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Abstract 

Medicinal and ornamental plants show emerging phytomedicinal potential which boost their 

economic and therapeutic value in pharmaceutical, nutraceutical, and cosmetic industries. Plant 

extracts and essential oils from these plants are rich in phytochemicals, offering a plethora of 

pharmacological properties such as antimicrobial, antiviral, anti-inflammatory, and antioxidant 

activities. Yet, a knowledge gap remains in understanding the molecular interactions of 

phytochemicals and their biological activities. Additionally, the low phytochemical yield and 

bioactivity of  these plants, combined with high market demand, highlight the need for 

solutions. 

To circumvent this, artificial polyploidization was employed to enhance the metabolite 

biosynthesis, stress tolerance, and biological activities via chromosomal duplication. 

Integrating findings from three peer-reviewed publications, this thesis evaluates the impact of 

oryzalin-induced polyploidization on Thymus vulgaris L., a medicinal aromatic plant, and 

Callisia fragrans (Lindl.) Woodson, an ornamental species. In T. vulgaris, polyploidization 

significantly increased essential oil yield, enriched phytochemical composition, and enhanced 

in vitro antimicrobial, antioxidant, and anti-inflammatory activities. Furthermore, it also 

addresses the molecular interactions of phytochemicals through in silico molecular docking 

analysis of major compounds of T. vulgaris. This analysis demonstrates high binding affinity 

to essential biological proteins, supporting the correlation between phytochemical content and 

biological activities. Similarly, polyploid C. fragrans exhibited enhanced volatile and non-

volatile phytochemical content, correlating with superior in vitro antioxidant, antimicrobial, 

and anti-inflammatory activities, alongside with pronounced cell viability effects. Additionally, 

this thesis incorporates a comprehensive mini-review highlighting the potential of artificial 

polyploidization in medicinal and aromatic plants to optimize metabolites biosynthesis and 

enhance biological activity, with a focus on insights for upregulating natural metabolites 

responsible for higher biological activities. 

By integrating plant biotechnology, enhanced phytochemical profiling, bioactivity assays, and 

computational biology, this doctoral thesis presents a robust framework for enhancing 

pharmaceutical and economic value of these plants through artificial polyploidization to meet 

growing global demand. 

Keywords: artificial polyploidization, biological activities, in vitro, medicinal plants, 

metabolites  
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1. Introduction 

Medicinal and ornamental plants (MOPs) have been used for millennia in both conventional 

and complementary medical systems. They are also employed in the food and cosmetics 

industries for flavoring and fragrance (Ghorbanpour et al., 2017). Additionally, MOPs hold 

significance from conceptual, landscape architecture, and commercial viewpoints. Plant 

extracts (PEs) from MOPs contain various phytochemicals, including alkaloids, flavonoids, 

terpenoids, and phenolic compounds, responsible for biological activities such as antibacterial, 

antifungal, antiviral, antioxidant, anti-inflammatory, and anticancer properties (Sharma et al., 

2024; Gupta et al., 2023; Gupta et al., 2024). Essential oils (EOs) from plants like Lippia alba, 

Melissa officinalis, Thymus vulgaris, Sideritis cypria, Origanum dubium, Mentha piperita, 

Thymus capitatus, and Salvia fruticosa exhibit notable antioxidant, antimicrobial, and anti-

inflammatory activities (Velásquez et al., 2023; Chrysargyris et al., 2024). 

With growing recognition of the health benefits of MOPs, there has been a shift towards plant-

based products in cosmetics, pharmaceuticals, food packaging, aquaculture, and fodder 

industries. This trend is driven by concerns over the toxicity of synthetic alternatives and 

environmental degradation, leading to the global rise of organic, natural, and green 

consumerism (Kuebutornye et al., 2024; Malik et al., 2023; Priya et al., 2024). However, this 

growing demand creates a gap between supply and market needs, exacerbated by low PEs 

yields and high labor requirements. Over-harvesting and gene  depletion further complicate the 

situation (Jaouadi et al., 2023). Additionally, the chemical composition and biological activity 

of PEs are influenced by various factors such as geography, environment, agroclimatic 

conditions, and genetics (Mehalaine et al., 2021), making sustainable production increasingly 

challenging. Thus, improvised breeding approaches are needed to balance cultivar production 

with biodiversity preservation. To meet significant market demand, improving MOP quality by 

enhancing their phytochemical yield and biological activities is crucial. These traits are often 

inherently low, but various breeding approaches, such as backcross breeding, mass selection, 

pure-line selection, precursor feeding, in vitro culture, genome editing, and metabolic 

engineering, can reinforce them (Ahmar et al., 2020). However, traditional breeding methods 

are time- and capital-intensive, typically requiring 8 to 10 years or more to develop new 

cultivars (Begna 2022). 

Conversely, artificial polyploidization (AP) or synthetic polyploidization (SP) has emerged as 

a promising breeding strategy due to its efficiency and applicability in both in vitro and in vivo 
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conditions. AP involves chromosome doubling, typically using antimitotic agents (AMAs) like 

colchicine or oryzalin, which disrupt normal cell division (Soltis et al., 2015). In MOPs, 

polyploidization can enhance physiological, morphological, anatomical, and biochemical traits 

(Mohammadi et al., 2023; Bharati et al., 2023). However, its effects are sometimes 

unpredictable, and gene duplication may negatively impact certain traits (Xie et al., 2012; 

Carusa et al., 2013). Selecting the right genotypes and traits is essential for maximizing the 

benefits of this technique (Lamlom et al., 2024). Studies suggest that AP can enhance the 

production of primary and secondary metabolites (SMs), influencing the biological activities 

of polyploid plants (Gupta et al., 2024; Herawati et al., 2024). Despite these findings, research 

on the bioactivity of SMs in polyploid plants is still in its emerging stages.  

This thesis focuses on the comprehensive evaluation of oryzalin-induced polyploidization in 

Thymus vulgaris L. and Callisia fragrans (Lindl.) Woodson, with the aim of enhancing 

phytochemical composition and biological activities. In the first study, the effects of 

polyploidization on T. vulgaris demonstrated a significant increase in EO yield, an enriched 

phytochemical profile, and a marked improvement in its in vitro antimicrobial, antioxidant, and 

anti-inflammatory activities. Further investigations through in silico molecular docking (MD) 

analysis, examining major phytochemicals from T. vulgaris was conducted. The analysis 

revealed that these compounds exhibit high binding affinity to critical biological proteins, 

reinforcing the correlation between enhanced phytochemical content and improved biological 

activity observed in the polyploid plants. This set the foundation for further investigations into 

how polyploidization can impact other MOPs. In the second study, C. fragrans, upon 

undergoing polyploidization, showed a substantial increase in phytochemical content, which 

was directly correlated with enhanced in vitro antimicrobial, antioxidant, and anti-

inflammatory properties, alongside elevated cell viability effects. Building on these findings, 

the final and the third study delves into the potential of AP across medicinal and aromatic plants 

(MAPs) more broadly, emphasizing its ability to optimize SM biosynthesis.  

Succinctly, this thesis integrates plant biotechnology, phytochemical analytics, bioactivity 

assays, and computational biology to leverage AP for optimizing phytochemical richness, 

biological efficacy, stress resilience, and economic potential in MOPs. Such interdisciplinary 

approaches are vital for addressing challenges in climate-resilient medicinal plant breeding, 

sustainable phytopharmaceutical production, and functional food development.
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2. Literature review 

2.1 Polyploidization  

Polyploidization, characterized by the presence of more than two sets of chromosomes in a 

cell, is a significant evolutionary mechanism contributing to plant species' genetic diversity and 

adaptability. This phenomenon has played a crucial role in the evolutionary dynamics of plants, 

enabling them to thrive in diverse and challenging environments. It is estimated that 

approximately 50-70% of angiosperms have undergone polyploidy during their evolutionary 

history (Renny-Byfield et al., 2010). Advances in genomics and the increasing availability of 

genomic data have revealed that plants have experienced multiple genome duplication events 

throughout their evolutionary trajectory (Panchy et al., 2016). 

Polyploidy can arise through processes such as endomitosis and endoreduplication. In 

endomitosis, mitosis occurs without the breakdown of the nuclear membrane, leading to 

chromosome doubling within the nucleus. Endoreduplication involves DNA replication 

without chromatid segregation, resulting in 2n chromatids without altering the chromosome 

count. The nucleus undergoing endoreduplication can continue DNA replication without 

entering mitosis, producing nuclei with ploidy levels of 4n, 8n, 16n, and beyond (Jafarkhani-

Kermani & Emadpour, 2019). Polyploidy can also arise through somatic doubling and the 

formation of unreduced (2n) gametes (Ramsey & Schemske, 1998). Polyploidy is traditionally 

categorized into two primary types: (i) allopolyploidy, which is more common in nature and 

results from the hybridization of two distinct species, with heterozygosity varying based on the 

divergence of parental genomes, and (ii) autopolyploidy, which involves the doubling of 

homologous genomes within a single species (Ramsey & Schemske, 1998; Hegarty et al., 

2013) (Figure 1). An example of autopolyploidy is the AAA genomic group, a key component 

of commercially used Musa acuminata (A-genome) cultivars. Interspecific crosses between M. 

acuminata and Musa balbisiana give rise to various allopolyploids, including AB, AAB, ABB, 

and ABBB (Subbaraya et al., 2011). 

The duplication of entire chromosome sets increases the copy number of existing genes and 

induces additional changes, such as epigenetic modifications and altered gene expression, 

influencing a wide range of phenotypic traits. Consequently, agricultural and horticultural crops 

with increased ploidy levels often exhibit anatomical and morphological changes (known as 

the Gigas effect), enhanced biomass, yield, vigor, stress tolerance, and adaptive advantages 

contributing to their commercial success. Polyploidy can also promote self-incompatibility and 
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may lead to dwarfism (Parida & Misra, 2015; Hannweg et al., 2016; He et al., 2016). Over 

recent decades, new and improved cultivars of economically essential species exhibiting these 

enhanced traits have been developed through the induction of AP using mutagenic agents such 

as colchicine, trifluralin, and oryzalin (Eng & Ho, 2019; Dhooghe et al., 2011). The discovery 

of polyploid genomes in various plant species has garnered significant interest from plant 

breeders for applying AP in crop improvement. 

 

Figure 1. Simplified illustration of the mechanisms involved in autopolyploid and 

allopolyploid formation. Image source: Author 

2.2 Natural polyploidization 

Natural polyploidization, a process where plants acquire additional chromosome sets without 

human intervention, is a pivotal phenomenon that has profoundly influenced plant evolution 

and biodiversity. This genetic variation, particularly in angiosperms, also occurs in some 

amphibians and fish (Woodhouse et al., 2009). Polyploidy plays a critical role in plant 

adaptability, speciation, and diversity, arising through mechanisms such as whole-genome 

duplication, errors in cell division, and hybridization events. Advances in genomic technologies 

have deepened our understanding of the mechanisms and evolutionary significance of natural 

polyploidization. Several prominent plant lineages have undergone natural polyploidization, 

contributing to their genetic complexity and ecological success. For example, wheat (Triticum 
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aestivum), a major staple crop, is an allohexaploid with six chromosome sets originating from 

three distinct ancestral species. This intricate polyploidization event has provided wheat with 

extensive genetic diversity, enhancing its adaptability and agricultural value (Dubcovsky & 

Dvorak, 2007). Similarly, the genus Brassica, which includes critical crops such as cabbage, 

broccoli, and mustard, features many polyploid species. These species have evolved through 

natural hybridization and chromosome-doubling events, significantly contributing to their 

diversification and ecological adaptation (Pradhan et al., 2010). 

 

Figure 2 Schematic representation of different polyploidization systems. Image source: Author 
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2.3 Artificial polyploidization 

Artificial polyploidization (AP) is a technique used to induce polyploidy in plants that possess 

more than two sets of chromosomes through chemical treatments, physical interventions, or 

hybridization. This approach is increasingly recognized as a critical strategy in plant mutation 

breeding, mainly because it involves genomic mutation, which typically results in more 

substantial phenotypic variation than gene mutations. Such variation can lead to enhanced 

traits, particularly those advantageous for medicinal applications. AP varieties can emerge 

spontaneously or through deliberate induction using chemical or physical agents (Figure 2). 

2.3.1 Physical agents 

Physical mutagens, such as electromagnetic radiation (including X-rays and UV light) and 

particle radiation (such as fast and thermal neutrons, as well as β and α particles), are commonly 

used to induce mutations (Maluszynski et al., 2000) (Figure 2). These irradiations cause various 

disruptions in DNA molecules, including hydrogen bond breakage, single- and double-strand 

breaks, base loss, base changes, formation of pyrimidine dimers, DNA cross-linking, and DNA-

protein cross-linking. These effects result from the intense external energy applied to DNA, 

disrupting its thermodynamically stabilized state (Gupta et al., 2019). Despite these efforts, the 

efficiency and success rate of polyploidy induction in plants remain low due to undesirable 

chromosomal alterations, the formation of chimeric plants, poor root development, or even 

plant death.  

2.3.2 Chemical agents  

The assortment of an antimitotic agent (AMA) is one of the critical factors while conducting 

polyploidization (Figure 2). One should consider the agent type, minimum effective 

concentration, exposure duration, and application method during polyploidization. These 

AMAs act as spindle inhibitors. Colchicine is a well-known mitotic arrest alkaloid that ceases 

microtubule formation (Chaikam et al., 2019). However, it is considered toxic due to its lower 

affinity for plant cell tubulins and a higher affinity for tubulins in animal cells (Sivakumar et 

al., 2017). Alternatively, less toxic AMAs, such as oryzalin, trifluralin, flufenacet amiprophos-

methyl combined with pronamide and dimethyl sulfoxide, and N2O gas, can be a promising 

candidate as a substitute for colchicine (Chaikam et al., 2019). Oryzalin is safer than colchicine 

as it does not bind to animal tubulin sites, has a higher specificity for plant tubulins, and 

requires lower dosages than colchicine (Grosso et al., 2018; Eng & Ho, 2019). For example, in 

the in vitro polyploidy induction of Trachyspermum ammi L., the maximum tetraploidy 
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induction was depicted using 0.05% colchicine for 24 hours (Noori et al., 2017). In contrast, 

Gerbera jamesonii gave the highest numbers of tetraploids on treatment, with 0.2% colchicine 

applied for 2 hours (Khalili et al., 2020). The AMA concentration is inversely proportional to 

the duration of the treatment, which often leads to desirable results, achievable either by using 

high concentrations of AMA for short durations or low concentrations for more extended 

periods (Ye et al., 2010; He et al., 2016). Several environmental factors, such as the 

composition of the medium and culture temperature, are crucial for establishing an efficient in 

vitro AP (Xu et al., 2018). Qi-Qing et al. (2018) reported the highest polyploid production in 

Andrographis paniculata when treated with colchicine at 4°C for 40 minutes, followed by 

exposure to fresh colchicine solution at 40°C for 20 minutes. 

2.4 Polyploid induction application systems 

2.4.1 In vitro polyploidization 

In vitro polyploidization is conducted under sterile, controlled conditions using plant tissue 

culture techniques. AMAs are introduced directly into the culture medium, allowing localized, 

precise application to explants such as shoot apices, nodal segments, seeds, and embryogenic 

suspension cultures (Touchell et al., 2020; Acanda et al., 2015). This environment facilitates 

efficient polyploid induction, enhanced by early screening tools such as flow cytometry and 

chromosome counting. This method typically exhibits higher mutation rates, lower mortality, 

and reduced mixoploidy compared to ex vitro or in vivo approaches (Fu et al., 2019). The 

effectiveness of in vitro protocols is influenced by several factors, including plant genotype, 

explant age, culture medium composition, plant growth regulator (PGR) ratios, exposure 

duration, and temperature (Niazian, 2019; Niazian & Shariatpanahi, 2020). For example, in 

Allium hirtifolium, colchicine (0.5% w/v for 36 h) and oryzalin (0.001% w/v for 8 h) induced 

polyploidy rates of 35.0% and 45.5%, respectively, with significant improvements in 

morphological traits, antioxidant activity, and enzyme expression (Farhadi et al., 2023). In 

Pennisetum × advena, colchicine-induced hexaploids displayed desirable dwarfism and 

delayed flowering, aligning with ornamental market preferences (Yue et al., 2020). Likewise, 

oryzalin-induced tetraploids of Rhododendron fortunei exhibited thicker, curled leaves and 

darker green coloration, enhancing aesthetic appeal (Lan et al., 2020). Moreover, hormonal 

balance during in vitro culture plays a critical role. For instance, the auxin-to-cytokinin ratio 

significantly influenced polyploid regeneration in both Trachyspermum ammi and Paeonia 

sect. Moutan (Sadat-Noori & Norouzi, 2017; Du et al., 2020). 
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2.4.2 Ex vitro polyploidization 

Ex vitro polyploidization involves the application of AMAs to plant materials grown outside of 

tissue culture, typically in greenhouse or field settings. This method is suitable for large-scale 

operations, allowing treatment of numerous seedlings, plantlets, or mature plants. Application 

methods include foliar sprays and cotton-plugging, which are operationally simple and less 

reliant on laboratory infrastructure. Although effective in some contexts, ex vitro treatments 

often suffer from low induction efficiency, high mixoploid rates, and chemical wastage due to 

evaporation (Salma et al., 2017). For instance, in Citrullus lanatus, colchicine applied at 0.1% 

and 0.2% to shoot apices and inverted hypocotyls resulted in a 29.5% increase in tetraploid 

induction (Noh et al., 2012). Similarly, a 14.5% increase in polyploid count was reported in 

Dendranthema following 24-hour seed soaking in 0.1% colchicine (He et al., 2016). Sesamum 

indicum treated with 0.6% colchicine for 4 hours exhibited delayed maturity (Anbarasan et al., 

2014). Despite these successes, ex vitro polyploidization remains less efficient than in vitro 

methods and is more prone to producing chimeric plants (Miri & Roughani, 2018). 

2.4.3 In vivo polyploidization 

In vivo polyploidization bridges the gap between ex vitro and in vitro methods. It involves direct 

treatment of plants at early developmental stages typically through immersion, seed soaking, 

or droplet application of AMAs (Figure 2). This method is often employed due to its technical 

simplicity and cost-effectiveness, requiring minimal laboratory resources (Castillo et al., 2009). 

In Gerbera hybrida, a prominent ornamental species and a model for SMs studies, seedlings 

treated with 0.2% colchicine successfully developed into pure tetraploids. These exhibited 

thicker leaves and scapes and reduced stomatal density, contributing to enhanced abiotic stress 

resistance (Bhattarai et al., 2021). However, high mortality, inconsistent outcomes, and 

frequent chimerism remain persistent limitations at low AMA concentrations. 

While both methods involve treatment of whole plants outside sterile culture, ex vitro typically 

refers to the treatment of tissue culture-derived plantlets during acclimatization, often under 

semi-controlled conditions. In contrast, in vivo polyploidization is applied directly to naturally 

grown plants in non-controlled, open environments. This differentiation is well-established 

(Castillo et al., 2009; Miri & Roughani, 2018) and reflects important methodological and 

biological differences, particularly regarding treatment precision, plant developmental stage, 

and outcomes such as mixoploidy rates and mortality. 
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2.5 Polyploidization in medicinal and ornamental plants 

Polyploidization in MOPs often leads to distinct characteristics, such as altered phytochemical 

profiles, increased concentrations of pharmaceutically valuable compounds, and alterations in 

morphological traits, including flower color, size, fragrance, and shelf life. These enhanced 

traits offer significant economic potential in both medicinal and ornamental plant breeding. By 

employing both in vitro and in vivo chromosome doubling techniques, researchers can develop 

custom-designed plants with increased market appeal. 

2.5.1 Polyploidization in medicinal plants 

Medicinal plants are valuable due to their bioactive components, which possess therapeutic 

properties and have bio-prospecting potential (Pradhan et al., 2018). Finding effective drug 

candidates with minimal side effects remains a challenge in the pharmaceutical industry. Plant-

based medicines are in great demand due to their lower side effects compared to synthetic drugs 

(Niazian et al., 2019). For instance, plant-based anti-obesity drugs are preferred over synthetic 

alternatives like Orlistat and Sibutramine due to their lower cost and reduced side effects 

(Mopuri & Islam, 2017). Global demand for medicinal plants has risen due to their health 

benefits, economic value, and industrial applications. To circumvent this demand gap, 

sustainable production systems are required to prevent the extinction of these plants (Niazian 

et al., 2017; Niazian et al., 2018). 

One effective breeding method for medicinal plants is antimitotic agent-induced polyploidy 

induction (APPI) (Niazian, 2019). For instance, oryzalin-induced tetraploids in T. vulgaris L. 

(Figure 3) exhibited increased levels of EO (1.19%) with enhanced thymol (18.01%), and 

carvacrol (0.49%) content compared to diploids (Shmeit et al., 2020). Similar effects were 

observed in other medicinal plants, such as L. alba and Tetradenia riparia, where the EO 

composition was influenced (Julião et al., 2020; Hannweg et al., 2016). Since polyploidization 

produces varieties of autopolyploid lines, proper screening must be conducted to select the 

superior genotypes in terms of the desired phytochemical profiles. Certain reports suggested 

that polyploid-induced gene silencing processes lead to transcription repression. One such 

example is of Citrus limon (L.), where reverse transcriptase polymerase chain reaction (RT-

PCR) analysis revealed upregulation of limonene synthase, phenylalanine ammonia-lyase, and 

chalcone synthase genes in colchicine-induced tetraploids, leading to alterations in EO 

composition, which resulted in the loss of iso-carveol, geranial, and trans α-bergamotene 

components and the emergence of a new component of β-bisabolene in colchicine-induced 
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tetraploids (Bhuvaneshwari et al., 2020). Another example is T. riparia, which reported the 

occurrence of α-humulene, α-terpineol, and viridiflorol in the polyploids, which was absolutely 

absent in their diploid counterpart (Hannweg et al., 2016). 

Polyploidy can also enhance tolerance to biotic and abiotic stresses (Tossi et al., 2022; Parsons 

et al., 2019;  Šedivá et al., 2019). Alternatively, increased levels of SMs have been observed in 

various medicinal plants when subjected to abiotic stress conditions (Yeshi et al., 2022; Niazian 

et al., 2019). Therefore, cultivation of induced polyploid medicinal plants under stressful 

environments has the double benefit of improving their SM content. Another advantage of 

polyploidization is enhanced tolerance to biotic and abiotic stresses (Van de Peer et al., 2021; 

Parsons et al., 2019). Abiotic stress conditions can further increase the production of SMs in 

medicinal plants (Mansinhos et al., 2024), making the cultivation of polyploid medicinal plants 

in stressful environments a beneficial strategy. 

 

Figure 3 The plant on the left represents the diploid T. vulgaris, while the plant on the right 

represents the polyploid T. vulgaris. Image source: Author 

2.5.2 Polyploidization in ornamental plants 

There is a continuous demand for novel varieties with new traits, such as enhanced flower 

color, fragrance, and shape, which is why genetic diversity is critical for advancing in 

ornamental plant industries (Katoch et al., 2024). Artificial in vitro polyploidy induction has 

been widely used in breeding programs to create new ornamental varieties with desirable 

characteristics (Eeckhaut et al., 2018). Phenotypic alterations in ornamental plants caused by 

polyploidy are attributed to factors such as allelic diversity (heterozygosity), gene silencing, 

gene dosage effects, and epigenetic and genetic interactions (Manzoor et al., 2019). Polyploid 
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induction, especially triploids and tetraploids, is valuable for improving traits such as fragrance, 

plant structure, flower color, and extended flowering periods (Kumar et al., 2024). The most 

common AMA used in ornamental plant APPI is colchicine and oryzalin, which successfully 

produced larger flowers in various species, including Gerbera jamesonii, Chrysanthemum 

boreale, Callicarpa bodinieri, and C.fragrans, respectively (Figure 4) (Khalili et al., 2020; 

Hoang et al., 2020; Beranová et al., 2022). For instance, colchicine-induced triploids of 

lavandin (Lavandula × intermedia) have shown potential for oil production (Urwin, 2014). 

Similar methods have been used in species like Leptospermum scoparium and Populus 

canescens, leading to improvements in flower diameter, growth traits, and stress resistance 

(Bicknell et al., 2019; Zhou et al., 2020). 

However, the relationship between chromosome duplication and desired traits is not always 

linear, as seen in Hyoscyamus muticus L., where polyploidy led to reduced organ size 

(Shahriari-Ahmadi et al., 2008). Flower color is a critical trait in ornamental breeding, and 

generating novel colors has become increasingly important. Studies have demonstrated that 

polyploidy can generate novel flower colors, such as in Impatiens walleriana, where oryzalin 

treatment leads to increased anthocyanin content in the polyploid (Ghanbari et al., 2019). 

Studies indicate that key factors influencing ornamental polyploidization include plant species, 

explant type, culture medium, AMA type and concentration, and inoculation time (Fomicheva 

et al., 2024; Ghanbari et al., 2019; Subramanian et al., 2024; Fatima et al., 2024; Miler et al., 

2023).  For instance, Esmaeili et al. (2020) studied the effects of colchicine, oryzalin, and 

trifluralin on chromosome doubling in Calendula officinalis cultivars which depicted that 

colchicine was most effective in the Nova (200 ppm) and Orange Beauty (400 ppm) cultivars, 

while oryzalin (20 ppm) worked best for WUR 1553-7. Meanwhile, colchicine-treated 

polyploid Petunia plants with distinct morphological traits possess compact growth (Regalado 

et al., 2017). This benefits the ornamental plant breeders as it reduces reliance on hormones 

and fertilizers while achieving higher yields (Eng & Ho 2019). 
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Figure 4 The plant on the left represents the diploid C. fragrans, while the plant on the right 

represents the polyploid C. fragrans. Image source: Author 

In summary, AP is an effective breeding strategy for developing ornamental plants with 

enhanced commercial traits, such as larger flowers, increased fragrance, and improved stress 

tolerance. Additionally, it holds promise in medicinal plant breeding by improving 

phytochemical profiles and stress resistance. 

2.6 The botany of medicinal and ornamental plants used in this study 

2.6.1 Thymus vulgaris L. (Garden thyme) 

T. vulgaris L., commonly referred to as garden thyme or common thyme, is a perennial, bushy, 

woody-based aromatic herb of the Lamiaceae family, typically reaching heights between 10 

and 30 cm. It is native to the Mediterranean region, and is also found in parts of Asia, Southern 

Europe, and North Africa (Hossain et al., 2022). The genus Thymus includes approximately 

400 species, traditionally used in the treatment of various ailments, such as cough, bronchitis, 

sore throat, arthritis, and rheumatism (Horváth & Ács, 2015; Kowalczyk et al., 2020; 

Hosseinzadeh et al., 2015), in addition to its culinary applications for flavor enhancement and 

preservation of food (Neito, 2020). T. vulgaris is an evergreen subshrub characterized by an 

upright, woody stem (Figure 3). Its leaves are arranged in whorls around the stem and are 

evergreen, simple, ovate, and fine-textured, emitting a pleasant fragrance. The leaves are 

primarily the edible part of the plant. The flowers are cymose, bisexual, and two-lipped, with 
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a purple and white color, and possess a hairy glandular calyx, which also contributes to the 

plant's aromatic properties. Blooming typically occurs in spring and summer (Kosakowska et 

al., 2020). T. vulgaris exhibits a moderate growth rate and, upon maturity, can reach heights of 

0.5 to 1 m, with a similar spread, although it may extend up to 15 m when acting as ground 

cover. It takes approximately 2 to 5 years to achieve its full height (Talhouk et al., 2015). The 

species is tolerant of both frost and drought and thrives in poor, salty environments. It grows 

well in loamy and sandy soils with neutral to alkaline pH. The plant has minimal water 

requirements but requires full sun exposure. It has a life span of up to 25 years. The plant can 

be propagated through seeds, cuttings, or layering (Hammoudi et al., 2022). 

Traditionally, T. vulgaris has been used to treat various health issues, particularly those 

affecting the respiratory and digestive systems, as well as for its antimicrobial properties (Patil 

et al., 2021). More recent ethnomedicinal studies highlight its continued relevance. For 

instance, breast cancer patients in Algeria have used infusions of T. vulgaris aerial parts (Taïbi 

et al., 2020), while in southeastern Serbia, thyme tea is traditionally used to treat stomach 

disorders (Jarić et al., 2015), and in Spain, it is consumed as a medicinal infusion (Rivera et 

al., 2019). In Europe, it is recognized for its medicinal applications, particularly as a cough 

remedy and for treating urinary and genital disorders (Iftikhar et al., 2023). The European 

Medicines Agency classifies therapeutic effects of thyme under 'traditional use,' supported by 

its safe application over at least 30 years, including a minimum of 15 years within the European 

union (Bodalska et al., 2021). 

In the natural environment, EOs play a crucial role in plant defense, exhibiting antiviral, 

antibacterial, antifungal, insecticidal, and herbivore-deterrent activities (Hammoudi et al., 

2022). T. vulgaris EO is particularly rich in thymol, along with other compounds such as 

carvacrol, geraniol, α-terpineol, 4-thujanol, linalool, 1,8-cineole, myrcene, γ-terpinene, and p-

cymene (Najar et al., 2021). These constituents are responsible for a range of therapeutic 

effects, including antitussive, antibronchial, antispasmodic, anticancer, and other medicinal 

properties (Silvi et al., 2021; Salehi et al., 2019). 

2.6.2 Callisia fragrans (Lindl.) Woodson (Basket plants or Golden moustache) 

C. fragrans, commonly referred to as the Basket Plant or False Bromeliad is a diminutive herb 

belonging to Commelinaceae family is known for its rosette growth form and waxy leaves. It 

is native to Mexico and has been cultivated as an ornamental houseplant for over a century, 

primarily in subtropical and tropical regions. Recently, interest in its medicinal properties has 
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grown, particularly in Eastern Europe, where its leaves are utilized for the treatment of skin 

conditions, burns, and joint disorders. Their leaves are rich in biologically active compounds, 

including flavonoids, neutral glycolipids, and phospholipids, along with their associated fatty 

acid profiles (Yarmolinsky et al., 2010; Le et al., 2022). Their leaves measure 6 to 10 inches in 

length, with a glossy green color and a subtle purplish tint on the underside. These leaves often 

overlap tightly at the base and may develop a more pronounced purple hue when exposed to 

sufficient light (Figure 4). It produces clusters of small, fragrant white flowers that emerge on 

long, erect stems, adding to its unique ornamental appeal (Beranová et al., 2022). Indigenous 

to Mexico and parts of South America, this plant thrives in temperatures between 30-32°F (3-

5°C) and can be cultivated as a potted or basket plant, or used as ground cover. In Eastern 

Europe, it has been traditionally used for its medicinal properties, particularly for treating skin 

diseases, burns, and joint pain, where it is believed to alleviate inflammation and promote 

healing (Yarmolinsky et al., 2010; Huynh et al., 2023). Additionally, the plant has been 

employed as remedies to treat cardiovascular conditions, bronchial asthma, and mucosal 

infections (El Sohafy et al., 2021). Beyond traditional uses, the Basket Plant has garnered 

attention for its potential in the pharmaceutical industry, thanks to its abundance of 

phytochemicals, antioxidants, minerals, and vitamins. The plant's chemical constituents 

include compounds such as aloe-emodin, umbelliferone, scopoletin, ethyl acetate, quercetin, 

gallic acid, caffeic acid, and chicoric acid, which contribute to its medicinal properties (Le et 

al., 2015; Le et al., 2022; Olennikov et al., 2008). 

In addition to its therapeutic potential, C. fragrans is appreciated as an ornamental plant, often 

admired for its visual resemblance to bromeliads, with trailing stems that enhance its aesthetic 

appeal (Beranová et al., 2022). Its distinct appearance, coupled with its medicinal benefits, 

makes it a valuable plant for both horticultural and pharmaceutical applications. 

2.7 Significance of polyploidization in enhancing the phytochemical profile of plant 

extracts  

The rising demand for valuable plant SMs across various industries has made AP a promising 

breeding approach for enhancing the phytochemical efficacy of MOPs. This method is 

particularly advantageous as it aligns with consumer preferences for natural genetic profiles, 

bypassing concerns associated with genetically modified organisms (GMOs). A research study 

by Navratilova et al. (2022) reported that oryzalin-induced tetraploid genotypes of Ajuga 

reptans exhibited elevated levels of key compounds, including trans-teupolioside, trans-

verbascoside, and 20-hydroxyecdysone, compared to diploid genotypes. Similarly, Priya and 
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Pillai (2023) found a 160-fold increase in andrographolide production in colchiploid calluses 

of Andrographis paniculata, a compound known for its pharmacological activities such as 

anticancer, antimicrobial, antiparasitic, and anti-inflammatory properties. 

Another example includes Artemisia annua, where artemisinin, an effective antimalarial 

compound, increased from 39% to 56% in tetraploid plants induced by colchicine treatment 

(Lin et al., 2011). Research by Tavan et al. (2021) also demonstrated that polyploidization in 

Salvia officinalis influenced phytochemical traits, including alterations in rosmarinic acid 

content. In a separate study, Shmeit et al. (2020) observed increased levels of key compounds 

such as carvacrol, thymol, trans-caryophyllene, γ-terpinene, and 4-cymene in polyploid plants. 

Pansuksan et al. (2014) identified 40 unique bioactive compounds in tetraploid Mitracarpus 

hirtus that were absent in its diploid progenitor. Bharati et al. (2023) reported successful SP of 

Mentha spicata using oryzalin, which resulted in increased levels of significant compounds 

like carvone and limonene. Additionally, oryzalin-induced polyploidization in M. officinalis 

led to elevated levels of geranial and neral (Bharati et al., 2023). Several other plants, including 

Anoectochilus formosanus, Cichorium intybus, Datura stramonium, Papaver bracteatum, 

Salvia miltiorrhiza, Stachys byzantina, and T. ammi, have also shown enhanced SM production 

following polyploidization (Huang et al., 2022; Ghotbi Ravandi et al., 2014; Al-Taweel et al., 

2019; Madani et al., 2019; Ma et al., 2023; Hamarashid et al., 2021; Sadat Noori et al., 2017). 

A study by Keshtkar et al. (2019) demonstrated that colchicine treatment of Trigonella 

foenumgraecum resulted in an enhanced phytochemical profile, with increased concentrations 

of alkaloids (trigonelline, choline, carpaine), flavonoids (saponaretin, isovitexin, isoorientin, 

quercetin, luteolin), and saponins (fenugrin, foenugracin, yamogenin, trigonoesides). In 

another case, oryzalin-induced polyploidization in Cannabis sativa led to larger plant 

morphology and higher levels of valuable phytochemicals, including α-humulene, guaiol, 

tetrahydrocannabinol (THC), cannabidiol (CBD), and α-bisabolol, when compared to their 

diploid counterparts (Parsons et al., 2019). Lastly, research by Zhang et al. (2018) highlighted 

an increase in total alkaloid content in colchicine-treated Dioscorea zingiberensis, showcasing 

the potential of polyploidization in boosting phytochemical production. 
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2.8 Polyploidization influences the biological activities of medicinal and ornamental 

plants 

AP is often proposed to enhance both primary and SM production by inducing chromosome 

doubling, which subsequently affects the biological activities of polyploid plants. While 

research on the bioactivity of polyploid medicinal plants is still in its early stages, several 

studies have characterized induced polyploid plants, focusing on metabolite enhancement and 

biological effects. For instance, Gupta et al. (2024) demonstrated that oryzalin-induced 

polyploid T. vulgaris EO exhibited stronger antibacterial, antioxidant, and anti-inflammatory 

activities, along with higher concentrations of thymol and γ-terpinene compared to the diploid 

counterpart. The study highlighted that the higher thymol content in the tetraploid genotype 

was primarily responsible for the enhanced biological activity. Similarly, another study on 

induced tetraploid T. vulgaris revealed greater insecticidal activity, along with elevated levels 

of bioactive compounds such as carvacrol, thymol, trans-caryophyllene, γ-terpinene, and 4-

cymene compared to the diploid genotype (Navrátilová et al., 2021). Further examples include 

studies by Bhuvaneswari et al. (2019) and Mei et al. (2020), which demonstrated higher 

antioxidant activities in colchicine-induced C. limon and E. purpurea, respectively, alongside 

increased production of SMs. In the case of Acorus calamus, tetraploid plants were found to 

contain over 95% β-asarone in their EO, contributing to enhanced anticancer activity, a 

compound typically absent in diploid plants (Song et al., 2015). Polyploid T. riparia EO also 

showed increased antifungal activity against Geotrichum candidum (Hannweg et al., 2016). 

Additionally, Pansuksan et al. (2014) reported that tetraploid M. hirtus exhibited higher 

antibacterial activity and contained 40 unique bioactive compounds not present in its diploid 

progenitor. However, it is essential to note that elevated concentrations of specific bioactive 

components in SMs do not necessarily guarantee improved biological activity. The efficacy of 

bioactivity depends on multiple factors, including compound synergism, metabolic fluxes, 

target specificity, and bioavailability. Therefore, comprehensive phytochemical profiling 

combined with mechanistic biological assays is essential to confirm and rationalize functional 

enhancements in polyploid plants. 
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2.9 Methods for evaluating biological activities and phytochemical characterization of 

polyploid plant extracts 

 

The imperative to evaluate qualitative attributes of synthetically induced polyploid genotypes 

is paramount, given the nascent state of research into the bioactivity of SMs from such novel 

polyploids. The comparative evaluation of phytochemical profile and biological activities 

between different genotypes is classified into four different categories: Ploidy level estimation, 

extraction methods, analytical methods, and in vitro bioassays (Figure 5). 

Figure 5 Schematic representation for evaluating biological activities and phytochemical 

characterization of polyploid plants. Image source: Author 

 

For the confirmation of genetic stability in polyploid plants, flow cytometry offers rapid and 

accurate ploidy assessment by measuring nuclear DNA content (Bharati et al., 2023). This is 

often complemented by cytogenetic techniques such as chromosome counting, molecular 

marker profiling using Simple Sequence Repeat (SSR) and Amplified Fragment Length 

Polymorphism (AFLP), and Fluorescence In Situ Hybridization (FISH), which collectively 

provide deeper insights into chromosomal integrity, structural variation, and genome stability 

across generations (Dhooghe et al., 2011). Once genetic stability is confirmed, polyploid plants 

become valuable candidates for further phytochemical and biological evaluation due to their 

enhanced SM production resulting from gene duplication. 
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PEs such as EOs and phenolic compounds are typically extracted using traditional techniques 

like cold expression, hydrodistillation, and steam distillation, though heat-sensitive compounds 

may degrade during these processes. To overcome such limitations, modern green extraction 

technologies like supercritical fluid extraction (SFE) with CO₂ (Nahar & Sarker, 2012), 

ultrasound-assisted extraction (Rodrigues & Fernandes, 2009), and microwave-assisted 

extraction (Lee et al., 2017) can be employed to improve selectivity, efficiency, and thermal 

protection. However, for the extraction of non-volatile PEs conventional solvent extraction 

using polar solvents like methanol or ethanol is widely adopted due to their strong ability to 

dissolve a broad range of polar phytochemicals such as phenolics, tannins, and flavonoids 

(Azmir et al., 2013). 

High-throughput analytical techniques such as Gas Chromatography–Mass Spectrometry (GC-

MS) for volatiles, Nuclear Magnetic Resonance (NMR) spectroscopy, Liquid 

Chromatography–Mass Spectrometry (LC-MS), Matrix-Assisted Laser Desorption/Ionization 

Time-of-Flight Mass Spectrometry (MALDI-TOF-MS), Fourier-Transform Infrared 

Spectroscopy (FTIR), and Ultraviolet–Visible Spectrophotometry (UV-Vis) are essential tools 

for analyzing phytochemical composition between polyploid and diploid counterparts (Munjal 

et al., 2022). These methods provide a precise understanding of chemical composition 

differences between the two genotypes. Therefore, these chromatographic and spectrometric 

methods are currently the most effective tools for investigating metabolic insights across 

different ploidy levels. 

The metabolite diversity in polyploids directly correlates with their bioactivity; therefore, it is 

necessary to understand the specific biological activities of polyploid plants and compare them 

with their parental genotypes. Several in vitro bioassays can be performed in this regard. 

However, the selection of appropriate biological activity assessments should be based on 

previously reported bioactivities to understand the current status post-polyploidization. 

To assess antimicrobial activity, the broth microdilution volatilization (BMV) method to 

measure minimum inhibitory concentrations (MICs) is a good approach (Gupta et al., 2024). 

Antioxidant capacity of plant extracts can be evaluated via 2,2-diphenyl-1-picrylhydrazyl 

(DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), Oxygen Radical 

Absorbance Capacity (ORAC), Ferric Reducing Antioxidant Power (FRAP) assays. 

Additionally, analyzing total phenolic (TPC) and flavonoid content (TFC) can help clarify the 

underlying mechanisms supporting antioxidant activity (Anand et al., 2018). 
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Several plant extracts also exhibit anti-inflammatory activity, making its assessment a valuable 

approach. This can be evaluated by various methods, with one of the most popular involving 

the inhibition of cyclooxygenase (COX) enzymes, specifically COX-1 and COX-2 (Ahmed et 

al., 2025). Moreover, many studies have reported other bioactivities to explore differences 

across ploidy levels, including insecticidal, anticancer, and antiproliferative effects 

(Navrátilová  et al., 2021; Madani et al., 2021). However, research on elucidating these 

biological activities in relation to ploidy variation remains in its early stages. Thus, further 

experimental studies are essential to establish the efficacy of induced polyploid varieties for 

improved product development. 

Equally important is the assessment of potential toxicity of these PEs, especially for their future 

applications. Cytotoxicity testing is therefore a crucial part of this research. In this regard, the 

MTT colorimetric assay is a widely used and reliable method to measure cell viability and 

cytotoxic effects (Mosmann 1983). 

Beyond these, polyploid extracts can also be screened for antidiabetic activity via α-

glucosidase and α-amylase inhibition (Kumar et al., 2011), anticancer activity through 

cytotoxicity against cancer cells and apoptosis assays (Mosmann 1983), wound-healing 

potential using in vitro scratch tests (Liang et al., 2007), and neuroprotective effects via 

acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) inhibition (Orhan et al., 2007). 

Together, these interconnected analyses validate the enhanced therapeutic potential of 

genetically stable polyploid MOPs. 
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3. Hypotheses and Objectives 

3.1 Hypotheses 

• Artificial polyploidization in selected medicinal and ornamental plants significantly 

increases the yield of plant extracts compared to their diploid progenitors 

• Induced polyploidy enhances the biosynthesis and accumulation of secondary metabolites, 

leading to greater phytochemical diversity and elevated concentrations of bioactive 

compounds 

• Polyploid derivatives exhibit significantly improved biological activities namely 

antioxidant, antimicrobial, and anti-inflammatory properties, relative to their diploid 

counterparts 

3.2 Objectives 

The main objective of this doctoral thesis is to characterize the effectiveness of artificial 

polyploidization on medicinal and ornamental plants, focusing on the phytochemical profile 

and biological activity. 

The specific objectives of this doctoral thesis are: 

• To verify the relative DNA content and ploidy stability of induced polyploid in selected 

medicinal and ornamental plant species using flow cytometry 

• To extract, quantify, and compare the yield of plant extracts between diploid and polyploid 

genotypes 

• To identify and characterize the phytochemical profiles (volatile and non-volatile 

constituents) of diploid and polyploid extracts using chromatographic and spectrometric 

techniques 

• To assess and compare the in vitro biological activities (antioxidant, antimicrobial, and anti-

inflammatory) of extracts from diploid and polyploid plants 
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4. Synthetic polyploidization induces enhanced phytochemical profile and 

biological activities in Thymus vulgaris L. essential oil  
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Abstract 

Essential oil from Thymus vulgaris L. has valuable therapeutic potential that is highly 

desired in pharmaceutical, food, and cosmetic industries. Considering these advantages and 

the rising market demand, induced polyploids were obtained using oryzalin to enhance 

essential oil yield. However, their therapeutic values were unexplored. So, this study aims 

to assess the phytochemical content, and antimicrobial, antioxidant, and anti-inflammatory 

activities of tetraploid and diploid thyme essential oils. Induced tetraploids had 41.11% 

higher essential oil yield with enhanced thymol and γ-terpinene content than diploid. 

Tetraploids exhibited higher antibacterial activity against all tested microorganisms. 

Similarly, in DPPH radical scavenging assay tetraploid essential oil was more potent with 

half-maximal inhibitory doses (IC50) of 180.03 µg/mL (40.05 µg TE/mg) than diploid with 

IC50 > 512 µg/mL (12.68 µg TE/mg). Tetraploids exhibited more effective inhibition of in 

vitro catalytic activity of pro-inflammatory enzyme cyclooxygenase-2 (COX-2) than 

diploids at 50 µg/mL concentration. Furthermore, molecular docking revealed higher 

binding affinity of thymol and γ-terpinene towards tested protein receptors, which 

explained enhanced bioactivity of tetraploid essential oil. In conclusion, these results 

suggest that synthetic polyploidization using oryzalin could effectively enhance the quality 

and quantity of secondary metabolites and can develop more efficient essential oil-based 

commercial products using this induced genotype. 
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4.1 Introduction  

Thymus vulgaris L., popularly known as garden thyme or common thyme, is a perennial bushy 

and wood-based aromatic herb belonging to the Lamiaceae family predominantly found in the 

Mediterranean regions, Asia, Southern Europe, and North Africa [1]. The genus Thymus 

comprises approximately 400 species, widely used in traditional for treating ailments such as 

cough, bronchitis, sore throat, arthritis, and rheumatism [2, 3, 4, 5] in addition to its culinary 

use for taste enhancement and preventing food spoilage [6]. Thymol is found in abundance in 

T. vulgaris followed by carvacrol, geraniol, α-terpineol, 4-thujanol, linalool, 1,8-cineole, 

myrcene, γ-terpinene, and p-cymene solely responsible for antitussive and antibroncholitic [7], 

antispasmodic anti-cancer, and several medicinal properties [8, 9, 10]. The bioactivities of T. 

vulgaris essential oil mostly depend on its terpene and terpenoid contents [11, 12]. There has 

been a plethora of reports validating the in vitro antibacterial activity of thyme essential oil on 

some respiratory disease-causing pathogens including Staphylococcus aureus, Pseudomonas 

aeruginosa, Haemophilus influenza, and Streptococcus pneumonia [13, 14]. Thyme essential 

oil is used commercially as a natural preservative in food industries to prevent spoilage as well 

as for food packaging systems [15, 16, 17]. 

Essential oil-based products promote organic, natural, and green consumerism throughout the 

global marketplace leading to escalating rivalry to create high-quality cultivars and to reduce 

production costs. The gap between the supplier and the market demand created due to the lesser 

yield of essential oils and heavy use of labor has led to over-harvesting from the wild causing 

gene-pool deficiency [18]. Several pieces of literature highlighted the fact that geographical, 

environmental, agroclimatic, and various genetic factors can influence the quantity of essential 

oil production in the plant along with chemical composition and its biological activity [19, 20, 

21].  

Keeping in mind that consumers prefer natural products over genetically modified plants due 

to safety issues [22] and other conventional plant breeding techniques are quite expensive and 

time-consuming, synthetic polyploidization is considered one of the safest and ideal 

contemporary breeding approaches [23, 24]. Synthetic polyploidization is chromosome 

duplication of the whole genomic constitution of an organism creating genetic uniqueness 

using chemical AMAs like oryzalin, colchicine, trifluralin, etc. [25], may result in superior or 

inferior genotypes with enhanced or reduced morphological, physiological, and biochemical 

properties as the result of gene duplication is unknown [26]. It is reported that oryzalin has 
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fewer side effects compared to colchicine and possesses a higher affinity towards plant tubulin 

[27]. 

Several studies reported and it is often hypothesized that synthetic polyploidization enhanced 

primary and secondary metabolite production due to chromosome doubling that influenced the 

biological activities of the polyploid plants [28, 29, 30, 31, 32]. However, one of such reports 

has proven it as a myth [33]. Thus, it is important to assess the quality of these induced 

genotypes. However, the bio-activity analysis of polyploid plants’ secondary metabolites is still 

in its budding stage, and as of now, there has been no research article reporting the biological 

activities of induced tetraploid T. vulgaris essential oil by broadening the concern on 

antimicrobial, anti-inflammatory, and antioxidant activities. Therefore, the objective of this 

study was to extract essential oil from induced tetraploid thyme plants and characterize the 

effectiveness of polyploidization on T. vulgaris essential oil on its chemical composition and 

biological activities such as antimicrobial, anti-inflammatory, and antioxidant activities 

compared to essential oil extracted from diploid thyme. The current findings may elucidate the 

increase of secondary metabolite production in the polyploid genotype through synthetic 

polyploidization that positively influences the biological activities of plants that are of great 

economic importance to the pharmaceutical, cosmetic, and food industries.  

4.2 Materials and methods 

4.2.1 Plant material acquisition 

Artificially induced autopolyploid plants of T. vulgaris (2n=4x=60) and T. vulgaris control 

plants (2n=2x=30) were obtained from the previous study by Homaidan Shmeit et al., 2020 

[34] and maintained in the field condition at the botanical garden of the Faculty of Tropical 

Agrisciences (FTA), Czech University of Life Sciences Prague (CZU). The control T. vulgaris 

plants were obtained from the botanical garden (Index seminum number-343, year: 2019) 

identified by Marie Hlaváčová (Botanist and Curator) of botanical garden FTA, CZU. The plant 

materials were not deposited in the herbarium repository as they were obtained from seeds and 

through plant tissue culture for experimental purposes and later maintained in the field of the 

botanical garden. For experimental purposes, the plant materials were collected from the 

parental plants maintained in field conditions at the botanical garden of FTA, CZU (50.131115 

N, 14.370528 E) with permission and relevant institutional guidelines. The flow cytometric 

analysis was conducted as a confirmatory test using a Partec PAS flow cytometer (Partec 
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GmbH, Munster Germany) equipped with a high-pressure mercury arc as described by Bharati 

et al. 2023 [35] and the results can be found in Supplementary (Fig. S1a-b). 

4.2.2 Essential oil extraction 

Fresh aerial parts of T. vulgaris were obtained from tetraploid and diploid control plants and 

dried at 30°C. Dried samples were then ground and homogenized using a Grindomix apparatus 

(GM 100 Retsch, Haan, Germany). The residual moisture content was evaluated 

gravimetrically in triplicate by Scaltec SMO 01 Analyzer (Scaltec Instruments, Gottingen, 

Germany) at 130°C for 1 h and expressed as arithmetic averages. Ground samples were then 

hydro-distilled using a Clevenger-type apparatus. The extracted essential oils were collected in 

air-tight glass vials and stored at 4°C until further use. 

4.2.3 Chemical analysis of essential oils 

Chemical characterization of essential oils has been done using the Agilent GC-7890B system 

(Agilent Technologies, Santa Clara, CA, USA) equipped with autosampler Agilent 7693, non-

polar HP-5MS column (30 m × 0.25 mm, film thickness 0.25 μm, Agilent 19091s-433), and a 

flame ionization detector (FID) coupled with single quadrupole mass selective detector Agilent 

MSD-5977B. Samples were diluted in n-hexane for GC-MS analysis at a concentration of 20 

μl/mL. 1 μl of the solution was injected in splitless mode. The injector temperature was 250°C. 

The initial temperature of the oven was 60°C for 1 minute and then increased to 240°C at a rate 

of 3°C/min. The transfer line temperature was kept at 250°C. We used helium as a carrier gas 

and the flow rate was 1 ml/min. The FID was programmed with a heating temperature of 250°C, 

an H2 flow rate of 40 ml/min, an airflow rate of 400 ml/min, and a make-up flow rate of 30 

ml/min. The MS analysis was carried out with the following conditions: ionization energy 70 

eV, ion source temperature 230 °C, and mass range 30–550 m/z. The identification of chemical 

components was based on the comparison of their retention indices (RIs), retention times (RT), 

spectra with the National Institute of Standards and Technology Library (NIST 2.0.f), and the 

available literature [36]. The RI of the separated compounds was calculated using the retention 

times of the n-alkanes series ranging from C8 to C40 (Sigma-Aldrich, Prague, Czech 

Republic). The relative percentage content of chemical components was determined from FID. 
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4.2.4 Bacterial strain and culture media 

For the antimicrobial assay, American Type Culture Collection (ATCC) that includes 

Haemophilus influenzae ATCC 49247, Staphylococcus aureus ATCC 29213, Streptococcus 

pneumoniae ATCC 49619, and Streptococcus pyogenes ATCC 19615 was used. The cultivation 

and assay media (broth/agar) were Mueller Hinton (MH), complemented with Haemophilus 

Test Medium and defibrinated horse blood for H. influenzae, MH only for S. aureus, and Brain 

Heart Infusion for both S. pneumoniae and S. pyogenes. The pH of the broth was adjusted to a 

final value of 7.6 using Trizma base (Sigma-Aldrich, Prague, Czech Republic). All microbial 

strains, growth media, and other supplements were purchased from Oxoid (Basingstoke, 

Hampshire, UK). 

Stock cultures of bacterial strains were cultivated in appropriate media at 37℃ for 24h before 

testing. The turbidity of the bacterial strains was adjusted to 0.5 McFarland standard using 

Densi-La-Meter II (Lachema, Brno, Czech Republic) to reach the final concentration of 107 

CFU/mL. Ampicillin and amoxicillin were purchased from Sigma-Aldrich (Prague, Czech 

Republic) and assayed as positive antibiotic controls for all the strains used (CLSI). 

4.2.5 Antimicrobial assay 

In vitro growth-inhibitory effect of essential oils was assessed using the Broth Microdilution 

Volatilization (BMV) method that allows the assessment of the antibacterial activity of 

essential oils at different concentrations in both liquid and vapor phases as described by 

Hudokova et al. (2017) & (2018) [37, 38]. A standard 96-well microtiter plate (well volume = 

400µL) with tight-fitting lids and flanges was used for this experiment. Each essential oil 

sample was dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Prague, Czech 

Republic) at a maximum concentration of 1% and diluted in appropriate broth medium, and 

seven two-fold serial dilutions of samples of all essential oils starting from 1024 µg/mL were 

prepared with 100 µL as the final volume of each well. The plates were then inoculated with 

bacterial suspension using a 96-pin multi-blot replicator (National Institute of Public Health, 

Prague, Czech Republic) and incubated at 37℃ for 24h. The wells containing inoculated and 

non-inoculated broth were simultaneously prepared for growth and purity controls. The 

Minimum Inhibitory Concentrations (MIC) were evaluated by visual assessment of bacterial 

growth after the coloring of metabolically active bacterial colonies with thiazolyl blue 

tetrazolium bromide dye (MTT) at a concentration of 600µg/mL (Sigma-Aldrich, Prague, 

Czech Republic). The MIC values were determined as the lowest concentrations that inhibited 
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the bacterial growth compared to compound-free control and expressed in µg/mL (1024, 512, 

256, 128, 64, 32, and 16 µg/mL, respectively). In the case of vapor phase, these concentrations 

can be expressed as weight of volatile agent per unit volume of a well and the MIC values 

would be expressed in µg/cm3 (256, 128, 64, 32, 16, 8, and 4 µg/cm3, respectively). All the 

experiments were performed in triplicate with three independent measurements and the results 

were expressed as median/modal MIC values. 

4.2.6 Antioxidant Activity 

The radical scavenging assay using DPPH (2,2-diphenyl-1-picrylhydrazyl) was tested to 

determine the ability of samples to scavenge the DPPH radicals using the method described by 

Stastny et al., 2022 [39]. Samples were diluted in analytical-grade methanol to obtain the initial 

concentration of 1024 μg/mL. Subsequently, the serial dilution of each sample was prepared in 

methanol (100 μL) in 96-well microtiter plates. The radical scavenging reaction was started 

after the addition of 100 μL of freshly prepared 0.25 mM DPPH in methanol to each well along 

with samples, thus creating a range of 512 to 0.5 μg/mL. Trolox was used as a standard 

reference material and pure methanol as a blank control. The absorbance was measured at 517 

nm using Synergy H1 multi-mode reader (BioTek, Winooski, Winooski, VT, USA). The results 

were expressed as half-maximal inhibitory concentrations (IC50 in μg/mL) and Trolox 

equivalents (mg TE/g extract). 

4.2.7 In vitro anti-inflammatory activity 

For evaluating anti-inflammatory activity, the inhibitory activity against cyclooxygenases was 

determined using the previously described method by Langhansova et al., 2017 [40] with slight 

modifications. COX-2 (0.125 units/reaction) was added to 180 µL of incubation mixture 

consisting of 100 mM Tris buffer (pH 8.0), 5 µM hematin porcine, 50 µM Na2EDTA, and 18 

mM L-epinephrine. The essential oil samples were dissolved in DMSO and 10 μL was added 

to incubation mixture in the 96-well microplate with 5 μL of COX enzyme. After adding 10 

µM arachidonic acid the reaction was initiated. After 20 mins of incubation at 37⁰ C, the 

reaction was ceased by adding 10 μL of 10% formic acid. The PGE2 concentration was 

determined by PGE2 ELISA kit according to the manufacturer’s instructions and the final 

solutions were diluted at 1:15 in assay buffer. The absorbance was measured with a microplate 

reader (Tecan Infinite M200) at 405 nm and the inhibitory activity was calculated as the 

percentage inhibition of PGE2 production compared to blank. (S)-(+)-ibuprofen was used as a 
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reference inhibitor and DMSO as the blank. The experiment was repeated at least two times 

with at least two technical replicates in each experiment. 

4.2.8  Molecular docking study 

Molecular docking was done to understand the interaction of major compounds identified from 

essential oils with bacterial protein receptors along with confirming their antioxidant and anti-

inflammatory properties. The docking study was conducted according to the previously 

described method by Gupta et al., 2023 [41]. The crystal structure of seven universal bacterial 

proteins such as isoleucyl-tRNA synthetase (PDB ID: 1JZQ), DNA gyrase (PDB ID: 1KZN), 

dihydropteroate synthase (PDB ID: 2VEG), D-alanine: D-alanine ligase (PDB ID: 2ZDQ), 

topoisomerase IV (PDB ID: 3RAE), dihydrofolate reductase (PDB ID: 3SRW), penicillin-

binding protein 1a (PDB ID: 3UDI), and also protein human cyclin-dependent kinase 2 

complex (PDB ID: 1HCK), and cyclooxygenase-2 (PDB: 1CX2) were obtained from Protein 

Data Bank (https://www.rcsb.org/, accessed on 12 November 2023). Ascorbic acid was used in 

antioxidant activity as a positive reference as described by Mendes-da-Silva et al., 2014 [42]. 

Each center and size were submitted to AutoDock Tools 

( https://autodock.scripps.edu/download-autodock4/) for docking using the interface of the 

command prompt and the interaction and visualization were performed for the best-docked 

complexes using LigPlot + ver. 2.2 (https://www.ebi.ac.uk/thornton-

srv/software/LigPlus/download.html). 

 

4.2.9 Statistical analysis 

The data obtained from the antioxidant and anti-inflammatory activity of control diploid and 

induced polyploid genotypes were presented as means ± SD. The IC50 of antioxidant activity 

(half-maximal inhibitory concentration) was calculated by plotting the values for % inhibition 

(absorbanceblank – absorbancesample/absorbanceblank × 100) to the particular concentration of the 

sample/positive control. The IC50 was expressed as the concentration (in μg/mL) corresponding 

to the 50% inhibition of the DPPH radical with the use of the Gen5 microplate and imager 

software ver 3.04 (BioTek, Winooski, USA) (https://www.agilent.com/en/product/cell-

analysis/cell-imaging-microscopy/cell-imaging-microscopy-software/biotek-gen5-software-

for-imaging-microscopy-1623226). All obtained values from essential oil yield, antioxidant, 

and anti-inflammatory activity were analyzed and compared based on Tukey's post hoc analysis 

(5% significance level) in the Microsoft Excel 2021 software package 

(https://softwarekeep.eu/microsoft-office-2021-home-and-student-pc.html).  

https://autodock.scripps.edu/download-autodock4/
https://www.ebi.ac.uk/thornton-srv/software/LigPlus/download.html
https://www.ebi.ac.uk/thornton-srv/software/LigPlus/download.html
https://www.agilent.com/en/product/cell-analysis/cell-imaging-microscopy/cell-imaging-microscopy-software/biotek-gen5-software-for-imaging-microscopy-1623226
https://www.agilent.com/en/product/cell-analysis/cell-imaging-microscopy/cell-imaging-microscopy-software/biotek-gen5-software-for-imaging-microscopy-1623226
https://www.agilent.com/en/product/cell-analysis/cell-imaging-microscopy/cell-imaging-microscopy-software/biotek-gen5-software-for-imaging-microscopy-1623226
https://softwarekeep.eu/microsoft-office-2021-home-and-student-pc.html
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Ethical statement 

All experiments conducted in this study, including essential oil extraction (according to 

European Pharmacopoeia) [43], antimicrobial activity (according to CLSI) [44], and the 

collection of plant material, comply with relevant institutional, national, and international 

guidelines and legislation. 

4.3 Results 

4.3.1 Essential oil yield and chemical composition 

T. vulgaris essential oils from tetraploid and diploid genotypes were extracted by hydro-

distillation method with an average moisture content of 12.77% and 13.45%, respectively. The 

essential oil yield values were 1.2% and 0.85% in tetraploid and diploid plants, respectively. 

The polyploid plants yielded higher amount of essential oil than the control diploid (Figure 6). 

All essential oils presented a strong fragrance with a palish-yellow color.  GC-MS analysis 

resulted in the identification of 16 compounds in total in both genotypes representing 99.86% 

(diploid) and 99.88% (polyploid) of their corresponding total constituents (Table 1) as well as 

Supplementary (Figure S2 a-b). Monoterpenoid represented by thymol was the most abundant 

compound found in tetraploid and diploid (53.5% and 50.65%, respectively), followed by 

monoterpenes comprising of γ-terpinene and p-cymene constituting 21.81% and 7.85% in 

tetraploid and 5.55% and 20.40% in diploid, respectively. The major compounds considered 

were based on the significant amount of the total composition present in both diploid and 

polyploid essential oils which is above 5%.  These three major compounds together constituted 

83.16% and 76.67% of the total composition of tetraploid and diploid T. vulgaris essential oil, 

respectively. To a lesser extent, other compounds were identified such as caryophyllene (5.8% 

and 2.13%), caryophyllene oxide (0.67% and 1.71%), borneol (1.34% and 3.78%), d-camphor 

(0.21% and 4.21%), eucalyptol (1.01% and 3.74%) which had significant differences between 

tetraploid and diploid genotypes, respectively. The differences in the content of other 

components did not exceed 1%. 
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Figure 6 Essential oil yield in control diploid and induced polyploid of T. vulgaris. “*” 

expressed a significant difference (Tukey HSD Test, p < 0.05). 

Table 1 Essential oil constituents of diploid (Control) and polyploid genotype of T. vulgaris. 

 

Compound name 

RIa Content [%]c 

Observed Literatureb Diploid Tetraploid 

3-Thujene 926 931 0.26 0.30 

α-Pinene 933 937 0.54 0.24 

Camphene 948 953 0.87 0.16 

Myrcene 991 991 0.68 0.76 

4-Carene 1017 1009 0.70 1.5 

p-Cymene 1026 1026 20.40 7.85 

Eucalyptol 1031 1033 3.74 1.01 

γ-Terpinene 1060 1062 5.55 21.81 

Linalool 1103 1098 2.82 2.79 

d-Camphor 1146 1143 4.21 0.21 

Borneol 1171 1165 3.78 1.34 

4-Terpineneol 1181 1175 1.70 1.29 
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Thymol 1307 1290 50.65 53.5 

Caryophyllene 1423 1418 2.13 5.8 

D-Germacrene 1485 1480 0.12 0.65 

Caryophyllene oxide 1589 1581 1.71 0.67 

Total 99.86 99.88 

a: Kovats’ retention indices measured on HP-5MS column; b: retention indices from literature; 

c: relative percentage content based on the total area of all peaks [45].  

4.3.2 Antimicrobial activity 

Samples of essential oil from diploid and tetraploid T. vulgaris were tested against four standard 

bacterial strains related to respiratory infections (Table 2). All essential oils offered a certain 

degree of antibacterial efficacy ranging from 128 to 1024 μg/mL in both liquid and vapor 

phases. The tetraploid essential oil was the most active with the lowest MIC value of 128 μg/mL 

in liquid and 1024 μg/mL in vapor phase whereas, diploid essential oil showed the lowest MIC 

value of 256 μg/mL in liquid and 1024 μg/mL in vapor phase. H. influenzae growth was most 

sensitive to T. vulgaris essential oil where tetraploid presented a MIC value of 128 μg/mL and 

diploid presented a MIC value of 256 μg/mL in the liquid phase. However, in the vapor phase 

both essential oils presented a MIC value of more than 1024 μg/mL. Mild activity against S. 

pyogenes and S. aureus (512 μg/mL) for tetraploid and weak activity (1024 μg/mL) for diploid 

in the liquid phase was recorded. For vapor phase, MIC value of 1024 μg/mL was observed for 

both essential oils against S. pyogenes, however, a concentration greater than 1024 μg/mL was 

needed for diploid essential oil against S. aureus. Against S. pneumoniae both essential oils 

showed the same activity (512 μg/mL and 1024 μg/mL) for liquid and vapor phases, 

respectively. It was observed that both essential oils were more effective in the liquid phase 

against all tested microorganisms than in the vapor phase.  

  



40 | P a g e  
 

Table 2 In vitro growth-inhibitory effect of T. vulgaris L. essential oils (control and tetraploid) 

in liquid and vapor phases against respiratory infection bacteria. 

Bacterium/Growth Medium/Minimum Inhibitory Concentration 

 

Essential Oil 

Haemophilus 

influenzae 

Staphylococcus 

aureus 

Streptococcus 

pneumoniae 

Streptococcus 

pyogenes 

Agar* Broth Agar Broth Agar Broth Agar Broth 

(µg/mL) 

Diploid >1024 256 >1024 1024 1024 512 1024 1024 

Tetraploid >1024 128 1024 512 1024 512 1024 512 

Positive antibiotic control 

Amoxicillin NT NT NT NT >2 >2 NT NT 

Ampicillin >2 0.25 >2 2 NT NT >2 2 

NT: Not tested; *: If the distribution of volatiles is uniform in liquid and gaseous phase, the 

concentrations can be expressed as weight of volatile agent per volume unit of a well, whereas 

their real values will be 256, 128, 64, 32, 16, 8, 4 and 2 μg/cm3 for 1024, 512, 256, 128, 64, 32, 

16, and 8 μg/mL, respectively. 

4.3.3 Antioxidant activity 

The DPPH radical scavenging assay was used for the screening of the antioxidant activity 

between T. vulgaris diploid and polyploid essential oils. The antioxidant activity results are 

summarized as IC50 and TE (Trolox equivalent) in Table 3. It was observed from the results 

that the tetraploid essential oil was more potent in inhibiting the DPPH radical. The antioxidant 

activity of essential oil from tetraploid thyme was stronger with half-maximal inhibitory 

concentrations (IC50) of 180.03 ± 51.50 µg/mL (40.05 ± 14.01 µg TE/mg), while the diploid 

essential oil was found to be an IC50 value of more than 512 µg/mL (less than 12.68 µg TE/mg). 

The antioxidant activities were found highly significant (p < 0.05) in the tetraploid compared 

to the diploid. It was also observed that none of the tested essential oils had significantly higher 

activity as compared to trolox (IC50 6.49 ± 1.01 µg/mL). The tetraploid genotype possessed the 

highest DPPH radical scavenging activity and therefore, has the ability to prevent oxidative 

stress better than the diploid genotype.  
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Table 3 Antioxidant activity of T. vulgaris diploid and polyploid essential oils. 

Plant sample 
DPPH 

IC50 ±SD1(µg/mL) µg TE/mg ± SD 

Diploid > 512 >12.68 

Tetraploid 180.03 ± 51.50* 40.05 ± 14.01* 

Positive control Trolox 6.49 ± 1.01 - 

1IC50 ± SD: half maximal inhibitory concentration ± standard deviation; TE = Trolox 

equivalent; *: shows a significant difference between the diploid and tetraploid genotype based 

on Tukey's test for post hoc analysis at 5% significance level. 

 

4.3.4 Anti-inflammatory activity 

In vitro anti-inflammatory activity of T. vulgaris diploid and polyploid essential oils was tested 

as inhibition of COX-2 catalytic activity. In comparison to untreated control, the PGE2 

production was significantly reduced in the presence of 500 and 50 µg/mL of essential oils 

whereas they were inactive at 5 µg/mL concentration. The activity of both essential oils was 

comparable (Table 4). The anti-inflammatory activity between tetraploid and diploid essential 

oil was found to be significant (p < 0.05) at 50 µg/mL concentration with an inhibition value 

of 83.74 ± 5.8 and 70.53 ± 11.86, respectively. 

Table 4 In vitro anti-inflammatory activity of T. vulgaris diploid and polyploid essential oils 

determined by inhibition of COX-2 enzyme. 

Samples Concentration (µg/mL) Inhibition % 

 

Diploid 

500 80.96 ± 7.2 

50 70.53 ± 11.86 

5 2.02 ± 17.13 

 

Tetraploid 

500 85.57 ± 7.5 

50 83.74 ± 5.8* 

5 6.74 ± 23.48 

Ibuprofen 5 74.52 ± 10.2 

The results are expressed as means ± SD for two independent experiments measured in 

duplicate. The results were compared by Tukey's test for post hoc analysis at 5% significance 

level. *: shows a significant difference between the diploid and tetraploid genotypes. 
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4.3.5 Molecular docking 

The molecular interactions between major volatile compounds like p-cymene, γ –terpinene, 

and thymol of T. vulgaris essential oil and the vital enzymes involved in biosynthesis and repair 

of cell walls, nucleic acids, and proteins in bacteria along with protein human cyclin-dependent 

kinase 2 complex and cyclooxygenase-2 are summarized in Table 5. All the abundant 

compounds were found to be most actively binding with D-alanine: D-alanine ligase (PDB ID: 

2ZDQ) enzyme with the highest binding affinity of p-cymene (-7.9 kcal/mol) followed by γ –

terpinene (-7.8 kcal/mol) and thymol (-7.7 kcal/mol). It was found that the DNA gyrase (PDB 

ID: 1KZN) depicted highest binding affinity towards thymol (-6.3 kcal/mol) with a hydrogen 

bond of bond length 3.01 Ǻ between hydroxyl group of thymol and ASP A:73 of 1KZN and 

also a hydrophobic interaction involving A chains of ALA47, ASN46, GLU50, ILE78, 

THR165, VAL43, VAL71, and VAL167, followed by p-cymene (-5.8 kcal/mol) and γ –

terpinene (-4.6 kcal/mol). The difference in binding affinity of the three major compounds was 

very similar for the other bacterial protein receptors. A good binding affinity of 

cyclooxygenase-2 (PDB ID: 1CX2) enzyme protein with all abundant compounds was 

observed, where the binding affinity of γ-terpinene (-6.3 kcal/mol) and p-cymene (-6.3 

kcal/mol) were the same, but thymol (-6.5 kcal/mol) showed slightly higher affinity due to 

presence of hydrogen bond of bond length 2.81 Ǻ between hydroxyl group of thymol and ARG 

A:376 of 1CX2. In addition, there were hydrophobic interactions involving A chains of 

ALA151, ALA378, ARG150, ASP125, ASN375, ILE124, PHE529, and THR149. The binding 

affinity of thymol towards the protein human cyclin-dependent kinase 2 complex (PDB ID: 

1HCK) with a value of -6.4 kcal/mol was considered better than ascorbic acid (-5.0 kcal/mol). 

There were two hydrogen bonds each of bond length 2.95 Ǻ and 3.32 Ǻ present between the 

hydroxyl group of thymol with GLU A:81 and LEU A:83, respectively. There were also 

hydrophobic interactions involving A chains of ALA31, ALA144, ILE10, LEU134, PHE82, 

VAL18, VAL64, and PHE80. Since, thymol depicted the best docking scores for 1KZN (-6.3 

kcal/mol), 1CX2 (-6.5 kcal/mol), and 1HCK (-6.4 kcal/mol), binding analysis was conducted 

to reveal the interactions between ligands and protein-binding sites (Figure 7 & 8). 
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Table 5 Binding free-energy values of major volatile compounds of T. vulgaris essential oil. 

Ligand 

Binding Free Energy ΔG (kcal/mol) 

1JZQ* 1KZN 2VEG 2ZDQ 3RAE 3SRW 3UDI 1CX2 1HC

K 

γ -terpinene -5.7 -4.6 -4.5 -7.8 -5.3 -5.6 -5.0 -6.3 -5.2 

p-cymene -5.8 -5.8 -4.6 -7.9 -5.8 -5.6 -5.1 -6.3 -4.5 

Thymol -5.4 -6.3 -4.7 -7.7 -5.6 -5.7 -5.2 -6.5 -6.4 

Ascorbic 

acid** 

- - - - - - - - -5.0 

*Protein PDB ID:1JZQ- isoleucyl-tRNA synthetase, 1KZN- DNA gyrase, 2VEG-

dihydropteroate synthase, 2ZDQ-D-alanine:D-alanine ligase, 3RAE-topoisomerase 4, 3SRW-

dihydrofolate reductase, 3UDI-penicillin-binding protein 1a, 1CX2- cyclooxygenase-2, and 

1HCK- protein human cyclin-dependent kinase 2 complex. **Ascorbic acid: Used as a reference 

for antioxidant activity. 

 

 

Figure 7 Interactions and docked 3D structures of (a) thymol with cyclooxygenase-2 enzyme 

1CX2, (b) thymol with DNA gyrase 1KZN. 
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Figure 8 Interactions and docked 3D structures of (a) thymol with protein human cyclin-

dependent kinase 2 complex 1HCK and (b) ascorbic acid with protein human cyclin-

dependent kinase 2 complex 1HCK as control. 

4.4 Discussion 

In vitro polyploidization using synthetic AMAs can be an effective method to generate 

polyploid plants with enhanced biological traits. Still, it is not applicable every time as the 

result of gene duplication is unknown. [46, 47]. In the Lamiaceae family, polyploidization has 

drawn attention to crop improvement because of its potential to achieve higher secondary 

metabolites as well as increased essential oil content [34, 35]. Therefore, it is important to 

analyze the effect of polyploidization on the biological activity of essential oils.  

Previously, it has been reported that the average essential oil yield of T. vulgaris ranges between 

0.3 to 1.2% [7]. In our study, we found that the essential oil yield of the diploid control was 

0.85% whereas the polyploid genotype exhibited an increased amount of essential oil content 

(1.2%) which is an increase of 41.11% compared to the control diploid genotype. Similarly, the 

increased essential oil content in the induced polyploids of T. vulgaris has been reported 
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previously [34, 48]. The enhanced essential oil yield in polyploid plants has also been observed 

in other Lamiaceae family species such as Mentha spicata [35] and Tetradenia riparia [49]. 

However, significantly lower essential oil content was observed in polyploid Humulus lupulus 

than in diploid as an effect of synthetic polyploidization [50]. Although, there is not always an 

increase in essential oil quantity, however, our results indicated the potential to enhance 

essential oil quantity through synthetic polyploidization that can be used as an important tool 

for crop breeding.  

Essential oil yield along with its phytochemical constituents can be affected by 

polyploidization [34]. GC-MS analysis revealed that the essential oil of both T. vulgaris 

genotypes consisted of three major components thymol, γ-terpinene, and p-cymene. When 

compared with the diploid control, thymol and γ-terpinene contents increased in tetraploid 

essential oil whereas p-cymene was found in higher amounts in the diploid control. These major 

compounds were reported to have antimicrobial, antioxidant, and anti-inflammatory activities 

[12, 51, 32, 52] and are also widely used in pharmaceutical and food industries. Similarly, 

Homaidan Shmeit et al., 2020 [34] and Navratilova et al., 2021 [48] have reported increased 

thymol and γ-terpinene contents in the polyploid T. vulgaris essential oil and decreased p-

cymene content. However, a decrease in the amount of major compounds has been reported in 

some polyploid plants [53]. It can be assumed that the increased amount of these secondary 

metabolites in T. vulgaris polyploid essential oil is majorly responsible for its enhanced 

biological activities compared to the control diploid.  

In this study, the antimicrobial activity on respiratory pathogens such as H. influenzae, S. 

aureus, S. pneumoniae, and S. pyogenes revealed that the induced tetraploid T. vulgaris 

essential oil has higher antibacterial activity in comparison to diploid control, although, both 

genotypes exhibited the best results in the liquid phase. Several works on antibacterial activity 

have been previously reported for diploid T. vulgaris essential oil that showed similar results 

to our findings [7, 14] but this is the first report on the antibacterial activity of induced tetraploid 

T. vulgaris essential oil. The antimicrobial activity of tetraploid essential oil against these tested 

microbes revealed that higher concentrations of abundant compounds may be majorly 

responsible for the increased antimicrobial activity in the tetraploid line as they have previously 

been well established for their antimicrobial activity [51,52]. The molecular interaction study 

revealed that thymol has a higher binding affinity towards DNA gyrase than other major 

compounds which is an essential target for antibacterial agents as It regulates DNA structure 

during transcription and replication by introducing breaks in both DNA strands, which is 
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crucial for bacterial survival. Therefore, the higher amount of thymol content in polyploid 

essential oil probably contributes to its higher antibacterial activity. A similar increased 

antibacterial activity has been reported for tetraploid-induced Mitracarpus hirtus where the 

tetraploid line exhibited higher antibacterial activity against S. aureus and B. subtilis [54]. 

The tetraploid essential oil showed an increased amount of DPPH radical scavenging activity 

which means it is a better hydrogen provider compared to the diploid control genotype. The 

compounds present in T. vulgaris essential oils contain conjugated carbon double bonds and 

hydroxyl groups that readily inhibit free radicals that lead to antioxidant effects [32]. Several 

works described significant results for the antioxidant activity of T. vulgaris essential oil [55, 

56, 57]. However, this is the first reported study demonstrating the antioxidant activity of 

induced polyploid T. vulgaris essential oil. It can be assumed that chromosome doubling 

genetically influenced the secondary metabolite production which resulted in increased 

antioxidant activity in the tetraploid genotype. Previously, it was reported that the effect of 

colchicine-induced tetraploid Citrus limon exhibited higher antioxidant activity than the 

diploid genotype [58]. Another study reported that the radical scavenging activity of Geranium 

macrorrhizum was related to the plant ploidy level [59]. Also, the molecular docking study 

revealed that thymol has a high binding affinity towards the protein human cyclin-dependent 

kinase 2 complex more than the known antioxidant agent ascorbic acid. It can be expected that 

the effectiveness of polyploid T. vulgaris essential oil in scavenging the DPPH radical is 

probably due to the increased substantial content of monoterpenoids and monoterpenes that 

were previously identified as potential antioxidants [51, 32].  

COX-1 and COX-2 are two cyclooxygenase isoforms. COX-2 is an inducible form that 

catalyzes the biosynthesis of pro-inflammatory prostanoids (actually, the role of both COX 

forms is much more complex). COX inhibitors are used to relieve acute and chronic pain and 

inflammation [60]. We observed slightly higher activity of essential oil isolated from tetraploid 

plants. The major compound of thyme essential oil thymol is known as a potent COX inhibitor 

[61]. Also, the docking study showed a higher binding efficacy of thymol with the 

cyclooxygenase-2 protein. Therefore, a slightly higher amount of thymol found in essential oil 

from tetraploid can contribute to its higher activity. However, it is possible that other 

compounds contained in essential oils could also influence the overall activity of essential oils. 

Polyploidization can result in the opposite effect as reported for Gynostemma pentaphyllum 

leaf extracts where diploid showed the strongest inhibitory effects on the expression of TNF-
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α, IL-6, and COX-2 mRNA [33]. However, our results indicate that polyploidization could be 

an effective strategy for obtaining plant products with enhanced bioactivity. 

4.5 Conclusion 

In the current study, the characterization of valuable biological activities of oryzalin-induced 

polyploid T. vulgaris essential oil has been acquired for the first time. These findings also 

indicate the effectiveness of synthetic polyploidization in T. vulgaris. The induced genotype 

exhibited a significant increase in essential oil yield with simultaneously higher concentrations 

of biologically active compounds such as thymol and γ-terpinene. The polyploid genotype 

exhibited enhanced antibacterial, antioxidant, and anti-inflammatory activities compared to the 

diploid genotype. Additionally, this study suggests that the induced genotype of T. vulgaris has 

improved traits that can be embraced for commercial use to obtain economic advantage, 

especially in the pharmaceutical and food industries due to the enhanced quantity and quality 

of essential oil. Synthetic polyploidization may perform a crucial role in the breeding of plants 

with high biological activities. However, further in vivo studies should be assessed to confirm 

their practical application in the above-mentioned industries.  
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Abstract 

The reorientation of Callisia fragrans (Lindl.) Woodson, from therapeutic to ornamental use, 

exemplifies a broader domestication trend, favoring aesthetics over medicinal properties. 

Renewed phytomedicinal interest and the rise of plant extract markets drive demand for 

organic, sustainable consumer products, heightening the competition for superior cultivars. 

Synthetic polyploidization using oryzalin was conducted to obtain high-quality cultivars of C. 

fragrans, facilitating enhanced phenotypic and biological traits without genetic modification. 

This study aimed to explore the metabolic spectrum and biological activities of oryzalin-

induced polyploid C. fragrans for its advanced medicinal application. Flow cytometric 

analysis confirmed the ploidy level of the plants. Consequently, GC-FID and 1H NMR analyses 

revealed distinct metabolite profiles, with increased ethyl stearate, malic acid, gallic acid, 

fumaric acid, and unique compounds like (Z)-11-eicosenoic acid and dodecan-1-ol in 

polyploids. Polyploid extracts demonstrated exceptional antioxidant capacity, with DPPH, 

ORAC, and ABTS assays showing higher radical scavenging and oxygen absorbance abilities 

than diploid extracts. The polyploid extract showed enhanced antimicrobial activity against 

skin pathogens, including Methicillin-resistant Staphylococcus 

aureus (MRSA). Callisia extracts, meticulously at a low concentration of 25 μg/mL, showed 

cytoprotective effects on HT-29 cells, mitigating H₂O₂-induced oxidative stress. Furthermore, 

treatment with polyploid extract was associated with the downregulation of the expression of 

pro-inflammatory enzymes COX-1 and COX-2, suggesting a potentially greater anti-

inflammatory effect compared to the diploid extract. These findings depict enhanced metabolite 

accumulation and biological activities in polyploid compared than diploid progenitor, 

highlighting the potential of the novel polyploid C. fragrans variety for future therapeutic 

applications, particularly in pharmaceutical and cosmetic industries. 

Keywords 

Antioxidant activity, Anti-inflammatory activity, GC-FID, NMR, Polyploidization, Skin 

infection 

Abbreviations 

AAPH, ((2,2′-azobis(2-amidinopropane) dihydrochloride); ABTS, (2,2′-azinobis(3-

ethylbenzothiazoline-6-sulfonic acid); ATCC, American Type Culture Collection; BBFO, 

broadband fluorine observation; COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2; 

DMSO, dimethyl sulfoxide; DPPH, 2,2-diphenyl-1-picrylhydrazyl; GAE, gallic acid 
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equivalent; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GC-FID, gas 

chromatography-flame ionization detector; HT-29, human colorectal adenocarcinoma cell line; 

MIC, minimum inhibitory concentrations; MRSA, methicillin-resistant Staphylococcus 

aureus; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; NMR, Nuclear Magnetic 

Resonance; ORAC, Oxygen radical absorbance capacity; QE, quercetin equivalent; RIs, 

retention indices; RTs, retention times; TE, trolox equivalent; TFC, total flavonoid content; 

TPC, total phenolic content. 
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5.1 Introduction 

The anthropogenic transition of C. fragrans from medicinal to ornamental use exemplifies a 

broader paradigm in plant domestication, where aesthetic attributes often supersede traditional 

therapeutic potential. However, a resurgence of interest in phytomedicinal research has 

positioned C. fragrans as a potential subject for advanced pharmacological investigations. C. 

fragrans or basket plant, a perennial ornamental plant of the Commelinaceae family, native to 

Mexico but globally cultivated, has traditionally been used for treating various skin diseases, 

burns, oncological diseases, tuberculosis, asthma, wounds, and joint disorders [1]. It exhibits 

significant anti-oxidant, anti-inflammatory, anti-cancer, and antimicrobial activities, etc. [2-5], 

which attributes to its rich phytochemical profile, including phenolic acids, flavonoids, 

including luteolin derivatives, and coumarins [6]. 

The global marketplace has witnessed a proliferation of plant extract-based products, 

catalyzing a shift towards organic and sustainable consumerism. This trend has intensified 

competition in developing high-quality cultivars and optimizing production methodologies [7]. 

While standardization, stability, and quality control of these preparations are possible, they 

present significant challenges due to the inherent variability of plant-based products. Besides 

these, geographical location, cultivation practices, and harvesting methods also influence the 

phytochemical composition. Additionally, rigorous evaluations through well-controlled, 

double-blind clinical trials and toxicological studies to establish their efficacy and safety are 

relatively scarce [8]. Given consumer preferences for non-genetically modified products and 

the constraints of conventional breeding techniques, synthetic polyploidization has emerged as 

a promising approach [9]. Synthetic polyploidization involves artificial duplication of an 

organism's genomic constitution using antimitotic agents like oryzalin, colchicine, and 

trifluralin. This genetic reconfiguration may produce superior or inferior phenotypes with 

altered morphological, physiological, and biochemical characteristics [10]. Oryzalin, notably, 

exhibits reduced cytotoxicity compared to colchicine and demonstrates a higher affinity for 

plant tubulin [11]. 

Multiple studies hypothesize that synthetic polyploidization augments primary and secondary 

metabolite production due to chromosomal doubling, potentially modulating the biological 

activities of polyploid plants [12,13]. However, contradictory findings underscore the need for 

rigorous assessment of these artificially induced genotypes [14]. The imperative to evaluate 

qualitative attributes of synthetically induced polyploid genotypes is paramount, given the 

nascent state of research into the bioactivity of secondary metabolites from such novel 
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polyploids. Considering the known biological activities of C. fragrans, this study aims to 

conduct a comprehensive analysis of the antimicrobial, anti-inflammatory, and antioxidant 

properties of extracts derived from induced tetraploid C. fragrans (Figure 9). Additionally, this 

research characterizes the bioactive compounds in the tetraploid variety, comparing their 

chemical composition and biological efficacy to those of their diploid counterparts. The 

findings elucidate the impact of genomic duplication on phytochemical profiles and 

concomitant bioactivities in C. fragrans. Such insights could catalyze renewed interest in this 

species within pharmaceutical and cosmetic industries, transcending its current role as an 

ornamental plant. This research represents a pivotal step towards realizing the full 

biotechnological potential of C. fragrans through advanced breeding techniques, potentially 

revolutionizing its utilization in pharmaceutical and cosmetic industries. 

 

Figure 9 C. fragrans plant A) control diploid B) polyploid. 

5.2 Materials and methods 

5.2.1 Plant material acquisition 

Autopolyploid C. fragrans plants (2n=4x=24) were obtained from the previous study of our 

group by Beranová et al. (2022) [10] and maintained with their diploid counterparts 

(2n=2x=12) in the field condition at the botanical garden of the Faculty of Tropical 

Agrisciences (FTA), Czech University of Life Sciences Prague (CZU). The plant materials 

were not archived in a herbarium repository, as they originated from seeds and were propagated 
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through plant tissue culture for experimental use. Following propagation, they were cultivated 

and sustained in the field of botanical garden of FTA, CZU (coordinates: 50.131211 N, 

14.370589 E). The ploidy level stability of all maintained plants was confirmed through Flow 

cytometry analysis, using a Partec PAS flow cytometer (Partec GmbH, Munster, Germany) 

equipped with a high-pressure mercury arc lamp, as detailed by Bharati et al. (2023) [15]. After 

the ploidy confirmation, leaf samples were collected from the diploid and polyploid parental 

plants for further experiments, following institutional protocols and necessary permissions. 

5.2.2 Preparation of methanolic plant extract 

The harvested samples were air-dried for five days, finely ground using a Grindomix GM100 

homogenizer (Retsch, Germany), and stored in dark conditions until further use. Approx 2 g of 

samples were subjected to extraction at room temperature in 80% methanol using an orbital 

shaker at 150 rpm for 24 hours. The extract was then centrifuged at 9000 rpm for 10 minutes 

at 4 °C. The supernatant was transferred into an evaporation flask and evaporated using a Büchi 

R-200 rotary evaporator (Büchi, Switzerland) under vacuum at 40 °C. After the evaporation, 

the dry extracts were weighed and dissolved in 100% dimethyl sulfoxide (DMSO) to yield a 

stock solution with a 51.2 mg/mL concentration for further antibacterial, antioxidant, and anti-

inflammatory studies. Aqueous methanol was chosen for its broad-spectrum extraction of 

bioactive metabolites, its traditional use in plant-based medicines [16], and its superior 

biological activity for C. fragrans in prior studies. 

5.2.3 Chemical analysis 

5.2.3.1 Quantitative 1H Nuclear Magnetic Resonance (NMR) for the determination 

of secondary metabolites present in Callisia extract 

The sample preparation for 1H NMR analysis was carried out according to Kim et al. (2010) 

[17]. All chemicals and reagents used were of analytical grade. Young and old leaves from the 

5th leaf stage of polyploid and diploid Callisia plants (5 plants per genotype) were pooled, snap-

frozen, and then freeze-dried for three days. The dried material was ground into a fine powder 

using a Mixer Mill MM 200 (Retsch) at 25 Hz for 40 seconds. Approximately 40 ± 1 mg of the 

powder was weighed and extracted by adding 500 μL of MeOD and 500 μL of KH₂PO₄ buffer 

in D₂O containing 0.01% 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) (w/v). 

The mixture was vortexed for 1 minute at room temperature, ultrasonicated for 15 minutes, and 

centrifuged at 24,400× g for 10 minutes. A 600 µL aliquot of the supernatant was then 

transferred to a 5 mm tube. The phosphate buffer was prepared with 90 mM KH₂PO₄ and 0.01% 

TSP, and the pH was adjusted to 6.0 using 1.0 M NaOD [17]. The 1H-NMR parameters for 
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spectral acquisition followed the guidelines set by Mascellani et al. (2021) [18]. Spectra were 

acquired at 298 K (25 °C) using a Bruker Avance III HD spectrometer with a broadband 

fluorine observation (BBFO) SmartProbe™ (Bruker BioSpin GmbH, Rheinstetten, Germany), 

operating at a 1H-NMR frequency of 500.18 MHz. Metabolites were identified and quantified 

using Chenomx NMR Suite 8.5 (Chenomx Inc., Canada) with an in-house database, while 

unannotated peaks were analysed as bins. For this, the spectra were imported into MATLAB® 

R2022a (MathWorks, Natick, MA, USA) and underwent baseline correction via an in-house 

script for multipoint baseline correction within user-defined segments. Spectra were divided 

into bins ranging from δH 0.5 to 9.0 ppm (excluding the water region at δH 4.70–5.10 ppm), 

with each bin ideally representing a pure, distinct, and quantitative spin system. Bin intervals 

are presented in Table S1. Each bin was scaled to the unitary integral of the TSP signal for 

statistical analysis. 

5.2.3.2 GC-FID analysis 

GC-FID analysis was conducted following the method by Gupta et al. (2024) [11]. Young and 

mature 5th-stage leaves from polyploid and diploid Callisia plants were pooled, air-dried, and 

extracted in n-hexane using an Automatic Solvent Extractor (SER 158, Usmate, Italy). The 

Agilent GC-7890B system (Santa Clara, CA, USA), equipped with an Agilent 7693 

autosampler and non-polar HP-5MS column (30 m × 0.25 mm, 0.25 μm film), was used. 1 μL 

sample was injected in splitless mode with helium as the carrier gas at 1 mL/min. The oven 

was programmed with an initial temperature of 60 °C for 1 min and then increased to 240 ◦C 

at a rate of 3 °C /min, and it was kept on hold for 20 mins. The transfer line temperature was 

kept at 250 °C. Extracts were diluted in n-hexane for GC-FID analysis at 20 μL/mL 

concentration. The FID was set at 250 °C with 40 mL/min H₂, 400 mL/min air, and 30 mL/min 

make-up flow. Chemical components were identified by comparing retention indices (RIs), 

retention times (RTs), and spectra against the NIST 2.0.f library and existing literature [19]. 

RIs were calculated using RTs of n-alkane series (C8–C40, Sigma-Aldrich, Prague, Czech 

Republic). Relative percentages of components were derived from FID data. 

5.2.4 Estimation of antioxidant activity, phenolic and flavonoid content 

5.2.4.1 DPPH radical-scavenging assay 

A modified method from Sharma and Bhat (2009) [20] was employed for this experiment. Two-

fold serial dilutions of each sample were prepared in analytical grade methanol in 96-well 

plates, followed by the addition of 100 μL of 0.25 mM DPPH in methanol, yielding final 

concentrations of 512 to 2 μg/mL in a 200 μL reaction volume. The mixture was incubated in 
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the dark at room temperature for 30 minutes, and absorbance was measured at 517 nm using a 

multi-mode reader (Synergy H1, BioTek, Winooski, Winooski, VT, USA). Trolox was used as 

a positive control, along with methanol as blank. The results were expressed as Trolox 

equivalents (mg TE/g extract). 

5.2.4.2 Oxygen radical absorbance capacity (ORAC) assay 

A modified version of the Ou and Hampsch-Woodill (2001) [21] method was used to assess 

the sample’s capacity to retard the AAPH-induced oxidant decay of fluorescein (FL). To 

enhance thermal stability, the outer wells of black 96-well microtiter plates were filled with 

200 μL of distilled water. Stock solutions of AAPH ((2,2′-azobis(2-amidinopropane) 

dihydrochloride)) and FL in 75 mM phosphate buffer (pH 7.0) were prepared. Each sample (25 

μL) was diluted in 150 μL of FL (54 nM) and pre-incubated at 37 °C for 10 minutes. The 

reaction was initiated by adding 25 μL of AAPH (153 mM), giving a final volume of 200 μL 

per well. Extracts were tested at a concentration of 32 μg/mL. Trolox was used as a positive 

standard at a range of 8, 4, 2, 1, and 0.5 μg/mL. Fluorescence readings were recorded at 1-

minute intervals for 120 minutes, using an excitation wavelength of 487 nm and an emission 

wavelength of 528 nm. The ORAC values were quantified by calculating the area under the 

calibration curve, following the method proposed by Ou and Hampsch-Woodill (2001) [21], 

and expressed as Trolox equivalents (μg TE/mg extract). 

5.2.4.3 ABTS (2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) assay 

ABTS radical cation decolorization method was conducted according to the modified version 

of Re et al. (1999) [22]. ABTS radical cations were generated by reacting 5.05 μL of ABTS (7 

mM) with 500 μL of ammonium persulfate (245 mM) and incubating overnight in the dark. 

Before the assay, the ABTS solution was diluted with PBS to achieve an absorbance of ~0.700 

at 734 nm. In a 96-well plate, 10 μL of each sample was mixed with 190 μL of ABTS solution 

and incubated for 5 minutes. Absorbance was measured at 734 nm. The extracts were tested at 

a final concentration of 128 μg/mL. The Trolox calibration curve was prepared with 

concentrations of 0.156, 0.313, 0.625, 1.25, 2.5, 5, and 10 μg/mL, and the results were 

calculated as the area under the curve and expressed in Trolox equivalents (μg TE/mg extract).  

5.2.4.4 Total phenolic content (TPC) 

The total phenolic content was determined using a modified version of the method described 

by Singleton et al. (1998) [23]. 100 μL of each sample (128 μg/mL) was added to a 96-well 

plate, followed by 25 μL of Folin–Ciocalteu reagent. After shaking at 40 rpm for 10 minutes, 
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75 μL of 12% sodium carbonate (Na₂CO₃) solution was added. The mixture was incubated at 

37 °C in the dark for 2 hours, and absorbance was measured at 760 nm. Gallic acid was used 

for preparing a standard calibration curve (0.012–50 μg/mL), and the results were expressed as 

gallic acid equivalents (μg GAE/mg extract). 

5.2.4.5 Total flavonoid content (TFC) 

The total flavonoid content was determined using a modified aluminium chloride (AlCl₃) 

method [24]. In a 96-well plate, 100 μL of sample (512 μg/mL) was mixed with 100 μL of 10% 

AlCl₃ and incubated in the dark at room temperature for 60 minutes. Absorbance was measured 

at 420 nm. Quercetin served as the standard, and a calibration curve was prepared using seven 

concentrations (1.563, 3.125, 6.25, 12.5, 25, and 50 μg/mL). Flavonoid content was expressed 

as quercetin equivalents (μg QE/mg dry weight, DW). 

5.2.5 Antimicrobial assay 

5.2.5.1 Bacterial strain and culture media 

For the antimicrobial assay, the skin disease-causing bacteria and fungus were obtained from 

the American Type Culture Collection (ATCC) that includes Staphylococcus aureus (ATCC 

29213), Methicillin-resistant S. aureus (MRSA) (ATCC 43300), Staphylococcus epidermidis 

(ATCC 12228), Streptococcus pyogenes (ATCC 19615), and Candida albicans (CRM-10231). 

The cultivation and assay media used were Mueller-Hinton broth for S. aureus, S. epidermidis, 

and MRSA, Brain Heart Infusion broth for S. pyogenes, and Sabouraud dextrose broth for C. 

albicans. The broth pH was adjusted using Trizma base (Sigma-Aldrich, Prague, Czech 

Republic). All microbial strains, media, and supplements were sourced from Oxoid 

(Basingstoke, Hampshire, UK). Bacterial stock cultures were grown in the appropriate media 

at 37°C for 24 hours before testing. For the antifungal assay, fungal inoculum suspensions were 

prepared from fresh 5-day-old cultures grown on Sabouraud dextrose agar (pH 5.6) at 37°C as 

described by Petrikkou et al. (2001)  [25]. Bacterial suspensions were adjusted to 0.5 

McFarland, and fungal suspensions to 0.8 McFarland, using a Densi-La-Meter II (Lachema, 

Brno, Czech Republic) to achieve a final concentration of 10⁷ CFU/mL. Ampicillin, 

tetracycline, oxacillin, and amphotericin B (Sigma-Aldrich, Prague, Czech Republic) were 

used as positive controls, following CLSI guidelines. 

5.2.5.2 Antimicrobial activity via Broth microdilution method 

The in vitro antimicrobial activity was evaluated using the broth microdilution method in 96-

well microtiter plates, following the protocol outlined by Kudera et al. (2021) [26]. Extracts 
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were prepared by two-fold serial dilution in the appropriate growth media, starting from an 

initial 512 μg/mL concentration. Standardised cultures were inoculated into 96-well plates and 

incubated following the same protocols as initial cultivation. Growth and purity controls were 

prepared with inoculated and non-inoculated broth. Minimum inhibitory concentrations 

(MICs) were determined visually after staining active bacterial cells with MTT (thiazolyl blue 

tetrazolium bromide) dye (600 µg/mL). MIC values, defined as the lowest concentrations 

inhibiting growth compared to the control, were expressed in µg/mL. All experiments were 

performed in triplicate, and results were reported as median or modal MIC values. 

5.2.6 Cell viability assay and protection against hydrogen peroxide-induced oxidative 

stress 

5.2.6.1 Cell culture and treatment  

The human colorectal adenocarcinoma cell line (HT-29) was obtained from the American Type 

Culture Collection (ATCC, Manassas, VA, USA) and cultivated in RPMI 1640 medium with 

10% heat-inactivated FBS, 2 mM L-glutamine, and 1% antibiotics (penicillin, streptomycin, 

and amphotericin B). The cells were maintained at 37 °C in a humidified atmosphere with 5% 

CO2. HT-29 cells were grown in 75 cm² flasks to 90% confluence and used for experiments 

between passages P10 and P31. Cell density was measured using an automated cell counter 

(Bio-Rad), and cells were regularly harvested with 0.25% trypsin-EDTA and used for 

subsequent experiments.  

5.2.6.2 Cell viability assay 

The cell viability assay was determined by a metabolic activity (MTT) assay. The HT-29 cells 

were seeded into 96-well plates (Falcon, Corning, Poland) at the seeding density of 1x104 

cells/well and cultured for 24 hours at 37 °C in a humidified atmosphere with 5% CO2. The 

cells were then treated with the appropriate concentrations of C. fragrans polyploid and control 

extract (25; 50; 100; 200; 300 µg/mL) and H2O2 (3,125; 6,25; 10; 12,5; 25; 50; 100 and 200 

µM). Subsequently, the treated cells were incubated with 1 mg/mL of MTT (Sigma-Aldrich, 

St. Louis, MO, USA) for 3 hours under dark conditions (37ºC and 5% CO2). The formazan 

crystals were dissolved in 150 µL of DMSO (Sigma-Aldrich, St. Louis, MO, USA). The 

absorbance was determined spectrophotometrically at a measuring wavelength of 570 nm 

against 620 nm as a reference by a microplate reader (Multiskan FC, ThermoFisher Scientific, 

Finland). The data were presented as a percentage relative to the control group. DMSO alone 

was used as a vehicle control. The concentration of DMSO was < 0.5% throughout all the 

treatments. 
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5.2.6.3 Anti-inflammatory activity via gene expression analysis 

The HT-29 cells were seeded in 6-well plates (5x10⁵ cells/well) and treated with nontoxic 

concentrations of C. fragrans polyploid and diploid extract (25 and 200 μg/mL) in combination 

with H₂O₂ (25 µM). The cells were incubated for 24 hours to assess gene expression. Total 

cellular RNA was extracted using the RNeasy Mini Kit (Qiagen, USA), and RNA quantity and 

purity were assessed with an Implen NanoPhotometer (München, Germany). Complementary 

DNA was synthesized using the RT2 First Strand cDNA Synthesis Kit (Qiagen, USA) as per 

the manufacturer's instructions. Relative mRNA expressions of COX-2 (Prostaglandin-

Endoperoxide Synthase 2) and COX-1 (Prostaglandin-Endoperoxide Synthase 1) were 

analyzed using the Stratagene Mx3005P Real-Time PCR System (Agilent Technologies, USA) 

under the following cycling conditions: 95°C for 2 min, followed by 45 cycles of 95°C for 5s 

and 60-65°C for 25s. GAPDH was used as the reference gene. All the primers were designed 

(Table S2) using Primer-BLAST software based on publicly available sequences. Relative 

mRNA expression levels were calculated using the 2-ΔΔCt method and presented as fold changes 

compared to the vehicle control group. PCR for each sample was conducted in triplicate from 

at least three independent experiments. 

5.3 Statistical analysis 

The antioxidant, cell viability, and GC-FID results for both control diploid and induced 

polyploid genotypes were expressed as means ± standard deviation (SD), while anti-

inflammatory results were reported as mean ± standard error of the mean (SEM). Antimicrobial 

results were expressed as median/modal MIC values. All values from antioxidant, cell viability,  

anti-inflammatory activity, and GC-FID results were analyzed using Tukey's post hoc analysis 

(5% significance level) in Microsoft Excel 2021. Normalised bins and concentrations of NMR 

data were analyzed using MetaboAnalyst version 6.0, followed by an independent T-test and 

PCA analysis. 

Ethical statement 

This article does not contain any studies with human or animal subjects. All experiments 

conducted in this study along with the collection of plant material, comply with relevant 

institutional, national, and international guidelines and legislation. 
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5.4 Results 

5.4.1 Ploidy level estimation 

Flow cytometric analysis was performed on all maintained C. fragrans plants to assess their 

ploidy levels. The resulting histograms effectively differentiated induced polyploids from 

diploids, showing distinct differences in DNA content across genotypes (Figure 10A and B). 

The analysis confirmed that the relative DNA content of the polyploid genotype was doubled 

compared to control diploids, verifying significant ploidy variation amongst the tested 

genotypes. 

 

Figure 10 Flow cytometric analysis of C. fragrans (A) histogram of relative DNA content of 

control diploid and (B) tetraploid plant. 

5.4.2 Extraction Yield of C. fragrans 

Figure 11 illustrates the percentage yield of extracts from diploid and tetraploid C. fragrans, 

revealing a notable enhancement in the yield of plant extract with increased ploidy. 

Specifically, the percentage yield of extracts of 80% methanolic extract was 12.88% in 

tetraploid plants, whereas it was 8.50% in diploid plants. These results demonstrate a 
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significant difference in extraction yields between the diploid and polyploid samples using 80% 

methanol as the extraction solvent. 

 

Figure 11 Extraction yield (80% MeOH) in control diploid and induced polyploid of C. 

fragrans. “***” expressed a significant difference (Tukey HSD Test, p < 0.001). 

5.4.3 Chemical composition of C. fragrans extracts 

5.4.3.1 GC-FID analysis 

GC-FID analysis identified 22 compounds from the polyploid extract and 21 compounds from 

the diploid extract, representing 98.44% and 98.06%, respectively, of their corresponding total 

constituents (Table 6 and Fig. S1). Fatty acid ester, represented by ethyl stearate, was the most 

abundant compound found in both extracts, showing a significantly higher concentration in the 

polyploid (79.74%) than in the diploid (76.52%). In contrast, mandenol was significantly more 

concentrated in the diploid extract (8.06%) than in the polyploid (2.84%). Additionally, the 

polyploid extract uniquely contained two compounds, (Z)-11-eicosenoic acid (1.08%) and 

dodecan-1-ol (0.26%), which were not present in the diploid. Conversely, nonadecanoic acid 

(0.52%) was identified only in the diploid extract. An enhanced concentration of neophytadiene 

was also found in polyploid extract compared to diploid. To a lesser extent, other identified 

compounds such as hexadecen-1-ol (1.50% in polyploid vs. 0.42% in diploid), phytol (2.12% 
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in polyploid vs. 1.18% in diploid), and eicosane (0.57% in polyploid vs. 1.25% in diploid) 

exhibited notable differences between the genotypes. Variations in the concentrations of other 

components between genotypes were minimal, with differences of less than 1%. 

Table 6 Chemical constituents of diploid (Control) and polyploid extract of C. fragrans through 

GC-FID analysis. 

RI obsa RI litb Compound name 

(%) contentc ± SD 

Diploid Polyploid 

1104 1105 Nonanal 0.29 ± 0.01 0.32 ± 0.01 * 

1480 1480 Dodecan-1-ol n.d. 0.26 ± 0.01 

1489 1490 β-Ionone 0.26 ± 0.01 0.32 ± 0.04 ns 

1515 1517 Butylated hydroxytoluene 0.27 ± 0.04 0.48 ± 0.02 * 

1532 1533 Dihydroactinidiolide 0.11 ± 0.01 0.45 ± 0.03 *** 

1809 1811 2-Ethylhexyl salicylate 0.63 ± 0.02 * 0.31 ± 0.07 

1838 1840 Neophytadiene 1.66 ± 0.34 3.84 ± 0.63 * 

1845 1847 Hexahydrofarnesyl acetone 0.32 ± 0.01 0.45 ± 0.03 * 

1885 1883 Hexadecen-1-ol 0.42 ± 0.08 1.50 ± 0.15 ** 

1893 1893 Corymbolone 0.27 ± 0.01 0.77 ± 0.02 *** 

1897 1899 1,2-Epoxyoctadecane 0.58 ± 0.06 * 0.47 ± 0.02 

1926 1927 Methyl palmitate 0.22 ± 0.03 0.32 ± 0.04 * 

1969 1971 Sandaracopimaradiene 0.69 ± 0.18 0.93 ± 0.09 ns 

1994 1995 Ethyl palmitate 3.89 ± 0.24 *** 0.30 ± 0.05 

1997 1999 Eicosane 1.25 ± 0.02 *** 0.57 ± 0.05 

2025 2026 Isopropyl palmitate 0.20 ± 0.01 0.37 ± 0.03 * 

2102 2104 Methyl petroselinate 0.59 ± 0.01 *** 0.30 ± 0.01 

2120 2121 Phytol 1.18 ± 0.03 2.12 ± 0.26 * 
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2163 2164 Mandenol 8.06 ± 0.22 ** 2.84 ± 0.61 

2195 2196 Ethyl stearate 76.52 ± 1.05 79.74 ± 0.74 * 

2236 2236 Nonadecanoic acid 0.52 ± 0.03 n.d. 

2363 2364 (Z)-11-Eicosenoic acid n.d. 1.08 ± 0.07 

2389 2392 n-Butyl stearate 0.13 ± 0.01 0.70 ± 0.02 *** 

  
Total 98.06 98.44 

a: Kovats’ retention indices measured on HP-5MS column; b: retention indices from literature; 

c: relative percentage content based on the total area of all peaks expressed in mean ± SD. 

Major compounds are in bold. Asterisks indicate statistical significance. (Tukey HSD Test, *p 

< 0.05; **p < 0.001; *** p < 0.0001; ns: non-significant). 

5.4.3.2 NMR Analysis 

The analysis through 1H NMR revealed quantification of 13 metabolites (Table 7). Spectrum 

from polyploid sample leaves of C. fragrans is shown in Fig. S2. Significant metabolic changes 

were reflected between the diploid and polyploid leaves extract (Fig. S3), showing a 

significantly higher sucrose concentration in the polyploid variety (440.45 µg/mL). A 

significantly increased concentration of organic acids such as fumaric acid (5.56 µg/mL), gallic 

acid (2.97 µg/mL), and malic acid (673.74 µg/mL) was also observed in the polyploid variety. 

However, citric acid was observed in a significantly higher concentration in the diploid variety 

(307.64 µg/mL) (Table 7). The PCA score plot (Figure 12A) reveals a mild separation between 

diploid and polyploid within the first two principal components, accounting for 46.1% and 

21.8% of the variation, respectively. Within the variance captured by component 2, polyploid 

leaves exhibit significantly greater composition variability than diploid leaves. Diploid samples 

are characterised by elevated levels of citric acid and unknown signals (unknown 1, unknown 

2, unknown 4, and unknown 10) (Figure 12B). In contrast, polyploid samples are distinguished 

by contributions from malic acid, gallic acid, fumaric acid, sucrose, and multiple unknown 

signals. The levels of some metabolites, such as sucrose, fumaric acid, and gallic acid, vary 

significantly between individual polyploid plants (Figure 12B).  
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Table 7 Metabolite concentrations of C. fragrans leaves extracted in MeOD-D20 (1:1, v/v). 

Compound 

Diploid Polyploid 

Concentration (µg/mL) 

Alanine 5.66 ± 3.51 13.00 ± 7.17 

Chlorogenic acid derivative-1 67.48 ± 23.83 42.19 ± 25.84 

Chlorogenic acid derivative-2 4.16 ± 0.06 13.13 ± 10.98 

Citric acid  307.64 ± 67.64 110.65 ± 50.41* 

Ethanolamine 4.95 ± 0.61 4.20 ± 2.78 

Fructose  403.36 ± 39.97 359.65 ± 138.98 

Fumaric acid 1.46 ± 1.19 5.56 ± 2.57* 

Gallic acid 1.76 ± 0.64 2.97 ± 1.01* 

Glucose 3072.05 ± 649.11 2559.56 ± 121.96 

Malic acid 341.67 ± 214.09 673.74 ± 105.40* 

Putrescine 3.11 ± 0.86 5.89 ± 1.31 

Sucrose 141.68 ± 54.71 440.45 ± 114.56* 

Valine 0.65 ± 0.20 2.98 ± 2.56 

The results are expressed as means ± SD. *Shows a significant difference between the diploid 

and tetraploid genotypes (p < 0.05).  
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Figure 12 PCA score plot (A) and loadings plot (B) derived from metabolites detected via 1H 

NMR of diploid and polyploid C. fragrans. K- control diploid, P5- polyploid variety, Cga 

deriv1- Chlorogenic acid derivative-1, and Cga deriv2- Chlorogenic acid derivative-2. 

5.4.4 Antioxidant activity, total phenolics, and flavonoids content 

5.4.4.1 DPPH radical scavenging assay 

The DPPH radical scavenging assay was conducted to compare the antioxidant activities of 

diploid and polyploid C. fragrans extracts, as summarized in Table 8. Results showed that the 

polyploid extract exhibited significantly higher DPPH radical scavenging activity, measuring 

13.01 µg TE/mg extract, while the diploid extract demonstrated a lower activity of 5.10 µg 

TE/mg (Table 8). This substantial increase in antioxidant capacity in the tetraploid genotype 

suggests a significantly greater efficacy in mitigating oxidative stress, highlighting its enhanced 

bioactive potential relative to the diploid genotype. 

5.4.4.2 ORAC assay 

The ORAC assay was utilized to evaluate the inhibitory effects of C. fragrans phenolic 

compounds on peroxy-radical-induced oxidation, focusing on hydrogen atom transfer 

reactions. Results indicated that the polyploid extract exhibited a significantly higher 

antioxidant activity at 126.53 µg TE/mg compared to the diploid extract's 89.75 µg TE/mg 

(Table 8). This significant difference underscores the enhanced antioxidant capacity of the 

polyploid genotype relative to the diploid. 
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5.4.4.3 ABTS assay 

The ABTS assay assesses the antioxidant capacity of C. fragrans by measuring its ability to 

reduce the ABTS green-blue cation radical via an electron transfer mechanism, which is 

observed as a decolourization. Our results showed that the polyploid extract has significantly 

higher ABTS activity compared to the diploid. The polyploid showed an ABTS value of 61.48 

µg TE/mg, while the diploid extract showed a value of 37.83 µg TE/mg (Table 8).  

5.4.4.4 Total phenolics and flavonoids content 

The total phenolic content (TPC) and total flavonoid content (TFC) of both diploid and 

polyploid genotypes were summarized in Table 8. Notably, the polyploid genotype exhibited a 

significantly elevated TPC of 30.22 µg GAE/mg, nearly double that of the diploid genotype at 

13.20 µg GAE/mg, highlighting a marked enhancement in phenolic accumulation. In contrast, 

TFC values were comparable between genotypes, with the polyploid and diploid genotypes 

showing 9.03 and 8.80 µg QE/mg, respectively, indicating no significant variation in flavonoid 

content. 

Table 8 Antioxidant activity of control diploid and polyploid C. fragrans extract  

Sample 

DPPH ORAC ABTS TPC TFC 

µg TE/mg 

extract 

µg TE/mg 

extract 

µg TE/mg 

extract 

µg GAE/mg 

extract 

µg QE/mg 

extract 

Diploid 5.10 ± 1.28 89.75 ±25.27 37.83 ± 9.35 13.20 ± 1.13 
8.80 ± 

0.48 

Tetraploid 
13.01 ± 

2.59** 

126.53 ± 

12.84** 

61.48 ± 

9.46*** 

30.22 ± 

1.49*** 

9.03 ± 

1.60ns 

DPPH, ORAC, ABTS, TPC, and TFC results are expressed as means ± SD for three 

independent experiments measured in triplicate. TE- Trolox equivalent, GAE- Gallic acid 

equivalent, QE- Quercetin equivalent. Asterisks indicate statistical significance. (Tukey HSD 

Test, *p < 0.05; **p < 0.01; *** p< 0.001; ns, non-significant). 

5.4.5 Antimicrobial activity 

The diploid and polyploid C. fragrans extracts were evaluated for antimicrobial activity against 

four standard bacterial strains and one fungal strain associated with skin infections, as 

summarized in Table 9. Both diploid and polyploid C. fragrans extracts demonstrated 

antimicrobial efficacy against the tested microbial strains, with MIC values ranging from 16 to 
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512 μg/mL. Across all strains tested, the polyploid extract demonstrated greater efficacy. S. 

epidermidis was the most susceptible among all the tested microbes, with the polyploid extract 

achieving a significantly lower MIC of 16 μg/mL compared to the diploid’s 64 μg/mL. Notably, 

S. pyogenes, the diploid extract demonstrated no inhibitory activity across the tested 

concentration range, while the polyploid extract exhibited a mild effect, with a MIC value of 

512 μg/mL. Similarly, the diploid extract exhibited an inhibitory effect against both S. aureus 

and the fungal strain C. albicans, with a MIC value of 512 μg/mL. In contrast, the polyploid 

extract demonstrated greater efficacy against these microbes, achieving inhibition at a lower 

MIC value of 256 μg/mL. Additionally, the polyploid extract demonstrated significant 

effectiveness against the antibiotic-resistant MRSA strain, with a MIC of 256 μg/mL, compared 

to the diploid extract, which required a concentration of over the tested concentration range for 

minimum inhibition. This highlights the polyploid extract’s enhanced potency against resistant 

pathogens like MRSA. These findings highlight the polyploid extract's superior antimicrobial 

activity compared to its diploid counterpart, indicating its potential as an effective remedy for 

pathogens responsible for skin infections. 

 Table 9 In vitro growth-inhibitory effect of C. fragrans extract (control diploid and tetraploid) 

against skin infection-causing bacteria. 

NT: Not tested; results were expressed as median/modal MIC values. 

  

Sample 

Minimum inhibitory concentrations (μg/mL) 

Candida 

albicans 
MRSA 

Staphylococcus 

aureus 

Staphylococcus 

epidermidis 

Streptococcus 

pyogenes 

Diploid 512 >512 512 64 >512 

Polyploid 256 256 256 16 512 

Positive antibiotic control 

Amphotericin B 0.125 N.T. N.T. N.T. N.T. 

Ampicillin N.T. N.T. N.T. N.T. 0.5 

Oxacillin N.T. 64 0.125 0.125 N.T. 

Tetracycline N.T. 1 N.T. N.T. N.T. 
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5.4.6 Effect of C. fragrans extract on cell viability and oxidative stress-induced cell death 

assay 

The human colorectal adenocarcinoma cell line (HT-29) was used as a cell model to evaluate 

the cytotoxic effect of C. fragrant extract. Cell viability was assessed by MTT assay after the 

cells were treated with different concentrations of diploid and polyploid C. fragrans extracts 

(25-300 μg/mL). The extracts demonstrated no cytotoxic effects on HT-29 cells at any tested 

concentrations. Interestingly, C. fragrans extracts slightly enhanced cell viability, with the most 

pronounced effect at 25 μg/mL. At higher concentrations (50 and 100 μg/mL), the polyploid 

extract exhibited significantly greater activity than the diploid extract (Figure 13A).  

To evaluate the extract's potential to prevent oxidative stress-induced cell death, an initial test 

was conducted to determine the cytotoxic concentration range of H₂O₂. HT-29 cells were 

exposed to H₂O₂ (3.125–200 μM), and cell viability was assessed via MTT assay. Significant 

cytotoxicity was observed at 25 μM H₂O₂ (p < 0.01) compared to controls (Figure 13C). Thus, 

this concentration was selected for further testing to examine the extracts' protective effects 

against oxidative stress. 

To assess the preventive effect, HT-29 cells were co-treated with extracts during oxidative 

stress exposure. Both extracts effectively mitigated H₂O₂-induced viability loss in a dose-

dependent manner (Figure 13B), with the highest activity at 25 μg/mL, which significantly 

enhanced cell viability compared to cells under oxidative stress alone (p < 0.0001). Notably, 

both diploid and polyploid extracts exhibited similar protective effects against oxidative stress. 
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Figure 13 Cell viability of HT-29. (A) The effects of C. fragrans extracts on the cell viability 

of HT-29. The cells were treated with different concentrations of C. fragrans (25, 50, 100, 200, 

and 300 µg/mL) for 24 hours. (B) The effects of C. fragrans extracts and H2O2 on the cell 

viability of HT-29. The cells were treated with different concentrations of C. fragrans (25, 50, 

100, 200, and 300 µg/mL) in combination with H2O2 (25 µM) for 24 hours. (C) The effects of 

H2O2 on the cell viability of HT-29. The cells were treated with different concentrations of 

H2O2 (3.125, 6.25, 10, 12.5, 25, 50, 100, and 200 µM) for 24 hours. The treated groups are 

compared to the control (Ctrl) and H2O2. The data are presented as mean ± SD from at least 

three independent experiments. Ctrl = untreated control group. Ctrl+ = vehicle control 

corresponding to the final concentration of DMSO ≤ 0.6 % (v/v) in cell culture media. **** 

(p< 0.0001) vs. Ctrl. #### (p< 0.0001) vs. H2O2. 

5.4.7 Anti-inflammatory activity 

To evaluate the anti-inflammatory potential of C. fragrans extracts on HT-29 cells, their effects 

on cyclooxygenase isoforms COX-1 and COX-2 were investigated under oxidative stress 

induced by H₂O₂ exposure (Figure 14A and B). Quantitative RT-PCR was utilized to determine 

the expression levels of COX-1 and COX-2 upon treatment with diploid and polyploid extract 

(25 and 200 µg/mL). Our findings reveal that H₂O₂ exposure markedly increased COX-1 and 

COX-2 expression in HT-29 cells. Treatment with C. fragrans extracts effectively counteracted 
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this effect, reducing the expression of both cyclooxygenase isoforms. Notably, the polyploid 

extract displayed a more potent anti-inflammatory effect than the diploid extract. Specifically, 

co-treatment with H₂O₂ and the diploid extract significantly elevated COX-1 expression at both 

tested concentrations (25 and 200 µg/mL) compared to untreated controls. In contrast,  the 

polyploid extract significantly suppressed COX-1 expression in H₂O₂-treated cells at both 

concentrations, achieving the strongest reduction at 200 µg/mL. Similarly, co-treatment with 

H₂O₂ and the diploid extract led to an increase in COX-2 expression at 25 µg/mL concentration, 

though a significant reduction in COX-2 expression was observed at 200 µg/mL. Additionally, 

exposure of HT-29 cells to the polyploid extract of C. fragrans at both tested concentrations 

resulted in a marked decrease in COX-2 expression compared to cells treated solely with H₂O₂, 

demonstrating active result at 25 µg/mL. These findings further highlight the polyploid 

extract's superior efficacy in downregulating inflammatory markers under oxidative stress 

conditions. 

 

Figure 14 Relative gene expression of (A) COX-1 and (B) COX-2. The cells were treated with 

different concentrations of C.  fragrans extracts (25 and 200 µg/mL of control and polyploid 

extract) with H2O2 (25 µM) for 24 hours. The treated groups are compared to the control 

(CTRL+) and H2O2. The data are presented as mean ± SEM from at least three independent 

experiments. H+C25/200 = H2O2 + C. fragrans control diploid extract. H+P25/200 = H2O2 + 

C. fragrans polyploid extract. *** (P < 0.001), ** (P < 0.01) and * (P < 0.05) vs. CTRL+. ### 

(P < 0.001), ## (P < 0.01) and # (P < 0.05) vs. H2O2. The picture of gel is presented in 

Supplementary Figure S3 
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5.5 Discussion 

Polyploidization has emerged as a promising approach in crop enhancement, particularly for 

increasing secondary metabolite concentrations that boost therapeutic efficacy for medicinal 

and ornamental plants. However, it is not always the same as the result of gene duplication is 

unknown [27]. In our previous study, oryzalin proved to be an effective anti-mitotic agent, 

successfully inducing polyploidy in C. fragrans. The resulting polyploid plants exhibited both 

enhanced morphological traits and distinct genetic profiles compared to their diploid 

counterparts, underscoring oryzalin's potential for polyploid induction in this species [10]. 

Given the traditional medicinal significance of C. fragrans, a detailed analysis of how 

polyploidization influences its metabolic profile is crucial for optimizing its potential in 

advanced pharmaceutical applications. As far as we know, this study is the first to document 

the phytochemical profile and therapeutic effects of induced somatic polyploid in  C. fragrans 

or any Callisia species. 

In this experiment, methanol was used as a solvent, and a significant difference in the extraction 

yield was found between the diploid (8.50%) and polyploid (12.88%) varieties. This difference 

may be due to polyploid plants containing more polar and non-polar compounds, as methanol 

effectively extracts a wide range of these substances [28].  

However, plant metabolomic profile can be affected by polyploidization [15], therefore, 

determining the chemical profile in the newly developed genotype holds important 

significance. GC-FID analysis identified ethyl stearate as the predominant compound in both 

diploid and polyploid plant extracts, with significantly higher concentrations in polyploid 

plants. Ethyl stearate, a major fatty acid ester found in medicinal plants such as Neolamarckia 

cadamba (Roxb.) Bosser [29] and Coreopsis cultivars [30] are well-documented for their 

antimicrobial and antioxidant properties [31]. The increased concentration of this compound in 

polyploid plants suggests an enhancement of these beneficial properties, likely contributing to 

the broader bioactivity observed in polyploid variants. Additionally, polyploid extracts 

uniquely contained (Z)-11-eicosenoic acid and dodecan-1-ol, which are absent in diploids. This 

unique metabolic profile in polyploid plants may introduce new therapeutic potentials, as these 

compounds could contribute to the enhanced antimicrobial advantages seen in polyploidy 

[32,33]. In polyploid plants, further insights from 1H NMR analysis indicated significantly 

elevated levels of key bioactive compounds, including fumaric acid, gallic acid, and malic acid. 

These compounds are widely valued for antimicrobial, antioxidant, and anti-inflammatory 

activities and are widely utilized in pharmaceutical and food industries [34-40]. The increased 
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abundance of these phytochemicals underscores the enhanced bioactive potential of polyploid 

plants. Additionally, a noteworthy increase in sucrose concentration in polyploid plants was 

also observed, potentially stimulating metabolic pathways critical for growth and vitality [41]. 

These cumulative enhancements in bioactive compounds are boosting the therapeutic values in 

polyploid plants. Similar effects of oryzalin-induced polyploidization on increased bioactivity 

have been observed in Thymus vulgaris L. [10], Ajuga reptans L. [42], Mentha spicata L. [15], 

Melissa officinalis L. [43], and Cannabis sativa L. [12], supporting the role of polyploidy in 

improving medicinal qualities. 

Likewise, antioxidant, antimicrobial, and anti-inflammatory activities are used as a key 

approach to evaluate the impact of polyploidization on the pharmaceutical value of plants. Free 

radicals and oxidative stress are linked to numerous health issues. Recent studies show that 

natural compounds like phenolics and vitamins can help reduce oxidative stress, offering a safe, 

nonmedicinal approach that patients may find appealing [44]. Our results revealed that 

the polyploid sample exhibited a twofold higher phenolic content compared to the diploid 

extracts, consistent with our NMR findings, which indicated elevated levels of gallic acid in 

the polyploid sample. However, given the relatively low concentration of gallic acid in the 

extract, it is insufficient to attribute the enhanced antioxidant activity solely to this compound. 

This suggests the potential involvement of other bioactive constituents present in the extract, 

as indicated by its chemical composition profile, some of which may not have been detected in 

the current study.  However, both extracts showed a similar TFC level. Research indicates that 

synthetic polyploidization often raises phenolic content in plants but can have mixed effects on 

flavonoid levels. For instance, polyploidization increased phenolics but decreased flavonoids 

in Ponkan mandarin [45], while in Lonicera japonica Thunb., certain growth stages in diploids 

showed higher levels of specific flavonoids like luteoloside [46]. Thus, despite higher phenolic 

content overall, polyploid plants may have lower flavonoid levels than diploids, depending on 

the species and growth stage. Although phenolic compounds are  responsible for bioactivities, 

including antioxidant activity, the antioxidant activity should be evaluated through multiple in 

vitro tests. The scavenging of the stable DPPH radical is widely used to evaluate the antioxidant 

activity of bioactive compounds extracted from plants. Our results revealed a significantly 

higher DPPH radical scavenging activity (13.01 µg TE/mg) than the diploid (5.10 µg TE/mg). 

A previous study by Tan et al. (2014) [47] also reported a lower DPPH activity of C. fragrans 

(262.5 mg AA/100g extract) than our polyploid variety. Additionally, the polyploid extracts 

showed a significantly higher ability to scavenge ABTS radicals as well as increased activity 
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of subsequent reduction in reactive oxygen species (ROS) compared to the diploid one. Several 

works described significant results for the antioxidant activity of C. fragrans extracts [3,5,47]. 

However, this polyploid variety showed better antioxidant activity compared with the previous 

reports. Similar enhanced antioxidant properties have also been reported in induced tetraploid 

T. vulgaris [15] and tetraploid Citrus limon [48] compared to their diploid counterpart. So, it 

can be inferred that the increased production of bioactive metabolites, particularly phenols and 

fatty acid esters, due to the genetic influence of chromosome doubling likely boosts antioxidant 

activity in the tetraploid genotype [35,37,49,50]. 

The antimicrobial activity of C. fragrans extracts on skin infection-causing pathogens revealed 

that the polyploid extracts showed a higher antimicrobial efficiency than the diploid extract, 

specifically on S. epidermidis, S. aureus, C. albicans, and MRSA. It is more interesting that 

the polyploid extract showed good efficacy against the resistant strain, making it a potent 

candidate for advanced medical applications. While several studies have explored the 

antibacterial and antifungal properties of C. fragrans extract [47,51], this is the first report on 

the antimicrobial activity of induced polyploid plants of this species. Notably, the polyploid 

extract demonstrated greater efficacy than previously reported results. Similar enhanced 

antibacterial activity has been observed in tetraploid Mitracarpus hirtus against S. aureus, 

Bacillus subtilis [52], and T. vulgaris against respiratory pathogens [10]. The enhanced 

antimicrobial activity in polyploids may be attributed to the presence of higher levels of 

compounds like ethyl stearate, fumaric acid, gallic acid, and malic acid, which are also 

recognized for their antimicrobial properties [31,34,38,53,54]. 

HT-29, a human colorectal adenocarcinoma cell line characterized by its epithelial morphology, 

was used as an in vitro model for our study. Our result demonstrated a significantly higher 

protective activity in polyploid extract compared to diploid. Upon treatment with curative 

intent after oxidative stress induced by H2O2, both extracts demonstrated comparable 

cytoprotective effects on the HT-29 cell line at a low concentration of 25 μg/mL. This study 

represents the first investigation into the cytoprotective activity of C. fragrans extract against 

oxidative stress-induced cell death in HT-29 cells. The observed protective effect is likely 

attributed to the enhanced concentration of bioactive compounds, which may play a crucial 

role in mitigating H2O2-induced cell death [55]. 

COX-1 and COX-2 are cyclooxygenase isoforms with distinct functions. COX-1 is consistently 

expressed and essential for normal physiological processes, including gastric protection and 
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platelet support. In contrast, COX-2 is an inducible enzyme that increases in response to 

inflammation, producing pro-inflammatory prostanoids. Despite their complex interactions, 

COX inhibitors are commonly used to alleviate acute and chronic pain and reduce 

inflammation by blocking these enzymes [56]. Our gene expression study revealed that the 

polyploid extract showed a downregulation of COX gene expression, showing the best results 

at 25 µg/mL compared to the diploid extract, which showed a similar COX expression as 

oxidative stress induced by H2O2 in cells. So, the polyploid extract established its superior anti-

inflammatory activity than the diploid genotype. Therefore, a significantly higher amount of 

fumaric acid, gallic acid, and malic acid can contribute to this higher anti-inflammatory activity 

as they are potential anti-inflammatory agents [36,40,57,58]. Similarly, Gupta et al. (2024) [15] 

showed that the higher thymol content in polyploid T. vulgaris essential oil exhibited enhanced 

COX-2 inhibition efficacy. Given that the polyploid extracts significantly downregulated COX 

gene expression in treated cells, this suggests a potential COX-inhibitory mechanism and 

indicates their ability to modulate inflammatory pathways at the molecular level. Considering 

the central role of COX enzymes in the biosynthesis of pro-inflammatory prostaglandins, such 

inhibition is consistent with established anti-inflammatory pharmacodynamics and may 

contribute to the extracts' potential in alleviating inflammation by targeting this key enzyme. 

Furthermore, results from the cytotoxicity assay demonstrated that the extracts exhibited no 

significant toxicity up to a concentration of 100 µg/mL, thereby defining a clear therapeutic 

safety margin. Notably, the most potent anti-inflammatory activity was observed at a 

concentration of 25 µg/mL, which is well below the cytotoxic threshold. This suggests that the 

active dose for anti-inflammatory efficacy falls well within the established safety range and 

may be suitable for the treatment of skin infections associated with inflammatory responses. 

Overall, our results indicate that synthetic polyploidization induced by oryzalin enhanced the 

natural metabolites as well as biological activities in this novel C. fragrans variety. Although 

this study demonstrates the enhanced potential of C. fragrans polyploid extracts as potent 

antibacterial, antioxidant, and anti-inflammatory agents, the findings are based solely on 

preliminary in vitro analyses. To fully establish their pharmacological efficacy, further 

investigations are necessary, including comprehensive preclinical studies and in vivo 

evaluations using appropriate animal models. Such studies will be essential to validate the 

therapeutic potential and ensure translational relevance for future clinical applications. 
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5.6 Conclusion 

This investigation marks the first instance of elucidating the significant biological activities 

related to oryzalin-induced polyploidy in C. fragrans. These results further substantiate the 

efficacy of synthetic polyploidization in this species. The polyploid genotype demonstrated a 

remarkable enhancement in the extract yield, concurrently exhibiting elevated concentrations 

of biologically active metabolites, including ethyl stearate, gallic acid, fumaric acid, and malic 

acid. Furthermore, novel compounds such as dodecane-1-ol and (Z)-11-eicosenoic acid have 

also been identified as contributors to the augmented biological activities observed in polyploid 

specimens. The polyploid variant illustrated enhanced antimicrobial efficacy against skin 

infection-causing pathogens, including the resistant S. aureus variant, and showed superior 

antioxidant, cytoprotective, and anti-inflammatory attributes when contrasted with its diploid 

counterpart. Furthermore, this study asserts that the induced genotype of C. fragrans, beyond 

its aesthetic applications, exhibits superior characteristics that can be harnessed for commercial 

purposes, particularly within the pharmaceutical and cosmetic industries, due to the enhanced 

bioactivity of plant extracts. The process of synthetic polyploidization may play a pivotal role 

in the cultivation of plant varieties exhibiting heightened biological activities. Nevertheless, 

additional clinical and toxicological investigations are warranted to validate their practical 

applicability within the aforementioned industries. 
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Abstract 

Medicinal and aromatic plants (MAPs) are well known for their valuable secondary 

metabolites and diverse phytochemicals responsible for a plethora of medicinal properties 

such as antimicrobial, antioxidant, anti-inflammatory, anticancerous, and analgesic 

activities, making them essential for various industries. Therefore, this significant market 

demand has led to the need to improve the quality and quantity of secondary metabolites 

and thus develop high-quality commercial products. In this context, polyploidization is 

considered a sound contemporary approach that produces new genotypes, leading to the 

overexpression of genes involved in biosynthesizing crucial metabolites. Enhanced natural 

metabolite production increases the biological activities of plant extracts along with 

enhanced tolerance against abiotic and biotic stresses to achieve homogeneity. This 

improvisation in the quality and quantity of plant secondary metabolites can maximize the 

medicinal value of the plants. Therefore, this mini-review aims to explore the importance 

of enhancing biological activity in medicinal plants, summarize the progress of synthetic 

polyploidization as a breeding tool in MAP species, and elucidate how this technique plays 

an important role in improving medicinal values. This breeding strategy could significantly 

advance future research and industrial applications by inducing superior genotypes with 

enhanced genomic complexity and improving traits like increased biomass, stress 

tolerance, and novel biochemical pathways. So, it can be concluded that in vitro synthetic 

polyploidization can be an effective tool for promoting the production of more distinctive 

genotypes with immense medicinal properties for a variety of commercial and 

pharmaceutical purposes. 

 

Keywords:  biological activity; epigenetic regulation; MAP species; polyploidization; 

secondary metabolites 
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6.1 Introduction 

Medicinal and aromatic plants (MAPs) have been extensively utilized throughout millennia to 

alleviate a wide range of diseases in both conventional and complementary medical systems, 

as well as in the food and cosmetic sectors for flavouring and fragrance [1]. The extracts and 

the essential oils from MAPs contain an array of phytochemicals such as alkaloids, flavonoids, 

terpenoids, and phenolic compounds, which are responsible for performing a plethora of 

biological activities such as antimicrobial, anti-viral, antioxidant, anti-inflammatory, and 

anticancer activities [2,3]. For instance, essential oils from Melissa officinalis L., Sideritis 

cypria Post, Origanum dubium Boiss., Mentha piperita L., Thymus capitatus (L.) Cav., 

and Salvia fruticose Mill. were found to exhibit antioxidant, antimicrobial, and cytotoxic 

properties [4]. By 2050, the value of the world’s medicinal plant trade is estimated to exceed 

USD 5 trillion [5]. Industrialists are switching to plant-based products in cosmetics, 

pharmaceuticals, food packaging, aquaculture, fodder industries, etc. [6,7,8], as synthetic 

products lead to the emergence of multidrug resistance microbial strains, high toxicity, and 

environmental degradation [9,10]. Due to huge market and economic demand, there is an 

utmost need to improve the quality of plants by enhancing their phytochemical yield, which is 

naturally low, and their biological activities [11]. 

To enhance their yield and biological activities, various breeding approaches, such as backcross 

breeding, mass selection, pure-line selection, precursor feeding, in vitro culture, genome 

editing, and metabolic engineering, were introduced [12,13]. Then again, these techniques are 

quite time-consuming, labour-intensive, and expensive. Also, current methods often struggle 

with limited genetic diversity and stability, whereas synthetic polyploidization overcomes 

these limitations by expanding the genetic toolkit to create organisms with expanded genomic 

complexity and greater trait stability [13,14]. Synthetic polyploidization, however, is one of 

the safest and most ideal contemporary breeding approaches conducted under in vitro and in 

vivo conditions to induce polyploidy in organisms. This technique involves inducing 

chromosome doubling in cells or tissues, typically through treatment with antimitotic agents 

such as colchicine or oryzalin, which disrupt normal cell division. Alternatively, synthetic 

polyploidization can also be achieved through the fusion of cells from different species or 

individuals with varying chromosome numbers that generate hybrid cells with an increased 

number of chromosome sets [14]. Polyploidization in MAPs enhances their physiological, 

morphological, anatomical, and biochemical traits, etc. [15,16,17,18]. However, this is not 
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always the case because gene duplication results are uncertain and can adversely influence 

plant traits [19]. Hence, selecting the appropriate genotypes and traits (which will be positively 

influenced) is necessary to overcome this problem [20]. 

Several studies have been conducted on the morphological, biochemical, and anatomical 

features of polyploids in MAP species [16,21,22]; however, studies on their enhanced 

biological activities and elucidating insights are scarce. Hence, it is important to understand 

the mechanism of polyploidization involved in increasing the production of major plant 

metabolites and biological activities. This study aims to highlight and explore the immense 

potential and current status of synthetic polyploidization in MAP species for enhancing plant 

secondary metabolites and their biological activities, emphasizing their insights for 

upregulating natural metabolites solely responsible for higher biological activities. 

Furthermore, it would illustrate the importance of the improvisation of MAP species and 

endorse breeders to accept synthetic polyploidization with an integrated omics-based selection 

approach as one of the sound breeding techniques facilitating economically important MAP 

species in the current as well as future pharmaceutical, food, and cosmetic industries. 

6.2  In Vitro Synthetic Polyploidization in MAP Species Improvement: Current Status 

Focusing on Enhancement of Natural Metabolite Production and Biological Activity 

Given the high demand for valuable plant secondary metabolites across industries, synthetic 

polyploidization emerges as a promising breeding method to boost the phytochemical efficacy 

of MAPs [23], while aligning with consumer preferences for natural genetic profiles and 

avoiding concerns about genetically modified organisms [24]. New polyploid lineages in plants 

emerge through chromosomal doubling in somatic cells and the reunion of unreduced gametes 

[25]. This can be achieved via in vitro, ex vitro, and in vivo systems. In vitro polyploidization 

is the most common and preferred method in research and commercial breeding due to its 

controlled environment, enabling precise application of growth regulators, leading to high 

chromosome doubling efficiency, low mortality, and minimal mixoploidy [26,27]. However, 

in vivo polyploidization applies antimitotic agents to intact plants, often resulting in variable 

outcomes due to less precise control, lower induction rates, and higher mixoploidy. In contrast, 

ex vitro polyploidization, using methods like foliar spraying, is even less efficient due to 

chemical evaporation, reduced absorption, and further increased mixoploidy [28,29]. In 

specific contexts where high consistency and uniformity are critical, in vitro polyploidization 

is favoured for its superior efficiency in producing stable polyploids with precise, desired 
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phenotypic traits. For instance, a study by Navratilova et al. (2022) [30] reported that the 

tetraploid genotype of Ajuga reptans induced by oryzalin treatment showed increased levels of 

trans-teupolioside, trans-verbascoside, and 20-hydroxecdysone content than the diploid 

genotype. These results indicated that synthetic polyploidization can induce better genotypes 

to enhance substances with potential pharmaceutical and economic applications. Similarly, 

another study by Priya and Pillai (2023) [21] reported a 160-fold increase in the production of 

major compound andrographolide in colchiploid calluses than the diploid, which has high 

economic values due to its pharmacological properties including anticancer, antimicrobial, 

antiparasitic, choleretic, hypocholesterolemia, anti-inflammatory, antidiabetic, 

hepatoprotective, immunomodulatory, and cardiovascular activity [31]. Artemisinin, a 

valuable plant secondary metabolite used as the most effective antimalarial drug, was reported 

to increase from 39% to 56% in induced tetraploid Artemisia annua plants using colchicine. 

This study also reported the upregulation of FPS, HMGR, and artemisinin metabolite-specific 

Aldh1 genes related to the artemisinin biosynthetic pathway. These results suggested that 

synthetic polyploidization positively influenced the key enzymes for the biosynthesis of 

artemisinin, which resulted in the increased production of this valuable metabolite. The 

successful induction of polyploid medicinal plants and enhancing plant secondary metabolites 

through colchicine has been reported in several plants such as Anoectochilus 

formosanus [32], Cichorium intybus [33], Datura stramonium [34], Papaver 

bracteatum [35], Salvia miltiorrhiza [36], Stachys byzantine [37], and Trachyspermum 

ammi [38]. Similarly, Bharati et al. (2023) [16] reported the successful induction of 

polyploid Mentha spicata by synthetic polyploidization using oryzalin as an anti-mitotic agent 

with an increased amount of valuable major compounds such as carvone and limonene 

compared to their diploid control. Another study by Bharati also reported an increased amount 

of geranial and neral in oryzalin-induced tetraploid Melissa officinalis [17]. 

Even though bioactivity analysis of polyploid medicinal plants is still in the nascent stage, some 

studies have characterized induced polyploid medicinal plants focusing on metabolite 

enhancement and biological activity. A study by Gupta et al. (2024) [3] elucidated that 

oryzalin-induced Thymus vulgaris essential oil showed higher antibacterial, antioxidant, and 

anti-inflammatory activities along with higher concentrations of thymol and γ-terpinene than 

diploid essential oil. This study also indicated that a high concentration of thymol content in 

the tetraploid genotype is mainly responsible for its enhanced biological activity. Similarly, 

another study on induced tetraploid Thymus vulgaris exhibited higher insecticidal activity 
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along with an increased amount of bio-active compounds such as carvacrol, thymol, trans-

caryophyllene, γ-terpinene, and 4-cymene than the diploid genotype [39]. Bhuvaneswari et al. 

(2019) [40] and Mei et al. (2020) [41] also exhibited higher antioxidant activity in colchicine-

induced Citrus limon and Echinacea purpurea with increased secondary metabolites. 

Additionally, Pansuksan et al. (2014) [42] reported higher antibacterial activity along with 40 

unique bio-active compounds in tetraploid Mitracarpus hirtus compared to its diploid 

progenitor. However, elevated concentrations of specific bioactive components in secondary 

metabolites do not automatically translate to improved biological activity. The effectiveness is 

primarily driven by the synergistic interactions among these components. 

In vitro polyploidization facilitated by synthetic antimitotic agents presents a potentially 

effective approach for generating polyploid plants with augmented biological traits. However, 

it is not applicable every time as the outcomes of gene duplication remain skeptical. For that, 

a genome selection-based predictive accuracy model can be employed to accomplish desirable 

genotypes through synthetic polyploidization. However, the overall findings suggest that 

synthetic polyploidization could be a sustainable approach for improving MAP species by 

focusing on the enhancement of metabolite production and biological activity. Table 

10 summarizes the major attempts of in vitro synthetic polyploidization conducted in MAP 

species focusing on the enhancement of their secondary metabolites and biological activity.
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Table 10 List of major attempts of in vitro synthetic polyploidization in MAP species focusing on enhanced secondary metabolite production and 

biological activity 

Species Name Family name 
Antimitotic 

agent 
Short Description References 

Ajuga reptans Lamiaceae Oryzalin 

Tetraploid variants showed increased content of 

20-hydroxyecdysone along with an increased 

amount of trans-verbascoside, and trans-

teupolioside compared to diploids. 

[30] 

Allium sativum L. Alliaceae Colchicine 

A 30.7% increase in the pharmaceutically active 

metabolite allium, which exhibits anti-bacterial, 

anti-fungal, and anti-atherosclerotic activities, 

was observed in the polyploids 

[43] 

Andrographis paniculata (Burm.f.) 

Wall. ex. Nees. 
Acanthaceae Colchicine 

Andrographolide was observed to be increased 

by 160-fold compared to diploids. 
[21] 

Anoectochilus formosanus Hayata Orchidaceae Colchicine 

A higher content of total flavonoid and gastrodin 

was observed in the leaves, stem, and whole 

plant of the polyploid when compared to diploid. 

[32] 

Artemisia annua Asteraceae Colchicine 

Tetraploids produced an increase in levels of 

artemisinin content from 39% to 56% compared 

to diploids. 

[44] 

Bacopa monnieri Plantaginaceae Colchicine 
Tetraploids exhibited a 2.3-fold increase in total 

bacoside content compared to diploids. 
[45] 
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Cannabis sativa L. Cannabaceae Oryzalin 

An increase in terpene content was observed in 

tetraploid by 71.5% along with other compounds 

like α-humulene which doubled and cis-

nerolidol. The content of cannabidiol increased 

by 8.9%, guaiol by 60%, and 15.2% in 

cannabidivarinic acid in tetraploids. α-bisabolol 

was also found in teraploid leaves which was 

absent in diploid. 

[46] 

Cichorium intybus L. Asteraceae Colchicine 

Tetraploids showed an increase of 1.9-fold in 

total phenolics content and a 10-fold increase in 

chlorogenic acid in the leaves. 

[33] 

Citrus limon (L.) Osbeck Rutaceae Colchicine 

Limonene and lanceol increased drastically in 

tetraploids than in diploids and showed the 

presence of β-bisabolene that was absent in 

diploids. The increase in antioxidant activity of 

tetraploids was also observed due to increased 

limonene and lanceol content.  

[40] 

Datura stramonium L. Solanaceae Colchicine 

An increase in total alkaloid content by 7.25 % 

was observed. For instance, Hyoscyamine and 

scopolamine raised to 2.6 and 3.0 times 

respectively, in contrast to diploid control.  

[34] 

Dracocephalum kotschyi Boiss Lamiaceae Colchicine 

Tetraploid genotypes represented an increased 

production of flavonoids by 19.37% compared 

to diploids. 

[47] 

Echinacea purpurea (L.) Moench Asteraceae Colchicine 
Increased production of cichoric acid, caffeic 

acid derivatives and alkamides in polyploids 
[48] 
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Echinacea purpurea (L.) Moench Asteraceae Colchicine 

Higher contents of cichoric acid, caffeic acid, 

chlorogenic acid, caftaric acid, and 1,5-

dicaffeoyl quinic acid were observed in 

tetraploids compared to diploids. An increase in 

antioxidant activity and total phenolic content 

was also observed in tetraploids. 

[41] 

Melissa officinalis L. Lamiaceae Oryzalin 

An increase in essential oil content by 75 % was 

reported, along with an increase in geranial and 

neral by 11.06% and 9.49%, respectively, in 

tetraploid compared to diploid. 

[17] 

Mentha spicata L. Lamiaceae Oryzalin 

Higher essential oil yield is observed in 

polyploids, along with a higher concentration of 

carvone and limonene 

[16] 

Mitracarpus hirtus L. Rubiaceae Colchicine 

Increased antimicrobial activity against 

Staphylococcus aureus and Bacillus subtilis 

with the detection of 9-Octadecyne (2); 

Stigmast-5-en-3-ol, oleate; 9,12,15-

Octadecatrienoic acid, methyl ester, (Z, Z, Z) 

that were absent in diploids. 

[42] 

Nigella sativa L. 
Ranunculacea

e 
Colchicine 

An increase of 46.3% of thymoquinone was 

observed in the polyploid variants. 
[49] 

Papaver bracteatum Lindl Papaveraceae Colchicine 

Tetraploids exhibited increased 

benzylisoquinoline alkaloid content. Increased 

production of noscapine (30.55-fold increase) 

and thebaine (5.86-fold increase) with increased 

antioxidant activity in polyploid. 

[35] 

Salvia miltiorrhiza Bunge Lamiaceae Colchicine 

Enhanced production of dihydrotanshinone I 

and total tanshinones in polyploid compared to 

diploid. 

[36] 
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Stachys byzantina L. Lamiaceae Colchicine 

An increase in linalool, α-cadinol, cubenol, α-

terpineol, and menthone content was reported in 

polyploid. 

[37] 

Stevia rebaudiana (Bertoni) Asteraceae Colchicine 

An approximate 2.4% increase in stevioside 

production was observed in the polyploid 

variants. 

[50] 

Taxus baccata L. Taxaceae Colchicine 

Tetraploid variety exhibited a 10.8-fold higher 

taxane content compared to diploids, indicating 

increased production of the chemotherapeutic 

drug. 

[51] 

Tetradenia riparia (Hochst.) Codd Lamiaceae Colchicine 

An increase in the percentage of fenchone from 

25.42% in diploids to 48.4% in tetraploids was 

observed. Additionally, major bioactive 

compounds with antifungal properties, such as 

γ-terpineol (10.16%) and viridiflorol (5.58%), 

were found exclusively in tetraploids and not in 

diploids. 

[52] 

Thymus persicus L. Lamiaceae Colchicine 

Increased production of betulinic acid (69.73%), 

oleanolic acid (42.76%), and ursolic acid 

(140.6%) in their polyploids 

[53] 

Thymus vulgaris L. Lamiaceae Oryzalin 

With an increase of 41.11% in essential oil yield, 

enhanced production of thymol and γ-terpinene 

was observed in polyploid. Similarly, an 

increase in antibacterial, antioxidant, and anti-

inflammatory activities was observed in the 

polyploid compared to the diploid. 

[3] 
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Thymus vulgaris L. Lamiaceae Oryzalin 

An increase in the contents of carvacrol, thymol, 

trans-caryophyllene, γ-terpinene, and 4-cymene 

was observed in the polyploid. Increased 

insecticidal activity was observed in polyploids 

rather than diploids.  

[39] 

Trachyspermum ammi L. Apiaceae Colchicine 

Thymol was reported to increase from 49.67% 

in diploids to 69.2% in tetraploids. The essential 

oil yield was 2.5 times more in tetraploids than 

in diploids. 

[38] 
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6.3 Unveiling the Mechanisms: Insights into In Vitro Artificially Induced Polyploid Plants 

for Enhanced Phytochemicals and Biological Activities 

Often, it is postulated that synthetic polyploidization augments both primary and secondary 

metabolite production by inducing chromosome doubling, thereby influencing the biological 

activities of polyploid plants [54]. However, one such report contradicted this notion, revealing 

that the diploid plants had higher flavonoid and phenolic content, including increased rutin and 

quercetin levels, which enhanced their anti-proliferative and anti-inflammatory effects 

compared to tetraploids [19]. Polyploidization impacts genetic composition and gene 

expression, facilitating the emergence of new regulatory pathways [55]. This leads to enhanced 

adaptability, expanded geographical niches, and altered community structures in various plant 

species [56]. Molecular mechanisms involved include transcriptome changes [57], microRNAs 

[58], alternative splicing [59], histone modifications [60], chromatin remodelling, RNA-

binding proteins [61], DNA methylation [62], and N6-methyladenosine RNA methylation [63] 

contributing to the evolutionary process of polyploids by which polyploidy reshapes gene 

expression, expands proteome diversity, and alters epigenetic landscapes, leading to the 

differential regulation of duplicated genes. These modifications enhance genetic and epigenetic 

plasticity, driving the adaptation, stability, and evolutionary diversification of polyploids. 

Antimitotic agents involved in synthetic polyploidization like colchicine, oryzalin, trifluralin, 

and amiprophosmethyl disrupt spindle formation during cell division by binding with tubulin 

dimers, preventing microtubule formation and chromatid migration leading to chromosome 

doubling and conversion to higher ploidy levels such as triploids, tetraploids, hexaploids, and 

octaploids [64]. 

Gene duplication leads to DNA amplification, increasing the copy number of individual genes. 

This amplification enhances mRNA expression, leading to the overproduction of key 

biosynthetic enzymes involved in secondary metabolite synthesis. As a result, enzyme activity 

is elevated, and metabolic pathways are upregulated, thereby influencing the quantity, 

composition, and proportions of secondary metabolites [65,66] (Figure 15). According to 

Lavania (2005) [67], genome duplication causes a decrease in the ratio of the nuclear 

membrane to chromatins so that more chromatins come into contact with the nuclear 

membrane, which enhances the genetic activity of the cell and influences the production of 

secondary metabolites. The duplicated gene copy leads to the production of more RNA 

molecules and was found to be dominant in the whole genome duplication, which is retained 
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in the polyploids [68]. Comai (2005) [69] also stated that an increase in gene number increased 

the overall gene expression. Gene duplication leading to increased protein expression, which 

could ultimately increase the production of target enzymes or metabolites, has also been 

reported by Dar and Rehman (2017) [70]. 

Figure 15 A schematic diagram showing the mechanism of synthetic polyploidization for 

enhancing major phytochemicals and bio-activity of MAPs. The treatment with antimitotic 

agents such as oryzalin or colchicine leads to chromosome doubling that results in 

amplification, overexpression, depression, or repression of genes encoding key biosynthetic 

enzymes of the plant’s major metabolites due to the epigenetic and transcriptional regulation. 

A. Gene duplication leads to DNA amplification, boosting expression by replicating the coding 

region of the target gene, resulting in additional copies within the genome. This results in 

enhanced expression at the mRNA level and contributes to the overexpression of key 

biosynthetic enzymes. B. Overexpression of the coding region of the desired gene resulting in 

the over-production of the key enzyme. C. Derepression of previously silenced or weakly 

expressed gene that encodes another key enzyme for new metabolites. D. Repression or 

inhibition of gene encoding key biosynthetic enzyme for metabolites that are expressed in the 

diploid genotype. This over-production of newly expressed key biosynthetic enzymes enhances 

the production of major metabolites or induces new metabolites in the phytochemical 

composition of plants that show strong binding or combined interactions with targeted proteins, 

and it enhances biological activities such as anti-inflammatory, antioxidant, and antibacterial 

activities. 
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Simultaneously, polyploidy can influence different mechanisms that can increase, decrease, or 

even silence the gene expression that influences plants’ physiological and biochemical traits 

[15]. A study by Hassanzadeh et al. (2020) [71] described that physiological functions or gene 

expressions were greatly influenced by polyploid induction. Javadian et al. (2017) [72] reported 

that the expression levels of some key genes encoding specific enzymes involved in the 

podophyllotoxin biosynthetic pathway were enhanced by increasing the plant ploidy, including 

phenylalanine ammonia-lyase (PAL), cinnamoyl-CoA reductase (CCR), cinnamyl-alcohol 

dehydrogenase (CAD), and pinoresinol-lariciresinol reductase (PLR). 

As the chromosome number increased, DNA content and enzyme activity per cell were also 

increased [73]. Talebi et al. (2017) [74] reported increased enzyme activity (CAT and POD) 

and protein content in the tetraploid Agastache foeniculum plants. Enhancement in enzyme 

activity with increased ploidy level has also been confirmed by some other researchers [15,75]. 

The emergence of novel compounds in the polyploid genotype is attributed to the derepression 

of previously silenced or weakly expressed genes, while the absence of specific compounds 

results from the epigenetic modification of gene expression, leading to the inhibition of 

expression of previously active genes (Figure 15). A study by Parsons et al. (2019) [46] 

reported the presence of α-bisabolol in oryzalin-induced Cannabis sativa, which was absent in 

the diploid genotype. 

In medicinal plants, the production of the per unit biomass of secondary metabolites is of 

immense economic importance [76]. Synthetic polyploidization involves alterations of cellular 

dynamics that are positively influenced by increased cell size, organelle size and numbers, 

transcriptome products, net photosynthetic rate, and upraised metabolic pathways [77]. The 

accumulation of favourable alleles in one organism, along with the induced doubling of 

chromosome number, further adds to the pharma-chemical productivity, which promotes 

partitioning of cell energy resources for secondary metabolism and cuts down lengthy 

pathways via improvised enzyme kinetics [66]. The polyploidization of Catharanthus 

roseus enhances the expression of genes related to alkaloid biosynthesis, boosting vindoline, 

catharanthine, and vinblastine content in leaves by 130.9%, 188.6%, and 122.6%, respectively, 

compared to the diploid genotype. These alkaloids, particularly vinblastine and vincristine, are 

prized for their potent anticancer properties, making C. roseus a crucial species for the 

pharmaceutical industry [78]. On the other hand, in hop tetraploids, the composition of the 

major chemical compounds used in beer production had an insignificant change with genome 
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doubling compared to diploids where the essential oil content was lower, but the proportion of 

beneficial components such as humulene, limonene, caryophyllene, and farnesene was higher 

[79]. Some other studies also reported enhanced metabolite induction in plants with increased 

ploidy levels, such as a 56% increase in artemisinin content in Artemisia annua [44], high 

triterpenoid levels in Centella asiatica [80], and a 50% increase in morphine in Papaver 

somniferum [81]. 

Metabolites interact with proteins via binding, allosteric regulation, or post-translational 

modifications, influencing protein function, stability, localization, and cellular processes like 

signal transduction, gene expression, and metabolism. The specificity and affinity of these 

interactions determine their impact on protein function and cellular responses. As the 

concentration of bioactive secondary metabolites increases, their affinity for binding with 

targeted proteins also rises. This enhanced interaction can significantly boost the biological 

activity of plant extracts. The overall effect largely depends on the synergistic interplay among 

these bioactive metabolites [82,83] (Figure 15). Many studies reported that an enhanced 

phytochemical profile in the polyploid genotype resulted in enhanced biological activities such 

as antibacterial, antioxidant, or anti-inflammatory activities [3,40,41]. 

In conclusion, synthetic polyploidization boosts gene copy numbers for key enzymes in 

biosynthetic pathways, elevating protein expression. This regulation enhances secondary 

metabolite production and augments biological activities in polyploid plants (Figure 15). 

6.4 Summary and Outlook: Current Challenges and a Way Forward 

In this mini-review, we attempted to highlight the potential of synthetic polyploidization as one 

of the powerful breeding approaches for improving MAP species. In this study, we have already 

proven its success in different MAP species for enhancing secondary metabolites as well as the 

biological activity of plants (Table 10). However, induced polyploids may show a reduced level 

of metabolite production due to unpredictable gene duplication and increased concentrations 

of certain secondary metabolites do not guarantee enhanced biological activity, as component 

synergy is crucial [53,84]. Polyploidization in MAPs enhances both agronomic performance 

and biochemical activities. For example, nearly one-quarter of global chamomile varieties are 

now colchicine-induced tetraploids, highlighting the effectiveness of this method [85]. In 

addition, synthetic polyploidization offers substantial benefits for MAP species by enhancing 

agronomic traits, improving stress tolerance, and increasing genetic diversity, which facilitates 

the development of novel traits. Simultaneously, it boosts secondary metabolite production, 
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thereby augmenting medicinal and aromatic properties, and promotes hybrid vigour. 

Furthermore, it bridges reproductive barriers, enabling the creation of new hybrids, fosters 

novel phenotypes, and extends growth cycles, resulting in crop varieties with specialized and 

optimized characteristics tailored to specific agricultural or industrial requirements. In 

summary, the industrial implementation of polyploidization supports sustainable production 

practices and meets the growing demand for natural bioactive compounds in diverse industries. 

Despite so many advantages, this uncertainty and selection of the desired genotype is one of 

the major challenges for plant breeding. However, the genomic selection process for polyploid 

screening and integration of multi-omics strategies can overcome this issue. Utilizing multi-

omics data, including genomics, transcriptomics, proteomics, and metabolomics, can offer not 

only valuable insights but also novel approaches to estimating the genomic correlation in 

polyploids and helping in precision screening for desired traits. However, multi-omics 

applications for genomic selection can themselves be a challenge because of their complex data 

output, which makes it difficult to manage and interpret, and also due to the limited data 

availability of MAP species, specifically transcriptome, genome, reference genome, as well as 

their integrated approach. 

Numerous studies have highlighted the influence of geographical, environmental, agroclimatic, 

and genetic factors in shaping both the quantity and quality of secondary metabolite production 

in plants [86]. Synthetic polyploids demonstrate superior adaptability across diverse 

environments compared to diploids, which can influence the screening of superior polyploid 

genotypes [87]. So, analyzing the interaction between genotypes and various environmental 

factors is crucial. Additionally, synthetic polyploidization can affect the selection of desired 

genotypes through epigenetic instability, disrupted genomic imprinting, and unwanted 

epistasis. Epigenetic instability can cause variable gene expression, complicating trait 

selection. Disrupted genomic imprinting may lead to inconsistent trait outcomes, while 

unwanted epistasis can obscure genotype-phenotype relationships, making it challenging to 

stabilize and select beneficial traits. These complexities need to be managed to effectively 

achieve the desired polyploid genotypes. Another potential challenge is that substantial non-

additive effects in MAP species during vegetative propagation can influence biochemical traits 

and stress responses. Hence, understanding additive effects is essential for effective genomic 

selection. For that, disruptive technologies like CoPhMoRe (corona phase molecular 

recognition) nanosensors can measure targeting molecules in real time, offering high 

sensitivity, and non-destructive analysis of plant signalling pathways. This is achieved by 
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creating various corona phases based on the structure of amphiphilic polymers. When 

combined with machine learning models like random forest, support vector machine, and deep 

neural network, these tools can accurately capture complex marker–trait relationships and 

improve marker selection, which can be highly useful for agricultural precision [88]. Despite 

having several challenges, synthetic polyploidization with genomic selection offers significant 

potential for enhancing the medicinal properties of plants. However, further investigation is 

required to optimize ideal polyploidization protocols, elucidate genomic and epigenomic 

alterations, and perform the comprehensive phenotypic and metabolite profiling of synthetic 

polyploids. Additionally, research should focus on assessing fertility, reproductive viability, 

and the environmental and economic implications of polyploidization. Also, integrating the 

polyploid approach with advanced biotechnological tools, such as CRISPR/Cas9 and marker-

assisted selection, is essential. A deeper understanding of these mechanisms could facilitate the 

development of superior MAP cultivars with enhanced medicinal properties. 
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7. Discussion 

MOPs serve as vital reservoirs of bioactive compounds with well-established relevance in 

pharmaceutical, nutraceutical, and cosmetic applications. However, a critical knowledge gap 

remains in understanding the molecular mechanisms governing phytochemical–biotarget 

interactions and their associated biological activities. Additionally, many of them exhibit 

inherently low phytochemical yield and limited bioactivity, which, when coupled with 

escalating global demand, highlights the urgent need for innovative approaches. AP emerges 

as a promising strategy to enhance the phytochemical richness and biological efficacy of 

MOPs, thereby addressing key constraints in metabolite production and therapeutic 

performance (Gupta et al., 2024). Inducing polyploidy in plants through synthetic antimitotic 

agents can enhance desirable traits, particularly by boosting SM levels and EO yields in MOPs. 

Despite this potential, outcomes are not always predictable, as gene duplication can lead to 

variable or even reduced SM production in polyploid genotypes compared to their diploid 

counterparts (Xie et al., 2012). Therefore, a deeper understanding of how polyploidy affects 

the phytochemical composition and biological activity of plant extracts is crucial (Gupta et al., 

2024; Gupta et al., 2025). Therefore, this doctoral thesis characterizes the effectiveness of AP 

specially on two MOP species such as T. vulgaris and C. fragrans, focusing on their 

phytochemical profile and biological activities. The thesis comprises three distinct, peer-

reviewed scientific studies, each contributing to a comprehensive understanding of the main 

objectives of this study.  

In the first study, Gupta et al. (2024) demonstrated that AP substantially improved both yield 

and in vitro biological efficacy of T. vulgaris EO, with the tetraploid genotype producing 1.2% 

EO, thereby, representing a 41.11% increase over the diploid control (0.85%), which is 

consistent with earlier observations in T. vulgaris (Shmeit  et al., 2020; Navrátilová et al., 2021) 

and other Lamiaceae species (Bharati et al., 2023; Hannweg et al., 2016). However, contrasting 

reports in H. lupulus (Trojak-Goluch et al., 2013) reflect species-specific metabolic responses 

to genome duplication. GC-MS profiling revealed elevated levels of thymol and γ-terpinene 

and reduced p-cymene in the tetraploid, a pattern also documented by Shmeit et al. (2020) and 

Navratilova et al. (2022), with these compositional shifts directly correlating to enhanced in 

vitro antimicrobial, antioxidant, and anti-inflammatory activities due to the well-established 

bio-efficacy of thymol and γ-terpinene (Kazemi et al., 2014; Kazemi et al., 2014; Diniz do 

Nascimento et al., 2020;  Nikolić et al., 2014). 
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Functionally, the tetraploid EO outperformed the diploid in antimicrobial assays against H. 

influenzae, S. aureus, S. pneumoniae, and S. pyogenes, particularly in the liquid phase. This 

marks the first such report for induced polyploid T. vulgaris, and molecular docking confirmed 

thymol's superior binding to DNA gyrase, thereby validating its mechanistic role. Similarly, 

the tetraploid EO exhibited significantly higher DPPH radical scavenging activity, which can 

be attributed to the increased monoterpenoid content, primarily thymol, as it readily donates 

hydrogen atoms and neutralizes free radicals. This finding is further supported by docking data 

showing stronger thymol binding to human CDK2 than ascorbic acid. Anti-inflammatory 

efficacy, though moderately improved, also reflected the phytochemical enrichment, 

particularly in thymol, which is a known COX inhibitor (Marsik et al., 2005). Its docking 

affinity for COX-2 supports its role in attenuating prostaglandin biosynthesis. However, the 

complexity of EO synergy and contrary findings in species such as G. pentaphyllum, where 

diploids showed stronger anti-inflammatory gene suppression (Xie et al., 2012), underscore the 

genotype-dependent nature of polyploid responses, as we also described earlier. Overall, the 

interrelated enhancements in EO yield, phytochemical composition, and multi-target 

bioactivity in the tetraploid T. vulgaris affirm AP as a robust biotechnological strategy for 

maximizing the therapeutic and commercial potential of aromatic medicinal plants. 

Similarly, in the second study conducted on C. fragrans by Gupta et al. (2025), oryzalin-

induced polyploidy resulted in significantly enhanced SM yield and in vitro bioactivity 

compared to diploids, corroborating the improvements observed in our first study on T. vulgaris 

(Gupta et al., 2024). Methanolic extraction yielded 12.88% in polyploids versus 8.50% in 

diploids, reflecting an expanded metabolite profile encompassing both polar and non-polar 

compounds (Santos-Buelga et al., 2012). GC-FID identified ethyl stearate as the predominant 

fatty acid ester, markedly elevated in polyploids, consistent with its known antimicrobial and 

antioxidant properties (Zayed et al., 2014; Kim et al., 2020). The presence of (Z)-11-eicosenoic 

acid and dodecan-1-ol exclusively in polyploids suggests the emergence of novel bioactive 

constituents unique to the polyploid genotype (Togashi et al., 2007; Al-Rajhi et al., 2023). 

NMR analysis revealed increased levels of fumaric, gallic, and malic acids, which are known 

for their antimicrobial, antioxidant, and anti-inflammatory properties (Unver et al., 2024; 

Kakkaew et al., 2020; Kaur et al., 2020; Kweon et al., 2001; Bajko et al., 2016; Karpiński & 

Ożarowski, 2024; Cai et al., 2022), along with higher sucrose content, indicating enhanced 

metabolic activity. While total phenolic content doubled in polyploids, total flavonoid levels 

remained comparable, reflecting a complex modulation of phytochemical classes. In line with 
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these findings, the study reported higher antioxidant and antimicrobial activities in the 

polyploid extract, particularly against bacteria responsible for skin infections. This enhanced 

bioactivity is directly linked to the elevated secondary metabolite levels identified in the 

phytochemical analysis. 

Furthermore, gene expression analysis showed that the polyploid extract significantly 

downregulated COX gene expression compared to the diploid extract, indicating stronger anti-

inflammatory potential. The increased levels of fumaric acid, gallic acid, and malic acid in the 

polyploid extract likely contribute to this effect, as these compounds are well-known for their 

anti-inflammatory properties (Vijeesh et al., 2022; Lee et al., 2011; Kaur et al., 2020; Cai et 

al., 2022). These findings suggest that the polyploid extract may exert its anti-inflammatory 

effects via COX inhibition, modulating inflammatory responses at the molecular level. Finally, 

cytotoxicity assays defined the toxic concentration range of the extracts; notably, the 

biologically active dose identified in this study fell well below the toxicity threshold. This 

indicates a clear therapeutic window and supports the potential application of the polyploid 

extract for treating inflammation-related skin infections. Collectively, these results 

demonstrate that SP enhances the phytochemical complexity and pharmacological potential of 

C. fragrans, making it a promising candidate for advanced pharmaceutical development. 

Beyond empirical data, a comprehensive mini-review by Gupta et al. (2024) reinforced the 

potential of in vitro synthetic polyploidization to enhance secondary metabolite production and 

biological activity in MAPs. This review highlighted plethora of studies based on how 

antimitotic agents like colchicine and oryzalin resulted in increased yields of thymol, 

artemisinin, andrographolide, carvone, and geranial on T. vulgaris, A. annua, A. paniculata, M. 

spicata, and M. officinalis, respectively. These chemical enhancements were often 

accompanied by elevated antibacterial, antioxidant, and anti-inflammatory activity (Gupta et 

al., 2024). Mechanistically, gene duplication, transcriptomic reprogramming, and epigenetic 

modifications (e.g., DNA methylation, chromatin remodeling) were implicated in upregulating 

biosynthetic pathways, was also depicted via this review. Furthermore, this review also suggest 

combining polyploidy with genomic selection and multi-omics tools to improve predictability 

and stability of desired traits. Overall, Enhanced phytochemical content and biological activity 

leads to better therapeutic profiles.  
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Collectively, this thesis advances the frontiers of plant biotechnology by demonstrating the 

dual impact of AP and PE bioactivity studies. The findings contribute to ongoing efforts in 

metabolic phytochemical enhancement, providing insights for optimizing the pharmaceutical 

and therapeutic potential of SP-induced MOPs. Through increased SM production, improved 

bioactivity, and greater phytochemical diversity, polyploidization emerges as a transformative 

approach with scalable applications across the pharmaceutical, nutraceutical, and agricultural 

sectors. However, future research should focus on validating the in vivo efficacy and safety of 

polyploid-derived extracts, and assessing the commercial viability of large-scale cultivation. 
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8. Conclusion and future perspectives 

This dissertation establishes how enhanced SM biosynthesis, phytochemical diversity, and 

biological activities in MOPs result from AP. Through three interrelated studies, this research 

not only provides compelling evidence that genome duplication enhances bioactive compound 

production, thereby improving pharmacological efficacy and industrial applicability, but also 

elucidates the relationship between phytochemicals and essential biological target proteins. 

Study 1 demonstrated that AP in T. vulgaris significantly increased EO yield, with elevated 

phytochemical levels correlating with enhanced in vitro antimicrobial, anti-inflammatory, and 

antioxidant activities. Furthermore, molecular interaction analyses via in silico molecular 

docking and MD simulations confirmed strong binding affinities between these 

phytochemicals and biological target proteins, explaining their improved bioactivity. Study 2 

extended these insights to C. fragrans, where AP led to substantial improvements in 

polyphenolic and fatty acid compositions. These metabolic shifts translated into superior in 

vitro antimicrobial, antioxidant, anti-inflammatory, and cell viability effects, reinforcing the 

pharmaceutical and nutraceutical potential of polyploid PEs. Study 3 provided a 

comprehensive review on the various mechanisms involved in AP to enhance phytochemical 

profiles in MAPs, focusing on improved SM production and enhanced bioactivity. 

In conclusion, this doctoral thesis successfully addressed all the proposed hypotheses and 

achieved its designated objectives. Beyond its scientific contributions, AP holds far-reaching 

implications across multiple industries. In the pharmaceutical sector, AP-induced MOPs offer 

a sustainable source for synthesizing enhanced bioactive compounds, particularly for 

antimicrobial, anti-inflammatory, and antioxidant therapies. In the nutraceutical industry, 

polyploid PEs can be formulated into functional foods and dietary supplements with superior 

health benefits. Within the food industry, improved PE profiles can serve as natural flavoring 

agents and preservatives, reducing dependence on synthetic additives while enhancing product 

stability and shelf life. Despite these promising applications, future research must prioritize the 

large-scale validation of polyploid-derived bioactive components. Although our in vitro results 

demonstrate significant antibacterial, antioxidant, and anti-inflammatory effects, further 

investigations especially preclinical and in vivo studies, broader taxonomic assessments, and 

large-scale industrial validations are necessary to confirm these findings and to evaluate their 

potential for clinical application. Besides, the economic feasibility and regulatory 

considerations surrounding artificial polyploidization warrant thorough investigation in future 
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applied research to facilitate its practical implementation across pharmaceutical, nutraceutical, 

and agricultural industries 
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