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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

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 capi-
tatus (L.) Cav., and Salvia fruticose Mill. were found to exhibit antioxidant, antimicrobial,
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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. [6–8],
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 cul-
ture, 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 organ-
isms. 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]. Polyploidiza-
tion in MAPs enhances their physiological, morphological, anatomical, and biochemical
traits, etc. [15–18]. However, this is not 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 anatomi-
cal 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. Further-
more, it would illustrate the importance of the improvisation of MAP species and endorse
breeders to accept artificial polyploidization with an integrated omics-based selection ap-
proach as one of the sound breeding techniques facilitating economically important MAP
species in the current as well as future pharmaceutical, food, and cosmetic industries.

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 phy-
tochemical 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 in-
duction rates, and higher mixoploidy. In contrast, ex vitro polyploidization, using methods
like foliar spraying, is even less efficient due to chemical evaporation, reduced absorption,
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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 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 po-
tential pharmaceutical and economic applications. Similarly, another study by Priya and
Pillai (2023) [21] reported a 160-fold increase in the production of major compound andro-
grapholide 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, immunomodula-
tory, 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] elu-
cidated 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 concentra-
tion 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 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 poten-
tially effective approach for generating polyploid plants with augmented biological traits.
However, it is not applicable every time as the outcomes of gene duplication remain skep-
tical. For that, a genome selection-based predictive accuracy model can be employed to
accomplish desirable genotypes through artificial polyploidization. However, the overall
findings suggest that artificial polyploidization could be a sustainable approach for improv-
ing MAP species by focusing on the enhancement of metabolite production and biological
activity. Table 1 summarizes the major attempts of in vitro synthetic polyploidization
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conducted in MAP species focusing on the enhancement of their secondary metabolites
and biological activity.

Table 1. 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 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]

Cannabis sativa L. Cannabaceae Oryzalin

A 71.5% increase in terpene content was observed in
tetraploid along with other compounds like α-humulene,
which doubled, and cis-nerolidol. The content of
cannabidiol increased by 8.9%, guaiol by 60%, and
cannabidivarinic acid by 15.2% in tetraploids. α-bisabolol
was also found in teraploid leaves which was absent
in diploid.

[46]

Cichorium intybus L. Asteraceae Colchicine
Tetraploids showed a 1.9-fold increase 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 content increased drastically in
tetraploids compared with that in diploids and showed
the presence of β-bisabolene that was absent in diploids.
The increase in the antioxidant activity of tetraploids was
also observed due to the increased limonene and
lanceol content.

[40]

Datura stramonium L. Solanaceae Colchicine

A 7.25% increase in total alkaloid content was observed.
For instance, Hyoscyamine and scopolamine content
increased 2.6 and 3.0 times, respectively, in contrast to
diploid control.

[34]

Dracocephalum kotschyi
Boiss Lamiaceae Colchicine Tetraploid genotypes displayed a 19.37% increase in the

production of flavonoids compared to diploids. [47]

Echinacea purpurea (L.)
Moench Asteraceae Colchicine Increased production of cichoric acid, caffeic acid

derivatives, and alkamides in polyploids. [48]

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
A 75% increase in essential oil content was reported,
along with an increase in geranial and neral of 11.06% and
9.49%, respectively, in tetraploids compared to diploid.

[17]
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Table 1. Cont.

Species Name Family Name Antimitotic Agent Short Description References

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; and
9,12,15-Octadecatrienoic acid, methyl ester, (Z, Z, Z),
which were absent in diploids.

[42]

Nigella sativa L. Ranunculaceae Colchicine An increase of 46.3% in 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 polyploids.

[35]

Salvia miltiorrhiza Bunge Lamiaceae Colchicine Enhanced production of dihydrotanshinone I and total
tanshinones in polyploids compared to diploid. [36]

Stachys byzantina L. Lamiaceae Colchicine An increase in linalool, α-cadinol, cubenol, α-terpineol,
and menthone content was reported in polyploids. [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, an
enhanced production of thymol and γ-terpinene was
observed in polyploids. Similarly, an increase in
antibacterial, antioxidant, and anti-inflammatory
activities was observed in the polyploid compared to
the diploid.

[3]

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]

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 al-
tered community structures in various plant species [56]. Molecular mechanisms involved
include transcriptome changes [57], microRNAs [58], alternative splicing [59], histone mod-
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ifications [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, stabil-
ity, and evolutionary diversification of polyploids. Antimitotic agents involved in synthetic
polyploidization like colchicine, oryzalin, trifluralin, and amiprophosmethyl disrupt spin-
dle 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 individ-
ual genes. This amplification enhances mRNA expression, leading to the overproduction
of key biosynthetic enzymes involved in secondary metabolite synthesis. As a result, en-
zyme activity is elevated, and metabolic pathways are upregulated, thereby influencing
the quantity, composition, and proportions of secondary metabolites [65,66] (Figure 1).
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 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].

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 phys-
iological 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 1). 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.
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Figure 1. 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. 

Figure 1. 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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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 productiv-
ity, 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 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% in-
crease 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 1). Many studies reported that an en-
hanced 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 1).

4. Summary and Outlook: Current Challenges and a Way Forward

In this mini-review, we attempted to highlight the potential of synthetic polyploidiza-
tion 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 1). However, induced poly-
ploids 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, 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.
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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 pro-
cess 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 adaptabil-
ity 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 expres-
sion, 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 chal-
lenge 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 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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39. Navrátilová, B.; Švécarová, M.; Bednář, J.; Ondřej, V. In Vitro Polyploidization of Thymus vulgaris L. and Its Effect on Composition
of Essential Oils. Agronomy 2021, 11, 596. [CrossRef]

40. Bhuvaneswari, G.; Thirugnanasampandan, R.; Gogulramnath, M. Effect of Colchicine Induced Tetraploidy on Morphology,
Cytology, Essential Oil Composition, Gene Expression and Antioxidant Activity of Citrus limon (L.) Osbeck. Physiol. Mol. Biol.
Plants 2020, 26, 271–279. [CrossRef]

41. Mei, B.; Xie, H.; Xing, H.; Kong, D.; Pan, X.; Li, Y.; Wu, H. Changes of Phenolic Acids and Antioxidant Activities in Diploid and
Tetraploid Echinacea purpurea at Different Growth Stages. Rev. Bras. Farmacogn. 2020, 30, 510–518. [CrossRef]

42. Pansuksan, K.; Sangthong, R.; Nakamura, I.; Mii, M.; Supaibulwatana, K. Tetraploid Induction of Mitracarpus hirtus L. by
Colchicine and Its Characterization Including Antibacterial Activity. Plant Cell Tissue Organ. Cult. 2014, 117, 381–391. [CrossRef]

43. Dixit, V.; Chaudhary, B.R. Colchicine-Induced Tetraploidy in Garlic (Allium sativum L.) and Its Effect on Allicin Concentration. J.
Hortic. Sci. Biotechnol. 2014, 89, 585–591. [CrossRef]

44. Lin, X.; Zhou, Y.; Zhang, J.; Lu, X.; Zhang, F.; Shen, Q.; Wu, S.; Chen, Y.; Wang, T.; Tang, K. Enhancement of Artemisinin Content
in Tetraploid Artemisia annua Plants by Modulating the Expression of Genes in Artemisinin Biosynthetic Pathway. Biotechnol.
Appl. Biochem. 2011, 58, 50–57. [CrossRef] [PubMed]

45. Inthima, P.; Sujipuli, K. Improvement of Growth and Bacoside Production in Bacopa monnieri through Induced Autotetraploidy
with Colchicine. PeerJ 2019, 7, e7966. [CrossRef] [PubMed]

46. Parsons, J.L.; Martin, S.L.; James, T.; Golenia, G.; Boudko, E.A.; Hepworth, S.R. Polyploidization for the Genetic Improvement of
Cannabis sativa. Front. Plant Sci. 2019, 10, 476. [CrossRef] [PubMed]

47. Zahedi, A.A.; Hosseini, B.; Fattahi, M.; Dehghan, E.; Parastar, H.; Madani, H. Overproduction of Valuable Methoxylated Flavones
in Induced Tetraploid Plants of Dracocephalum kotschyi Boiss. Bot. Stud. 2014, 55, 22. [CrossRef] [PubMed]

48. Xu, C.; Tang, T.; Chen, R.; Liang, C.; Liu, X.; Wu, C.; Yang, Y.; Yang, D.; Wu, H. A Comparative Study of Bioactive Secondary
Metabolite Production in Diploid and Tetraploid Echinacea purpurea (L.) Moench. Plant Cell 2014, 116, 323–332. [CrossRef]

49. Dixit, V.; Verma, S.; Chaudhary, B.R. Changes in Ploidy and Its Effect on Thymoquinone Concentrations in Nigella sativa L. Seeds.
J. Hortic. Sci. Biotechnol. 2015, 90, 537–542. [CrossRef]

50. Yadav, A.; Singh, S.; Yadav, S.; Dhyani, D.; Bhardwaj, G.; Sharma, A.; Singh, B. Induction and Morpho-Chemical Characterization
of Stevia rebaudiana Colchiploids. Indian. J. Agric. Sci. 2013, 83, 159–169.

https://doi.org/10.1159/000351318
https://doi.org/10.1016/j.scienta.2018.11.010
https://doi.org/10.1007/s11240-019-01671-x
https://doi.org/10.1007/s12892-016-0080-1
https://doi.org/10.3390/horticulturae8070581
https://doi.org/10.1002/ptr.7324
https://doi.org/10.3390/molecules22111907
https://doi.org/10.1080/14620316.2013.11513027
https://doi.org/10.1007/s11738-019-2984-9
https://doi.org/10.3390/molecules23123106
https://www.ncbi.nlm.nih.gov/pubmed/30486478
https://doi.org/10.1007/s10722-021-01257-7
https://doi.org/10.1007/s11240-017-1245-0
https://doi.org/10.3390/agronomy11030596
https://doi.org/10.1007/s12298-019-00718-9
https://doi.org/10.1007/s43450-020-00069-7
https://doi.org/10.1007/s11240-014-0447-y
https://doi.org/10.1080/14620316.2014.11513124
https://doi.org/10.1002/bab.13
https://www.ncbi.nlm.nih.gov/pubmed/21446959
https://doi.org/10.7717/peerj.7966
https://www.ncbi.nlm.nih.gov/pubmed/31667019
https://doi.org/10.3389/fpls.2019.00476
https://www.ncbi.nlm.nih.gov/pubmed/31114593
https://doi.org/10.1186/1999-3110-55-22
https://www.ncbi.nlm.nih.gov/pubmed/28510927
https://doi.org/10.1007/s11240-013-0406-z
https://doi.org/10.1080/14620316.2015.11668711


Agronomy 2024, 14, 1830 12 of 13

51. Escrich, A.; Hidalgo, D.; Bonfill, M.; Palazon, J.; Sanchez-Muñoz, R.; Moyano, E. Polyploidy as a Strategy to Increase Taxane
Production in Yew Cell Cultures: Obtaining and Characterizing a Taxus baccata Tetraploid Cell Line. Plant Sci. 2023, 334, 111776.
[CrossRef]

52. Hannweg, K.; Visser, G.; de Jager, K.; Bertling, I. In Vitro-Induced Polyploidy and Its Effect on Horticultural Characteristics,
Essential Oil Composition and Bioactivity of Tetradenia riparia. S. Afr. J. Bot. 2016, 106, 186–191. [CrossRef]

53. Tavan, M.; Mirjalili, M.H.; Karimzadeh, G. In Vitro Polyploidy Induction: Changes in Morphological, Anatomical and Phyto-
chemical Characteristics of Thymus persicus (Lamiaceae). Plant Cell Tissue Organ. Cult. 2015, 122, 573–583. [CrossRef]

54. Madani, H.; Escrich, A.; Hosseini, B.; Sanchez-Muñoz, R.; Khojasteh, A.; Palazon, J. Effect of Polyploidy Induction on Natural
Metabolite Production in Medicinal Plants. Biomolecules 2021, 11, 899. [CrossRef]

55. Scarrow, M.; Wang, Y.; Sun, G. Molecular Regulatory Mechanisms Underlying the Adaptability of Polyploid Plants. Biol. Rev.
2021, 96, 394–407. [CrossRef]

56. Segraves, K.A. The Effects of Genome Duplications in a Community Context. New Phytol. 2017, 215, 57–69. [CrossRef]
57. Zhang, Z.; Fu, T.; Liu, Z.; Wang, X.; Xun, H.; Li, G.; Ding, B.; Dong, Y.; Lin, X.; Sanguinet, K.A.; et al. Extensive Changes in Gene

Expression and Alternative Splicing Due to Homoeologous Exchange in Rice Segmental Allopolyploids. Theor. Appl. Genet. 2019,
132, 2295–2308. [CrossRef]

58. Dong, B.; Wang, H.; Song, A.; Liu, T.; Chen, Y.; Fang, W.; Chen, S.; Chen, F.; Guan, Z.; Jiang, J. miRNAs Are Involved in
Determining the Improved Vigor of Autotetrapoid Chrysanthemum nankingense. Front. Plant Sci. 2016, 7, 1412. [CrossRef]

59. Wang, R.; Liu, H.; Liu, Z.; Zou, J.; Meng, J.; Wang, J. Genome-Wide Analysis of Alternative Splicing Divergences between Brassica
Hexaploid and Its Parents. Planta 2019, 250, 603–628. [CrossRef]

60. Song, Q.; Chen, Z.J. Epigenetic and Developmental Regulation in Plant Polyploids. Curr. Opin. Plant Biol. 2015, 24, 101–109.
[CrossRef]

61. Peal, L.; Jambunathan, N.; Mahalingam, R. Phylogenetic and Expression Analysis of RNA-Binding Proteins with Triple RNA
Recognition Motifs in Plants. Mol. Cells 2011, 31, 55–64. [CrossRef]

62. Jackson, S.A. Epigenomics: Dissecting Hybridization and Polyploidization. Genome Biol. 2017, 18, 117. [CrossRef]
63. Liang, Z.; Geng, Y.; Gu, X. Adenine Methylation: New Epigenetic Marker of DNA and mRNA. Mol. Plant 2018, 11, 1219–1221.

[CrossRef]
64. Koefoed Petersen, K.; Hagberg, P.; Kristiansen, K. Colchicine and Oryzalin Mediated Chromosome Doubling in Different

Genotypes of Miscanthus sinensis. Plant Cell Tissue Organ. Cult. 2003, 73, 137–146. [CrossRef]
65. Álvarez-Lugo, A.; Becerra, A. The Role of Gene Duplication in the Divergence of Enzyme Function: A Comparative Approach.

Front. Genet. 2021, 12, 641817. [CrossRef]
66. Lavania, U.C.; Srivastava, S.; Lavania, S.; Basu, S.; Misra, N.K.; Mukai, Y. Autopolyploidy Differentially Influences Body Size in

Plants, but Facilitates Enhanced Accumulation of Secondary Metabolites, Causing Increased Cytosine Methylation. Plant J. 2012,
71, 539–549. [CrossRef]

67. Lavania, U. Genomic and Ploidy Manipulation for Enhanced Production of Phyto-Pharmaceuticals. Plant Genet. Resour. 2005, 3,
170–177. [CrossRef]

68. Woodhouse, M.R.; Cheng, F.; Pires, J.C.; Lisch, D.; Freeling, M.; Wang, X. Origin, Inheritance, and Gene Regulatory Consequences
of Genome Dominance in Polyploids. Proc. Natl. Acad. Sci. USA 2014, 111, 5283–5288. [CrossRef]

69. Comai, L. The Advantages and Disadvantages of Being Polyploid. Nat. Rev. Genet. 2005, 6, 836–846. [CrossRef]
70. Dar, T.-U.-H.; Rehman, R.-U. Polyploidy in Changing Environment. In Polyploidy: Recent Trends and Future Perspectives; Dar,

T.-U.-H., Rehman, R.-U., Eds.; Springer: New Delhi, India, 2017; pp. 89–99, ISBN 978-81-322-3772-3.
71. Hassanzadeh, F.; Asghari-Zakaria, R.; Hosseinpour Azad, N. Polyploidy Induction in Salvia officinalis L. and Its Effects on Some

Morphological and Physiological Characteristics. Cytologia 2020, 85, 157–162. [CrossRef]
72. Javadian, N.; Karimzadeh, G.; Sharifi, M.; Moieni, A.; Behmanesh, M. In Vitro Polyploidy Induction: Changes in Morphology,

Podophyllotoxin Biosynthesis, and Expression of the Related Genes in Linum album (Linaceae). Planta 2017, 245, 1165–1178.
[CrossRef]

73. Molin, W.T.; Meyers, S.P.; Baer, G.R.; Schrader, L.E. Ploidy Effects in Isogenic Populations of Alfalfa 1: II. Photosynthesis,
Chloroplast Number, Ribulose-1,5-Bisphosphate Carboxylase, Chlorophyll, and DNA in Protoplasts. Plant Physiol. 1982, 70,
1710–1714. [CrossRef]

74. Talebi, S.F.; Saharkhiz, M.J.; Kermani, M.J.; Sharafi, Y.; Raouf Fard, F. Effect of Different Antimitotic Agents on Polyploid Induction
of Anise Hyssop (Agastache foeniculum L.). Caryologia 2017, 70, 184–193. [CrossRef]

75. Yildiz, M. Plant Responses at Different Ploidy Levels. In Current Progress in Biological Research; IntechOpen: Rijeka, Croatia, 2013;
ISBN 978-953-51-1097-2.

76. Selwal, N.; Rahayu, F.; Herwati, A.; Latifah, E.; Supriyono, S.; Suhara, C.; Suastika, I.; Makarti, W.; Wani, A. Enhancing Secondary
Metabolite Production in Plants: Exploring Traditional and Modern Strategies. J. Agric. Food Res. 2023, 14, 100702. [CrossRef]

77. Gantait, S.; Mukherjee, E. Induced Autopolyploidy—A Promising Approach for Enhanced Biosynthesis of Plant Secondary
Metabolites: An Insight. J. Genet. Eng. Biotechnol. 2021, 19, 4. [CrossRef]

78. Xing, S.-H.; Guo, X.-B.; Wang, Q.; Pan, Q.-F.; Tian, Y.-S.; Liu, P.; Zhao, J.-Y.; Wang, G.-F.; Sun, X.-F.; Tang, K.-X. Induction and Flow
Cytometry Identification of Tetraploids from Seed-Derived Explants through Colchicine Treatments in Catharanthus roseus (L.) G.
Don. J. Biomed. Biotechnol. 2011, 2011, 793198. [CrossRef]

https://doi.org/10.1016/j.plantsci.2023.111776
https://doi.org/10.1016/j.sajb.2016.07.013
https://doi.org/10.1007/s11240-015-0789-0
https://doi.org/10.3390/biom11060899
https://doi.org/10.1111/brv.12661
https://doi.org/10.1111/nph.14564
https://doi.org/10.1007/s00122-019-03355-8
https://doi.org/10.3389/fpls.2016.01412
https://doi.org/10.1007/s00425-019-03198-z
https://doi.org/10.1016/j.pbi.2015.02.007
https://doi.org/10.1007/s10059-011-0001-2
https://doi.org/10.1186/s13059-017-1254-7
https://doi.org/10.1016/j.molp.2018.08.001
https://doi.org/10.1023/A:1022854303371
https://doi.org/10.3389/fgene.2021.641817
https://doi.org/10.1111/j.1365-313X.2012.05006.x
https://doi.org/10.1079/PGR200576
https://doi.org/10.1073/pnas.1402475111
https://doi.org/10.1038/nrg1711
https://doi.org/10.1508/cytologia.85.157
https://doi.org/10.1007/s00425-017-2671-2
https://doi.org/10.1104/pp.70.6.1710
https://doi.org/10.1080/00087114.2017.1318502
https://doi.org/10.1016/j.jafr.2023.100702
https://doi.org/10.1186/s43141-020-00109-8
https://doi.org/10.1155/2011/793198


Agronomy 2024, 14, 1830 13 of 13

79. Rutnik, K.; Ocvirk, M.; Košir, I.J. Changes in Hop (Humulus lupulus L.) Oil Content and Composition during Long-Term Storage
under Different Conditions. Foods 2022, 11, 3089. [CrossRef] [PubMed]

80. Kaensaksiri, T.; Soontornchainaksaeng, P.; Soonthornchareonnon, N.; Prathanturarug, S. In Vitro Induction of Polyploidy in
Centella asiatica (L.) Urban. Plant Cell Tissue Organ Cult. (PCTOC) 2011, 2, 187–194. [CrossRef]

81. Mishra, B.K.; Pathak, S.; Sharma, A.; Trivedi, P.K.; Shukla, S. Modulated Gene Expression in Newly Synthesized Auto-Tetraploid
of Papaver somniferum L. S. Afr. J. Bot. 2010, 76, 447–452. [CrossRef]

82. Venegas-Molina, J.; Molina-Hidalgo, F.J.; Clicque, E.; Goossens, A. Why and How to Dig into Plant Metabolite–Protein Interactions.
Trends Plant Sci. 2021, 26, 472–483. [CrossRef] [PubMed]

83. Matsuda, R.; Bi, C.; Anguizola, J.; Sobansky, M.; Rodriguez, E.; Vargas Badilla, J.; Zheng, X.; Hage, B.; Hage, D.S. Studies of
Metabolite–Protein Interactions: A Review. J. Chromatogr. B 2014, 966, 48–58. [CrossRef]

84. Sattler, M.C.; Carvalho, C.R.; Clarindo, W.R. The Polyploidy and Its Key Role in Plant Breeding. Planta 2016, 243, 281–296.
[CrossRef]

85. Tsuro, M.; Kondo, N.; Noda, M.; Ota, K.; Nakao, Y.; Asada, S. In Vitro Induction of Autotetraploid of Roman Chamomile
(Chamaemelum nobile L.) by Colchicine Treatment and Essential Oil Productivity of Its Capitulum. Vitr. Cell. Dev. Biol.-Plant 2016,
52, 479–483. [CrossRef]

86. Gomes, A.F.; Ganzera, M.; Schwaiger, S.; Stuppner, H.; Halabalaki, M.; Almeida, M.P.; Leite, M.F.; Amaral, J.G.; David, J.M.
Simultaneous Determination of Iridoids, Phenylpropanoids and Flavonoids in Lippia alba Extracts by Micellar Electrokinetic
Capillary Chromatography. Microchem. J. 2018, 138, 494–500. [CrossRef]

87. Ruiz, M.; Oustric, J.; Santini, J.; Morillon, R. Synthetic Polyploidy in Grafted Crops. Front. Plant Sci. 2020, 11, 540894. [CrossRef]
[PubMed]

88. Bharati, R.; Sen, M.K.; Severová, L.; Svoboda, R.; Fernández-Cusimamani, E. Polyploidization and Genomic Selection Integration
for Grapevine Breeding: A Perspective. Front. Plant Sci. 2023, 14, 1248978. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods11193089
https://www.ncbi.nlm.nih.gov/pubmed/36230176
https://doi.org/10.1007/s11240-011-9969-8
https://doi.org/10.1016/j.sajb.2010.02.090
https://doi.org/10.1016/j.tplants.2020.12.008
https://www.ncbi.nlm.nih.gov/pubmed/33478816
https://doi.org/10.1016/j.jchromb.2013.11.043
https://doi.org/10.1007/s00425-015-2450-x
https://doi.org/10.1007/s11627-016-9779-0
https://doi.org/10.1016/j.microc.2018.02.003
https://doi.org/10.3389/fpls.2020.540894
https://www.ncbi.nlm.nih.gov/pubmed/33224156
https://doi.org/10.3389/fpls.2023.1248978
https://www.ncbi.nlm.nih.gov/pubmed/38034577

	Introduction 
	In Vitro Synthetic Polyploidization in MAP Species Improvement: Current Status Focusing on Enhancement of Natural Metabolite Production and Biological Activity 
	Unveiling the Mechanisms: Insights into In Vitro Artificially Induced Polyploid Plants for Enhanced Phytochemicals and Biological Activities 
	Summary and Outlook: Current Challenges and a Way Forward 
	References

