Gallic acid (measured in
mg/L) and its absorbance (Fig 5.2). The data points, represented by circular markers
accompanied by error bars, demonstrate an upward trend, indicating a positive correlation
between Gallic acid concentration and absorbance. A regression line, labeled "Plot 1 Reg" is

fitted to the data points, providing a visual summary of the linear relationship.
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Figure 5. 3: Standard curve for Gallic acid showing the Linear relationship between absorbance
and gallic acid concentration (mg/L) N=3. The equation of the line is y = 0.183 + 0.0060x, with a
high correlation coefficient (r = 0.96) and an R-Square value of 0.960, indicating a strong fit.
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Table 5.3.total phenol content estimation 743 nm in different concentrations of D. dentatus

ecotypes (N = 3, X = SEM).

Corrected
Items Ecotypes Absorbance | Concentration Conc.GA mg/g | Average | SE
(mg/L)
1 | D. dentatus red 03158 | 26.1042 | 104416.6667 | 104.4167
2 | D. dentatus red 03075 | 243750 | 121875.0000 | 121.875| 119.70 | 8.27
3 | D. dentatus red 03180 | 26.5625 | 132812.5000 | 132.8125
4 | D. dentatus white 02499 | 123750 | 61875.0000 | 61.875
5 | D. dentatus white 02485 12.0833 | 60416.6667 | 60.41667 | 6108 | 0.26
6 | D. dentatus white 02490 | 12.1875 | 60937.5000 | 60.9375

The table highlights a significant difference in total phenol content between the red and

white ecotypes of D. dentatus. The red ecotype exhibits a markedly higher phenol content,

averaging 119.70 mg/g, compared to the white ecotype’s average of 61.08 mg/g.

In terms of corrected concentration, the red ecotype values significantly exceed those of

the white ecotype, ranging from 104.4167 mg/L to 132.8125 mg/L for the red ecotype, while the

white ecotype's corrected concentrations fall between 60.4167 mg/L and 61.875 mg/L. Also, the

standard deviation (SD) shows that the phenol content is less variable in the white ecotype samples

(0.26) than it is in the red ecotype samples (8.27).
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5.3.4. Linear relationship between absorbance at 429 nm and quercetin equivalents per 5¢g
of dry weight (DW).

The total Flavonoid Content (TFC) was measured using the Dowd’s Method.
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Figure 5. 3. calibration curve showing linear relationship between absorbance at 429 nm and
quercetin equivalents per 5g of dry weight (DW) N = 3. The equation is y= 0.133 + 0.0009x with
a Pearson's r of 0.99, indicating an excellent fit.
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Table 5.4.total Flavonoid content estimation @ 415 nm in different concentrations of D.
dentatus ecotypes (N = 3, X * standard error of the mean (SEM).

Corrected
Items Ecotypes Absorbance | Concentration Conc. mg/g | Average | SE
(mg/L)
1 D. dentatus red 0.2191 1.6148 3229.6185 | 3.230
2 D. dentatus red 0.2533 1.8706 3741.2117 | 3.741 4.146 | 0.55
3 D. dentatus red 0.3416 2.5310 5062.0793 | 5.062
4 D. dentatus white 0.1076 0.7809 1561.7053 | 1.562
5 D. dentatus white 0.1044 0.7569 1513.8369 | 1.514 1.584 | 0.03
6 D. dentatus white 0.1106 0.8033 1606.5819 | 1.607

Table 5.4 highlights a significant difference in total flavonoid content between the red and

white ecotypes of D. dentatus. The red ecotype exhibits a higher average flavonoid content of

4.146 mg/g, compared to the white ecotype, which averages only 1.584 mg/g.

The standard error (SE) underscores this difference: the red ecotype shows greater variability

(0.55) in its flavonoid content, whereas the white ecotype has a much lower SE of 0.03, indicating

more consistency in its flavonoid content.
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5.3.5. Total Phenolic Content (TPC) measured in mg GAE/g over time for two variants of
D. dentatus - red and white.
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Figure 5.4.Graph showing the concentration of D. dentatus red and white ecotypes over time
(N=3). Both ecotypes exhibit a rapid decrease in concentration from 10 to 20 minutes, stabilizing
at low levels by 30 minutes.

The graph presents a significant comparison of Total Phenolic Content (TPC) degradation between
red and white ecotypes of D. dentatus over time. A notable aspect of the data is the pronounced
difference in initial TPC concentrations, with the red variant commencing at approximately 120
mg GAE/g, while the white D. dentatus initiates at a considerably lower concentration of around
60 mg GAE/g. These initial differences rapidly diminish as both ecotypes exhibit significant

exponential decay during the first 10 minutes of the experiment. By the 10-minute mark, both
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ecotypes converge to comparable TPC levels of approximately 20 mg GAE/g, effectively negating
the initial concentration difference (Fig 5.4). The degradation process continues at a reduced rate
between 10 and 30 minutes, after which both variants stabilize at near-zero TPC levels. This trend
persists throughout the remainder of the 60-minute observation period. Furthermore, Error bars
will always be present in the measurements however, the degree (size) of error may be important

to note.

5.3.6. Comparison of total flavonoid content in two ecotypes of D. dentatus over time

Total flavonoid content of D. dentatus ecotypes
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Figure 5. 5:Comparison of total flavonoid content in two ecotypes of D. dentatus over time
(N=3). The red line represents the red ecotype while the blue line represents the white ecotype
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The figure 5.6 illustrates distinct patterns in flavonoid content between red and white
ecotypes of D. dentatus over a 50-minute interval. The red ecotype consistently exhibits higher
flavonoid levels, reaching a peak of 12 mg/g at the 10-minute mark, while the white ecotype attains
a lower maximum of 4 mg/g at the same time point. Following this peak, both ecotypes
demonstrate a decline in flavonoid content; however, the red ecotype experiences a steeper initial
decrease, followed by a more gradual reduction, whereas the white ecotype maintains lower levels
throughout the measurement period. The two ecotypes converge near the 50-minute time point,
with the red ecotype sustaining slightly elevated levels (2 mg/g) compared to the white ecotype (1
mg/g). The error bars in the measurements reflect natural biological variation, particularly notable

at peak concentrations.

5.3.7. UV —Vis Absorbance and Fluorescence spectra of D. dentatus ecotypes
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Figure 5. 6. showing the Uv — vis spectra of D. dentatus ecotypes. (A) absorbance spectra of two
ecotypes, Spectrum-F1 (red) and Spectrum-F2 (white), plotted as absorbance against wavelength
(nm). (B) fluorescence emission spectra of the same samples, with relative fluorescence units
(RFU) plotted against wavelength (nm).
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In spectra A, the absportion spectrum is depicted, showing fluorescence intensity as a
function of wavelength for two different spectra, labeled Spectrum-F1 (red) and Spectrum-F2
(green). The graph reveals a prominent peak at 270 nm, indicating strong fluorescence intensity at
this wavelength. A smaller peak or feature is noted around 520 nm, suggesting another point of
interest in the emission profile.

Graph B presents the excitation spectrum for the same ecotypes, with fluorescence intensity
measured at 270 nm and 520 nm. Here, three distinct peaks are observed: a major peak at 320 nm
and two additional peaks at 420 nm and 520 nm. These peaks indicate the wavelengths at which
the ecotypes exhibit significant excitation. These wavelengths correspond to potential energy

absorption points that induce fluorescence.

5.3.8. The absorbance and emission measurements at two different wavelengths of D.

dentatus red and white ecotypes

The two figures illustrate absorbance measurements of D. dentatus red and white ecotypes
at two wavelengths, 270 nm (graph a) and 520 nm (graph b), over two time points: 0 hours (black
bars) and 12 hours (white bars). In Graph (a), which represents absorbance at 270 nm, both samples
display high absorbance values, ranging from approximately 2.5 to 3.0. The absorbance increases
slightly after 12 hours for both red and white ecotypes with minimal differences between the two
ecotypes, low variability in the measurements. D. dentatus red exhibited a 4% gain in signal, while

D.dentatus white showed an 8% gain. This indicates that, relative to their starting values,
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D.dentatus white ecotype experienced a greater increase in absorbance compared to D.dentatus

red ecotype during the observed timeframe

In contrast, figure (b), which illustrates absorbance at 520 nm, reveals significantly lower
absorbance values, ranging from approximately 0.10 to 0.15. At 520 nm, D.dentatus red ecotype
showed a 40% gain in signal, whereas D.dentatus white had a 20% gain, meaning D.dentatus red
ecotype experienced a substantially larger relative increase in absorbance at this wavelength
compared to D.dentatus white. These percentage changes highlight that, over the observed
timeframe, D.dentatus white had the greatest relative gain at 270 nm, while D.dentatus red ecotype

had the greatest relative gain at 520 nm.
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Figure 5.7. showing the absorbance and fluorescence emission measurements of D. dentatus red
and D. dentatus White ecotypes at 0 hours (black bars) and after 12 hours (red bars). (a)
Absorbance at 270 nm, (b) absorbance at 520 nm, (c) fluorescence emission at 320 nm, and (d)
fluorescence emission at 520 nm. Data are presented as mean + standard deviation.

Graph (a), the emission intensity at 320 nm is slightly higher for red ecotype compared to
the white ecotype at both time points. D. dentatus red ecotype showed a signal loss of
approximately 7% at 320 nm, while the D. dentatus white ecotype had a smaller signal loss of

about 2% at the same wavelength

In graph (b), the emission intensity at 520 nm shows a different trend. Both D. dentatus red
and white ecotypes exhibit an increase in emission intensity after 12 hours, as seen by the taller
red bars compared to the black bars. At 520 nm, both D. dentatus red ecotype and D. dentatus
white ecotype exhibited signal gains, with D. dentatus red ecotype increasing by around 15% and
D. White by about 5%. These results indicate that D. dentatus red ecotype experienced a greater
decrease in emission at 320 nm and a larger increase in emission at 520 nm compared to D.

dentatus white ecotype over the observed timeframe.

5.3.9. Comparative UV-vis absorbance and emission spectra reveal oxidative stability

differences in red and white D. dentatus* ecotypes under varying H:O: concentrations.

The UV-vis absorbance and fluorescence spectra of two different extracts red ecotype and
white ecotype, after titration with varying concentrations of hydrogen peroxide (H20:). The top
two graphs (a and b) show the UV-vis absorbance spectra for both extracts, while the bottom two
graphs (c and d) show their fluorescence spectra (Fig 5.8). The concentrations of H.O: range from

0% to 20%, and each spectrum is color-coded accordingly. In both extracts, increasing
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concentrations of H20: lead to a general decrease in absorbance and fluorescence intensity. This
suggests that H.O: causes degradation or oxidation of the compounds responsible for the

absorbance and fluorescence signals.

In the UV-Vis spectra, distinct peaks are observed around 235-244 nm for both extracts,
which shift slightly as HO2 concentration increases. The reduction in peak intensity with higher
H:0: concentrations indicates that the chromophores in the extracts are being altered or degraded.

Similarly, in the fluorescence spectra, a strong peak at 335 nm is seen for both extracts at 0% H-O»,

which diminishes as more H20: is added (Fig 5.8).
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Figure 5. 8. The graphs display the UV-vis emission spectra of D. dentatus extracts from red (left
panel) and white (right panel) ecotypes (N=3) with varying concentrations of hydrogen peroxide
(H202) ranging from 0% to 20%.
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5.3.10. Comparison of Reactive Oxygen Species (ROS) quenching activity in D. dentatus
ecotypes: 'red’ ecotupe shows higher absorbance, florescence emissioin and potential
activity than "white' ecotype.

Figure 5.10. showing the relationship between the concentration of hydrogen peroxide (H-0:) and
its absorbance at 270 nm. The graph displays a positive linear correlation between H:0-
concentration and absorbance values as the concentration increases from 0 to 6 uM, the absorbance
correspondingly increases from approximately 0.07 to 0.20. The vertical error bars indicate the
standard deviation for each measurement. Standard deviation reflects the variability or spread of
absorbance values obtained from repeated measurements at each concentration, providing an

indication of the precision and reliability of the data.
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Figure 5.9. Calibration curve for hydrogen peroxide showing the relationship between
concentration and obsorbance (N =3).
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The figure 5.11 shows the absorbance at 270 nm for both ecotypes of D. dentatus under
two different conditions ( Initial and Quench). The Initial condition is represented by the dark red
(for Red) and gray (for White) bars, while the Quench condition is shown by the light pink (for

D.dentatus red ecotypes) and white (for D.dentatus white ecotypes) bars (Fig 5.11).

For both ecotypes, the absorbance is higher in the Initial condition, with the D.dentatus red
ecotypes starting at about 0.37 and the D.dentatus white ecotypes at about 0.27. After the
quenching process, absorbance decreases to approximately 0.20 for D.dentatus red ecotypes and
0.17 for D.dentatus white ecotypes. The percentages above each pair of bars indicate the reduction

in absorbance due to quenching 47% for Red and 37% for White.

This pattern suggests that the quenching process significantly reduces the concentration of
the compound absorbing at 270 nm in both samples, with a more pronounced effect in the

D.dentatus red ecotypes. The standard variation reflect variability in the measurements.
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Figure 5. 10. Absorbance at 270 nm for D. dentatus red and white ecotypes ( N=3), showing initial
and quenched absorbance values. The red ecotype exhibits higher quenching (47% reduction)
compared to the white ecotype (37% reduction).

The red ecotype (shown by darker bars) and white ecotype (shown by lighter bars) have
the strongest fluorescence at 320 nm, with the D. dentatus red ecotype nearly reaching 340 a.u.
and showing 29% quenching activity, while the D. dentatus white ecotype reaches 330 a.u. with
34% quenching activity. The percentages above each bar pair represent the ROS quenching
efficiency at that wavelength, calculated as [(A0-A1)/A0] x 100%, where AOQ is the absorbance of
the control (phosphate buffer with H.O) and A1 is the absorbance of the extract of D. dentatus.

A noticeable drop in fluorescence is seen at longer wavelengths, where both extracts show
similar patterns but much lower values, dropping below 100 a.u. at 420, 450, and 550 nm. A
noticeable drop in fluorescence intensity happens at longer wavelengths, where both extracts show
similar trends but much lower values, dropping below 100 a.u. at 420, 450, and 550 nm. The
percentage of quenching at these longer wavelengths is between 7% and 20%, with the D. dentatus
white ecotype usually showing more quenching activity than the D. dentatus red ecotype at 420
nm (20% compared to 13%) and 450 nm (19% compared to 12%). Conversely, the D. dentatus red
ecotype demonstrates marginally superior performance at 550 nm (10% vs. 7%). The standard
deviation reflects measurement variability across replicate samples, indicating that the

experimental results possess a degree of reliability.
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Figure 5. 12. Fluorescence intensity of D. dentatus red and white ecotypes at different emission
wavelengths (320, 420, 450, and 550 nm). Bars represent mean fluorescence intensity (a.u.) with
error bars indicating standard deviation. Percentages above each bar pair indicate the ROS
quenching efficiency at each wavelength for the respective extract, calculated as [(A0-A1)/A0] x
100%, where A0 = absorbance of the control (phosphate buffer with H202) and A1 = absorbance
of the D.dentatus red and white ecotypes extracts.
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5.3.11. Antioxidant activity assessment of D. dentatus red and white ecotypes using ascorbic

acid as a reference standard

Figure 5.12 illustrates the reversible redox reaction between L-ascorbic acid (vitamin C) and L-
dehydroascorbic acid. L-ascorbic acid, shown on the left, acts as an antioxidant by donating two
hydrogen atoms (as 2H* and 2¢) during oxidation, which converts it into L-dehydroascorbic acid,
depicted on the right. This process is central to the antioxidant activity of vitamin C, as it allows
L-ascorbic acid to neutralize reactive oxygen species and other oxidants. The reaction is reversible;
L-dehydroascorbic acid can be reduced back to L-ascorbic acid in the presence of suitable cellular
reductants. This redox cycling enables vitamin C to continuously protect cells from oxidative

damage by alternating between its reduced and oxidized forms.

L -ascorbic acid L -dehydroascorbic acid

Figure 5.13. The oxidation-reduction (redox) reaction of vitamin C, molecular forms in
equilibrium. L-dehydroascorbic acid also possesses biological activity, due to that in the body it is
reduced to form ascorbic acid. Strucutes were drawn with the ChemDraw Professional 15.0

Figure 5.13a shows plots of ascorbic acid concentration (in uM) on the x-axis against
radical scavenging activity (RSA, %) on the y-axis. As the concentration of ascorbic acid increases,

the RSA percentage also increases in a linear fashion, as shown by the regression equation (Y =
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57.18x + 8.043, R? = 0.98). This indicates that higher concentrations of ascorbic acid are more

effective at neutralizing free radicals, which is consistent with its known antioxidant properties.

Figure 5.13b shows the calibration curve showing the relationship between ascorbic acid
concentration (x-axis) and absorbance at 520nm (y-axis). Here, as the concentration of ascorbic
acid increases, the absorbance decreases linearly (Y = —3.66x + 4.45, R? = 0.98). This negative
correlation occurs because ascorbic acid reduces the colored DPPH radical to a colourless form,
resulting in lower absorbance readings at higher ascorbic acid concentrations. The calibration
curve allows for the quantification of antioxidant activity in unknown samples by comparing their

absorbance values to this standard curve.

Together, these figures confirm that ascorbic acid is a potent antioxidant: increasing its
concentration leads to greater radical scavenging activity and a corresponding decrease in
absorbance due to reduction of the DPPH radical. The high R? values in both graphs indicate strong
linear relationships and reliable data fits. Error bars represent the standard deviation, reflecting

good precision and reproducibility of the measurements
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Figure 5. 11. Correlation of Ascorbic acid concentration with Absorbance at 520 nm and RSA.
Ascorbic acid concentration exhibits a strong correlation with absorbance (left panel; R2 = 0.98)
and RSA (right panel; R2 = 0.98). The equations for the lines of best fit are displayed on each
graph.

Figure 5.15 provide insights into the antioxidant properties of D. dentatus ecotypes,
specifically examining absorbance over time and antioxidant activity percentage. Graph A shows
the average absorbance at 520 nm over time for two ecotypes of D. dentatus red and white
ecotypes. The absorbance values decrease over time for both ecotypes. The D.dentatus red ecotype
(black circles) has a trend line with the equation (y = 1.384 - 0.002x) and an R? value of 0.996,
while the white ecotype (white circles) has a trend line with the equation (y = 1.384 - 0.001x) and

an R? value of 0.982 (Fig 5.15).

Graph B displays the antioxidant activity of the red and white ecotypes of D. dentatus in
percentage form, with values presented as bars. The red ecotype has an average antioxidant activity

of 48.5%, while the white ecotype has an average of 47.5%.
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Figure 5. 12: presents data (N=3) on the absorbance and antioxidant activity of D. dentatus
ecotypes. Panel (A) shows the decline in absorbance at 520 nm over time for both red and white
ecotypes, (B) compares the antioxidant activity between the two ecotypes.

5.3.12. Comparative Analysis of MS - Derived Peak Areas for Various Flavonoids and

Phenolic Compounds Between D. dentatus red and white ecotypes

The relative peak areas of various flavonoid compounds, as illustrated in the bar plots, indicate

notable differences in their abundance between D.dentatus red and white ecotypes represented by

the red and green bars ( Fig 5.16) For chalconaringenin, the D.dentatus red ecotype demonstrates

a higher peak area compared to the D.dentatus white ecotype, (p = 0.081). Similarly, naringenin

displays a comparable trend, with the D.dentatus red ecotype exhibiting a higher peak area than

the D.dentatus white ecotype (p = 0.081).
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In the cases of cyanidin 3-O-beta-D-glucoside, cyanidin 3-O-glucoside, and cyanidin 3-O-
beta-D-sambubiside, the red group consistently shows higher peak areas than the green group;
however, none of these differences reach statistical significance (p-values of 0.73, 0.33, and 0.41,
respectively). A comparable pattern is observed for delphinidin 3-O-glucoside (p = 0.15) and
delphinidin 3-O-beta-D-sambubios (p-value not clearly labeled), wherein the red group also has a

slightly higher peak area ( Fig 5. 16)

In the instances of genistein and apiforol, the red ecotypes continues to exhibit higher peak
areas than the white ecotype (green bars), although these differences are not statistically significant
(p=0.2 and p = 0.26) respectively. For kaempferin, leucocyanidin, and kaempferol 3-O-glucoside,
the red ecotypes again presents slightly higher peak areas than the green group, with p-values of
0.57, 0.33, and 0.89, respectively. Finally, for homoeriodictyol, there is minimal difference
between the two ecotypes (p = 0.92), indicating similar levels of this compound across both

conditions.

Overall, while trends suggest higher relative peak areas for most flavonoids in the red ecotype
compared to the white ecotype (green bars), none of these differences attain statistical significance
based on the provided p-values. This observation implies that, although variations in flavonoid
abundance exist between the ecotypes, they are not pronounced enough to be considered

statistically meaningful under these conditions.
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Figure 5. 13: The bar graph compares the relative peak area of various flavonoid compounds in
the red (red bars) and white (green bars) ecotypes tea extract of D. dentatus (N=3). It highlights
the differences in peak areas for each compound, indicating distinct phytochemical profiles
between the two ecotypes
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54. DISCUSSION

The study on D. dentatus (Capadulla) reveals differences in the phytochemical profiles and
antioxidant activity between its red and white ecotypes. The woody vine of the red ecotype of D.
dentatus exhibited a much higher total phenolic (119.70 mg/g) and flavonoid contents (4.146
mg/g) compared to the white ecotype (61.08 mg/g) and (1.584 mg/g) respectively (Table 2 & 3).
The red ecotype demonstrated higher spectroscopic responses compared to the D. dentatus white
ecotype. FTIR analysis revealed higher concentrations of compounds containing hydroxyl (OH)
and amine (NH) functional groups in the red ecotype (Fig 5.2 and appendix 3). IR spectra detect a
broad range of compounds, including amino acids, proteins, DNA/RNA, and secondary
metabolites such as flavonoids, tannins, and alkaloids (Appendix 2). The fingerprint region (1600—
1000 cm') showed increased intensity, indicating elevated levels of anthocyanins and flavonoid
glycosides. Additionally, enhanced signals in the CH stretching region (~3000 cm') may suggested
greater abundance of complex organic structures, particularly terpenoids, monoterpenes, and
sesquiterpenes (Lu et al., 2017; Nandiyanto et al., 2019; Park et al., 2018). This difference may
suggest that the red ecotype likely offers higher antioxidant potential, similar to what researchers

have observed in other medicinal plant species (Mattera et al., 2024; Mihaylova et al., 2024).

The variations between the ecotypes highlight the red ecotype's potential as a more potent
antioxidant source, essential for combating oxidative stress in the body (Kurutas, 2015; Sultana et
al., 2023).

Total phenolic content serves as a strong indicator of the antioxidant capacity of medicinal

plants. Antioxidants, commonly found in medicinal plants, are crucial for reducing oxidative stress
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by neutralizing reactive oxygen species (ROS) and protecting cells from damage, thus promoting
overall health and wellness (Sejin Kim et al., 2021; Kim et al., 2020; La, 2022).

The semi-targeted MS analysis of D. dentatus red and white ecotypes revealed distinct
flavonoid and phenolic profiles. Notable differences in peak area between the D. dentatus red and
white ecotypes as illustrated in Figure 5.15. Chalconaringenin and naringenin both display higher
relative peak areas in the D. dentatus ecotype compared to the D. dentatus with ecotype, p-values
of 0.081, indicating a clear trend toward greater abundance in the D. dentatus red ecotype.
Delphinidin 3-O-glucoside also exhibits a higher peak area in the red ecotype (p = 0.15),
suggesting a greater presence of this anthocyanin, which may contribute to the red colouration and
enhanced antioxidant properties. Similarly, cyanidin 3-O-beta-D-sambubioside is more abundant
in the D. dentatus ecotype (p = 0.41), further supporting the pattern of elevated anthocyanin
content in this ecotype. Other compounds, such as genistein, apiforol, and kaempferin, show less
pronounced differences, with p-values above 0.2, while most remaining flavonoids and phenolic

compounds demonstrate similar levels between the D. dentatus red and white ecotypes.

The compounds identified in the results, including chalconaringenin, naringenin, cyanidin
3-O-beta-D-glucoside, cyanidin 3-O-glucoside, cyanidin 3-O-beta-D-sambubioside, delphinidin
3-O-glucoside, genistein, apiforol, kaempferin, homoeriodictyol, leucocyanidin, and kaempferol
3-O-glucoside, are well-known for their diverse biological activities (Fig. 5.15). Chalconaringenin
and related chalcones serve as precursors in flavonoid biosynthesis and exhibit a broad spectrum
of bioactivities, such as antioxidant, antimicrobial, anti-inflammatory, and anticancer effects,
largely due to their a,B-unsaturated carbonyl system and ability to modulate cellular signalling

pathways (Elkanzi et al., 2022; Goyal et al., 2021; Rudrapal et al., 2022; Rudrapal et al., 2021;
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Yerragunta et al., 2013). Naringenin, a prominent flavanone, is recognised for its strong antioxidant
and anti-inflammatory properties, as well as antidiabetic, anticancer, antimicrobial,
cardioprotective, and neuroprotective actions. Its health benefits are attributed to its capacity to
scavenge free radicals, prevent lipid peroxidation, and modulate inflammatory responses(Ucar &

Goktas, 2023).

The anthocyanins, including cyanidin and delphinidin derivatives, are potent antioxidants
with additional bioactivities such as anti-inflammatory, anti-angiogenic, antiviral, and even
enzyme inhibitory effects. For example, cyanidin 3-O-beta-D-sambubioside not only acts as a
strong antioxidant but also inhibits nitric oxide production, angiotensin-converting enzyme (ACE)
activity, and influenza neuraminidase, highlighting its potential in cardiovascular and antiviral
therapies[4]. Delphinidin 3-O-glucoside is noted for its free radical scavenging ability, antitumor,
antiatherosclerotic, hypoglycemic, and antiallergic effects, and can modulate key inflammatory

pathways such as TNF-a signalling (Sari et al., 2019).

Other flavonoids, such as genistein and kaempferol derivatives, are also widely studied for
their antioxidant, anti-inflammatory, and anticancer activities, contributing to cellular protection
and modulation of metabolic and immune pathways. Collectively, these compounds contribute to
the health-promoting properties of D. dentatus, and their varying abundance between ecotypes

may influence the plant’s overall antioxidant capacity and therapeutic potential.

Consuming plant-based foods rich in dietary antioxidants such as polyphenols, flavonoids,
carotenoids, and tocopherols can help scavenge free radicals and decrease the risk of oxidative

stress-related diseases (Sejin Kim et al., 2021). Antioxidants from medicinal plants help maintain
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cellular balance, protect against damage induced by oxidative stress, and contribute to better health
outcomes ( Da Silva et al., 2018).

Mehnaz et al. (Pervin et al., 2013) reported that the Vaccinium corymbosum (blueberry) leaf
extract contained significant levels of phenolic compounds (9.25 mg GAE/100g) and flavonoids
(12.66 mg CE/100g), demonstrating notable antioxidant activity through free radical scavenging
and lipid peroxidation inhibition. This study's findings align with those of (Mehnaz et al.,2013)
and broader literature, which suggest a correlation between higher phenolic content and increased
antioxidant potential (Pervin et al., 2013). While the red ecotype stems show higher phenolic and
flavonoid levels, Ishikawa et al. (Raissa Borges Ishikawa et al., 2017), reported that the leaves of
D. dentatus contained phytochemicals, including 204.04 mg/g of phenols, 89.17 mg/g of
flavonoids, and 12.05 mg/g tannin (Raissa Borges Ishikawa et al., 2017). Variations in phenolic
and flavonoid levels among plants can result from factors such as genotype, seasonal changes,
variety, and extraction methods (Sun et al., 2018; Yavorska et al., 2023).

The study found that the red ecotype contained a higher total flavonoid content (4.146
mg/g) than the white ecotype (1.584 mg/g). Research on onions, red varieties have been shown to
possess significantly higher levels of flavonoids and polyphenols than their white varieties. For
example, the red onion variety Karmen contains approximately 108,300 mg/kg dry matter of total
polyphenols, including key flavonoids like spiraeoside and quercetin, whereas white varieties
contain only about 26,445 mg/kg dry matter. This mirrors the results of your study, where the red
ecotype exhibited roughly 2.6 times more flavonoids than the white ecotype (Chernukha et al.,
2022; Lachman et al., 2003; Vijayalakshmi et al., 2021) the red ecotype of D. dentatus may

provide greater health benefits.
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Several factors contribute to this disparity. First, the biosynthesis of flavonoids is often
linked to pigment production in plants. Red ecotypes typically overexpress genes involved in the
flavonoid pathway, such as F3'H, DFR, and UFGT, leading to higher production of anthocyanins
and related compounds. Enzymes like flavonoid 3'-hydroxylase (F3'H) and dihydroflavonol 4-
reductase (DFR) drive anthocyanin synthesis (Falcone Ferreyra et al., 2012). These enzymes
modify the flavonoid skeleton, enabling hydroxylation and glycosylation steps critical for red
pigmentation. For example, F3'H adds hydroxyl groups to dihydrokaempferol, forming a

dihydroquercetin precursor for cyanidin-based anthocyanins (Falcone Ferreyra et al., 2012).

These compounds not only provide red pigmentation but also enhance the plant’s
antioxidant capacity and offer protection against ultraviolet (UV) radiation. Additionally, higher
flavonoid content in red ecotypes may be an adaptive response to environmental stress, as these
compounds can improve the plant’s resilience to abiotic factors like intense sunlight or drought.
For instance, red pitahaya (Hylocereus monacanthus) accumulates more polyphenols in both its
peel and pulp compared to white or yellow varieties, likely as a defence mechanism (Bai et al.,

2022; Gould, 2004).

Structurally, red cultivars often accumulate specific flavonoids, such as cyanidin-3-
glucoside in onions or delphinidin derivatives in other species, which are either absent or present
in much lower concentrations in white varieties (Gould, 2004). This metabolic divergence is
thought to reflect evolutionary optimisation, where red pigmentation and associated flavonoids
provide multiple ecological advantages, including photoprotection and increased resistance to

pathogens. Overall, the higher flavonoid content observed in red ecotypes is a well-documented
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phenomenon across plant species and is driven by both genetic and environmental factors (Bai et

al., 2022; Gould, 2004).

The antioxidant activity of D dentatus ecotypes, as measured by DPPH and H20O: quenching, shows
competitive potential compared to well-known antioxidant-rich plants, though with nuanced
differences. The red ecotype (48.5% activity) and white ecotype (47.5%) exhibit similar DPPH
scavenging capacities, aligning with plants like Centella asiatica (ICso ~50 mg/mL) but
underperforming compared to Rumex dentatus (ICso 0.012 mg/mL) (Ewart smith, 2023; Pandey
& Murugan, 2023). The red ecotype’s faster absorbance decline (slope: -0.002 vs. -0.001 for white)
suggests marginally superior radical-neutralising kinetics, likely due to its higher polyphenol

diversity, e.g., epicatechin methyl gallate, proanthocyanidin A2 (Ewart smith, 2023).

While specific H202 ICso values for D. dentatus ecotypes are not provided, its methanolic
extracts show activity comparable to Pittosporum undulatum (ICso <50 pg/mL), indicating strong

hydroxyl radical inhibition (Rets’epile et al., 2021).

D. dentatus’s antioxidant profile is enriched with flavonoids and phenolic acids akin to
Camellia sinensis (green tea) and Vaccinium spp. (blueberries) (Ewart smith, 2023; Koa et al.,
2015). However, its activity percentages (48—49%) lag behind extracts like Justicia procumbens
(68.83 png/mL DPPH ICso) (Agrawal et al., 2021) or Bacopa monnieri (66.85% inhibition) (Meena

et al., 2012).

The D. dentatus red ecotype’s elevated polyphenol content and unique compounds (e.g.,
catechin gallate) position it as a moderately potent antioxidant source, particularly for niche

applications like combating oxidative stress in erectile dysfunction (Ewart smith, 2023). While not
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surpassing top-tier plants (e.g., rosemary or turmeric), its chemodiversity and stress-adaptive traits

suggest untapped therapeutic potential.

Fluorescence spectroscopy showed clear emission peaks in D. dentatus extracts, which
suggests that they contain bioactive compounds that may make them more useful as a medicine
(Ewart smith, 2023). This finding is significant as it suggests that the plant contains various
phytochemicals that could contribute to its medicinal properties (Sandhu et al., 2023). Modern
analytical methods, such as mass spectrometry-based metabolomics, have helped scientists find
many compounds in D. dentatus that could be used as medicine. These include polyphenols and
other bioactive molecules (Ewart smith, 2023). The antioxidant properties and potential
therapeutic applications of D. dentatus can be compared to other well-studied medicinal plants,
such as pomegranate, which has been extensively researched for its antioxidant, antimicrobial, and
potential cosmetic applications (Savali et al., 2023; Uysal & Efe Arslan, 2024). Finding these
bioactive compounds and their antioxidant properties in D. dentatus supports the idea that they

could be used to treat conditions related to oxidative stress such as ED (Ewart smith, 2023).
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5.5. CONCLUSION

In conclusion, this study reveals significant phytochemical and antioxidant differences
between the red and white ecotypes of D. dentatus (Capadulla). The red ecotype demonstrates
notably higher phenolic and flavonoid contents, indicating a stronger antioxidant potential, which

aligns with findings from other medicinal plants known for their high antioxidant activity.

These results enhance our understanding of D. dentatus' chemical diversity and open avenues
for future research into its potential therapeutic applications. The marked differences between
ecotypes underscore the importance of considering genetic and environmental factors in
phytochemical studies. Further investigations into the specific compounds responsible for these
variations and their biological activities could lead to the development of novel natural

antioxidants or other bioactive agents.

This research also highlights the value of preserving and studying different ecotypes of
medicinal plants, as they may possess unique and potentially beneficial properties. The findings
support the traditional use of the D. dentatus red ecotype in folk medicine and emphasize its
potential as a valuable source of natural antioxidants for health and therapeutic applications. To
validate these benefits and explore practical uses of D. dentatus extracts in health and medicine,

further research, particularly clinical studies, is essential.

259



5.6. REFERENCE

Agrawal, M., Agrawal, Y., Arora, S., Lahange, P., & Kshirsagar, N. (2021). Phytochemical
screening and evaluation of antioxidant activity of hydroalcoholic extract of Justicia
procumbans leaf. Journal of Ayurvedic and Herbal Medicine, 7(1), 41-45.

Ahmed, A. F., Attia, F. A., Liu, Z., Li, C., Wei, J., & Kang, W. (2019). Antioxidant activity and
total phenolic content of essential oils and extracts of sweet basil (Ocimum basilicum
L)) plants. Food Science and Human  Wellness, 8(3), 299-305.
https://doi.org/10.1016/].fshw.2019.07.004

Andel, T. v., MacKinven, A., & Banki, O. (2003). Commercial non-timber forest products of the
Guiana shield: an inventory of commercial NTFP extraction and possibilities for
sustainable harvesting. Netherlands Committee for [UCN.

Arvouet-Grand, A., Vennat, B., Pourrat, A., & Legret, P. (1994). Standardization of propolis extract
and identification of principal constituents. Journal de Pharmacie de Belgique, 49(6),
462-468.

Aryal, S., Baniya, M. K., Danekhu, K., Kunwar, P., Gurung, R., & Koirala, N. (2019). Total
phenolic content, flavonoid content and antioxidant potential of wild vegetables from
Western Nepal. Plants, 8(4), 96. https://doi.org/10.3390/plants8040096

Bai, Y., Gu, Y, Liu, S., Jiang, L., Han, M., & Geng, D. (2022). Flavonoids metabolism and
physiological response to ultraviolet treatments in Tetrastigma hemsleyanum Diels et
Gilg. Front Plant Sci, 13, 926197. https://doi.org/10.3389/1pls.2022.926197

Baliyan, S., Mukherjee, R., Priyadarshini, A., Vibhuti, A., Gupta, A., Pandey, R. P., & Chang, C.-
M. (2022). Determination of antioxidants by DPPH radical scavenging activity and
quantitative phytochemical analysis of Ficus religiosa. Molecules, 27(4), 1326.
https://doi.org/10.3390/molecules27041326

260


https://doi.org/10.1016/j.fshw.2019.07.004
https://doi.org/10.3390/plants8040096
https://doi.org/10.3390/molecules27041326

Boussaa, F., Zaouay, F., Burlo-Carbonell, F., Noguera-Artiaga, L., Carbonell-Barrachina, A. A,
Melgarejo, P., Hernandez, F., & Mars, M. (2020). Growing location affects physical
properties, bioactive compounds, and antioxidant activity of pomegranate fruit (Punica
granatum L. var. Gabsi). International Journal of Fruit Science, 20(3), 508-523.
https://doi.org/10.1080/15538362.2020.1746730

Camila, B. d. A., De Matos, D. C., Lopes, F. C., Maia, D. C., Dias, M. B., Sannomiya, M.,
Rodrigues, C. M., Andreo, M. A., Vilegas, W., & Colombo, L. L. (2009). Isolated
flavonoids against mammary tumour cells LM2. Zeitschrift fiir Naturforschung C, 64(1-
2), 32-36.

Chen, J., Zhong, H., Huang, Z., Chen, X., You, J., & Zou, T. (2023). A critical review of kaempferol
in intestinal health and diseases. Antioxidants, 12(8), 1642.
https://doi.org/10.3390/antiox12081642

Chen, S., Wang, X., Cheng, Y., Gao, H., & Chen, X. (2023). A review of classification,
biosynthesis, biological activities and potential applications of flavonoids. Molecules,
28(13), 4982. https://doi.org/10.3390/molecules28134982

Cheng, Y., Xue, F., & Yang, Y. (2023). Hot Water Extraction of Antioxidants from Tea Leaves-
Optimization of Brewing Conditions for Preparing Antioxidant-Rich Tea Drinks.
Molecules, 28(7). https://doi.org/10.3390/molecules28073030

Chernukha, I., Kupaeva, N., Kotenkova, E., & Khvostov, D. (2022). Differences in Antioxidant
Potential of Allium cepa Husk of Red, Yellow, and White Varieties. Antioxidants
(Basel), 11(7). https://doi.org/10.3390/antiox 11071243

Cicco, N., Lanorte, M. T., Paraggio, M., Viggiano, M., & Lattanzio, V. (2009). A reproducible,
rapid and inexpensive Folin—Ciocalteu micro-method in determining phenolics of plant
methanol extracts. Microchemical Journal, 91(1), 107-110.
https://doi.org/10.1016/j.microc.2008.08.011

Cinthia, C. d., Lemos, R. P. L., & Conserva, L. M. (2013). Chemical constituents, larvicidal effects
and radical scavenging activity of Tetracera breyniana Schltdl.(Dilleniaceae). Journal of
Applied pharmaceutical science, 3(9), 14.

261


https://doi.org/10.1080/15538362.2020.1746730
https://doi.org/10.3390/antiox12081642
https://doi.org/10.3390/molecules28134982
https://doi.org/10.1016/j.microc.2008.08.011

Costa, E., Hiruma-Lima, C. A., Lima, E., Sucupira, G., Bertolin, A., Lolis, S., Andrade, F., Vilegas,
W., & Souza-Brito, A. (2008). Antimicrobial activity of some medicinal plants of the
Cerrado, Brazil. Phytotherapy Research: An International Journal Devoted to
Pharmacological and Toxicological Evaluation of Natural Product Derivatives, 22(5),
705-707. https://doi.org/10.1002/ptr.2397705-707.

de Almeida Camila, B., De Matos, D. C., Lopes, F. C., Maia, D. C., Dias, M. B., Sannomiya, M.,
Rodrigues, C. M., Andreo, M. A., Vilegas, W., & Colombo, L. L. (2009). Isolated
flavonoids against mammary tumour cells LM2. Zeitschrift fiir Naturforschung C, 64(1-
2), 32-36. https://doi.org/10.1515/znc-2009-1-206

De Cinthia, C., Lemos, R. P. L., & Conserva, L. M. (2013). Chemical constituents, larvicidal
effects and radical scavenging activity of Tetracera breyniana Schltdl. (Dilleniaceae).
Journal of Applied Pharmaceutical Science, 3(9), 14-18.
https://doi.org/10.7324/JAPS.2013.3903

Da Silva, I. B., S4, R. D., Macédo, D. P. C., & Randau, K. P. (2018). Use of medicinal plants in
the treatment of erysipelas: A review. Pharmacognosy Reviews, 12(24), 200-207.
https://doi.org/10.4103/phrev.phrev_11_18

De Oliveira, B. H., Santos, C. A. M., & Espindola, A. P. D. M. (2002). Determination of the
triterpenoid, betulinic acid, in Doliocarpus schottianus by HPLC. Phytochemical
Analysis, 13(2), 95-98. https://doi.org/10.1002/pca.628

De Toledo, C. E., Britta, E. A., Ceole, L. F., Silva, E. R., de Mello, J. C., Dias Filho, B. P,,
Nakamura, C. V., & Ueda-Nakamura, T. (2011). Antimicrobial and cytotoxic activities
of medicinal plants of the Brazilian cerrado, using Brazilian cachaga as extractor liquid.
Journal of Ethnopharmacology, 133(2), 420-425.
https://doi.org/10.1016/].jep.2010.10.019

Deepika, Dakal, T. C., Sharma, N. K., Ranga, V., & Maurya, P. K. (2024). Naringenin orchestrates
and regulates the reactive oxygen species-mediated pathways and proinflammatory

signaling: Targeting hallmarks of aging-associated disorders. Rejuvenation Research,
27(1), 3-16. https://doi.org/10.1089/rej.2023.0065

262


https://doi.org/10.7324/JAPS.2013.3903
https://doi.org/10.4103/phrev.phrev_11_18
https://doi.org/10.1002/pca.628
https://doi.org/10.1016/j.jep.2010.10.019
https://doi.org/10.1089/rej.2023.0065

Dong, J., Croslow, S. W., Lane, S. T., Castro, D. C., Blanford, J., Zhou, S., Park, K., Burgess, S.,
Root, M., & Cahoon, E. B. (2025). Enhancing lipid production in plant cells through
automated high-throughput genome engineering and phenotyping. The Plant Cell, 37(2).

Elkanzi, N. A., Hrichi, H., Alolayan, R. A., Derafa, W., Zahou, F. M., & Bakr, R. B. (2022).
Synthesis of chalcones derivatives and their biological activities: a review. ACS Omega,
7(32), 27769-27786.

Endringer, D. C., Valadares, Y. M., Campana, P. R., Campos, J. J., Guimaraes, K. G., Pezzuto, J.
M., & Braga, F. C. (2010). Evaluation of Brazilian plants on cancer chemoprevention
targets in vitro. Phytotherapy Research, 24(6), 928-933. https://doi.org/10.1002/ptr.3050

Falcone Ferreyra, M. L., Rius, S. P., & Casati, P. (2012). Flavonoids: biosynthesis, biological
functions, and biotechnological applications. Frontiers in Plant Science, 3, 222.

Goyal, K., Kaur, R., Goyal, A., & Awasthi, R. (2021). Chalcones: A review on synthesis and
pharmacological activities. Journal of Applied pharmaceutical science, 11(1), 001-014.

Gould, K. S. (2004). Nature's Swiss Army Knife: The Diverse Protective Roles of Anthocyanins
in Leaves. J Biomed Biotechnol, 2004(5), 314-320.
https://doi.org/10.1155/s1110724304406147

Ishikawa, R. B., Leitdo, M. M., Kassuya, R. M., Macorini, L. F., Moreira, F. M. F., Cardoso, C. A.
L., Coelho, R. G., Pott, A., Gelfuso, G. M., Croda, J., Oliveira, R. J., & Kassuya, C. A.
L. (2017). Anti-inflammatory, antimycobacterial and genotoxic evaluation of
Doliocarpus  dentatus.  Journal of  Ethnopharmacology, 204, 18-25.
https://doi.org/10.1016/].jep.2017.04.004

Jagessar, R., Hoolas, G., & Maxwell, A. (2013). Phytochemical screening, isolation of betulinic
acid, trigonelline and evaluation of heavy metals ion content of Doliocarpus dentatus.
Journal of Natural Products, 6, 5-16.

Jahangeer, M., Fatima, R., & Ashiq, M. (2021). Therapeutic and biomedical potentialities of
terpenoids—A review. Journal of Pure and Applied Microbiology, 15(2), 531-547.
https://doi.org/10.22207/JPAM.15.2.10

263


https://doi.org/10.1002/ptr.3050
https://doi.org/10.1155/s1110724304406147
https://doi.org/10.1016/j.jep.2017.04.004
https://doi.org/10.22207/JPAM.15.2.10

Khoo, H. E., Azlan, A., Tang, S. T., & Lim, S. M. (2017). Anthocyanidins and anthocyanins:
Colored pigments as food, pharmaceutical ingredients, and the potential health benefits.
Food & Nutrition Research, 61(1), 1361779.
https://doi.org/10.1080/16546628.2017.1361779

Khoo, N. K., White, C. R., Pozzo-Miller, L., Zhou, F., Constance, C., Inoue, T., Patel, R. P., &
Parks, D. A. (2010). Dietary flavonoid quercetin stimulates vasorelaxation in aortic
vessels. Free  Radical  Biology and  Medicine, 49(3), 339-347.
https://doi.org/10.1016/].freeradbiomed.2010.04.022

Kim, S., Kim, M., Kang, M.-C., Lee, H. H. L., Cho, C. H., Choi, L., Park, Y., & Lee, S.-H. (2021).
Antioxidant effects of turmeric leaf extract against hydrogen peroxide-induced
oxidative stress in vitro in vero cells and in vivo in zebrafish. Antioxidants, 10(1), 112.
https://doi.org/10.3390/antiox10010112

Kim, S., Kim, N., Jeong, J., Lee, S., Kim, W., Ko, S.-G., & Kim, B. (2021). Anti-cancer effect of
Panax ginseng and its metabolites: From traditional medicine to modern drug discovery.
Processes, 9(8), 1344. https://doi.org/10.3390/pr9081344

Kim, S. W., Goossens, A., Libert, C., Van Immerseel, F., Staal, J., & Beyaert, R. (2020).
Phytohormones: Multifunctional nutraceuticals against metabolic syndrome and

comorbid diseases. Biochemical Pharmacology, 175, 113866.
https://doi.org/10.1016/].bcp.2020.113866

Koa, E. Y., Kim, D., Roh, S. W., Yoonc, W. J., Jeon, Y. J., Ahn, G., & Kim, K. N. (2015). Evaluation
on antioxidant properties of sixteen plant species from Jeju Island in Korea. Excli j, 14,
133-145. https://doi.org/10.17179/excli2014-589

264


https://doi.org/10.1080/16546628.2017.1361779
https://doi.org/10.1016/j.freeradbiomed.2010.04.022
https://doi.org/10.3390/antiox10010112
https://doi.org/10.3390/pr9081344
https://doi.org/10.1016/j.bcp.2020.113866
https://doi.org/10.17179/excli2014-589

Kupina, S., Fields, C., Roman, M. C., & Brunelle, S. L. (2018). Determination of total phenolic
content using the Folin-C assay: Single-laboratory validation, first action 2017.13.
Journal of AOAC International, 101(5), 1466-1472. https://doi.org/10.5740/jaoacint.18-
0031

Kurutas, E. B. (2015). The importance of antioxidants which play the role in cellular response
against oxidative/nitrosative stress: current state. Nutrition Journal, 15, 1-22.
https://doi.org/10.1186/s12937-016-0180-y

Kushima, H., Nishijima, C. M., Rodrigues, C. M., Rinaldo, D., Sassa, M. F., Bauab, T. M., Di
Stasi, L. C., Carlos, I. Z., Brito, A. R. M. S., & Vilegas, W. (2009). Davilla elliptica and
Davilla nitida: gastroprotective, anti-inflammatory immunomodulatory and anti-
Helicobacter pylori action. Journal of Ethnopharmacology, 123(3), 430-438.
https://doi.org/10.1016/].1ep.2009.03.004

La, E. H. (2022). Modulating photochromism of acylated anthocyanins by ultraviolet-visible
excitation and acylation patterns for the expansion of color diversification [Doctoral
dissertation, The Ohio State University]. OhioLINK Electronic Theses and Dissertations
Center. http://rave.ohiolink.edu/etdc/view?acc_num=0sul650898779405222

Lachman, J., Pronek, D., Hejtmankova, A., Dudjak, J., Pivec, V., & Faitova, K. (2003). Total
polyphenol and main flavonoid antioxidants in different onion (Allium cepa L.)
varieties. Horticultural Science, 30(4), 142-147. https://doi.org/10.17221/3876-
HORTSCI

Lewis, T., Wallace, W., Peterson, F. D., Rafferty, S., & Martic, S. (2022). Reactivities of quercetin
and metallo-quercetin with superoxide anion radical and molecular oxygen.
Electrochemical Science Advances, 2(4), €2100054.
https://doi.org/10.1002/elsa.202100054

Little, A. C., Kovalenko, 1., Goo, L. E., Hong, H. S., Kerk, S. A., Yates, J. A., Purohit, V., Lombard,
D. B., Merajver, S. D., & Lyssiotis, C. A. (2020). High-content fluorescence imaging
with the metabolic flux assay reveals insights into mitochondrial properties and
functions. Communications biology, 3(1), 271.

265


https://doi.org/10.5740/jaoacint.18-0031
https://doi.org/10.5740/jaoacint.18-0031
https://doi.org/10.1186/s12937-016-0180-y
https://doi.org/10.1016/j.jep.2009.03.004
http://rave.ohiolink.edu/etdc/view?acc_num=osu1650898779405222
https://doi.org/10.17221/3876-HORTSCI
https://doi.org/10.17221/3876-HORTSCI
https://doi.org/10.1002/elsa.202100054

Lu, N., Bernardo, E. L., Tippayadarapanich, C., Takagaki, M., Kagawa, N., & Yamori, W. (2017).
Growth and accumulation of secondary metabolites in perilla as affected by

photosynthetic photon flux density and electrical conductivity of the nutrient solution.
Frontiers in Plant Science, 8, 708. https://doi.org/10.3389/1pls.2017.00708

Mardani-Ghahfarokhi, A., & Farhoosh, R. (2020). Antioxidant activity and mechanism of
inhibitory action of gentisic and a-resorcylic acids. Scientific Reports, 10(1), 19487.
https://doi.org/10.1038/s41598-020-76622-0

Masuku, N. P., Unuofin, J. O., & Lebelo, S. L. (2020). Promising role of medicinal plants in the
regulation and management of male erectile dysfunction. Biomedicine &
Pharmacotherapy, 130, 110555. https://doi.org/10.1016/j.biopha.2020.110555

Mattera, M. G., Gonzalez-Polo, M., Peri, P. L., & Moreno, D. A. (2024). Intraspecific variation in
leaf (poly) phenolic content of a southern hemisphere beech (Nothofagus antarctica)
growing under different environmental conditions. Scientific Reports, 14(1), 20050.
https://doi.org/10.1038/s41598-023-47579-7\

Mattioli, R., Francioso, A., Mosca, L., & Silva, P. (2020). Anthocyanins: A comprehensive review
of their chemical properties and health effects on cardiovascular and neurodegenerative
diseases. Molecules, 25(17), 3809. https://doi.org/10.3390/molecules25173809

Meena, H., Pandey, H. K., Pandey, P., Arya, M. C., & Ahmed, Z. (2012). Evaluation of antioxidant
activity of two important memory enhancing medicinal plants Baccopa monnieri and
Centella asiatica. Indian J Pharmacol, 44(1), 114-117. https://doi.org/10.4103/0253-
7613.91880

Mihalik, G. J. (1978). Guyanese ethnomedical botany: A folk pharmacopoeia. Ethnomedicine, 5(1-
2), 83-96. https://doi.org/10.1515/ethn.1978.5.1-2.83

Mihaylova, D., Dimitrova-Dimova, M., & Popova, A. (2024). Dietary phenolic compounds—
Wellbeing and perspective applications. International Journal of Molecular Sciences,
25(9), 4769. https://doi.org/10.3390/ijms25094769

266


https://doi.org/10.3389/fpls.2017.00708
https://doi.org/10.1038/s41598-020-76622-0
https://doi.org/10.1016/j.biopha.2020.110555
https://doi.org/10.1038/s41598-023-47579-7/
https://doi.org/10.3390/molecules25173809
https://doi.org/10.4103/0253-7613.91880
https://doi.org/10.4103/0253-7613.91880
https://doi.org/10.1515/ethn.1978.5.1-2.83
https://doi.org/10.3390/ijms25094769

Nandiyanto, A. B. D., Oktiani, R., & Ragadhita, R. (2019). How to read and interpret FTIR
spectroscope of organic material. Indonesian Journal of Science and Technology, 4(1),
97-118. https://doi.org/10.17509/ijost.v4i1.15806

Nguyen, H. N., Butler, C., Palberg, D., Kisiala, A., & Emery, R. N. (2023). The tRNA-degradation
pathway impacts the phenotype and metabolome of Arabidopsis thaliana: evidence from
atipt2 and atipt9 knockout mutants. Plant Growth Regulation, 1-20.
https://doi.org/10.1007/s10725-023-00987-1

Nishijima, C. M., Rodrigues, C. M., Silva, M. A., Lopes-Ferreira, M., Vilegas, W., & Hiruma-
Lima, C. A. (2009). Anti-hemorrhagic activity of four Brazilian vegetable species
against Bothrops  jararaca venom. Molecules, 14(3), 1072-1080.
https://doi.org/10.3390/molecules14031072

Nkwocha, C. C., Felix, O. J., & Idoko, N. R. (2023). GC-FID spectroscopic analysis and
antioxidant activities of methanolic fraction of Cassia tora leaves. Pharmacological
Research-Modern Chinese Medicine, 9, 100338.
https://doi.org/10.1016/].prmcm.2023.100338

Noreen, H., Semmar, N., Farman, M., & McCullagh, J. S. (2017). Measurement of total phenolic
content and antioxidant activity of aerial parts of medicinal plant Coronopus didymus.
Asian Pacific Journal of  Tropical Medicine, 10(8), 792-801.
https://doi.org/10.1016/].apjtm.2017.07.024

Pandey, K. B., & Rizvi, S. I. (2009). Plant polyphenols as dietary antioxidants in human health
and disease. Oxidative medicine and cellular longevity, 2, 270-278.

Pandey, K. B., & Rizvi, S. I. (2009). Plant polyphenols as dietary antioxidants in human health
and disease. Oxidative medicine and cellular longevity, 2, 270-278.

Parhiz, H., Roohbakhsh, A., Soltani, F., Rezaee, R., & Iranshahi, M. (2015). Antioxidant and anti-
inflammatory properties of the citrus flavonoids hesperidin and hesperetin: An updated
review of their molecular mechanisms and experimental models. Phytotherapy
Research, 29(3), 323-331. https://doi.org/10.1002/ptr.5256

267


https://doi.org/10.17509/ijost.v4i1.15806
https://doi.org/10.1007/s10725-023-00987-1
https://doi.org/10.3390/molecules14031072
https://doi.org/10.1016/j.prmcm.2023.100338
https://doi.org/10.1016/j.apjtm.2017.07.024
https://doi.org/10.1002/ptr.5256

Park, C. H., Yeo, H. J., Kim, N. S., Park, Y. E., Park, S. Y., Kim, J. K., & Park, S. U. (2018).
Metabolomic profiling of the white, violet, and red flowers of Rhododendron
schlippenbachii Maxim. Molecules, 23(4), 827.
https://doi.org/10.3390/molecules23040827

Pervin, M., Hasnat, M. A., & Lim, B. O. (2013). Antibacterial and antioxidant activities of
Vaccinium corymbosum L. leaf extract. Asian Pacific Journal of Tropical Disease, 3(6),
444-453. https://doi.org/10.1016/S2222-1808(13)60099-7

Qi, N., Zhao, W., Xue, C., Zhang, L., Hu, H., Jin, Y., Xue, X., Chen, R., & Zhang, J. (2025).
Phenolic Acid and Flavonoid Content Analysis with Antioxidant Activity Assessment in
Chinese C. pi. Shen Honey. Molecules, 30(2), 370.

Quesada-Vazquez, S., Eseberri, L., Les, F., Pérez-Matute, P., Herranz-Lopez, M., Atgié, C., Lopez-
Yus, M., Aranaz, P., Oteo, J. A., Escoté, X., Lorente-Cebrian, S., Roche, E., Courtois,
A., Lopez, V., Portillo, M. P., Milagro, F. 1., & Carpéné, C. (2024). Polyphenols and
metabolism: from present knowledge to future challenges. J Physiol Biochem, 80(3),
603-625. https://doi.org/10.1007/s13105-024-01046-7

Raj Rai, S., Bhattacharyya, C., Sarkar, A., Chakraborty, S., Sircar, E., Dutta, S., & Sengupta, R.
(2021). Glutathione: Role in oxidative/nitrosative stress, antioxidant defense, and
treatments. ChemistrySelect, 6(18), 4566-4590. https://doi.org/10.1002/s1ct.202100773

Rees, A., Villamor, E., Evans, D., Gooz, M., Fallon, C., Mina-Abouda, M., Disharoon, A., Eblen,
S. T., & Delaney, J. R. (2025). Screening Methods to Discover the FDA-Approved
Cancer Drug Encorafenib as Optimally Selective for Metallothionein Gene Loss
Ovarian Cancer. Genes, 16(1), 42.

Rets’epile, P. M., Polile, R., & Hlokoane, O. (2021). Analysis of phytochemical profile, ferric
reducing power, H202 scavenging activity and 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging activity of extracts from aerial parts of Pseudognaphalium
undulatum.

Rudrapal, M., Khairnar, S. J., Khan, J., Dukhyil, A. B., Ansari, M. A., Alomary, M. N., Alshabrmi,
F. M., Palai, S., Deb, P. K., & Devi, R. (2022). Dietary Polyphenols and Their Role in
Oxidative Stress-Induced Human Diseases: Insights Into Protective Effects, Antioxidant

268


https://doi.org/10.3390/molecules23040827
https://doi.org/10.1016/S2222-1808(13)60099-7
https://doi.org/10.1002/slct.202100773

Potentials and Mechanism(s) of Action. Front Pharmacol, 13, 806470.
https://doi.org/10.3389/fphar.2022.806470

Rudrapal, M., Khan, J., Dukhyil, A. A. B., Alarousy, R., Attah, E. I., Sharma, T., Khairnar, S. J., &
Bendale, A. R. (2021). Chalcone Scaffolds, Bioprecursors of Flavonoids: Chemistry,
Bioactivities, and Pharmacokinetics. Molecules, 26(23).
https://doi.org/10.3390/molecules26237177

Sandhu, A. K., Islam, M., Edirisinghe, 1., & Burton-Freeman, B. (2023). Phytochemical
composition and health benefits of figs (fresh and dried): A review of literature from
2000 to 2022. Nutrients, 15(11), 2623. https://doi.org/10.3390/nu15112623

Sari, D. R. T., Cairns, J. R. K., Safitri, A., & Fatchiyah, F. (2019). Virtual Prediction of the
Delphinidin-3-O-glucoside and Peonidin-3-O-glucoside as Anti-inflammatory of TNF-
a Signaling. Acta Inform Med, 27(3), 152-157.
https://doi.org/10.5455/aim.2019.27.152-157

Sauvain, M., Kunesch, N., Poisson, J., Gantier, J. C., Gayral, P., & Dedet, J. P. (1996). Isolation of
leishmanicidal triterpenes and lignans from the Amazonian liana Doliocarpus dentatus
(Dilleniaceae). Phytotherapy Research, 10(1), 1-4. https://doi.org/10.1002/(SICI)1099-
1573(199602)10:1<1::AID-PTR757>3.0.CO:2-A

Savali, A., Shende, M., & Chandrasekhar, S. B. (2023). Antioxidant, antistress, nootropic activity
and its correlation studies of aqueous extract of Punica granatum fruit estimated by
noninvasive biomarkers and Y-maze test in rodents. Research Journal of Pharmacy and
Technology, 16(10), 5125-5130. https://doi.org/10.52711/0974-360X.2023.00855

Silva dos Santos, J., Gongalves Cirino, J. P., de Oliveira Carvalho, P., & Ortega, M. M. (2021).
The pharmacological action of kaempferol in central nervous system diseases: A review.
Frontiers in Pharmacology, 11, 565700. https://doi.org/10.3389/fphar.2020.565700

Singleton, V. L., & Rossi, J. A. (1965). Colorimetry of total phenolics with phosphomolybdic-
phosphotungstic acid reagents. American Journal of Enology and Viticulture, 16(3),
144-158. https://doi.org/10.5344/ajev.1965.16.3.144

269


https://doi.org/10.3389/fphar.2022.806470
https://doi.org/10.3390/molecules26237177
https://doi.org/10.3390/nu15112623
https://doi.org/10.5455/aim.2019.27.152-157
https://doi.org/10.1002/(SICI)1099-1573(199602)10:1%3c1::AID-PTR757%3e3.0.CO;2-A
https://doi.org/10.1002/(SICI)1099-1573(199602)10:1%3c1::AID-PTR757%3e3.0.CO;2-A
https://doi.org/10.52711/0974-360X.2023.00855
https://doi.org/10.3389/fphar.2020.565700
https://doi.org/10.5344/ajev.1965.16.3.144

Slinkard, K., & Singleton, V. L. (1977). Total phenol analysis: Automation and comparison with
manual methods. American Journal of Enology and Viticulture, 28(1), 49-55.
https://doi.org/10.5344/ajev.1977.28.1.49

Smith, E., Lewis, A., Narine, S. S., & Emery, R. J. N. (2023). Unlocking potentially therapeutic
phytochemicals in Capadulla (Doliocarpus dentatus) from Guyana using untargeted
mass spectrometry-based metabolomics. Metabolites, 13(10), 1050.
https://doi.org/10.3390/metabo13101050

Sultana, N., Saini, P. K., Kiran, S. R., & Kanaka, S. (2023). Exploring the antioxidant potential of
medicinal plant species: A comprehensive review. Journal of Plant Biota, 1(1), 1-14.
https://doi.org/10.1234/jpb.2023.1.1.1

Sun, X., Yao, C., Xiong, D., Zhang, B., Sun, J., Liao, S., Wang, A., Lan, Y., & Li, Y. (2018).
Simultaneous quantification of seven caffeoylquinic acids in ecotypes of Blumea

balsamifera at various life stages by high-performance liquid chromatography.
Analytical Letters, 51(11), 1642-1653. https://doi.org/10.1080/00032719.2017.1384920

Tahirovi¢, A., & Basi¢, N. (2017). Determination of phenolic content and antioxidant properties
of methanolic extracts from Viscum album ssp. album Beck. Bulletin of the Chemists
and Technologists of Bosnia and Herzegovina, 49, 25-30.
https://doi.org/10.5555/20193142415

Tan, S. P., Stathopoulos, C., Parks, S., & Roach, P. (2014). An optimised aqueous extract of
phenolic compounds from bitter melon with high antioxidant capacity. Antioxidants,
3(4), 814-829. https://doi.org/10.3390/antiox3040814

Ugar, K., & Goktas, Z. (2023). Biological activities of naringenin: A narrative review based on
in vitro and in ViVO studies. Nutr Res, 119, 43-55.
https://doi.org/10.1016/].nutres.2023.08.006

Ullah, A., Munir, S., Badshah, S. L., Khan, N., Ghani, L., Poulson, B. G., Emwas, A. H., &
Jaremko, M. (2020). Important flavonoids and their role as a therapeutic agent.
Molecules, 25(22), 5243. https://doi.org/10.3390/molecules25225243

270


https://doi.org/10.5344/ajev.1977.28.1.49
https://doi.org/10.3390/metabo13101050
https://doi.org/10.1234/jpb.2023.1.1.1
https://doi.org/10.1080/00032719.2017.1384920
https://doi.org/10.5555/20193142415
https://doi.org/10.3390/antiox3040814
https://doi.org/10.1016/j.nutres.2023.08.006
https://doi.org/10.3390/molecules25225243

Uysal, S., & Efe Arslan, D. (2024). Impact of drying methods on the bioactive compounds and
antioxidant capacity of pomegranate (Punica granatum L.) peel. Selguk Universitesi Fen
Fakiiltesi Fen Dergisi, 50, 55-64. https://doi.org/10.15317/scitech.2024.1460047

Van Andel, T. R., MacKinven, A., & Banki, O. (2003). Commercial non-timber forest products of
the Guiana shield: An inventory of commercial NTFP extraction and possibilities for
sustainable harvesting. Netherlands Committee for [UCN.

van Andel, T. R. (2000). Non-timber forest products of the North-West District of Guyana
[Doctoral dissertation, Utrecht University]. Utrecht University Repository.
https://dspace.library.uu.nl/handle/1874/1168

Yavorska, H. V., Vorobets, N. M., Yavorska, N. Y., & Fafula, R. V. (2023). Screening of
anticandidal activity of Vaccinium corymbosum shoots' extracts and content of

polyphenolic compounds during seasonal variation. Studia Biologica, 17(2), 3-14.
https://doi.org/10.30970/sb1.1702.703

Yerragunta, V., Suman, D., Anusha, V., Patil, P., & Samhitha, T. (2013). A review on chalcones and
its importance. PharmaTutor, 1(2), 54-59.

Zafar, F., Asif, H. M., Shaheen, G., Ghauri, A. O., Rajpoot, S. R., Tasleem, M. W., Shamim, T.,
Hadi, F., Noor, R., Ali, T., Gulzar, M. N., & Nazar, H. (2023). A comprehensive review
on medicinal plants possessing antioxidant potential. Clinical and Experimental
Pharmacology and Physiology, 50(3), 205-217. https://doi.org/10.1111/1440-
1681.13743

Zargar, S., Altwaijry, N., Wani, T. A., & Alkahtani, H. M. (2023). Evaluation of the possible
pathways involved in the protective effects of quercetin, naringenin, and rutin at the
gene, protein and miRNA levels using in-silico multidimensional data analysis.
Molecules, 28(13), 4904. https://doi.org/10.3390/molecules28134904

271


https://doi.org/10.15317/scitech.2024.1460047
https://dspace.library.uu.nl/handle/1874/1168
https://doi.org/10.30970/sbi.1702.703
https://doi.org/10.1111/1440-1681.13743
https://doi.org/10.1111/1440-1681.13743
https://doi.org/10.3390/molecules28134904

Zhang, X., Gao, H., Zhang, L., Liu, D., & Ye, X. (2012). Extraction of essential oil from discarded
tobacco leaves by solvent extraction and steam distillation, and identification of its

chemical composition. Industrial Crops and Products, 39, 162-169.
https://doi.org/10.1016/j.indcrop.2012.02.029

272


https://doi.org/10.1016/j.indcrop.2012.02.029

6. - GENERAL DISCUSSION

6.1.INTRODUCTION

The findings of this thesis on D. dentatus (Capadulla) provide new insights into the plant’s
chemical diversity and therapeutic potential, particularly through the comparative study of its red
and white ecotypes. D. dentatus, a plant species indigenous to Guyana and its surrounding regions,
has been historically valued in traditional medicinal practices for its varied therapeutic
applications. This traditional botanical remedy has been utilized to address a range of health
concerns including inflammatory conditions and dermatological disorders. Furthermore, it has
been employed as a natural adjunct for the enhancement of sexual well-being in men. However,
the underlaying chemistry including the specific class of secondary metabolites and associated
pathways of these effects had not been attempted until this study. The analysis uncovers a wide
range of bioactive compounds in both ecotypes, with notable differences in polyphenol and
flavonoid concentrations. These compounds are known for their strong antioxidant and anti-
inflammatory properties, which are linked to disease prevention and health enhancement. By
revealing the metabolomic profiles of the red and white ecotypes, this research not only validates
the traditional uses of D. dentatus but also identifies specific bioactive compounds that could be

harnessed in developing targeted natural therapies.
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The main objectives were:

1. To examine international and national policy frameworks governing natural product
research in Guyana.

2. To determine the general profile and target bioactive compounds of taxonomic origin of D.
dentatus ecotypes in response to erectile dysfunction (ED) therapy.

3. To determine the phytohormone profiles in D. dentatus red and white ecotypes.

4. To assess the phenolic, flavonoid content and antioxidant capacities of D. dentatus red and

white ecotypes

In Chapters 1 and 2, a comprehensive literature review was conducted to examine Guyana's
ethical and legal framework regarding natural product research. This review highlighted Guyana's
commitment to traditional knowledge and biodiversity preservation, aligning with international
agreements such as the CBD and Nagoya Protocol, while advocating for community-based forest
management and sustainable practices. Additionally, to address the limited scientific evidence
supporting the traditional medicinal uses of D. dentatus as a treatment for ED, a second literature
review was conducted to examine the phytochemical and phytohormone profiles of D. dentatus.

These foundational reviews set the stage for data collection in Guyana, South America.

Building on this groundwork, the thesis aims to provide an in-depth, untargeted screening
approach for bioactive compounds from secondary metabolite classes such as polyphenols,
alkaloids, and terpenoids for the treatment of ED (Chapter 3). This broad approach was followed
by a more targeted investigation into the phytohormone profiles and their interactions with

secondary metabolites like polyphenols, alkaloids, and terpenoids of D. dentatus ecotypes
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(Chapter 4). Furthermore, targeted research was conducted on both ecotypes to assess their total
phenolic, flavonoid contents, and antioxidant capacity (Chapter 5). As we move into the general
discussion, we will synthesize the key findings from these experiments, highlighting their
implications and discussing avenues for future research. This synthesis will provide a
comprehensive overview of how the study's objectives were met and where further investigation

1s warranted.

6.2. Metabolomic Profiling of D. dentatus Ecotypes

While D. dentatus is generally valued in traditional medicine across South and Central
America; specifically in Guyana there are two ecotypes of D. dentatus (Figures 1.3 and 1.4) for
which there is an abundance of anecdotal evidence for beneficial effects on specific illnesses such
as leishmanial ulcers, diabetes, hepatitis, gastrointestinal problems and claims for erectile
dysfunction (ED) therapy (Sauvain et al., 1993; Van Andel T, 2000). However, there is limited
scientific evidence to support the pharmacological benefits of D. dentatus ecotypes as a treatment
for ED. Previous in-depth untargeted metabolomics analyses had limited scope and had not been
conducted at the ecotype level to support any therapeutic claims for ED.

The metabolomics analysis of D. dentatus red and white ecotypes showed that their
metabolite profiles were markedly different, as shown in the detailed results (Chapter 3, Appendix
2). An untargeted, global metabolomic analysis found 637 possible metabolite features. Of these,
107 (16.79%) were unique to the D. dentatus red ecotype and 64 (10.05%) were unique to the
white ecotype. Further analysis led to the identification of 55 selected compounds (level 2
annotation), including flavonoids (quercetin and kaempferol) derivatives, terpenoids, and some
alkaloids (indole alkaloids). There was a statistically significant (p <0.05) between the red ecotype
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and biosynthesis pathways for secondary metabolites such as sesquiterpene and triterpenoid
compounds, galactose, steroid and polyphenols (flavonoids, flavone and flavonol) compounds,
underscoring its adaptive emphasis on ecological resilience and interaction (Sauvain et al., 1993;
Van Andel T, 2000). These pathways are essential for the synthesis of compounds involved in
stress tolerance, signaling, and plant-environment interactions. The enhancement of these
pathways in the red ecotype aligns with its higher levels of flavonoids and terpenoids compounds
known for their antioxidant, anti-inflammatory, and antimicrobial properties. (Ahmed et al., 2016;
Huang et al., 2023).

In contrast, the white ecotype prioritized primary metabolic pathways, including the
biosynthesis of valine, leucine, isoleucine and flavonoid reflecting an orientation towards
fundamental physiological processes rather than the production of secondary metabolites (Jarial et
al., 2018; Lim et al., 2016; Tsai et al., 2015). One important difference was that the red ecotype
had 60% more flavonoids than the white ecotype.

The class levels of the nodes annotated by ClassyFire encompass compounds derived from
both positive and negative ionization modes from both red and white D. dentatus, classified
according to the kingdom level (K), superclass level (SC), and class level (C). The contributions
of the annotated compounds presented in Chapter 3 (Figure 3.8) are predominantly characterized
by the benzenoid, phenylpropanoid, polyketide, and lipid and lipid-like molecule superclasses.
This analysis has led to the identification of over 847 compounds, of which 138 have therapeutic
potential. Notably, the majority of these compounds are classified as lipids and lipid-like molecules
(37.1% of what?), followed by phenylpropanoids and polyketides (20%), and benzenoids (13.7%).

Within phenylpropanoids and polyketides, flavonoids dominated at 63.9% respectively (Fig 3.8).
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Benzenoids are a group of chemical compounds that have a distinctive structure consisting
of a benzene ring. Benzenoids have a considerable impact on pharmacology because of their wide
range of biological activity and potential for therapeutic use. Several naturally occurring
substances with benzenoid structures display pharmacological capabilities, encompassing anti-
inflammatory and antioxidant actions, as well as antibacterial and anticancer activity (Huang et
al., 2023; Kuo et al., 2020). Benzenoids possess an aromatic nature that enables them to effectively
engage with biological systems, rendering them highly favourable for medication exploration and
advancement (Fig 3.8). The study of the pharmacological characteristics of benzenoids entails
investigating their modes of operation, ability to be absorbed by the body, and possible adverse
reactions, to utilize their healing capabilities for different medical ailments (Huang et al., 2023).

Phenylpropanoids and polyketides are two separate categories of chemicals that have a
wide range of structures and are important in pharmacology (Ahmed et al., 2016).
Phenylpropanoids, which are generated from phenylalanine, frequently display antioxidant, anti-
inflammatory, and antibacterial characteristics. These chemicals, which are present in different
plant sources, have a role in plant defence processes and have shown potential therapeutic benefits

in humans (Jarial et al., 2018; Tsai et al., 2015).

Polyketides, however, are a category of organic compounds produced through the action
of polyketide synthases. These chemicals display a diverse range of pharmacological effects, such
as antibacterial, antifungal, and anticancer characteristics. Microorganisms frequently synthesize
polyketides, which possess significant pharmacological potential and have consequently been

utilized in the creation of several medicinal molecules (Lim et al., 2016).
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The elevated relative abundance of polyphenols in the red ecotype, recognized for their
antioxidant, anti-inflammatory, and anticancer properties (Bobrysheva et al., 2023; Ewart smith,
2023; Rana et al., 2022), can be linked to CKs through their roles in plant stress responses and
phytochemical production. As plant hormones, CKs enhance stress tolerance by modulating
antioxidant defenses and can influence the biosynthesis of secondary metabolites, such as
polyphenols, through interactions with other hormonal pathways (Liu et al., 2020; Prerostova et
al., 2018). CKs promote a favorable environment for polyphenol synthesis by enhancing gene
expression in the phenylpropanoid pathway, which is crucial for the production of phenolic
compounds (Abdelrahman et al., 2021; Zagoskina et al., 2023). CKs also maintain photosynthetic
efficiency under stress conditions, indirectly supporting polyphenol production by ensuring energy
availability for secondary metabolite synthesis (Liu et al., 2020; Prerostova et al., 2018). This
indirect support for polyphenol production contributes to the plant's antioxidant capacity and stress
resilience, potentially explaining why certain ecotypes like the red one exhibit high levels of these

beneficial compounds (Abdelrahman et al., 2021; Eyduran et al., 2024).

This profiling provides support to the traditional claims that D. dentatus has healing
properties and suggests that it might be able to help with oxidative stress-related conditions, which
may include erectile dysfunction (Ewart smith, 2023; Xu et al., 2024; Y. Zhang et al., 2024). By
distinguishing the chemical diversity between ecotypes, this research paves the way for selecting
specific ecotypes for targeted medicinal uses, an approach that could significantly enhance the

efficacy of natural product-based treatments (Ewart smith, 2023).
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These important findings from Chapter 3 were used to examine the phytohormone's
metabolic profiles and the interactions between secondary metabolites in Chapter 4. Overall, these
results show that D. dentatus, especially the red ecotype, has a lot of substantial therapeutic

potential and could be used to develop targeted and effective natural remedies.

6.3. Cytokinin Profiles

The foundation of this thesis is built upon the findings presented in Chapters 2 and 3. These
chapters examined compliance and policy frameworks related to the collection of D. dentatus
ecotypes in Guyana, as well as an untargeted mass spectrometric screening of over 29,944 tentative
metabolite features. The results indicated a greater metabolic diversity in the red ecotype when
compared to the white ecotype. This investigation into metabolites led us to explore the role of
phytohormones, such as CKs, and SA, which are known to regulate the biosynthesis of secondary
metabolites in plants. This regulation influences plant defence mechanisms and stress responses
(Divekar et al., 2022; Jogawat et al., 2021; Lv et al., 2021a) . The complex interplay between
phytohormones and secondary metabolites was further explored due to the recognition of
phytohormones' role in regulating secondary metabolic pathways (Jogawat et al., 2021; Lv et al.,
2021a). These pathways often produce compounds with antioxidant properties, such as
phenylpropanoids and terpenoids (Grzegorczyk-Karolak et al., 2020; Grzegorczyk-Karolak et al.,

2023; Hudecek et al., 2023).
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Phytohormones, commonly referred to as plant hormones, are signaling molecules
synthesized within plants that exist in remarkably low concentrations . These compounds play a
critical role in regulating various aspects of plant growth and development, encompassing
processes such as embryogenesis, organ size regulation, pathogen defence, stress tolerance, and
reproductive development (Hoyerova et al., 2006; Morrison, Knowles, et al., 2015; Schmidt et al.,

2024).

While the vast majority of studies on phytohormones concentrate on their roles in
regulating plant growth, development, and responses to environmental stressors. These hormones,
which include TAA, CKs, GAs, ABA, and ET, are essential for processes such as seed germination,
root elongation, and reproductive development. Research also highlights their involvement in
stress responses, including the adaptation to abiotic and biotic stresses, with hormones such as
ABA, Jas, SA and BRs playing pivotal roles (EL Sabagh et al., 2022; Zheng et al., 2023).
Furthermore, investigations examine hormonal crosstalk, microbial interactions, and
biotechnological applications aimed at enhancing crop productivity and stress tolerance (EL

Sabagh et al., 2022; Zheng et al., 2022).

Chapter 4 delved into the CKs profiles of the red and white ecotypes of D. dentatus and
its potential impacts on the plant’s medicinal properties. The key findings highlight the distinct CK
profiles between the red and white ecotypes of D. dentatus.

Free-based CKs, such as tZ, were markedly elevated in the red ecotype (155.48 + 20.23
pmol g*-1 DW) compared to the white ecotype (84.52 +26.03 pmol g-1 DW), with ¢Z exhibiting

a similar pattern (11.02 + 2.22 pmol g*-1 DW ) in the red ecotype versus ( 5.82 + 1.23 pmol g"-1
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DW) in the white ecotype. Riboside CKs, including DZR, were also found to be more abundant in
the red ecotype (11.85 £ 2.47 pmol g”-1 DW) than in the white ecotype (6.80 + 0.74 pmol g"-1
DW). The glucoside forms displayed the most pronounced disparity, with tZ7G levels in the red
ecotype (7161.10 + 2421.62 pmol g”-1 DW) significantly surpassing those in the white ecotype
(0.69 = 0.19 pmol g"-1 DW). Notably, certain glucosides, such as iP7G and iP9G, were more
prevalent in the white ecotype (appendix 3), suggesting distinct CKs storage and transport
mechanisms between the two ecotypes.

The red ecotype demonstrated significantly (p < 0.05) higher overall levels of CKs
compared to the white ecotype. In the red ecotype, 75% of the 20 CKs types identified were
upregulated relative to the white ecotype. These differences in CK levels between the two ecotypes
were statistically significant, with p < 0.026, 0.039, and 0.026. This finding suggests that the red
ecotype could possess a more dynamic regulatory mechanism, enabling it to release active CKs
when required (Gong et al., 2022; Hosek et al., 2020; Trifunovi¢-Mom¢ilov et al., 2021).

Furthermore, the study uncovered a strong correlation between CKs and secondary
metabolites, particularly flavonoids and alkaloids (Fig 4.7).

Alkaloids such as dopamine and tropine displayed strong positive correlations with Z9G
and tZR, while hypoxanthine and pipecolinic acid showed similar patterns with certain CKs.
Among polyphenols, compounds such as chalconaringenin and naringenin were positively
associated with ¢cZOG and ¢Z derivatives, while cyanidin and delphinidin had significant negative
correlations with CKs glucosides such as DZOG and DZ9G. Additionally, phenolic compounds,
such as vanillic acid and caffeic acid, revealed a mix of positive and negative correlations with

various forms of CKs.
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This association implies the existence of an integrated network where CKs activity may
enhance or modulate the levels of these bioactive compounds, potentially amplifying their
therapeutic effects. Given the well-established antioxidant and anti-inflammatory properties of
flavonoids and alkaloids, these interactions could position the red ecotype as a particularly
valuable resource for pharmacological applications, especially those targeting oxidative stress and
inflammatory conditions (Abdelrahman et al., 2021; Chaudhari & Mahajan, 2015; Decendit et al.,
1992).

CK signalling molecules that occur at minute levels (<10*M) consist of adenine derivatives
with isoprenoid side chains attached to the N® position of the adenine ring that significantly
influence plant growth and development, including cell division, shoot initiation, and leaf
senescence (Fig 4.2). CKs also play a crucial role in the production of secondary metabolites,
which are vital for plant defence, stress response, and environmental interactions (Sarkar &
Banerjee, 2021). CKs regulate biosynthetic pathways, such as the phenylpropanoid and shikimate
pathways, which are essential for the synthesis of phenolic compounds and other secondary
metabolites. This regulatory function is often shared with IAA, another key plant hormone (Davies,

2010).

CKs modulate the production of metabolites such as flavonoids and lipids, which are
important for stress tolerance (Kieber & Schaller, 2014). The signalling pathways involved include
histidine kinases and response regulators, with Arabidopsis Histidine Phosphotransferase proteins
(AHP) proteins playing a central role in transmitting signals to regulate gene expression and
metabolic processes (Kieber & Schaller, 2014; Kieber & Schaller, 2018; Yener et al., 2019). By

influencing gene expression, cytokinins can either activate or repress genes involved in secondary
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metabolite biosynthesis, leading to changes in the production of specific metabolites depending on
the plant species and environmental conditions (Hwang & Sakakibara, 2006; Sakakibara, 2006b).
Overall, cytokinins are valuable tools in biotechnology for enhancing the yield of valuable
secondary metabolites and improving plant resilience to environmental stresses (Sakakibara,

2006a).

The insights gained from Chapter 4 have provided information that serves as a foundation
for exploring the phenolic and flavonoid contents of both ecotypes in Chapter 5. By understanding
the unique CK profiles and their interactions with other bioactive compounds, researchers may be
able to develop more effective plant-based treatments for various health issues (Ahmed et al., 2024;
Gong et al., 2022). This approach could lead to the creation of novel therapies that harness the
natural medicinal properties of D. dentatus, potentially offering new solutions for a range of

medical conditions.

6.4. Antioxidant and Phenolic Content of D. dentatus red and white ecotypes:

Implications for Health and Therapeutic Potential

Antioxidant and phenolic content analyses are effective methods for evaluating the
potential health benefits of various natural products. These analyses provide valuable insights into
the bioactive compounds present in foods, plants, and other organic materials (Delgado et al., 2019;
Machu et al., 2015).

The key findings in Chapter 5 reveal that the Guyanese wood vine D. dentatus ecotypes

possess a high phenolic content and substantial antioxidant capacity. The D. dentatus red ecotype
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exhibited greater elevated levels of bioactive compounds and antioxidant properties in comparison
to the white ecotype. The total phenolic content in the red ecotype (119.70 mg/g) was nearly double
that of the white ecotype, (61.08 mg/g). The flavonoid content in the red ecotype (4.15 mg/g) was
more than twice that of the white ecotype (1.58 mg/g). These differences underscore the enhanced
capacity of the red ecotype to produce secondary metabolites. In terms of antioxidant activity, the
red ecotype demonstrated slightly greater effectiveness than the white ecotype, which correlates
with its higher phenolic and flavonoid contents. Furthermore, compounds such as apiforol and
cyanidin-3-O-glucoside were found to be more abundant in the red ecotype, further highlighting
its superior bioactive profile.

This suggests that D. dentatus has the potential to serve as a valuable source of natural
antioxidants, which can contribute to combating oxidative stress. These compounds play a crucial
role in neutralizing free radicals, thereby helping to prevent cellular damage linked to chronic
diseases such as cardiovascular disease, cancer, and neurodegenerative disorders (Delgado et al.,
2019; Jung et al., 2017; Minarti et al., 2024). The red ecotype, in particular, showed higher
concentrations of phenolic compounds compared to the white ecotype, indicating a potentially
stronger antioxidant effect.

The high antioxidant capacity of D. dentatus red ecotype may support its therapeutic use
in traditional medicine for treating various ailments, potentially linked to its ability to mitigate
oxidative stress. This property is beneficial in addressing conditions associated with cellular
damage from reactive oxygen species, such as inflammation and chronic diseases such as
cardiovascular ailments. The findings in Chapter 5 emphasize the therapeutic potential of D.

dentatus, especially in the development of plant-based treatments that are both effective and
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affordable, promoting further research and sustainable use of this native Guyanese Capadulla plant.
Finally, the results of the metabolomic profiling, phytohormone analysis, and assessment of
antioxidant and phenolic content in different ecotypes of D. dentatus show that this woody vine
has a lot of therapeutic potential as a medicinal plant. The red and white ecotypes have different
chemical makeup and bioactive compound profiles. This study provides better insights into using
plants in medicine, especially to treat conditions related to oxidative stress, inflammation, and
maybe even erectile dysfunction. The red ecotype’s higher levels of polyphenols, antioxidants,
active CKs and conjurgates may further underscores its potential as a valuable natural resource for
pharmacological applications. By establishing a scientific basis for these traditional medicinal
claims, this research not only validates D. dentatus's ethnomedicinal importance but also supports
the development of affordable, plant-based therapies that could benefit local communities and
modern medicine alike. These insights pave the way for continued research and sustainable
applications of this native Guyanese plant in health and wellness. The ethical framework discussed
in Chapter 2 ensures that future research can be conducted sustainably, concerning cultural
knowledge and biodiversity conservation. Together, these findings contribute to a comprehensive
understanding of D. dentatus and pave the way for new, plant-based therapies that could benefit

both local communities and modern medicinal practices.
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6.5. FUTURE DIRECTION

The combined analyses from this thesis yielded new insights in the field of secondary
metabolites, CKs and Reactive Oxygen Species (ROS) in D. dentatus red and white ecotypes
research, as well as the D. dentatus research community. Before the onset of this thesis, there was
limited information on the metabolomes of D. dentatus with the main focus on the leaves (Aponte
et al., 2008; Branquinho, Verdan, dos Santos, et al., 2021; Branquinho, Verdan, et al., 2021a;
Branquinho, Verdan, Silva-Filho, et al., 2021; Raissa Borges Ishikawa et al., 2017; Raissa Borges
Ishikawa et al., 2018; R. Jagessar et al., 2013; Sauvain et al., 1993) demonstrating that, it contains
low toxicity in both acute and chronic studies suggests that the leaf extract can be safely utilized
at moderate doses in rat models (Branquinho, Verdan, et al., 2021a; Raissa Borges Ishikawa et al.,
2018). A review by Lima et al (Lima et al., 2014) of the Dilleniaceae species stated that these
plants exhibit numerous pharmacological activities, including anti-inflammatory, antimicrobial,
antioxidant, antidiabetic properties and anticancer properties (Lima et al., 2014). This is
particularly evident when we look at the metabolic profiles of D. dentatus red and white ecotypes
found in Guyana south America where the chemical diversity of both ecotypes contains diverse
compounds that possess many biological activities. The findings of this thesis yielded new insights
into the secondary metabolites and their interaction with CKs regarding functions but also poses
many new questions surrounding the regulation, CK interactions, biosynthesis and the molecular
mechanisms governing CK involvement in anti-inflammatory, antimicrobial, antioxidant, and

antidiabetics and anticancer properties.

In chapters 3,4 and 5 hypotheses that the red ecotype contains a higher relative abundance
of secondary metabolites, CKs and antioxidant properties were supported. Chapter 3 indicated that
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polyphenolic compounds in D. dentatus red and white ecotypes may hold potential as a therapeutic
response to ED. Future research on D. dentatus ecotypes should emphasize the therapeutic
potential of their polyphenolic compounds, particularly in the context of addressing conditions
such as ED. Isolating and characterizing specific polyphenols, followed by rigorous in vitro and
in vivo studies, could facilitate an evaluation of their efficacy and mechanisms of action.
Furthermore, exploring the interactions of these compounds with biological systems may yield
valuable insights into their therapeutic roles. Expanding this research to include a comparative
analysis of the red and white ecotypes across different seasons and geographical locations would
provide a more comprehensive understanding of their metabolite profiles and enhance the

reliability of the findings.

Metabolomic and pathway analyses represent promising avenues for future research.
Expanding the investigation of significant metabolic pathways, such as flavonoid and
sesquiterpenoid biosynthesis, may explain the regulatory mechanisms governing these pathways
and their responsiveness to environmental factors. Furthermore, examining compound
interactions, including potential synergistic effects, could strengthen the therapeutic potential of
D. dentatus. Additionally, concentrating on alkaloids, a superclass of this plant that has received
comparatively limited scholarly attention, may uncover novel bioactive compounds with unique

therapeutic properties.

To translate these findings into practical applications, future research should prioritize
clinical studies and investigations into bioavailability. Clinical trials designed to assess the safety,
efficacy, and optimal dosage of D. dentatus extracts or isolated compounds will be crucial for

therapeutic development. Furthermore, studies focused on the bioavailability and metabolism of
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key compounds could yield valuable insights into their effectiveness within the human body. An
understanding of the genetic and environmental factors that influence metabolite production in red
and white ecotypes may also inform cultivation strategies, thereby ensuring consistent yields of
bioactive compounds and facilitating the development of sustainable and effective therapeutic

applications.

6.6. CONCLUSION

With the completion of this PhD thesis comes a greater knowledge of the D. dentatus ecotypes
found in Guyana South America. The comparative analysis of the red and white ecotypes of D.
dentatus reveals significant differences in their phytochemical profiles, phytohormone
concentrations, and therapeutic potential. The red ecotype consistently demonstrated higher levels
of secondary metabolites, including phenolic and flavonoid compounds, along with elevated CK
activity. These characteristics suggest that the red ecotype is metabolically more active and better
adapted to environmental challenges, with an enhanced ability to produce bioactive compounds
linked to antioxidant, anti-inflammatory, and potential anticancer properties. The high levels of
CKs such as tZ, c¢Z, and their glucoside forms further highlight the red ecotype’s superior capacity
for CK storage and activation.

In contrast, the white ecotype demonstrated a stronger emphasis on primary metabolic
activities and specific secondary metabolite pathways, such as monoterpenoid biosynthesis, which
are associated with antimicrobial and analgesic properties. While its bioactive compound profile
is less diverse and abundant compared to the red ecotype, it still holds potential for targeted
therapeutic applications. The distinct metabolomic pathways observed between the two ecotypes
underscore their unique adaptations, influenced by genetic and environmental factors.
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Overall, the findings validate the traditional medicinal use of D. dentatus, particularly the
red ecotype, and emphasize its potential for developing natural remedies and pharmaceutical
applications. Future research should further explore the bioactive compounds and their
mechanisms, conduct clinical trials, and investigate sustainable cultivation practices to fully

harness the therapeutic potential of both ecotypes.
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Appendix 2 — Metabolomics

Workflow of tandem mass spectrometry processing for preparation using feature based molecular networking via GNPS.
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Figurel. 1. Workflow of tandem mass spectrometry processing for preparation using feature based molecular networking via
GNPS.
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Table. 1: Tentative metabolite identification of compounds that are biofingerprints of interests found in both D. dentatus red
and white ecotypes. SIRIUS was used as an in silico fragmentation tool for metabolite annotation. Tentative identification of
compounds with fragments are at level 3 using SIRIUS, otherwise at level 4 metabolite annotation.

Tentative Molecular | Adduct | Exact | Theoretical | Experimental | Mass tr MS? )
. . R Annotation

Identification formula mass mass mass error | (min) Level

(ppm)

Resveratrol Ci4H120;3 M+H | 228.0786 | 228.0786 228.0773 5.89 4.0 4

Quercetin CisH1007 M-H | 302.0427 | 301.0354 301.0356 -0.74 | 40 | 215.0697,149.0241,243.0668 ;

Epicatechin 3-O- M-+H

(3'-O-Methyl C23H20010 456.1056 | 457.1129 457.1115 3.06 4.6 167.0346,139.0398,123.0440 3

gallate)

(+)-Catechin C1sH1406 M+H | 290.079 291.0863 291.0851 4.17 4.4 245.0823,203.0717,109.0292 2

Apigenin CisHi0Os M+H | 270.0528 | 271.0601 271.0591 3.69 215.0698,194.0242,243.0668 3

grzoamhocyamdm Coto0n | | 5781424 | 579.1407 579.1476 | 3.63 | 45 127.0387, 163.0395,247.0615 3

Leucocyanidin CisHi407 M+H | 306.074 307.0812 307.0801 3.68 4.1 - 4

Luteolin Ci1sH100s M+H | 286.0477 | 287.0550 287.0541 3.19 4.9 295.0606,167.0695,153.0191 3

Naringenin CisH 205 M+H | 272.0685 | 273.0758 273.0746 4.21 5.0 4

Anthocyanidin 3- M-+H

O-beta-D- C26H29015 581.1506 | 582.1579 582.1564 2.61 4.1 - 4

sambubioside

Catechin 3-O- M+H

Beta-D- Ca1H24011 452.1319 | 453.1391 453.1371 441 4.1 289.0710,245.0823,271.0621 4

Glucopyranoside

Taxifolin CisH1207 M+H | 304.0583 | 305.0656 305.0645 3.54 4.3 217.0486, 201.0564,187.0764 3

Quercetin 3- Cotao0n | Y| 4640055 | 465.1008 465.102 162 | 4 - 4

glucoside

Lyoniside C27H36012 M+H | 552.2207 | 551.2134 551.2095 7.07 4.3 - 4
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Tentative

Molecular

Adduct

Exact

Theoretical

Experimental

Mass

tr

MS?

Identification formula mass mass mass error | (min) An;nJotatllon
(ppm) eve
irzoamhocyamdm Cot0n | M 5781404 | 579.1407 579.1476 | 3.63 | 42 245.0449,287.0565,275.0569 3
Chelidonine C20H19NOs M+H | 353.1263 354.1336 354.1349 -3.67 5.5 - 4
Trigonelline C;H7NO; M+H 137.0477 138.0550 138.0544 4.02 0.8 - 4
M+H 3.9 107.0606,810703,79.0545
Kyanmethin CsHoNj3 123.0796 124.0869 124.0865 7.1 3
N MH 4.24
Methylpelletierine | CioHi3NO4 211.0845 212.0917 212.0908 7.1 194.0811,166.0866,109.0287 3
Salsolinol CoH11NO2 M+H | 165.0790 | 166.0863 166.0857 3.34 3.9 178.0498,132.0448,105.0338 3
Nicotinamide CeHeN2o M+H 122.0480 123.0553 123.0548 3.98 0.7 163.0753,145.0652,117.0702 3
Kynurenate C1oH7NO3 M+H | 189.0426 | 190.0499 190.0491 421 4.1 162.0549,144.0438,116.0499 3
Raphanatin CigH2sNsOs | M+H | 381.1648 | 382.1721 382.1704 4.47 3.8 139.0627,202.1009,145.0509 3
Perillic acid CioH1402 M+H 166.0994 167.1067 167.1063 2.13 4.6 214.1010,187.1130,149.0605 3
(+)-Pulegone CioHi60 M+H | 152.1201 | 153.1274 153.1270 2.61 3.7 107.0857,97.0650,95.0860 3
Xerantholide Ci5His03 M+H | 246.1256 | 247.1329 247.1322 2.83 4.7 214.1010,187.1130,149.0605 3
Kaurane -17,18- Co0H3004 M+H
dioic acid 3342144 335.2217 135.2204 3.89 46 153.0189, 171.0295, 139.0397 3
Betulonic Acid C30Hs603 M+H | 454.3447 | 455.3520 455.3502 3.89 7 137.1332,95.0861,203.1792 3
Lupenone C30H430 M-H | 424.3705 | 425.3778 425.3762 3.74 6.9 95.0860,81.0700,137.1332 3
Geniposidic acid Ci6H22010 M-H 374.1213 373.1140 373.1115 6.70 3.7 193.0504,343.1048,181.0498 3
Buddlejoside B Ca2H26012 M-H | 482.1424 | 481.1351 481.1312 8.21 42 169.0138,3130573,151.0042 3
Diospyric Acid B C30H4606 M-H 502.3294 | 501.3222 501.3203 3.72 5.1 439.3207,457.3303,469.3316 3
Glucosol C30Has04 M-H | 472.3553 | 471.3480 471.3461 4.00 5.9 427.3587,469.3331,423.3260 3
(-)-Lariciresinol C20H24056 M+H | 360.1573 361.1646 361.1642 1.01 4.4 - 4
(-)-Pinoresinol C20H2206 M+H | 358.1416 | 359.1489 359.1475 3.94 4.7 - 4
Palmatoside G CasH32010 M+H | 492.1995 | 493.2068 493.2043 5.12 4 - 4
Gallate C7H4Os M-H 170.0215 169.0142 169.0134 5.01 0.5 125.0245,97.0290,79.0186 3
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Tentative Molecular | Adduct Exact | Theoretical | Experimental | Mass tr MS? Annotation

Identification formula mass mass mass error | (min) Level
(ppm)

2-hydroxy-5- M-H

[(3.4,5-

trihydroxyoxan-2- | Ci2Hi40g 286.0689 | 285.0616 285.0599 5.96 3.9 152.0106,108.0213,109.0291 3

yl) oxy] benzoic

acid

Lyoniside C27H36012 M-H- | 552.2207 | 551.2134 551.2095 7.07 43 373.1282,404.1492,59.0137

Gentisic acid C7HsO4 M-H- | 154.0266 | 153.0193 153.0183 6.74 3 109.0292,110.0010,137.9956

Table 1. 1: Tentative metabolite identification of compounds that are biofingerprints of interests unique to D. dentatus red
ecotype. SIRIUS was used as an in-silico fragmentation tool for metabolite annotation. Tentative identification of compounds
with fragments are at level 3 using SIRIUS, otherwise at level 4 metabolite annotation.

Tentative Identification Molecular Ionization Exact Theoretical Experimental Mass tr MS? Annotation
formula Mode mass mass mass error (min) Level
(ppm)

(-)-Epigallocatechin Ci5H1407 M+H 306.0740 307.0812 307.0812 4.33 4.2 - 4
(+)-alpha-Barbatene CisHay M+H 204.1878 205.1951 205.1943 3.79 52 - 4
(+)-Pulegone CioHi60 M+H 152.1201 153.1274 153.1270 2.61 3.7 107.0857,97.0650,95.0860 3
3-alpha(S)-Strictosidine C27H34N,09 M+H 530.2264 531.2337 531.2332 0.95 6 - 4
Afzelin Cy1H,0010 M+H 432.1056 433.1129 433.1117 2.82 4.5 - 4
alpha-Amyrin C30Hs500 M+H 426.3862 427.3934 427.3923 2.67 6.5 - 4
Anthocyanidin 3-O-beta-D- CagH2015 MH 581.1506 | 582.1579 582.1564 261 | 41 . 4
sambubioside

Cyanidin 3-O-beta-D- CoHyor | MH 579.1700 | 580.1787 580.1841 938 | 46 . 4
sambubioside

Coniferyl Alcohol CioH 205 M+H 180.0786 181.0859 181.0853 343 5.1 - 4
Gibberellin A; Ci9H,405 M+H 348.1573 349.1646 349.1671 -7.26 4.0 - 4
Gibberellin Ay C0H,605 M+H 362.1729 363.1802 363.1788 3.90 5.0 - 4
Katuranin Ci5H 1,06 M+H 288.0634 287.0561 287.0541 7.00 43 215.0697,149.0241,243.0668 3
Leucocyanidin CisH1407 M+H 306.074 307.0812 307.0801 3.68 4.1 - 4
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Luteolin Cy5H;00¢ M+H 286.0477 287.0550 287.0541 3.19 4.9 - 4
Naringenin Cy5H1,05 M-+H 272.0685 273.0758 273.0746 421 5.0 - 4
Pheophorbide a C35H36N405 M+H 592.2686 593.2758 593.2781 -3.80 5.1 - 4
Quercitrin Cy1H,001, M+H 448.1006 449.1078 449.1069 2.00 4.5 278.0559,61.0287,71.0494 3

Table 1.2: Tentative metabolite identification of compounds that are biofingerprints of interests unique to D. dentatus white
ecotype. SIRIUS was used as an in-silico fragmentation tool for metabolite annotation. Tentative identification of compounds
with fragments are at level 3 using SIRIUS, otherwise at level 4 metabolite annotation.

Tentative Identification Molecular Tonization Exact Theoretical Experimental Mass tr MS? Annotation
formula Mode mass mass mass error | (min)
Level
(ppm)
Nicotinic acid CsHgN,O M-+H 122.0480 123.0553 123.0548 3.98 4.7 - 4
Perillyl aldehyde CoH140 M-+H 150.1045 151.1117 151.1113 2.92 4.1 - 4
5-Hydroxyindoleacetaldehyde | C;oHoNO, M+H 175.0633 176.0706 176.0702 2.30 45 - 4
ent-Kaurene CyHs, M-+H 272.2504 273.2577 273.2567 3.58 6 - 4
Myricetin Cy5H;00s M-+H 318.0376 319.0448 319.0442 2.02 4.1 - 4
Gibberellin Asj-catabolite C19H2 05 M-+H 330.1467 331.1540 331.1534 1.81 4.5 - 4
L-Dopa CoH;1NO, M-+H 197.0688 198.0761 198.0754 3.46 3.8 - 4
Gibberellin A,y C19H2405 M-+H 332.1624 333.1697 333.168 495 5.02 - 4
Gibberellin A4 C0H2504 M-+H 364.1886 364.1886 364.1880 1.62 4.5 - 4
Gibberellin As; C19H2 05 M-+H 330.1467 331.1540 331.1534 1.81 4.5 - 4
Quercetin Cy5H007 M-H 302.0427 301.0354 301.0356 -0.74 4.01 163.0396,147.0444,137.0237 3
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Table 1.3: Tentative metabolite identification of compounds that are biofingerprints of interests found in both D. dentatus red
and white ecotypes. SIRIUS was used as an in silico fragmentation tool for metabolite annotation. Tentative identification of
compounds with fragments are at level 3 using SIRIUS, otherwise at level 4 metabolite annotation.

Tentative Identification Molecular Ionization Exact Theoretical Experimental 2::5: tx (min) MS? Annotation
formula Mode mass mass mass (ppm) Level

5-Hydroxyconiferyl alcohol CioH1204 M-+H 196.0736 197.081 197.0802 3.04 4.2 - 4
Apigenin C,5H,005 M-+H 270.0528 271.0601 271.0591 3.69 45 215.0698,194.0242,243.0668 3
Luteolin C15H1006 M+H 286.0477 287.055 287.0541 3.19 49 | 231.0667,213.0561,153.0191 3
Myricetin C5H,40s M-+H 318.0376 319.0448 319.0442 2.02 4.1 - 4
3,9-Dihydroxypterocarpan C,5H1204 M-+H 256.0736 257.0808 257.0802 247 474 | - 4
(+-)-Dalbergioidin C1sH1,06 M+H 288.0634 289.0707 289.0697 3.34 42 |- 4
Taxifolin C,sH,0; M-+H 304.0583 305.0656 305.0645 3.54 43 217.0486, 01.0564,187.0764 3
Dihydromyricetin C1sH,,05 M+H 320.0532 321.0605 321.0593 372 4.1 - 4
()-Catechin C15sH1406 M-+H 290.079 291.0863 291.0851 4.17 44 139.0398,177.0558,123.0439 2
Leucodelphinidin C15H1405 M+H 322.0689 323.0761 323.075 3.54 45 - 4
Quercitrin CaiHaoOn M+H 448.1006 449.1078 449.1069 2 45 278.0559,61.0287,71.0494 3
Quercetin 3-glucoside CH00 M-+H 464.0955 465.1028 465.102 1.62 44 |- 4
Cristacarpin CauH1,0s M+H 354.1467 355.154 355.1526 3.94 504 | - 4
Catechin 3-O-Beta-D- CorHaiOn M+H 4521319 | 453.1391 453.1371 441 409 | 139.0399,123.0440,163.0398 3
Glucopyranoside
Fisetin CH 405 M+H 408.0845 409.0918 409.0902 391 45 257.0437,285.0414,229.0512 3
Epicatechin 3-0-(3-O- C23HxO010 M+H 456.1056 457.1129 457.1115 3.06 4.6 167.0346,139.0398,123.0440 3
Methylgallate)
Anthocyanidin 3-O-beta-D- | o 1y ) MH 581.1506 | 582.1579 582.1564 261 41 |- 4
sambubioside
Proanthocyanidin A2 CaoHriOn M+H 576.1268 577.1341 577.1324 2.94 45 245.0449,287.0565,275.0569 3
Gambiriin C C3oH2011 M+H 562.1475 563.1548 563.1536 2.11 45 139.0399,147.0445,285.0779 3
Proanthocyanidin B2 CioHagO1s M+H 578.1424 579.1497 579.1476 3.63 42 127.0387, 63.0395,247.0615 4
Quercetin C,5H,00; M-H 302.0427 301.0354 301.0356 0.74 4.06 | 163.0396,147.0444,137.0237 3
Katuranin C,sHp206 M-H 288.0634 287.0561 287.0541 7.01 43 215.0697,149.0241,243.0668 3
Resveratrol CHp05 M+H 228.0786 228.0786 228.0773 5.89 47 - 4
Distylin C,sH,0; M-H 304.0583 303.051 303.049 6.69 427 125.0243,235.0618,258.0396 3
(+)-Catechin C15sH 1406 M-H 290.079 289.0718 289.0695 7.82 427 245.0823,203.0717,109.0292 2
Astragalin C2HyO11 M-H 448.1006 447.0933 447.0966 742 45 285.0396,284.0330,257.0467 3
Engeletin CH»010 M-H 434.1213 433.114 433.1117 5.36 4.61 269.0446,180.0055,152.0107 3
Astilbin CuH201, M-H 450.1162 449.1089 449.1089 0.08 5 241.0503,169.0662,199.0403 3
Quercetin 746'- C23Hx01 M-H 506.106 505.0988 505.0989 027 | 413 233.0810,183.0295,215.0709 3
Acetylglucoside)
Endotelon C3oH2012 M-H 578.1424 577.1351 577.1324 4763 423 125.0243,245.0823,283.0235 3
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Table 1.4. Tentative metabolite identification of terpenoid biofingerprints found in D. dentatus red and white ecotypes. SIRIUS
5.8.3 was used as an in-silico fragmentation tool for metabolite annotation. Tentative identification of compounds with fragments
are at level 3 using SIRIUS, otherwise at level 4 metabolite annotation

Tentative Identification Molecular | Ionization Exact Theoretical | Experimental 1:::;: tx (min) MS? Annotation
formula Mode mass mass mass Level
(ppm)
Perillic acid CioH140; M+H 166.0994 167.1067 167.1063 2.13 4.6 121.1011,0.93.0699,107.0859 3
(+)-Pulegone CioH;60 M+H 152.1201 153.1274 153.127 2.61 3.7 107.0857,97.0650,95.0860 3
Xerantholide CisHi505 M+H 246.1256 247.1329 247.1322 2.83 4.7 214.1010,187.1130,149.0605 3
Alantolactone Ci5H200, M+H 232.1463 233.1536 233.153 2.6 4.9 - 4
(+)-Thujopsene CisHps M+H 204.1878 205.1951 205.1943 3.79 4.9 - 4
Deoxyelephantopin Ci1oH2004 M-+H 344.126 345.1333 345.1319 3.95 4.7 - 4
Deoxymiroestrol Cy0H,,05 M+H 342.1467 343.154 343.1526 4.08 5.1 - 4
(-)-Pinoresinol C0H1,04 M+H 358.1416 359.1489 359.1475 3.94 4.71 - 4
Niveusin C C0H1607 M+H 378.1679 379.1751 379.1778 -7.04 4.09 - 4
Gibberellin A12 7-aldehyde CyoH3505 M+H 316.2038 317.2111 317.2098 4.1 5.7 - 4
Gibberellin A12 CiHp504 M+H 332.1988 333.206 333.2047 4.01 4.8 - 4
Ent-7-alpha-Hydroxykaur-16-en-19-oic acid Cy0H3005 M+H 318.2195 319.2268 319.2256 3.67 5.9 - 4
(ent-6alpha,7alpha)-6,7-Dihydroxy-16-kauren-19-oic acid | Cy0H3004 M+H 334.2144 335.2217 335.2205 3.54 4.5 - 4
Kaurane -17,18-dioic acid Cy0H3004 M+H 334.2144 335.2217 335.2204 3.88 4.6 153.0189, 171.0295, 139.0397 3
ent-Kaurene CyoHs» M-+H 272.2504 273.2577 273.2567 3.56 6 - 4
Chromolaenide CyH,307 M+H 404.1835 405.1908 405.1905 0.69 4.5 - 4
Valtratum CyH3005 M+H 422.1941 423.2013 423.1974 9.32 5.4 - 4
Palmatoside G CysH3,019 M+H 492.1995 493.2068 493.2043 5.12 4 - 4
Archangelolide Cy9H0010 M+H 548.2621 549.2694 549.2675 3.5 4.6 - 4
Delta7-Avenasterol C,oH430 M+H 412.3705 413.3778 413.3759 4.58 4.9 - 4
Musaroside C30H44010 M+H 564.2934 565.3007 565.2987 3.58 4.2 - 4
Propapyriogenin A2 C;30H4405 M+H 484.3189 485.3262 485.3247 2.99 5.2 - 4
Betulonic Acid C30Hi605 M+H 454.3447 455.352 455.3502 3.89 7 137.1332,95.0861,203.1792 3
Lupenone C;30Hss0 M+H 424.3705 425.3778 425.3762 3.74 6.9 95.0860,81.0700,137.1332 3
L-Valine CsHiINO, M+H 117.079 118.0863 118.0859 3.01 0.6 - 4
Abscisic acid Ci5H2004 M-H 264.1362 263.1289 263.1268 7.91 4.7 - 4
2-trans,6-trans-Farnesal CsH4O M-H 220.1827 219.1754 219.174 6.56 7.5 - 4
Geniposidic acid Ci6H2:010 M-H 374.1213 373.114 373.1115 6.7 37 193.0504,343.1048,181.0498 3
Secologanin Ci7H24010 M-H 388.1369 387.1297 387.1282 3.8 4.14 - 4
Chaparrin CyoH1507 M-H 380.1835 379.1762 379.1755 1.92 4.9 - 4
Glaucolide B C21H26010 M-H 438.1526 437.1453 437.1433 4.62 42 - 4
Buddlejoside B CyHy6012 M-H 482.1424 481.1351 481.1312 8.21 42 169.0138,3130573,151.0042 3
Daphnetoxin Cy7H3005 M-H 482.1941 481.1868 481.1897 -6.05 4.5 - 4
Smilagenin Cy;H4405 M-H 416.329 415.3218 415.3204 33 6.9 - 4
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Table 1.5: Tentative identification of other compounds outside of alkaloids, terpenoids and flavonoids found in both D. dentatus
red and white ecotypes. SIRIUS was used as an in silico fragmentation tool for metabolite annotation. Tentative identification
of compounds with fragments are at level 3 using SIRIUS, otherwise at level 4 metabolite annotation.

ot deniteadon | ooetr | oo | Bt | Moot | Experimenal | g | s
(ppm)
(-)-Lariciresinol C20H2405 M+H 360.1573 361.1646 361.1642 1.01 4.4 - 4
Indoleacetic acid C1oHsNO, M+H 175.0633 176.0706 176.0701 2.87 54 - 4
Adenosine CioHi3NsO4 | M+H 267.0968 268.104 268.1029 4.22 1.7 - 4
1-O-Sinapoyl-beta-D-glucose C17H2010 M+H 386.1213 387.1286 387.1273 3.29 4.03 - 4
Nordihydroguaiaretic acid CisH204 M+H 302.1518 303.1591 303.1579 3.91 5.7 - 4
Podophyllotoxone CxHy0s M+H 412.1158 413.1231 413.1214 4.1 4.43 - 4
Lutein CyoHs60; M+H 568.428 569.4353 569.4364 | -1.92 43 - 4
Anthragallol C14HsOs M+H 256.0372 257.0444 257.0435 3.7 4.5 - 4
Biflorin Ci6H1509 M+H 354.0951 355.1024 355.1011 3.54 43 - 4
Gartanin C23H2405 M+H 396.1573 397.1646 397.163 3.94 5.6 - 4
Marchantin A CasH240s M+H 440.1624 441.1697 4411717 | -4.65 43 - 4
Scorzocreticin Ci6H1405 M+H 286.0841 287.0914 287.0905 3.13 4.7 269.0815,257.0826,227.0717 3
Caffeate CoHs04 M-H 180.0423 179.035 179.0343 3.81 43 - 4
1-O-Sinapoyl-beta-D-glucose C17H2010 M-H 386.1213 385.114 385.1126 3.69 4.4 - 4
5-Hydroxyconiferaldehyde C1oH 1005 M-H 210.0528 209.0455 209.0447 4.05 4.4 - 4
Chlorogenate Ci6Hi509 M-H 354.0951 353.0878 353.0858 5.68 4.4 - 4
3-Hydroxypropanoate C3HqO; M-H 90.0317 89.0244 89.0241 3.56 0.6 - 4
2-Oxobutanoate C4Hq0; M-H 102.0317 101.0244 101.0239 5.12 0.6 - 4
Succinate C4HqO4 M-H 118.0266 117.0193 117.0189 3.69 0.8 - 4
cis-Aconitate CeHgOs M-H 174.0164 173.0092 173.0083 5 0.6 - 4
Isocitrate CeHs0; M-H 192.027 191.0197 191.019 3.8 0.6 - 4
Chorismate CioH1005 M-H 226.0477 225.0405 225.0397 3.38 4 - 4
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Table 1. 6. Pathway impacts of biochemical pathways in Doliocarpus dentatus white ecotype as a result of using the mummichog
algorithm used in Pathway analysis module in MetaboAnalyst 5.0

Raw Holm False
Pathways Total Expected Hits -Log10(p) Discovery | Impact

p adjust Rate
Flavonoid biosynthesis 47 8.2717 23 5.22E-07 6.2822 5.01E-05 5.01E-05 |0.35771
Steroid biosynthesis 45 7.9198 18 0.000271 3.5674 0.025183 | 0.0064988 | 0.45432
Phenylpropanoid biosynthesis 46 8.0958 14 0.021621 1.6651 1 0.13837 [0.49931
Valine, leucine and isoleucine biosynthesis 22 3.8719 13 1.30E-05 4.8856 0.0012362 | 0.0006246 | 0.43383
[Ubiquinone and other terpenoid-quinone biosynthesis 38 6.6878 13 0.009532 2.0208 0.81971 0.083184 | 0.44435
Galactose metabolism 27 4.7519 11 0.003727 2.4287 0.32795 0.039752 | 0.48491
alpha-Linolenic acid metabolism 28 4.9278 11 0.005197 2.2842 0.45218 0.049895 | 0.65224
Amino sugar and nucleotide sugar metabolism 50 8.7997 11 0.25317 0.59658 1 0.90017 |0.03673
Diterpenoid biosynthesis 28 4.9278 10 0.01618 1.791 1 0.11949 | 0.38809
Tyrosine metabolism 16 2.8159 9 0.000515 3.2878 0.047421 0.0098967 | 0.47297
Cutin, suberine and wax biosynthesis 18 3.1679 9 0.001575 2.8029 0.1417 0.021593 | 0.4375
Fructose and mannose metabolism 20 3.5199 8 0.014897 1.8269 1 0.11918 | 0.12586
Sesquiterpenoid and triterpenoid biosynthesis 24 4.2239 8 0.045824 1.3389 1 0.27494 | 0.36175

Biosynthesis of unsaturated fatty acids 22 3.8719 7 0.07579 1.1204 1 0.40421 0

Pantothenate and CoA biosynthesis 23 4.0479 7 0.093272 1.0302 1 0.4477 0.2203
Brassinosteroid biosynthesis 26 4.5759 7 0.1577 0.80217 1 0.6308 0.15239
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Pathways Total | Expected Hits Raw -Log10(p) Holm adjust Dif:ol\sfiry Impact
P Rate

Flavone and flavonol biosynthesis 10 1.7599 6 0.003146 2.5023 0.27995 0.037745 0.85
Ascorbate and aldarate metabolism 18 3.1679 6 0.080095 1.0964 1 0.40469 0.26865
Citrate cycle (TCA cycle) 20 3.5199 6 0.12342 0.9086 1 0.53858 0.18262
Glyoxylate and dicarboxylate metabolism 29 5.1038 6 0.40343 0.39424 1 1 0.30723
Glycine, serine and threonine metabolism 33 5.8078 6 0.53731 0.26977 1 1 0.10432
Carotenoid biosynthesis 43 7.5678 6 0.79613 0.099017 1 1 0.0365
Purine metabolism 63 11.088 6 0.97766 0.0098126 1 1 0.1955
C5-Branched dibasic acid metabolism 6 1.056 5 0.00084 3.0759 0.076416 0.013436 1
Butanoate metabolism 17 2.9919 5 0.16454 0.78373 1 0.63183 0
Phenylalanine, tyrosine and tryptophan biosynthesis 22 3.8719 5 0.34249 0.46535 1 1 0.21672
Starch and sucrose metabolism 22 3.8719 5 0.34249 0.46535 1 1 0.51292
Aminoacyl-tRNA biosynthesis 46 8.0958 5 0.92905 0.031959 1 1 0.05556
Glucosinolate biosynthesis 65 11.44 5 0.99418 0.002536 1 1 0
Phenylalanine metabolism 11 1.9359 4 0.1114 0.9531 1 0.50927 0.23529
Alanine, aspartate and glutamate metabolism 22 3.8719 4 0.55939 0.25228 1 1 0.07554
Pyruvate metabolism 22 3.8719 4 0.55939 0.25228 1 1 0.24039
Tryptophan metabolism 28 4.9278 4 0.75405 0.1226 1 1 0.2037
Cyanoamino acid metabolism 29 5.1038 4 0.77905 0.10844 1 1 0.23729
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False

Pathways Total Expected | Hits Raw -Logl0(p) |Holm adjust| Discovery Impact
P Rate

Terpenoid backbone biosynthesis 30 5.2798 4 0.802 0.095826 1 1 0.14525
Valine, leucine and isoleucine degradation 37 6.5118 4 0.9136 0.039246 1 1 0.00991
Cysteine and methionine metabolism 46 8.0958 4 0.97377 0.011545 1 1 0.08428
Linoleic acid metabolism 4 0.70398 3 0.018775 1.7264 1 0.12874 1
Isoquinoline alkaloid biosynthesis 6 1.056 3 0.071241 1.1473 1 0.4023 0
Stilbenoid, diarylheptanoid and gingerol biosynthesis 8 1.408 3 0.15231 0.81729 1 0.6308 0.39705
Arachidonic acid metabolism 12 2.1119 3 0.35578 0.44881 1 1 0
Pentose and glucuronate interconversions 16 2.8159 3 0.55408 0.25643 1 1 0.15625
Arginine biosynthesis 18 3.1679 3 0.63873 0.19468 1 1 0.12816
beta-Alanine metabolism 18 3.1679 3 0.63873 0.19468 1 1 0.31746
Glycerolipid metabolism 21 3.6959 3 0.74343 0.12876 1 1 0.00426
Zeatin biosynthesis 21 3.6959 3 0.74343 0.12876 1 1 0.01491
Thiamine metabolism 22 3.8719 3 0.77249 0.11211 1 1 0.20231
Glycolysis / Gluconeogenesis 26 4.5759 3 0.86292 0.06403 1 1 0.1215
Inositol phosphate metabolism 28 4.9278 3 0.89502 0.048167 1 1 0.10251
Limonene and pinene degradation 5 0.87997 2 0.21423 0.66911 1 0.79102 0
Monobactam biosynthesis 8 1.408 2 0.42454 0.37208 1 1 0
One carbon pool by folate 8 1.408 2 0.42454 0.37208 1 1 0

307



False

Pathways Total Expected Hits -Log10(p) Holm adjust Discovery Impact
P Rate

Monoterpenoid biosynthesis 9 1.584 2 0.48866 0.31099 1 1 0
Caffeine metabolism 10 1.7599 2 0.54813 0.26112 1 1 0
Selenocompound metabolism 13 2.2879 2 0.69631 0.1572 1 1 0.2437
Sphingolipid metabolism 17 2.9919 2 0.82924 0.081322 1 1 0.24038
Pentose phosphate pathway 19 3.3439 2 0.87381 0.058585 1 1 0
Carbon fixation in photosynthetic organisms 21 3.6959 2 0.90746 0.042172 1 1 0.03607
Glycerophospholipid metabolism 37 6.5118 2 0.99357 0.0028005 1 1 0.06318
Betalain biosynthesis 3 0.52798 1 0.44075 0.3558 1 1 1
Tropane, piperidine and pyridine alkaloid biosynthesis 8 1.408 1 0.78832 0.1033 1 1 0
Lysine biosynthesis 9 1.584 1 0.82578 0.083138 1 1 0.2027
Vitamin B6 metabolism 11 1.9359 1 0.88203 0.054517 1 1 0.03205
Riboflavin metabolism 11 1.9359 1 0.88203 0.054517 1 1 0.06667
Nicotinate and nicotinamide metabolism 13 2.2879 1 0.92017 0.036133 1 1 0
Lysine degradation 18 3.1679 1 0.97 0.013227 1 1 0
Propanoate metabolism 20 3.5199 1 0.97974 0.0088884 1 1 0.08554
Fatty acid elongation 23 4.0479 1 0.98877 0.0049048 1 1 0
Glutathione metabolism 26 4.5759 1 0.99378 0.0027085 1 1 0
Phosphatidylinositol signaling system 26 4.5759 1 0.99378 0.0027085 1 1 0.03285
Folate biosynthesis 27 47519 1 0.9949 0.0022221 1 1 0.02624
Arginine and proline metabolism 34 5.9838 1 0.99872 0.0005546 1 1 0.0122
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Table 1. 7: Biochemical pathway impacts observed in Doliocarpus dentatus red ecotype as a result of using the mummichog

algorithm used in Pathway analysis module in MetaboAnalyst 5.0

Raw Holm False
Pathways Total Expected Hits P -Log10(p) adjust Discovery Impact
Rate

Sesquiterpenoid and triterpenoid biosynthesis 24 5.648 19 1.00E-08 7.9991 9.62E-07 9.62E-07 0.57797
Galactose metabolism 27 6.354 20 2.91E-08 7.5357 2.77E-06 1.40E-06 0.82797
Flavonoid biosynthesis 47 11.061 25 7.37E-06 5.1325 0.0006928 0.000236 0.4785
Ascorbate and aldarate metabolism 18 4.236 12 0.0001117 3.952 0.010386 0.00268 0.64179
Biosynthesis of secondary metabolites - other antibiotics 6 1.412 6 0.0001643 3.7843 0.015119 0.003155 1
Steroid biosynthesis 45 10.59 21 0.0004642 3.3333 0.042243 0.006488 0.62018
Fructose and mannose metabolism 20 4.7067 12 0.0004731 3.3251 0.042576 0.006488 0.65819
Flavone and flavonol biosynthesis 10 2.3533 7 0.002327 2.6332 0.2071 0.027924 0.65
Ubiquinone and other terpenoid-quinone biosynthesis 38 8.9427 17 0.0028877 2.5395 0.25411 0.030692 0.55568
Cutin, suberine and wax biosynthesis 18 4236 10 0.0031971 2.4952 0.27815 0.030692 0.75
Valine, leucine, and isoleucine biosynthesis 22 5.1773 11 0.0058125 2.2356 0.49987 0.0465 0.53039
Starch and sucrose metabolism 22 5.1773 11 0.0058125 2.2356 0.49987 0.0465 0.74456
alpha-Linolenic acid metabolism 28 6.5893 12 0.017648 1.7533 1 0.13032 0.60278
Riboflavin metabolism 11 2.5887 6 0.02533 1.5964 1 0.17369 0.75557
Citrate cycle (TCA cycle) 20 4.7067 9 0.027489 1.5608 1 0.17593 0.39412
C5-Branched dibasic acid metabolism 6 1.412 4 0.030102 1.5214 1 0.18061 0.5
Linoleic acid metabolism 4 0.94134 3 0.04271 1.3695 1 0.23746 1
Diterpenoid biosynthesis 28 6.5893 11 0.044525 1.3514 1 0.23746 0.38321
Amino sugar and nucleotide sugar metabolism 50 11.767 17 0.058165 1.2353 1 0.28261 0.43695
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. Raw Holm .False
Pathways Total Expected Hits p -Log10(p) adjust DlsI:g:eery Impact
Glyoxylate and dicarboxylate metabolism 29 6.8247 10 0.12049 0.91905 1 0.50883 0.40321
Alanine, aspartate, and glutamate metabolism 22 5.1773 8 0.12191 0.91397 1 0.50883 0.46044
Arachidonic acid metabolism 12 2.824 5 0.12798 0.89284 1 0.51194 0
Pentose phosphate pathway 19 4.4713 7 0.13585 0.86694 1 0.52167 0.36819
Pantothenate and CoA biosynthesis 23 5.4127 8 0.15051 0.82244 1 0.55572 0.24838
Caffeine metabolism 10 2.3533 4 0.19027 0.72064 1 0.6765 0
Biosynthesis of unsaturated fatty acids 22 5.1773 7 0.24409 0.61245 1 0.83547 0
Glycolysis / Gluconeogenesis 26 6.1187 8 0.25238 0.59794 1 0.83547 0.24829
Phenylpropanoid biosynthesis 46 10.825 13 0.27097 0.56708 1 0.8671 0.44832
Pentose and glucuronate interconversions 16 3.7653 5 0.31708 0.49883 1 0.98193 0.25
Thiamine metabolism 22 5.1773 6 0.41848 0.37833 1 1 0.47399
Phenylalanine metabolism 11 2.5887 3 0.49894 0.30195 1 1 0.23529
Inositol phosphate metabolism 28 6.5893 7 0.50041 0.30068 1 1 0.14853
Phosphonate and phosphinate metabolism 7 1.6473 2 0.51818 0.28552 1 1 0
Valine, leucine, and isoleucine degradation 37 8.7073 9 0.51908 0.28476 1 1 0.05889
Propanoate metabolism 20 4.7067 5 0.52492 0.27991 1 1 0.22404
Cyanoamino acid metabolism 29 6.8247 7 0.54196 0.26604 1 1 0.20339
Zeatin biosynthesis 21 4.942 5 0.57305 0.24181 1 1 0.02847
Carbon fixation in photosynthetic organisms 21 4.942 5 0.57305 0.24181 1 1 0.16543
Sphingolipid metabolism 17 4.0007 4 0.5942 0.22607 1 1 0.40865
Monobactam biosynthesis 8 1.8827 2 0.5959 0.22483 1 1 0
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False

Pathways Total Expected Hits R;w -Log10(p) ;?LTt Disliovery Impact
ate

One carbon pool by folate 8 1.8827 2 0.5959 0.22483 1 1 0
Brassinosteroid biosynthesis 26 6.1187 6 0.59863 0.22284 1 1 0.11429
Pyruvate metabolism 22 5.1773 5 0.61851 0.20865 1 1 0.40463
beta-Alanine metabolism 18 4236 4 0.64322 0.19164 1 1 0.38889
Synthesis and degradation of ketone bodies 4 0.94134 1 0.65854 0.18142 1 1 0
Indole alkaloid biosynthesis 4 0.94134 1 0.65854 0.18142 1 1 0.5
Monoterpenoid biosynthesis 9 2.118 2 0.66382 0.17795 1 1 0
Lysine biosynthesis 9 2.118 2 0.66382 0.17795 1 1 0.29729
Glycine, serine, and threonine metabolism 33 7.766 7 0.69076 0.16067 1 1 0.10432
Limonene and pinene degradation 5 1.1767 1 0.73911 0.13129 1 1 0
Glycerolipid metabolism 21 4.942 4 0.7657 0.11594 1 1 0.00426
Anthocyanin biosynthesis 11 2.5887 2 0.77187 0.11246 1 1 0
Vitamin B6 metabolism 11 2.5887 2 0.77187 0.11246 1 1 0.03205
Phenylalanine, tyrosine, and tryptophan biosynthesis 22 5.1773 4 0.79841 0.097775 1 1 0.28178
Isoquinoline alkaloid biosynthesis 6 1.412 1 0.80071 0.096522 1 1 0
Arginine biosynthesis 18 4.236 3 0.83362 0.079031 1 1 0.2136
Nicotinate and nicotinamide metabolism 13 3.0593 2 0.84836 0.071418 1 1 0.30707
Tropane, piperidine and pyridine alkaloid biosynthesis 8 1.8827 1 0.88379 0.053651 1 1 0
Stilbenoid, diarylheptanoid and gingerol biosynthesis 8 1.8827 1 0.88379 0.053651 1 1 0.13235
Phosphatidylinositol signaling system 26 6.1187 4 0.89415 0.048589 1 1 0.03545
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False

Pathways Total Expected Hits R;w -Log10(p) :(I;J)::;lt Dislgg:f:ry Impact
Sulfur metabolism 15 3.53 2 0.90082 0.045364 1 0.10774
Carotenoid biosynthesis 43 10.119 7 0.91147 0.040259 1 0.07053
Tryptophan metabolism 28 6.5893 4 0.92499 0.033863 1 0.1713
Terpenoid backbone biosynthesis 30 7.06 4 0.94751 0.023414 1 0.17239
Nitrogen metabolism 12 2.824 1 0.96058 0.017465 1 0
Selenocompound metabolism 13 3.0593 1 0.96994 0.013257 1 0
Fatty acid biosynthesis 56 13.179 8 0.97158 0.01252 1 0.01123
Aminoacyl-tRNA biosynthesis 46 10.825 6 0.97634 0.010401 1 0.05556
Cysteine and methionine metabolism 46 10.825 6 0.97634 0.010401 1 0.17084
Purine metabolism 63 14.826 9 0.97762 0.009828 1 0.11117
Histidine metabolism 15 3.53 1 0.98252 0.0076586 1 0.13953
Glutathione metabolism 26 6.1187 2 0.99199 0.0034919 1 0.05046
Lysine degradation 18 4.236 1 0.99226 0.0033732 1 0
Arginine and proline metabolism 34 8.0013 3 0.99341 0.0028701 1 0.09001
Glucosinolate biosynthesis 65 15.297 8 0.99344 0.002859 1 0.00154
Folate biosynthesis 27 6.354 2 0.9937 0.0027463 1 0
Pyrimidine metabolism 38 8.9427 3 0.9973 0.0011744 1 0.13096
Fatty acid elongation 23 5.4127 1 0.99802 0.000861 1 0
N-Glycan biosynthesis 35 8.2367 2 0.99911 0.0003871 1 0.07466
Porphyrin and chlorophyll metabolism 48 11.296 3 0.99973 0.0001153 1 0.09842
Fatty acid degradation 37 8.7073 1 0.99996 1.84E-05 1 0
Glycerophospholipid metabolism 37 8.7073 1 0.99996 1.84E-05 1 0.02629
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Appendix 3 — Phytohormone

Table 1: Level 2 metabolite annotation using the feature based molecular networking (FBMN) module of GNPS

Mok | adaue | ot PR
Salicylic acid C7HeOs [M+H]* 139.04 65.04; 93.03; 111.04 0.95
Homovanillyl alcohol CoH1203 [M+H-H.0]* 151.07 91.05; 95.05; 119.05 0.65
Genistic Acid C7HeO4 [M+H]* 155.03 65.04; 93.03; 113.96; 131.97 0.87
Gallic Acid C7HeOs [M-HT 169.01 81.03; 97.03; 125.02 0.99
Coniferyl aldehyde CioH1003 [M+H]* 179.06 T%%”OSQ 105.07; 119.05; 147.04; 161.06 0.73
Quinic acid C7H1206 [M-HT 191.06 85.03; 87.01; 93.03; 111.01; 127.04 0.71
alpha-Santonin CisHis0O3 [M+H]* 247.13 70.07; 112.08;135.12 0.65
4-Methylphenyl-beta-D-glucopyranoside Ci3His07 [M-HJ 285.1 71.01; 101.02; 113.03; 123.05 0.90
Epicatechin C15H1406 [M-HJ 289.09 ;gg:gg; 125.03; 137.03; 179.03; 203.07; 0.96
Epicatechin CisH1406 [M+H]* 291.09 éég:gz; 123.04;139.04; 147.04; 165.05; 0.98
Dianthoside Ci2Hi160s [M+HT* 289.1 85.03; 97.03; 109.03; 127.0 0.91
Picraquassioside D Ci13H180s [M+H]* 303.12 85.03; 109.03; 127.04; 141.07 0.86
trans-Zeatin-O-glucoside Ci6H23N506 [M+H]* 382.17 136.06; 202.11; 220.12 0.74
Dapagliflozin Ci9H28010 [M-H] 415.15 59.01; 89.02; 101.02; 119.03 0.79
Stevioside Ci17H24012 [M+H]* 421.14 127.0; 289.11 0.92
Epicatechin 3 - gallate C21H24011 [M+HT* 453.14 85.03; 97.03; 123.04; 139.04; 165.05; 291.09 0.93
Kanokoside A C21H32012 [M-H] 475.17 71.01; 89.03; 101.02; 113.03 0.75




Table: 1.2: Level 2 metabolite annotation of compounds in Doliocarpus dentatus using the classical molecular

networking (CMN) module of GNPS

409.09

Compound Molecular Adduct Precursor Fragments Fraction Cosine
Formula Mass (MS/MS) Found Score

Pyrogallol CsHsO3 [M+H]+ 127.04 81.03; 109.0 Chloroform and Methanol 0.79
Salicylic acid C7HeOs [M+H]+ 139.04 65.04; 93.03; 111.0 Chloroform and Methanol 0.84
Homovanillyl alcohol CoH 1,03 [M+H-H,0]" 151.07 91.05; 95.05; 119.05 Chloroform and Methanol 0.81
3.4 Dihydroxymandelate C3HsOs [M+H-H,0]" 167.03 111.04; 121.04; 139.04 Chloroform and Methanol 0.60
Vanillic acid CsHgO4 [M+H]+ 169.05 65.04; 93.03; 111.04; 125.06 Chloroform and Methanol 0.62
Gallic acid C;H4Os [M+H]+ 171.03 81.03; 109.03; 125.02; 127.0 Chloroform and Methanol 0.85
Esculetin CoHgO4 [M-H]- 177.02 105.04; 133.0 Methanol 0.73
Coniferyl aldehyde CioH1003 [M+H]+ 179.07 55.02; 119.05; 123.04; 133.08; 147.0 Chloroform and Methanol 0.72
5-Hydroxyisovanillic acid CsH;0s [M+H]+ 185.04 81.04; 109.03; 126.0; 141.06; 153.06 Chloroform 0.65
Genipin C1H1405 [M+H]+ 209.08 93.07; 121.07; 149.06; 177.06 Chloroform and Methanol 0.67
alpha-Santonin C5H 303 [M+H]+ 247.13 70.06; 112.0; 135.12 Chloroform 0.72
(+/-)-Catechin/Epicatechin | C;sH;4O¢ [M+H]+ 289.07 123.0; 135.04; 187.04 Chloroform and Methanol 0.98
Gallocatechin CisH 1407 [M-H]- 305.07 109.03; 125.0; 139.0; 165.02; 219.07 Methanol 0.64
Epigallocatechin CsH1407 [M+H]+ 307.08 139.0; 151.04; 289.07 Chloroform 0.81
Hydroxytyrosol C14H 1505 [M-H]- 329.09 59.01; 71.01; 89.03; 123.0; 153.04 Chloroform and Methanol 0.70
glucuronide

Camptothecin CooH6N>Oy4 [M+Na]+ 371.1 73.05; 91.05; 267.00; 285.01 Chloroform and Methanol 0.92
Osmanthuside H C19H201; [M-H]- 431.15 59.01; 71.01; 89.03; 101.03 Chloroform 0.69
Flavanomarein C,H»0p [M-H]- 451.13 179.03; 271.06; 289.0 Chloroform 0.67
Eriodictyol-7-O-glucoside Cy1H,,01 [M-H]- 451.13 179.03; 205.05; 289.0 Methanol 0.61
Procyanidin Bl CsoHa01r [M-H]- 577.13 411(2);8;; 127.03; 161.03; 245.08, 289.07; | 1 oform and Methanol 0.86
Procyanidin B2 CaoHasOn2 [M+H+ 579.15 123.04;127.0; 163.04; 247.06; 287.06; | 106 form and Methanol 0.94
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Table 1. 3 : Level 3 metabolite annotation of compounds in Doliocarpus dentatus using SIRIUS v. 5.6.3

Molecular Precursor Zodiac SIRIUS
Compound Formula Mass Fragments (MS/MS) Score [%] Score [%]

2-Furoate CsH403 113.0231 57.0337; 67.0178; 69.0337; 95.0128 100.00 9147
6-Carboxypyrone-2 C6H404 141.0183 85.0285; 95.0130; 113.0231 100.00 67.52
2,5-Dihydroxyanisol C7Hs03 141.0552 95.0495; 123.0442; 126.0332; 127.0391 100.00 87.31
3-imidazol-1-ylpropane-1,2-diol C6H10N202 143.0813 81.0448; 95.0603; 125.0708 100.00 89.74
p-Cresotic acid C8H803 153.0546 67.0544; 79.0543; 91.0542; 107.0488; 100.00 7857
Gallate/Gallic acid C7HeOs 169.0151 81.0350; 97.0298; 107.0144; 125.0240 100.00 100.00
L-Quinate/Quinic acid C7H1206 191.0562 85.0294; 87.0088; 111.0091; 127.0596 100.00 99.35
Ferulate/Ferulic Acid C10H1004 195.0652 91.0547; 93.0701; 103.0545; 117.0541 99 85 89.01
Pyrogallol A C12H1206 253.0693 69.0339; 97.0289; 109.0289; 127.0389 100.00 49.77
Catechin/Catergen Ci5H1406 291.0868 123.0436; 139.0394; 147.0441; 165.0538 100.00 100.00
Epigallocatechin C16H1607 321.0969 123.0440; 139.0398; 151.0388; 181.0502 100.00 R0.69
Chromone proynyl benzoate C20H1405 335.0927 159.0222; 177.0329 82.92 69.64
7-hydroxycoumarin glucuronide Ci15sH1409 339.0711 162.9882; 321.0594 4025 6963
Isoferulic acid 3-O-|A-D-glucuronide Ci6H18010 371.0973 83.0858; 97.1011 1487 ]1.47
Galloyl-oxypropynyl benzoate C17H14011 395.0609 57.0703; 377.0489 19.15 69 64
Kaempferol glucoside C20H1809 403.1024 205.0283; 254.0389; 265.0500 100.00 7714
Ellagic acide deivative C20H14010 415.066 169.0070; 187.0182; 205.0293; 245.0594 100.00 52.46
Syringyl glucoside C19H30010 419.1922 105.0706; 133.0650; 137.0603; 165.0905 95.93 71.84
Catechin 3-O-beta-D-glycopyranoside C21H24011 453.1404 123.0437; 139.0396; 147.0442; 165.0540 99.80 97.66
6-deoxy-Ido(al-6)Glc(b)-O-galloyl Ci9H26014 477.1274 125.0241;143.0353; 151.0037; 169.0150 93.52 76.67
Kanokoside B C21H34012 477.1972 59.0138; 71.0143; 75.0088; 125.0240; 325.1131 99.75 53.62
Rosmarinic acid derivative C26H24014 561.1219 177.0329; 191.0124; 219.0450; 311.0547 99.90 50.37
Cyanidin-3(6""-p-coumarylsambibioside) C35H34017 725.1732 125.0292; 183.0292; 289.0726 1.11 49.67
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Table 1.4: Bioactive compounds identified D.dentatus red and white ecotypes including their adducts, formulas, and
relative strengths of various health-promoting properties. The strength of each property is indicated as strong, moderate,
or weak based on available scientific evidence.

Bioactive Compounds
Compound Compoun Adduc
d Formula
Class Name t Antioxida Anti- Anticance | Antimicrobi | Antidiabeti | Cardioprotecti
nt inflammatory r al c ve

ilg-g;)hc Gallic acid | M+H C7H6Os Strong Moderate Moderate Moderate Weak Weak
Phgnohc Cgffem M-+H CoHgO4 Strong Strong Moderate Moderate Weak Weak
Acids acid
Phenolic Ferulic

. . M+H | CioH1004 Strong Moderate Weak Weak Weak Weak
Acids acid
Phenolic Sinapic M+H | CiHixO Stron Moderate Weak Weak Weak Weak
Acids acid IS &
Flavonoids Quercetin M+H | CisHi007 Strong Strong Strong Moderate Moderate Strong
Flavonoids Rutin M-+H CoH01 Strong Strong Moderate Weak Moderate Moderate

6
Flavonoids {(aempfero M+H | CisH1006 Strong Strong Moderate Weak Weak Moderate
Alkaloids Stachydrln M-+H C7gBN Weak Weak Weak
2

Terpenes Limonene M+H CioHis Moderate Moderate Weak Moderate
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Table 1.4: Peason’s correlatiion analysis of Endogenous isotope-labelled cytokinin
phytohormones and Secondary metabolites (Alkaloids) scanned for using the Q-
Exactive Orbitrap mass spectrometer and their classifications and abbreviations.
Secondary metabolites annotation at level 1, 3 and 4.

Phytohormones (Compound
Secondary metabolites (Compound 1) 2) correlation P value
5-(2-Hydroxyethyl)-4-methylthiazole cZ -0.12756 0.692804
5-(2-Hydroxyethyl)-4-methylthiazole cZ9G -0.07889 0.817659
5-(2-Hydroxyethyl)-4-methylthiazole cZ0G -0.0074 0.981794
5-(2-Hydroxyethyl)-4-methylthiazole cZR -0.05588 0.863056
5-(2-Hydroxyethyl)-4-methylthiazole ¢ZROG -0.01967 0.951621
5-(2-Hydroxyethyl)-4-methylthiazole DZ -0.50078 0.097247
5-(2-Hydroxyethyl)-4-methylthiazole DZ9G 0.713468 0.009176
5-(2-Hydroxyethyl)-4-methylthiazole DZOG -0.16344 0.611775
5-(2-Hydroxyethyl)-4-methylthiazole DZR -0.23833 0.455692
5-(2-Hydroxyethyl)-4-methylthiazole DZROG -0.16558 0.607046
5-(2-Hydroxyethyl)-4-methylthiazole iP 0.094048 0.771261
5-(2-Hydroxyethyl)-4-methylthiazole iP7G -0.76349 0.006249
5-(2-Hydroxyethyl)-4-methylthiazole iP9G -0.58713 0.297943
5-(2-Hydroxyethyl)-4-methylthiazole iPR -0.14322 0.657001
5-(2-Hydroxyethyl)-4-methylthiazole tZ -0.66805 0.017579
5-(2-Hydroxyethyl)-4-methylthiazole tZ7G -0.09338 0.772852
5-(2-Hydroxyethyl)-4-methylthiazole tZ9G -0.09785 0.762257
5-(2-Hydroxyethyl)-4-methylthiazole tZOG -0.09772 0.762563
5-(2-Hydroxyethyl)-4-methylthiazole tZR -0.05585 0.863134
5-(2-Hydroxyethyl)-4-methylthiazole tZROG -0.23239 0.467327
Coniferin cZ 0.700315 0.011205
Coniferin cZ9G 0.683729 0.020348
Coniferin cZ0G 0.722597 0.007938
Coniferin cZR -0.45 0.14214
Coniferin c¢ZROG -0.45643 0.135826
Coniferin Dz 0.4042 0.192513
Coniferin DZ9G 0.436189 0.156316
Coniferin DZOG 0.645687 0.023333
Coniferin DZR -0.00552 0.986425
Coniferin DZROG 0.623965 0.030129
Coniferin iP -0.33878 0.281388
Coniferin iP7G -0.02129 0.95046
Coniferin iP9G 0.615059 0.269528
Coniferin iPR 0.334363 0.288112
Coniferin tZ -0.087 0.788035
Coniferin tZ7G 0.704315 0.010556
Coniferin tZ9G 0.704395 0.010543
Coniferin tZOG 0.703875 0.010626
Coniferin tZR -0.45002 0.142113
Coniferin tZROG -0.52647 0.078672
Dopamine cZ 0.459766 0.132628
Dopamine cZ9G 0.438124 0.177715
Dopamine cZ0G 0.592033 0.042552
Dopamine cZR -0.20149 0.530028
Dopamine ¢ZROG -0.14629 0.650075
Dopamine DZ 0.054773 0.865745
Dopamine DZ9G 0.675963 0.015816
Dopamine DZOG 0.312673 0.322412
Dopamine DZR -0.11108 0.731091
Dopamine DZROG 0.323067 0.305707
Dopamine iP -0.08197 0.80008
Dopamine iP7G -0.61712 0.043106
Dopamine iP9G 0.351537 0.561807
Dopamine iPR 0.203323 0.526209
Dopamine tZ -0.69556 0.012014
Dopamine tZ7G 0.474702 0.118903
Dopamine tZ9G 0.473361 0.120096
Dopamine tZOG 0.466616 0.126212
Dopamine tZR -0.20152 0.529972
Dopamine tZROG -0.51246 0.088469
Hypoxanthine cZ 0.872501 0.000213
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Hypoxanthine [ czOG [ 0.867273 | 0.000259 |
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Secondary metabolites ( Compound 1) Phytohormones (Compound 2) correlation | P value

Hypoxanthine DZOG 0.8668806 | 0.0002622
Hypoxanthine DZR 0.2329142 | 0.4663001
Hypoxanthine DZROG 0.8183487 | 0.0011382
Hypoxanthine iP -0.2256672 | 0.4806692
Hypoxanthine iP7G 0.0753554 | 0.8257141
Hypoxanthine iP9G 0.8256286 0.085084
Hypoxanthine iPR 0.5444941 | 0.0671892
Hypoxanthine tZ -0.0231076 | 0.9431741
Hypoxanthine tZ7G 0.8768362 | 0.0001809
Hypoxanthine tZ9G 0.8740461 | 0.0002013
Hypoxanthine tZOG 0.8750801 | 0.0001935
Hypoxanthine tZR -0.3836968 | 0.2182138
Hypoxanthine tZROG -0.548719 | 0.0646753
Pipecolinic_acid cZ -0.0969726 | 0.7643234
Pipecolinic_acid cZ9G -0.235368 | 0.4859884
Pipecolinic_acid cZ0G -0.0082409 | 0.9797215
Pipecolinic_acid cZR -0.2593711 | 0.4156008
Pipecolinic_acid ¢ZROG -0.2711172 | 0.3940109
Pipecolinic_acid DZ -0.2378617 | 0.4566069
Pipecolinic_acid DZ9G 0.8067496 | 0.0015191
Pipecolinic_acid DZOG -0.3271398 | 0.2992953
Pipecolinic_acid DZR -0.4042937 | 0.1923995
Pipecolinic_acid DZROG -0.2990586 | 0.3450292
Pipecolinic_acid iP -0.3932739 0.205964
Pipecolinic_acid iP7G -0.4973987 0.119533
Pipecolinic_acid iP9G -0.5379806 | 0.3496711
Pipecolinic_acid iPR -0.0526872 | 0.8708188
Pipecolinic_acid tZ -0.5524075 | 0.0625345
Pipecolinic_acid tZ7G -0.1373382 | 0.6703762
Pipecolinic_acid tZ9G -0.1435971 | 0.6561537
Pipecolinic_acid tZOG -0.1484681 | 0.6451569
Pipecolinic_acid tZR -0.2594174 | 0.4155146
Pipecolinic_acid tZROG -0.4243021 | 0.1692149
Trigonelline cZ -0.235958 | 0.4603254
Trigonelline cZ9G -0.1747729 | 0.6072643
Trigonelline cZ0G -0.1405055 | 0.6631661
Trigonelline cZR 0.2591487 | 0.4160151
Trigonelline c¢ZROG 0.3616826 | 0.2480003
Trigonelline DZ -0.3247067 | 0.3031162
Trigonelline DZ9G 0.3794372 | 0.2238001
Trigonelline DZOG -0.3423787 | 0.2759837
Trigonelline DZR -0.1348327 | 0.6760979
Trigonelline DZROG -0.2506658 | 0.4319713
Trigonelline iP 0.219495 | 0.4930649
Trigonelline iP7G -0.5556174 | 0.0759647
Trigonelline iP9G -0.3058003 | 0.6167995
Trigonelline iPR -0.1703558 | 0.5965694
Trigonelline tZ -0.4878919 | 0.1075895
Trigonelline tZ7G -0.2105867 | 0.5112049
Trigonelline tZ9G -0.2071855 | 0.5182071
Trigonelline tZOG -0.2119291 | 0.5084528
Trigonelline tZR 0.2591732 | 0.4159695
Trigonelline tZROG 0.1472162 0.647977
Tropine cZ -0.1443146 | 0.6545299
Tropine cZ9G 0.1071048 | 0.7539462
Tropine cZ0G -0.0798356 | 0.8051897
Tropine cZR 0.0775522 | 0.8106711
Tropine c¢ZROG 0.2253174 0.481368
Tropine DZ -0.2491567 | 0.4348406
Tropine DZ9G -0.1524897 | 0.6361264
Tropine DZOG -0.045715 | 0.8878111
Tropine DZR -0.0641571 | 0.8429766
Tropine DZROG 0.066852 | 0.8364578
Tropine iP 0.0085998 | 0.9788386
Tropine iP7G -0.5424838 | 0.0846768
Tropine iP9G -0.0031697 | 0.9959642
Tropine iPR -0.227339 | 0.4773366
Tropine tZ -0.2264373 | 0.4791327
Tropine tZ7G -0.0608917 | 0.8508877
Tropine tZ9G -0.0564823 | 0.8615901
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Table 1.5: Peason’s correlatiion analysis of Endogenous isotope-labelled cytokinin
phytohormones and Secondary metabolites (Flavoniods) scanned for using the Q-
Exactive Orbitrap mass spectrometer and their classifications and abbreviations.
Secondary metabolites annotation at level 1,3 and 4.

Secondary metabolites (Compound 1) Phytohormones (Compound 2) correlation | P value

(-)-Epigallocatechin cZ -0.195178057 0.543254384
(-)-Epigallocatechin cZ9G -0.193478763 0.568668861
(-)-Epigallocatechin cZ0G -0.134146476 0.677667663
(-)-Epigallocatechin cZR 0.4352881 0.157270425
(-)-Epigallocatechin c¢ZROG 0.489620643 0.106161779
(-)-Epigallocatechin DZ -0.567062088 0.054513737
(-)-Epigallocatechin DZ9G 0.294437464 0.352894515
(-)-Epigallocatechin DZOG -0.363959392 0.244814473
(-)-Epigallocatechin DZR 0.004155534 0.989773726
(-)-Epigallocatechin DZROG -0.294016335 0.353615986
(-)-Epigallocatechin iP 0.381815077 0.220671127
(-)-Epigallocatechin iP7G -0.615426919 0.043846186
(-)-Epigallocatechin iP9G -0.307586034 0.614635349
(-)-Epigallocatechin iPR -0.035422987 0.912971924
(-)-Epigallocatechin tZ -0.517216442 0.085057127
(-)-Epigallocatechin tZ7G -0.205337602 0.522028717
(-)-Epigallocatechin tZ9G -0.202140684 0.52866893
(-)-Epigallocatechin tZOG -0.203966717 0.524871715
(-)-Epigallocatechin tZR 0.435266982 0.157292855
(-)-Epigallocatechin tZROG 0.210839557 0.510686034
4-Coumaroylshikimate cZ 0.064809196 0.84139845
4-Coumaroylshikimate cZ9G 0.068167137 0.842150021
4-Coumaroylshikimate cZ0G -0.038600174 0.905195848
4-Coumaroylshikimate cZR 0.118507882 0.713752053
4-Coumaroylshikimate ¢ZROG 0.107618329 0.739205385
4-Coumaroylshikimate DZ 0.676014147 0.015805382
4-Coumaroylshikimate DZ9G -0.55868578 0.059004316
4-Coumaroylshikimate DZOG 0.100712043 0.755475349
4-Coumaroylshikimate DZR 0.261808308 0.41107361
4-Coumaroylshikimate DZROG 0.169157099 0.599193661
4-Coumaroylshikimate iP -0.005579369 0.986270092
4-Coumaroylshikimate iP7G 0.886897409 0.000273014
4-Coumaroylshikimate iP9G 0.952900931 0.012183164
4-Coumaroylshikimate iPR 0.103504015 0.748886591
4-Coumaroylshikimate tZ 0.883262512 0.000139919
4-Coumaroylshikimate tZ7G 0.056199931 0.862276262
4-Coumaroylshikimate tZ9G 0.064165896 0.842955402
4-Coumaroylshikimate tZOG 0.058749979 0.856083279
4-Coumaroylshikimate tZR 0.118502032 0.713765659
4-Coumaroylshikimate tZROG 0.443345809 0.1488601
Apiforol cZ 0.314275749 0.319803324
Apiforol cZ9G 0.301361148 0.367808605
Apiforol cZ0G 0.406176647 0.190138471
Apiforol cZR -0.28210042 0.37435258
Apiforol cZROG -0.152377385 0.636378015
Apiforol DZ 0.416259172 0.178311637
Apiforol DZ9G 0.228990015 0.474055816
Apiforol DZOG 0.15012647 0.641427601
Apiforol DZR -0.226732162 0.478545072
Apiforol DZROG 0.252909094 0.427722999
Apiforol iP -0.471697271 0.121585869
Apiforol iP7G -0.243215495 0.471124973
Apiforol iP9G 0.51295853 0.376775831
Apiforol iPR 0.073209353 0.821117639
Apiforol tZ -0.348931969 0.266289357
Apiforol tZ7G 0.317885706 0.313972212
Apiforol tZ9G 0.323617927 0.304834852
Apiforol tZOG 0.30803274 0.330026725
Apiforol tZR -0.282109717 0.374336161
Apiforol tZROG -0.273177221 0.390284383
Chalconaringenin cZ 0.795957251 0.001955048
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Chalconaringenin cZ9G 0.782287512 0.004433264
Chalconaringenin cZ0G 0.831254502 0.000805736
Chalconaringenin cZR -0.224721636 0.482558925
Chalconaringenin DZ 0.383708765 0.218198209
Chalconaringenin DZ9G 0.321212871 0.308650351
Chalconaringenin DZOG 0.579038796 0.048516176
Chalconaringenin DZR 0.131961868 0.682673124
Chalconaringenin DZROG 0.625559785 0.029586874
Chalconaringenin iP -0.220810528 0.490410906
Chalconaringenin iP7G -0.140548579 0.680203863
Chalconaringenin iP9G 0.907757554 0.033161025
Chalconaringenin iPR 0.531477816 0.075356279
Chalconaringenin tZ -0.188042133 0.55837485
Chalconaringenin tZ7G 0.768313316 0.003509624
Chalconaringenin tZ9G 0.769554547 0.003424363
Chalconaringenin tZOG 0.763225705 0.003876055
Chalconaringenin tZR -0.224803955 0.482394281
Chalconaringenin tZROG -0.474422425 0.119151315
Cyanidin cZ -0.695169581 0.012083092
Cyanidin cZ9G -0.678954235 0.021599886
Cyanidin cZ0G -0.651028438 0.021849543
Cyanidin cZR 0.135854335 0.673762853
Cyanidin c¢ZROG 0.243099158 0.446450666
Cyanidin DZ 0.135583565 0.674381446
Cyanidin DZ9G -0.402704779 0.19432041
Cyanidin DZOG -0.727534806 0.00732332
Cyanidin DZR -0.311145755 0.324906938
Cyanidin DZROG -0.597120711 0.040364556
Cyanidin iP 0.003351747 0.991751684
Cyanidin iP7G 0.07602697 0.824181763
Cyanidin iP9G -0.581335783 0.303931861
Cyanidin iPR -0.405259544 0.191237683
Cyanidin tZ 0.076308446 0.813660063
Cyanidin tZ7G -0.689682363 0.013074672
Cyanidin tZ9G -0.687165881 0.013549006
Cyanidin tZOG -0.690892509 0.012850997
Cyanidin tZR 0.135887173 0.673687846
Cyanidin tZROG 0.262654076 0.409508341
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel cZ -0.367905294 0.239350534
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel cZ9G -0.3398513 0.306515095
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel cZ0G -0.352954153 0.260438203
Cyanidin_3-0-(6-O-p-coumaroyl)glucosidel cZR 0.525965701 0.079010967
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel cZROG 0.548812129 0.064620643
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel DZ -0.733988698 0.006574298
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel DZ9G 0.117156719 0.71689632
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel DZOG -0.433104784 0.159600204
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel DZR 0.061712185 0.848898706
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel DZROG -0.412341638 0.182850848
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel iP 0.542167477 0.068601953
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel iP7G -0.450688489 0.164170912
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel iP9G -0.555931655 0.330537444
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel iPR -0.169001861 0.599533845
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel tZ -0.253835326 0.425974937
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel tZ7G -0.371786289 0.234047583
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel tZ9G -0.369294869 0.237443726
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel tZOG -0.365856354 0.24217863
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel tZR 0.525964952 0.079011471
Cyanidin_3-O-(6-O-p-coumaroyl)glucosidel tZROG 0.397908288 0.200190362
Cyanidin_3-O-beta-D-glucoside cZ 0.502832507 0.095665694
Cyanidin_3-O-beta-D-glucoside cZ9G 0.433674016 0.182669803
Cyanidin_3-O-beta-D-glucoside cZO0G 0.589531001 0.043657312
Cyanidin_3-O-beta-D-glucoside cZR -0.257078744 0.419881406
Cyanidin_3-O-beta-D-glucoside ¢ZROG -0.205636383 0.521409979
Cyanidin_3-O-beta-D-glucoside DZ 0.320785105 0.309331744
Cyanidin_3-O-beta-D-glucoside DZ9G 0.401940279 0.195248815
Cyanidin_3-O-beta-D-glucoside DZOG 0.256265183 0.42140581
Cyanidin_3-O-beta-D-glucoside DZR -0.094526256 0.770125984
Cyanidin_3-O-beta-D-glucoside DZROG 0.339364703 0.280509266
Cyanidin_3-O-beta-D-glucoside iP -0.368479648 0.238561296
Cyanidin_3-O-beta-D-glucoside iP7G -0.432072617 0.184473356
Cyanidin_3-O-beta-D-glucoside iP9G 0.664395081 0.221260743
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Cyanidin_3-O-beta-D-glucoside iPR 0.363578548 0.245345687
Cyanidin_3-O-beta-D-glucoside tZ7G 0.473467406 0.120000813
Cyanidin_3-O-beta-D-glucoside tZ9G 0.476600267 0.117228922
Cyanidin_3-O-beta-D-glucoside tZOG 0.463126954 0.129454157
Cyanidin_3-O-beta-D-glucoside tZR -0.257144162 0.419758947
Cyanidin_3-O-beta-D-glucoside tZROG -0.411412415 0.183937975
Cyanidin 3-O-beta-D-sambubioside cZ -0.550286838 0.063759217
Cyanidin_3-O-beta-D-sambubioside cZ9G -0.509221743 0.109630667
Cyanidin 3-O-beta-D-sambubioside cZ0G -0.498677439 0.098888069
Cyanidin_3-O-beta-D-sambubioside cZR 0.159940123 0.619516937
Cyanidin_3-O-beta-D-sambubioside cZROG 0.280728488 0.376779779
Cyanidin 3-O-beta-D-sambubioside DZ 0.188078473 0.558297415
Cyanidin_3-O-beta-D-sambubioside DZ9G -0.282592878 0.373483318
Cyanidin 3-O-beta-D-sambubioside DZOG -0.639551495 0.025126703
Cyanidin 3-O-beta-D-sambubioside DZR -0.218656484 0.494759875
Cyanidin_3-O-beta-D-sambubioside DZROG -0.436668726 0.155808411
Cyanidin 3-O-beta-D-sambubioside iP -0.036155445 0.911178609
Cyanidin_3-O-beta-D-sambubioside iP7G 0.023423429 0.945500245
Cyanidin_3-O-beta-D-sambubioside iP9G -0.327881351 0.590134139
Cyanidin 3-O-beta-D-sambubioside iPR -0.268776007 0.398267777
Cyanidin_3-O-beta-D-sambubioside tZ 0.155920983 0.628457263
Cyanidin 3-O-beta-D-sambubioside tZ7G -0.53788585 0.071255082
Cyanidin 3-O-beta-D-sambubioside tZ9G -0.531501214 0.075341016
Cyanidin_3-O-beta-D-sambubioside tZOG -0.543165829 0.067993251
Cyanidin 3-O-beta-D-sambubioside tZR 0.159976585 0.619436045
Cyanidin_3-O-beta-D-sambubioside tZROG 0.391357021 0.208381457
Cyanidin_3-O-glucoside cZ -0.428761779 0.249523246
Cyanidin 3-O-glucoside cZ9G -0.409503685 0.273726765
Cyanidin_3-O-glucoside cZ0G -0.247902829 0.520130358
Cyanidin 3-O-glucoside cZR -0.331422456 0.383618262
Cyanidin_3-O-glucoside cZROG -0.191699653 0.621235264
Cyanidin_3-O-glucoside DZ -0.221420364 0.56695093
Cyanidin_3-O-glucoside DZ9G 0.653090908 0.056491046
Cyanidin_3-O-glucoside DZOG -0.515692584 0.155304682
Cyanidin_3-O-glucoside DZR -0.645800623 0.060266922
Cyanidin_3-O-glucoside DZROG -0.47009432 0.20162689
Cyanidin_3-O-glucoside iP -0.279769073 0.4659368
Cyanidin_3-O-glucoside iP7G -0.828987575 0.005736266
Cyanidin_3-O-glucoside iP9G -0.901882578 0.098117422
Cyanidin_3-O-glucoside iPR -0.414482696 0.267355737
Cyanidin_3-O-glucoside tZ -0.849630283 0.003735417
Cyanidin_3-O-glucoside tZ7G -0.399619218 0.286606984
Cyanidin_3-O-glucoside tZ9G -0.400980173 0.284815297
Cyanidin_3-O-glucoside tZOG -0.408873739 0.274538434
Cyanidin_3-O-glucoside tZR -0.331422456 0.383618262
Cyanidin_3-O-glucoside tZROG -0.592896843 0.09244365
Delphinidin cZ -0.594360699 0.04154082
Delphinidin cZ9G -0.529358825 0.09402038
Delphinidin cZ0G -0.591246106 0.042897171
Delphinidin cZR 0.095268743 0.768363707
Delphinidin ¢ZROG 0.179240371 0.577257615
Delphinidin DZ 0.142247501 0.659211827
Delphinidin DZ9G -0.681981439 0.014566158
Delphinidin DZOG -0.553363123 0.061987919
Delphinidin DZR -0.165192002 0.607905536
Delphinidin DZROG -0.39028425 0.209741877
Delphinidin iP -0.131708469 0.683254486
Delphinidin iP7G 0.185085004 0.585868225
Delphinidin iP9G -0.121942799 0.845123262
Delphinidin iPR -0.29500378 0.351925549
Delphinidin tZ 0.24517148 0.442462217
Delphinidin tZ7G -0.571151608 0.052410597
Delphinidin tZ9G -0.570125709 0.052932756
Delphinidin tZOG -0.573569505 0.051194243
Delphinidin tZR 0.095333904 0.768209096
Delphinidin tZROG 0.302001597 0.340069627
Delphinidin_3-O-beta-D-sambubioside cZ -0.345382133 0.27151592
Delphinidin_3-O-beta-D-sambubioside cZ9G -0.330787408 0.320415456
Delphinidin_3-O-beta-D-sambubioside cZ0G -0.380160904 0.222845016
Delphinidin_3-O-beta-D-sambubioside cZR -0.28077597 0.376695638
Delphinidin_3-O-beta-D-sambubioside c¢ZROG -0.280162529 0.377783435
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Delphinidin_3-O-beta-D-sambubioside DZ 0.368569404 0.238438099
Delphinidin_3-O-beta-D-sambubioside DZ9G -0.371443696 0.234512859
Delphinidin_3-O-beta-D-sambubioside DZOG -0.197985044 0.537354053
Delphinidin_3-O-beta-D-sambubioside DZR -0.249886511 0.433451803
Delphinidin_3-O-beta-D-sambubioside DZROG -0.235854737 0.46052742
Delphinidin_3-O-beta-D-sambubioside iP -0.32392436 0.304350611
Delphinidin_3-O-beta-D-sambubioside iP7G 0.57447334 0.064537109
Delphinidin_3-O-beta-D-sambubioside iP9G -0.352910097 0.560170611
Delphinidin_3-O-beta-D-sambubioside iPR -0.351561802 0.262455156
Delphinidin_3-O-beta-D-sambubioside tZ 0.459320235 0.133052926
Delphinidin_3-O-beta-D-sambubioside tZ7G -0.337404459 0.283475166
Delphinidin_3-O-beta-D-sambubioside tZ9G -0.340796622 0.278353973
Delphinidin_3-O-beta-D-sambubioside tZOG -0.339065134 0.28096137
Delphinidin_3-O-beta-D-sambubioside tZR -0.280735381 0.376767565
Delphinidin_3-O-beta-D-sambubioside tZROG -0.024645909 0.939397053
Delphinidin_3-O-glucoside cZ 0.712683014 0.009288587
Delphinidin_3-O-glucoside cZ9G 0.684903713 0.020048606
Delphinidin_3-O-glucoside cZ0G 0.737960549 0.006142898
Delphinidin_3-O-glucoside cZR -0.53212844 0.074932677
Delphinidin_3-O-glucoside cZROG -0.585516192 0.045473875
Delphinidin_3-O-glucoside DZ 0.457192552 0.135092403
Delphinidin_3-O-glucoside DZ9G 0.273369085 0.389938233
Delphinidin_3-O-glucoside DZOG 0.613102897 0.034014196
Delphinidin_3-O-glucoside DZR 0.002079112 0.994883465
Delphinidin_3-O-glucoside DZROG 0.608884993 0.035615261
Delphinidin_3-O-glucoside iP -0.431932261 0.160860375
Delphinidin_3-O-glucoside iP7G -0.185677214 0.584648278
Delphinidin_3-O-glucoside iP9G 0.65660056 0.228712119
Delphinidin_3-O-glucoside iPR 0.550618702 0.063566467
Delphinidin_3-O-glucoside tZ -0.275383544 0.386313339
Delphinidin_3-O-glucoside tZ7G 0.68773859 0.013439955
Delphinidin_3-O-glucoside tZ9G 0.683804012 0.014202377
Delphinidin_3-O-glucoside tZOG 0.685456383 0.013878403
Delphinidin_3-O-glucoside tZR -0.53219065 0.07489226
Delphinidin_3-O-glucoside tZROG -0.735967161 0.006356657
Genistein cZ -0.105920229 0.74319698
Genistein cZ9G 0.004112645 0.990425091
Genistein cZ0G -0.14181755 0.660187079
Genistein cZR 0.458534961 0.133803301
Genistein ¢ZROG 0.414020795 0.18089651
Genistein DZ -0.627118504 0.029063725
Genistein DZ9G -0.017939966 0.955869804
Genistein DZOG -0.007098312 0.98253267
Genistein DZR 0.350874573 0.263454002
Genistein DZROG -0.008681675 0.978637088
Genistein iP 0.490911045 0.105104338
Genistein iP7G -0.445176494 0.170031265
Genistein iP9G -0.343881018 0.57094648
Genistein iPR 0.148035344 0.646131258
Genistein tZ -0.279673718 0.378651391
Genistein tZ7G -0.080543297 0.803492461
Genistein tZ9G -0.080171251 0.804384622
Genistein tZOG -0.071643542 0.82489078
Genistein tZR 0.458573221 0.133766678
Genistein tZROG 0.367161848 0.24037442
Homoeriodictyol chalcone cZ 0.774194784 0.003119484
Homoeriodictyol chalcone cZ9G 0.759568262 0.006687711
Homoeriodictyol chalcone cZO0G 0.863018801 0.000300426
Homoeriodictyol_chalcone cZR -0.35529616 0.257065972
Homoeriodictyol_chalcone c¢ZROG -0.370740211 0.235469988
Homoeriodictyol chalcone DZ 0.362642203 0.24665462
Homoeriodictyol_chalcone DZ9G 0.545850757 0.06637473
Homoeriodictyol chalcone DZOG 0.646945997 0.022977248
Homoeriodictyol chalcone DZR 0.054142232 0.867278752
Homoeriodictyol_chalcone DZROG 0.632134489 0.027425451
Homoeriodictyol chalcone iP -0.180704189 0.574099786
Homoeriodictyol_chalcone iP7G -0.369603242 0.263255288
Homoeriodictyol chalcone iP9G 0.774082358 0.124441427
Homoeriodictyol chalcone iPR 0.485742186 0.109382567
Homoeriodictyol_chalcone tZ -0.470919698 0.122286463
Homoeriodictyol chalcone tZ7G 0.774663435 0.003089883
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Homoeriodictyol chalcone tZ9G 0.771421295 0.00329911
Homoeriodictyol chalcone tZOG 0.766629385 0.003627859
Homoeriodictyol chalcone tZR -0.355352182 0.25698562
Homoeriodictyol chalcone tZROG -0.677214916 0.015550008
Kaempferin cZ 0.144215572 0.654753914
Kaempferin cZ9G 0.172094056 0.61286888
Kaempferin cZ0G 0.277454578 0.382604747
Kaempferin cZR 0.047557571 0.88331601
Kaempferin c¢ZROG 0.179739404 0.5761803
Kaempferin DZ 0.03394247 0.916597882
Kaempferin DZ9G 0.235802697 0.460629287
Kaempferin DZOG -0.018628034 0.954178775
Kaempferin DZR -0.108549235 0.737019673
Kaempferin DZROG 0.097168265 0.763859827
Kaempferin iP -0.026319948 0.935288041
Kaempferin iP7G -0.635722086 0.035530319
Kaempferin iP9G 0.381759277 0.526008248
Kaempferin iPR 0.081744905 0.800612498
Kaempferin tZ -0.667697718 0.017659609
Kaempferin tZ7G 0.164011372 0.61050868
Kaempferin tZ9G 0.168183299 0.601328827
Kaempferin tZOG 0.155224814 0.630010557
Kaempferin tZR 0.0475563 0.883319111
Kaempferin tZROG -0.141284001 0.661397995
Kaempferol 3-O-glucoside cZ 0.588067477 0.044313447
Kaempferol 3-O-glucoside cZ9G 0.560248934 0.073041422
Kaempferol 3-O-glucoside cZOG 0.655049561 0.020778721
Kaempferol 3-O-glucoside cZR -0.320709419 0.309452393
Kaempferol 3-O-glucoside ¢ZROG -0.280144079 0.377816177
Kaempferol 3-O-glucoside DZ 0.310566841 0.325855738
Kaempferol 3-O-glucoside DZ9G 0.391407157 0.208318009
Kaempferol 3-O-glucoside DZOG 0.419341498 0.174790137
Kaempferol 3-O-glucoside DZR -0.035198959 0.913520499
Kaempferol 3-O-glucoside DZROG 0.50040062 0.097543002
Kaempferol 3-O-glucoside iP -0.424764807 0.16870064
Kaempferol 3-O-glucoside iP7G -0.392626909 0.232307905
Kaempferol 3-O-glucoside iP9G 0.670090909 0.215859071
Kaempferol 3-O-glucoside iPR 0.407357713 0.188728648
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Table 1.6: Peason’s correlatiion analysis of Endogenous isotope-labelled cytokinin
phytohormones and Secondary metabolites (Other phenolics) scanned for using the
Q-Exactive Orbitrap mass spectrometer and their classifications and abbreviations.
Secondary metabolites annotation at level 1 and 4.

S dary metabolites ( Compound 1) Phytohor (Compound 2) correlation P value

1-O-Sinapoyl-beta-D-glucose cZ 0.175931654 0.584421
1-O-Sinapoyl-beta-D-glucose cZ9G 0.223202523 0.509433
1-O-Sinapoyl-beta-D-glucose cZ0G 0.279541388 0.378887
1-O-Sinapoyl-beta-D-glucose cZR -0.020028739 0.950737
1-O-Sinapoyl-beta-D-glucose cZROG 0.036414727 0.910544
1-O-Sinapoyl-beta-D-glucose DZ -0.01728045 0.957491
1-O-Sinapoyl-beta-D-glucose DZ9G 0.35199981 0.26182
1-O-Sinapoyl-beta-D-glucose DZOG 0.061484884 0.84945
1-O-Sinapoyl-beta-D-glucose DZR -0.011594658 0.971471
1-O-Sinapoyl-beta-D-glucose DZROG 0.187991738 0.558482
1-O-Sinapoyl-beta-D-glucose iP -0.147205418 0.648001
1-O-Sinapoyl-beta-D-glucose iP7G -0.64226132 0.033104
1-O-Sinapoyl-beta-D-glucose iP9G 0.284578928 0.642615
1-O-Sinapoyl-beta-D-glucose iPR 0.249031772 0.435079
1-O-Sinapoyl-beta-D-glucose tZ -0.696528478 0.011846
1-O-Sinapoyl-beta-D-glucose tZ7G 0.20197569 0.529013
1-O-Sinapoyl-beta-D-glucose tZ9G 0.20135421 0.530308
1-O-Sinapoyl-beta-D-glucose tZOG 0.192497725 0.548914
1-O-Sinapoyl-beta-D-glucose tZR -0.020012376 0.950777
1-O-Sinapoyl-beta-D-glucose tZROG -0.204063807 0.52467
3-O-Methylgallate cZ 0.368902009 0.237982
3-O-Methylgallate cZ9G 0.337968397 0.309375
3-O-Methylgallate cZ0G 0.427119667 0.166099
3-O-Methylgallate cZR 0.109664477 0.734404
3-O-Methylgallate ¢ZROG 0.096868451 0.76457
3-O-Methylgallate DZ -0.144258799 0.654656
3-O-Methylgallate DZ9G 0.268709628 0.398389
3-O-Methylgallate DZOG 0.31621634 0.316661
3-O-Methylgallate DZR 0.14310481 0.657269
3-O-Methylgallate DZROG 0.21648636 0.499159
3-O-Methylgallate iP 0.456987091 0.13529
3-O-Methylgallate iP7G -0.164644576 0.628552
3-O-Methylgallate iP9G 0.227157923 0.713281
3-O-Methylgallate iPR 0.074737988 0.817437
3-O-Methylgallate tZ -0.089765371 0.781449
3-O-Methylgallate tZ7G 0.374081714 0.230944
3-O-Methylgallate tZ9G 0.372147239 0.233558
3-O-Methylgallate tZOG 0.371406456 0.234563
3-O-Methylgallate tZR 0.109615776 0.734518
3-O-Methylgallate tZROG -0.194868311 0.543907
5-O-Caffeoylshikimic_acid cZ 0.138428674 0.667891
5-O-Caffeoylshikimic_acid cZ9G 0.06328784 0.853339
5-O-Caffeoylshikimic_acid cZ0G 0.305353686 0.334468
5-O-Caffeoylshikimic_acid cZR -0.173807641 0.589037
5-O-Caffeoylshikimic_acid cZROG -0.110121718 0.733332
5-O-Caffeoylshikimic_acid DZ -0.378001804 0.225702
5-O-Caffeoylshikimic_acid DZ9G 0.561153927 0.057655
5-O-Caffeoylshikimic_acid DZOG -0.02293121 0.943607
5-O-Caffeoylshikimic_acid DZR -0.329439903 0.295708
5-O-Caffeoylshikimic_acid DZROG -0.086398356 0.789481
5-O-Caffeoylshikimic_acid iP 0.004609636 0.988656
5-O-Caffeoylshikimic_acid iP7G -0.926840321 4.08E-05
5-O-Caffeoylshikimic_acid iP9G -0.311596226 0.60978
5-O-Caffeoylshikimic_acid iPR -0.071418063 0.825434
5-O-Caffeoylshikimic_acid tZ -0.944335603 3.83E-06
5-O-Caffeoylshikimic_acid tZ7G 0.130446268 0.686153
5-O-Caffeoylshikimic_acid tZ9G 0.124647214 0.699517
5-O-Caffeoylshikimic_acid tZOG 0.120118841 0.710009
5-O-Caffeoylshikimic_acid tZR -0.17385244 0.588939
5-O-Caffeoylshikimic_acid tZROG -0.613603162 0.033828
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Caffeic_acid cZ -0.36569312 0.242405
Caffeic_acid cZ9G -0.364415652 0.270534
Caffeic_acid cZ0G -0.356739106 0.255001
Caffeic_acid cZR -0.2195162 0.493022
Caffeic_acid ¢ZROG -0.16842269 0.600804
Caffeic_acid DZ 0.125346988 0.6979
Caffeic_acid DZ9G 0.068765523 0.831835
Caffeic_acid DZOG -0.406283729 0.19001
Caffeic_acid DZR -0.341082745 0.277924
Caffeic_acid DZROG -0.305304848 0.334549
Caffeic_acid iP -0.588675076 0.04404
Caffeic_acid iP7G -0.058636982 0.864027
Caffeic_acid iP9G -0.368945942 0.54113
Caffeic_acid iPR -0.164764682 0.608847
Caffeic_acid tZ -0.175492452 0.585374
Caffeic_acid tZ7G -0.376764059 0.227349
Caffeic_acid tZ9G -0.375282128 0.229331
Caffeic_acid tZOG -0.38148715 0.221101
Caffeic_acid tZR -0.219482066 0.493091
Caffeic_acid tZROG 0.030297626 0.925531
Cinnamaldehyde cZ -0.076840582 0.812381
Cinnamaldehyde cZ9G -0.330489571 0.320878
Cinnamaldehyde cZ0G -0.101194982 0.754335
Cinnamaldehyde cZR -0.419633103 0.174459
Cinnamaldehyde c¢ZROG -0.487084979 0.10826
Cinnamaldehyde Dz 0.063394584 0.844823
Cinnamaldehyde DZ9G 0.487166318 0.108192
Cinnamaldehyde DZOG -0.230847473 0.470377
Cinnamaldehyde DZR -0.361953835 0.24762
Cinnamaldehyde DZROG -0.257315013 0.419439
Cinnamaldehyde iP -0.675178025 0.015985
Cinnamaldehyde iP7G -0.066149224 0.846774
Cinnamaldehyde iP9G -0.488028749 0.404255
Cinnamaldehyde iPR 0.077318509 0.811233
Cinnamaldehyde tZ -0.260237074 0.413989
Cinnamaldehyde tZ7G -0.161684209 0.615652
Cinnamaldehyde tZ9G -0.163858864 0.610845
Cinnamaldehyde tZOG -0.163988988 0.610558
Cinnamaldehyde tZR -0.419701621 0.174382
Cinnamaldehyde tZROG -0.328169802 0.297686
Coniferin cZ -0.243372795 0.445923
Coniferin cZ9G -0.243220685 0.471115
Coniferin cZ0G -0.117878819 0.715215
Coniferin cZR -0.05790396 0.858137
Coniferin ¢ZROG 0.025936013 0.93623
Coniferin DZ -0.066253083 0.837906
Coniferin DZ9G 0.345227283 0.271745
Coniferin DZOG -0.392259884 0.207241
Coniferin DZR -0.294089975 0.35349
Coniferin DZROG -0.268844326 0.398143
Coniferin iP -0.223358175 0.48529
Coniferin iP7G -0.604798537 0.048697
Coniferin iP9G -0.26620894 0.665099
Coniferin iPR -0.060087685 0.852838
Coniferin tZ -0.632110385 0.027433
Coniferin tZ7G -0.239404358 0.453604
Coniferin tZ9G -0.239423425 0.453567
Coniferin tZOG -0.252502333 0.428492
Coniferin tZR -0.057893833 0.858162
Coniferin tZROG -0.103925355 0.747894
Coniferyl alcohol cZ -0.088706272 0.783974
Coniferyl alcohol cZ9G -0.022495911 0.947656
Coniferyl alcohol cZ0OG 0.016275607 0.959961
Coniferyl alcohol cZR -0.065593886 0.8395
Coniferyl alcohol c¢ZROG -0.013208274 0.967503
Coniferyl alcohol DZ -0.207670011 0.517207
Coniferyl alcohol DZ9G 0.390438233 0.209546
Coniferyl alcohol DZOG -0.16127539 0.616557
Coniferyl_alcohol DZR -0.169373894 0.598719
Coniferyl alcohol DZROG -0.050364243 0.876475
Coniferyl_alcohol iP -0.201010719 0.531025
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Coniferyl _alcohol iP7G -0.683217109 0.02048
Coniferyl alcohol iP9G -0.272522061 0.657358
Coniferyl alcohol iPR 0.040798498 0.89982
Coniferyl _alcohol tZ -0.721363804 0.008098
Coniferyl alcohol tZ7G -0.057151903 0.859963
Coniferyl alcohol tZ9G -0.061253857 0.85001
Coniferyl _alcohol tZOG -0.065553942 0.839597
Coniferyl alcohol tZR -0.065553303 0.839598
Coniferyl _alcohol tZROG -0.227528419 0.47696
Coniferyl aldehyde cZ 0.102137377 0.75211
Coniferyl aldehyde cZ9G -0.229167384 0.497878
Coniferyl aldehyde cZ0G 0.081814803 0.800445
Coniferyl aldehyde cZR -0.492224759 0.104035
Coniferyl aldehyde cZROG -0.582217717 0.047006
Coniferyl aldehyde DZ 0.173730317 0.589205
Coniferyl aldehyde DZ9G 0.551187515 0.063237
Coniferyl aldehyde DZOG -0.086816994 0.788481
Coniferyl aldehyde DZR -0.332500505 0.290973
Coniferyl aldehyde DZROG -0.143825212 0.655637
Coniferyl aldehyde iP -0.673044741 0.01645
Coniferyl aldehyde iP7G -0.047529489 0.889633
Coniferyl aldehyde iP9G -0.355149993 0.557503
Coniferyl aldehyde iPR 0.196976331 0.539471
Coniferyl aldehyde tZ -0.267030464 0.401457
Coniferyl aldehyde tZ7G 0.001875208 0.995385
Coniferyl aldehyde tZ9G -0.000794594 0.998045
Coniferyl aldehyde tZOG -0.001275987 0.99686
Coniferyl aldehyde tZR -0.492326277 0.103953
Coniferyl aldehyde tZROG -0.468746548 0.124258
Ferulic_acid cZ -0.34274381 0.275438
Ferulic_acid cZ9G -0.346662412 0.29629
Ferulic_acid cZ0G -0.304879686 0.335257
Ferulic_acid cZR -0.215031897 0.502117
Ferulic_acid cZROG -0.187572742 0.559375
Ferulic_acid DZ -0.041614583 0.897825
Ferulic_acid DZ9G 0.296543672 0.349298
Ferulic_acid DZOG -0.394038641 0.205004
Ferulic_acid DZR -0.339153581 0.280828
Ferulic_acid DZROG -0.316051164 0.316928
Ferulic_acid iP -0.502175635 0.09617
Ferulic_acid iP7G -0.268629111 0.424452
Ferulic_acid iP9G -0.474169789 0.419724
Ferulic_acid iPR -0.128821499 0.689889
Ferulic_acid tZ -0.370464947 0.235845
Ferulic_acid tZ7G -0.350118307 0.264556
Ferulic_acid tZ9G -0.351669316 0.262299
Ferulic_acid tZOG -0.357027202 0.25459
Ferulic_acid tZR -0.215002179 0.502177
Ferulic_acid tZROG -0.071642381 0.824894
Gentisic_acid cZ -0.388785356 0.211652
Gentisic_acid cZ9G -0.316072735 0.343686
Gentisic_acid cZ0G -0.345844106 0.270832
Gentisic_acid cZR -0.267586405 0.40044
Gentisic_acid cZROG -0.20741269 0.517738
Gentisic_acid DZ -0.027363351 0.932728
Gentisic_acid DZ9G 0.169070942 0.599382
Gentisic_acid DZOG -0.235369702 0.461477
Gentisic_acid DZR -0.310836282 0.325414
Gentisic_acid DZROG -0.241272236 0.449981
Gentisic_acid iP -0.265346641 0.404545
Gentisic_acid iP7G -0.284107247 0.397165
Gentisic_acid iP9G -0.394829749 0.510672
Gentisic_acid iPR -0.276416588 0.384461
Gentisic_acid tZ -0.186457279 0.561756
Gentisic_acid tZ7G -0.353551739 0.259575
Gentisic_acid tZ9G -0.350164449 0.264488
Gentisic_acid tZOG -0.356421798 0.255454
Gentisic_acid tZR -0.267503142 0.400592
Gentisic_acid tZROG 0.130814191 0.685307
L-Phenylalanine cZ -0.356067287 0.255961
L-Phenylalanine cZ9G -0.370077435 0.262596
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L-Phenylalanine cZ0G -0.42559435 0.167781
L-Phenylalanine cZR -0.188957828 0.556425
L-Phenylalanine ¢ZROG -0.191649678 0.550709
L-Phenylalanine DZ 0.383854241 0.218009
L-Phenylalanine DZ9G -0.155127464 0.630228
L-Phenylalanine DZOG -0.323547182 0.304947
L-Phenylalanine DZR -0.196679335 0.540095
L-Phenylalanine DZROG -0.260754715 0.413028
L-Phenylalanine iP -0.544224116 0.067352
L-Phenylalanine iP7G 0.504221195 0.113751
L-Phenylalanine iP9G -0.336752164 0.579481
L-Phenylalanine iPR -0.157782427 0.624311
L-Phenylalanine tZ 0.367743833 0.239573
L-Phenylalanine tZ7G -0.377022302 0.227005
L-Phenylalanine tZ9G -0.374141729 0.230864
L-Phenylalanine tZOG -0.378527552 0.225004
L-Phenylalanine tZR -0.188930641 0.556483
L-Phenylalanine tZROG 0.22821662 0.475591
Methylthioadenosine cZ 0.016300666 0.959899
Methylthioadenosine cZ9G -0.161532736 0.635145
Methylthioadenosine cZ0G -0.138537764 0.667642
Methylthioadenosine cZR -0.241404175 0.449726
Methylthioadenosine cZROG -0.363695402 0.245183
Methylthioadenosine Dz 0.412579172 0.182574
Methylthioadenosine DZ9G -0.131810912 0.683019
Methylthioadenosine DZOG 0.05185692 0.87284
Methylthioadenosine DZR 0.041401664 0.898346
Methylthioadenosine DZROG -0.021793986 0.9464
Methylthioadenosine iP -0.378228566 0.225401
Methylthioadenosine iP7G 0.727348381 0.011192
Methylthioadenosine iP9G -0.050739552 0.935424
Methylthioadenosine iPR 0.192777184 0.548322
Methylthioadenosine tZ 0.58600871 0.045248
Methylthioadenosine tZ7G -0.062120335 0.84791
Methylthioadenosine tZ9G -0.0572601 0.859701
Methylthioadenosine tZOG -0.054374798 0.866713
Methylthioadenosine tZR -0.241460498 0.449617
Methylthioadenosine tZROG 0.168452734 0.600738
p-Coumaroyl quinic_acid cZ -0.181564074 0.572248
p-Coumaroyl quinic_acid cZ9G -0.254857045 0.449463
p-Coumaroyl quinic_acid cZ0G -0.30151991 0.340879
p-Coumaroyl quinic_acid cZR -0.121598762 0.706575
p-Coumaroyl quinic_acid cZROG -0.153062118 0.634845
p-Coumaroyl quinic_acid DZ 0.490618253 0.105344
p-Coumaroyl quinic_acid DZ9G -0.312834982 0.322147
p-Coumaroyl _quinic_acid DZOG -0.145333211 0.652227
p-Coumaroyl quinic_acid DZR -0.072735677 0.822259
p-Coumaroyl quinic_acid DZROG -0.165728653 0.606724
p-Coumaroyl quinic_acid iP -0.38031576 0.222641
p-Coumaroyl quinic_acid iP7G 0.877584216 0.000384
p-Coumaroyl _quinic_acid iP9G -0.351001948 0.562445
p-Coumaroyl quinic_acid tZ 0.710053253 0.009674
p-Coumaroyl quinic_acid tZ7G -0.225305972 0.481391
p-Coumaroyl quinic_acid tZ9G -0.220784352 0.490464
p-Coumaroyl quinic_acid tZOG -0.222401773 0.487209
p-Coumaroyl quinic_acid tZR -0.121613681 0.70654
p-Coumaroyl quinic_acid tZROG 0.269808762 0.396387
Sinapaldehyde cZ -4.1537E-05 0.999898
Sinapaldehyde cZ9G -0.166311628 0.62503
Sinapaldehyde cZ0G -0.002735405 0.993268
Sinapaldehyde cZR -0.428108426 0.165014
Sinapaldehyde c¢ZROG -0.490093463 0.105774
Sinapaldehyde DZ 0.01461412 0.964046
Sinapaldehyde DZ9G 0.520470669 0.082773
Sinapaldehyde DZOG -0.115002713 0.721917
Sinapaldehyde DZR -0.306564121 0.332457
Sinapaldehyde DZROG -0.127782786 0.692281
Sinapaldehyde iP -0.636207144 0.026145
Sinapaldehyde iP7G -0.236944632 0.482986
Sinapaldehyde iP9G -0.373125667 0.536188
Sinapaldehyde iPR 0.139341348 0.665813
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Sinapaldehyde tZ -0.392914865 0.206415
Sinapaldehyde tZ7G -0.059130571 0.85516
Sinapaldehyde tZ9G -0.062788438 0.846291
Sinapaldehyde tZOG -0.062362299 0.847323
Sinapaldehyde tZR -0.428152058 0.164966
Sinapaldehyde tZROG -0.388249822 0.212337
Sinapyl _alcohol cZ -0.261787946 0.411111
Sinapyl_alcohol cZ9G -0.233908487 0.488775
Sinapyl _alcohol cZ0G -0.35053664 0.263946
Sinapyl_alcohol cZR -0.173583037 0.589526
Sinapyl_alcohol ¢ZROG -0.140884578 0.662305
Sinapyl _alcohol DZ 0.454133198 0.13806
Sinapyl_alcohol DZ9G -0.449018777 0.143115
Sinapyl _alcohol DZOG -0.159078359 0.62143
Sinapyl _alcohol DZR -0.147188526 0.648039
Sinapyl_alcohol DZROG -0.141057171 0.661913
Sinapyl _alcohol iP -0.491731792 0.104435
Sinapyl_alcohol iP7G 0.725103693 0.011572
Sinapyl_alcohol iP9G -0.127400608 0.838228
Sinapyl alcohol iPR -0.280111223 0.377874
Sinapyl_alcohol tZ 0.600081961 0.039129
Sinapyl alcohol tZ7G -0.268102143 0.399497
Sinapyl alcohol tZ9G -0.263154651 0.408583
Sinapyl_alcohol tZOG -0.268213426 0.399294
Sinapyl alcohol tZR -0.173542259 0.589615
Sinapyl_alcohol tZROG 0.290823569 0.359111
Tetrahydrofolate cZ -0.411391051 0.237544
Tetrahydrofolate cZ9G -0.57942884 0.102022
Tetrahydrofolate cZ0G -0.314575709 0.376014
Tetrahydrofolate cZR -0.001693423 0.996296
Tetrahydrofolate ¢ZROG 0.036894173 0.919404
Tetrahydrofolate Dz -0.230013921 0.52263
Tetrahydrofolate DZ9G 0.210555001 0.559293
Tetrahydrofolate DZOG -0.58481964 0.075769
Tetrahydrofolate DZR -0.305020636 0.391457
Tetrahydrofolate DZROG -0.54908729 0.100201
Tetrahydrofolate iP -0.21665695 0.54769
Tetrahydrofolate iP7G -0.629403789 0.069331
Tetrahydrofolate iP9G -0.629770013 0.566298
Tetrahydrofolate iPR 0.101194567 0.78089
Tetrahydrofolate tZ -0.684109552 0.029125
Tetrahydrofolate tZ7G -0.476159429 0.164169
Tetrahydrofolate tZ9G -0.48567768 0.15471
Tetrahydrofolate tZOG -0.477386575 0.16293
Tetrahydrofolate tZR -0.001705432 0.996269
Tetrahydrofolate tZROG -0.193176948 0.592845
trans-5-0-(4-Coumaroyl)-D-quinate cZ -0.057533303 0.859037
trans-5-0-(4-Coumaroyl)-D-quinate cZ9G -0.091674494 0.788642
trans-5-O-(4-Coumaroyl)-D-quinate cZ0G -0.178236047 0.579428
trans-5-0-(4-Coumaroyl)-D-quinate cZR -0.169500491 0.598441
trans-5-O-(4-Coumaroyl)-D-quinate cZROG -0.188888097 0.556573
trans-5-O-(4-Coumaroyl)-D-quinate DZ 0.406905477 0.189268
trans-5-0-(4-Coumaroyl)-D-quinate DZ9G -0.386361412 0.214762
trans-5-O-(4-Coumaroyl)-D-quinate DZOG -0.000809084 0.998009
trans-5-0-(4-Coumaroyl)-D-quinate DZR -0.043798916 0.892489
trans-5-0-(4-Coumaroyl)-D-quinate DZROG -0.021862204 0.946233
trans-5-O-(4-Coumaroyl)-D-quinate iP -0.47876682 0.115337
trans-5-0-(4-Coumaroyl)-D-quinate iP7G 0.778785685 0.004737
trans-5-0-(4-Coumaroyl)-D-quinate iP9G 0.136853531 0.826298
trans-5-O-(4-Coumaroyl)-D-quinate tZ 0.629706462 0.02821
trans-5-0-(4-Coumaroyl)-D-quinate tZ7G -0.089920357 0.78108
trans-5-O-(4-Coumaroyl)-D-quinate tZ9G -0.08627733 0.78977
trans-5-0-(4-Coumaroyl)-D-quinate tZOG -0.088167298 0.785259
trans-5-0-(4-Coumaroyl)-D-quinate tZR -0.169500402 0.598442
trans-5-O-(4-Coumaroyl)-D-quinate tZROG 0.193532483 0.546726
Vanillic_acid cZ 0.205477594 0.521739
Vanillic_acid cZ9G 0.243213365 0.471129
Vanillic_acid cZ0G 0.221971841 0.488073
Vanillic_acid cZR -0.1917431 0.550511
Vanillic_acid c¢ZROG -0.197904649 0.537523
Vanillic_acid DZ 0.622454075 0.030649
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Vanillic_acid DZ9G 0.077084107 0.811796
Vanillic_acid DZOG 0.211986262 0.508336
Vanillic_acid DZR 0.081314661 0.801643
Vanillic_acid DZROG 0.318366522 0.3132
Vanillic_acid iP -0.269644177 0.396686
Vanillic_acid iP7G 0.255424989 0.448418
Vanillic_acid iP9G 0.366874944 0.543582
Vanillic_acid iPR 0.241638853 0.449271
Vanillic_acid tZ 0.1615477 0.615954
Vanillic_acid tZ7G 0.234305814 0.463564
Vanillic_acid tZ9G 0.234225645 0.463721
Vanillic_acid tZOG 0.226287463 0.479432
Vanillic_acid tZR -0.191717605 0.550565
Vanillic_acid tZROG -0.072896385 0.821872
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