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ABSTRACT

In addition to being a fruit with diverse applications, Carica papaya L. is highly valued in the pharmaceutical
industry for its potential as a source of medicinal compounds. It is also a commonly cultivated fruit in Malaysia.
To meet the increasing demand for planting materials and to provide adequate resources for further research
and development such as cell culture studies and the production of bioactive compounds, innovation in
propagation and culture techniques is essential. Numerous studies on papaya tissue culture have demonstrated
that somatic embryos can regenerate whole plants, indicating that papaya is a suitable candidate for somatic
embryogenesis. An efficient papaya regeneration system has also been established to facilitate the extraction of
bioactive compounds from both iz vive and in vitro sources. Therefore, it is crucial to develop an effective plant
regeneration system for Carica papaya cultures prior to chemical extraction, as this ensures an adequate and
sustainable supply of raw material. Moreover, the utilization of embryogenic cell suspension cultures holds great
potential for the production of high-value compounds for pharmaceutical applications. Hence, the successful
establishment of cell suspension cultures for the production of valuable secondary metabolites is both timely
and essential, particulatly for determining the optimal culture conditions that maximize the yield of bioactive
compounds from plant cell cultures.
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INTRODUCTION

In Malaysia, Carica papaya L. (C. papaya), commonly known as papaya or betik, is widely utilized for its edible
fruits, nutritional benefits, and applications in traditional herbal medicine. C. papaya is an herbaceous plant with
a soft stem that can reach up to 8 m in height under both natural and cultivated conditions. It is a large, short-
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lived, woody herb with a basal diameter exceeding 30 cm and a height ranging from 5 to 30 cm (Boshra & Tajul,
2013). The species typically produces male, female, or hermaphroditic flowers throughout a flowering period of
9 to 12 months (Boshra & Tajul, 2013). Papayas are versatile fruits used both as desserts and as medicinal agents
in the treatment of ailments such as cancer, cardiovascular diseases, and aging-related disorders (Lam et al.,
2024; Sanghani et al., 2023; Soib et al., 2020). The papaya is extensively cultivated in Malaysia for both local
consumption and export, serving as a vegetable, dessert fruit, and a source of medicinal compounds.
Consequently, it represents a commercially and economically important fruit crop.

The Caricaceae family comprises four genera: Jacaratia, |arilla, V asconcellea, and Carica papaya 1. (Yogiraj et al.,
2014). This species is widely distributed across tropical and subtropical regions, where it is a common and
economically valuable fruit crop. Cultivation of the dioecious papaya typically begins with seedlings derived
from open-pollinated flowers, resulting in a range of genotypes exhibiting variation in traits such as flavour,
size, shape, and disease susceptibility (Rajan et al., 2025). Carica papaya is a major fruit crop in several Southeast
Asian countries, including Thailand, Malaysia, Indonesia, and the Philippines (Nguyen, 2016). In Malaysia,
papaya is extensively cultivated by small-scale farmers, particulatly in the states of Johor, Perak, and Selangor.

Plant biotechnology enables the production of complex natural compounds through the use of plant cell
cultures. These metabolites are valuable in daily life as fragrances, flavourings, and pharmaceuticals. Researchers
are actively developing plant cell cultures capable of synthesizing such high-value compounds. The
fermentation-based production of plant-derived chemicals is a well-established industrial process, and plant cells
can similarly be cultivated in aerated suspension cultures (Anandan et al., 2012). The ability to regenerate and
propagate plants from single cells, tissues, or organs under sterile and controlled environmental conditions
known as 7z vitro plant cell and tissue culture provides an essential tool for research and production. In vifro
cultures serve as model systems for investigating physiological, biochemical, genetic, and structural aspects of
plant development (Saiman et al., 2012). Various types of explants can be utilized to induce 7 vitro regeneration
of desired plant materials (Table 1).

Metabolic engineering of papaya for enhanced compound production should be conducted in parallel with
conventional breeding efforts to incorporate chemical elicitors. This integrated approach offers a more direct
and efficient route for achieving targeted biochemical modifications. A reliable, efficient, and reproducible plant
regeneration system is a prerequisite for any successful enhancement platform (Solérzano-cascante et al., 2018).

Metabolic engineering can be used to modify biosynthetic pathways and improve the yield of specific
compounds in papaya. For alkaloids, genes involved in carpaine biosynthesis can be upregulated to increase
alkaloid concentrations in leaves or latex (Hoa Vien & Van Loc, 2017). The production of phenolic compounds
can be enhanced by modulating key enzymes in the phenylpropanoid pathway, such as phenylalanine ammonia-
lyase (PAL) and chalcone synthase (CHS). This approach promotes flavonoid biosynthesis and increases
phenolic accumulation (Tokusoglu et al., 2003).

Similatly, terpenoid and carotenoid production can be improved by manipulating genes in the isoprenoid
pathway. Genes such as phytoene synthase (PSY) and lycopene B-cyclase (LCYB) play important roles in
increasing carotenoid accumulation in fruits (Julsing et al., 2006). The content of benzyl isothiocyanate (BITC)
can also be enhanced through the regulation of glucosinolate degradation pathways, thereby increasing BITC
levels in papaya seeds (Jiao et al., 2010). In addition, papain production may be increased by improving protein
expression systems in plant tissues or cell cultures (Vij & Prashar, 2015).

These metabolic modifications can be achieved through various strategies, including gene editing, transcriptional
regulation, and pathway reconstruction. Such approaches can be applied in whole plants as well as in vitro
systems, including cell and tissue cultures (de Rosas et al., 2017).



Several studies have reported successful papaya regeneration through organogenesis and embryogenesis. For
instance, Gurupkar et al., 2024; Homhuan et al., 2008; and Kabir et al., 2016 demonstrated that papaya exhibits
high responsiveness to somatic embryogenesis from immature embryos, petioles, and hypocotyls.

Conventional papaya breeding, however, presents several challenges, including the difficulty of introducing and
inducing specific elicitors within plants and the lengthy process required for compound selection and analysis.
Non-traditional breeding and biotechnological approaches offer alternative methods for introducing desired
metabolites into crop species. The development of an efficient enhancement protocol requires not only the
proliferation of induced plant materials but also the generation of suitable target materials, such as somatic
embryos (Mohamad Fhaizal et al., 2013). Effective plant regeneration from tissue cultures is therefore essential
for the success of chemical enhancement technologies.

Establishing a robust plant regeneration system before implementing chemical augmentation strategies in
papaya is essential for several reasons. First, it provides a controlled and reproducible biological platform, such
as callus, shoots, roots, or somatic embryos, for studying secondary metabolism and elicitor responses under
defined conditions (Gurupkar et al., 2024; Jimenez-Garcia et al., 2013). A well-established regeneration system
also ensures tissue viability and responsiveness. Only healthy and physiologically competent tissues can
effectively perceive and respond to elicitor treatments, thereby maximizing the potential for secondary
metabolite production (Murthy et al., 2014; Thomas, 2013).

In addition, regeneration systems facilitate the selection of the most suitable developmental stage for elicitation.
Different tissue types and growth stages often exhibit varying capacities for synthesizing and accumulating
secondary metabolites. Consequently, identifying the optimal stage can improve the effectiveness of elicitation
strategies (Murthy et al., 2014). Another important advantage is the promotion of genetic and metabolic stability.
Uniform regenerated tissues reduce biological variability and enhance the reproducibility of experiments
designed to evaluate elicitor-induced changes in metabolite production (Uddin, 2019).

A reliable regeneration system also supports large-scale metabolite production. Regenerated tissues can be
propagated in suspension cultures or bioreactors, enabling the application of elicitor treatments on a commercial
or industrial scale (Mengarda et al., 2018; Ramakrishna & Ravishankar, 2011). Furthermore, regenerated tissues
provide a baseline metabolic profile prior to elicitation. This baseline serves as an important reference for
quantifying and validating metabolic changes induced by chemical augmentation treatments (Armengaud et al.,
2009).

Without a stable regeneration system, chemical elicitation would be biologically inconsistent, technically
unreliable, and scientifically invalid (Solérzano-cascante et al., 2018). Previous studies on papaya regeneration
through somatic embryogenesis and organogenesis support the feasibility of developing such systems. High
frequencies of somatic embryogenesis have also been observed in other Carica species (Aluthge et al., 2021;
Cabrera-ponce et al., 1996; Eeswara, 2014; Kabir et al., 2016; Rajesh et al., 2020).

Plant cell cultures are increasingly employed for the production of bioactive compounds that have diverse
applications in daily life, including fragrances, flavourings, and pharmaceuticals. Researchers are actively
developing plant cell culture systems capable of synthesizing high-value secondary metabolites. The industrial
production of plant-derived compounds through fermentation is well established, and similarly, plant cells can
be cultivated in suspension cultures maintained by continuous aeration.

The in vitro plant cell and tissue culture technique enables the regeneration and propagation of whole plants
from single cells, tissues, or organs under sterile and controlled environmental conditions. I vitro cultures serve
as valuable model systems for studying various physiological, biochemical, genetic, and structural aspects of
plant biology. Furthermore, different types of starting plant materials (explants) can be utilized and manipulated
through multiple approaches to induce 7 vitro regeneration of selected plant species (Table 1).



Table 1. Types of cultures used to promote 7 vitro regeneration of selected plant materials based on the source

explant
No. Types of Culture Type of Starting Material References
1.  Plant Seedlings or mature plants: Whole plants or (Karyati et al., 2013)

seedlings used as the initial source material for
explant collection.
2. Embryo Mature or immature embryos: Embryonic tissues  (Fransiska et al., 2025)
serving as explants for the initiation of
embryogenic cultures.

3. Organ Plant organs: Organs such as leaves, stems, roots, (Gurupkar et al., 2024)
or buds used directly for organogenesis or callus
induction.

4. Tissue or Callus Tissues derived from plant organs: Callus or (Fhaizal et al., 2013)

differentiated tissues obtained from organ
explants and wused for further culture or
regeneration.

5. Suspension or Cell ~ Cultures of isolated cells or small cell aggregates: (Anandan et al., 2012)
Dispersed single cells or small clusters maintained
in liquid (suspension) media.

6.  Protoplast Protoplast cultures: Cultures of isolated cells with ~ (Shimizu et al., 2010)
cell walls removed, used for somatic hybridization
or genetic transformation.

7. Another culture or Anthers and/or immature pollen grains: Male (Balavijayalakshmi &

Haploid gametophytic tissues cultured to obtain haploid Ramalakshmi, 2014)

cells or callus lines for haploid and doubled-
haploid plant production.

PLANT TISSUE CULTURE

The initial cultured explant can undergo organogenesis, differentiation, or dedifferentiation by manipulating
environmental conditions and plant growth regulators (Gurupkar et al., 2024). Plant tissue culture techniques
hold great potential for the commercial vegetative propagation of economically important crops as well as
species with future commercial value. Micropropagation supports the development of microcuttings from
axillary buds of apically dominant plants, the induction of shoots from nodal segments, the separation of axillary
shoots on rooting media, and the formation of small rooted plantlets (Chan et al., 2009).

Micropropagation is defined as the true-to-type propagation of a selected genotype through iz vitro culture
techniques and the regeneration of plants from organs, tissues, cells, or protoplasts. According to (Bindu &
Podikunju, 2017; Mccubbin & Staden, 2003; Patel et al., 2013; Patil et al., 2007; Rajan et al., 2025; Setargie et al.,
2015), in vitro plant propagation (Table 2) can be divided into distinct stages that describe not only the
micropropagation process but also the morphogenic events occurring in the chosen explant or initial plant
material under aseptic conditions.



Table 2. Stages of 7 vitro plant propagation

Stage  Description Objective Activity
0 Stock plant Reduction of endogenous tissue Definition of the stock or mother plant
selection and contaminants:  Minimization = or and preparation of explant sources:
adaptation elimination of internal microbial Identification and preparation of

I Establishment

11 Multiplication

11T Rooting

I\ Acclimatisation

% Field

contaminants to ensure aseptic culture
conditions.

Establishment of aseptic i wvitro
cultures: Promotion of sterile growth
environments to support explant
survival and proliferation.

Induction of somatic embryogenesis:
Stimulation of embryogenic
development from somatic cells for
whole-plant regeneration.

Enhancement of  axillary  bud
development: Promotion of axillary
meristem growth to facilitate shoot

multiplication.
Induction of adventitious shoot
formation: Initiation of  shoot

organogenesis from non-meristematic
tissues.

Regeneration of in witro plantlets:
Development of complete plants from

cultured tissues or organs under
controlled conditions.

Stimulation of autotrophic
metabolism: Enhancement of
photosynthetic and metabolic
competence in regenerating tissues.
Improvement of normal

morphogenesis in 7 vitro regenerants:
Optimization of growth conditions to
promote normal structure, physiology,
and development of regenerated
plants.

healthy, disease-free donor plants for the
collection of explants.

Explant selection, decontamination, and
in wvitro establishment: Selection of
suitable explants, removal of exogenous
contaminants, and adaptation of plant
tissues to # vitro culture conditions.
Induction of organogenesis or tissue
differentiation: Promotion of i vitro cell
and tissue organogenesis leading to the

formation of new  meristematic
structures.
Multiplication ~ of  shoots:  Rapid

proliferation and differentiation of
multiple shoots from the established
explants.

Induction of rhizogenesis: Stimulation of
root formation in newly regenerated
shoots under 7z vitro ot ex vitro conditions.

Acclimatization (hardening): Gradual
adaptation of vegetative structures to
external environmental conditions.

Transfer to open growth (regeneration):
Growth and development of hardened
plantlets under greenhouse or field
conditions.

In addition, micropropagation is employed to support long-term germplasm conservation through
cryopreservation and the maintenance of disease-free stock under controlled environmental conditions (Al-
shara et al., 2018). In cases where conventional breeding has been unsuccessful, this form of 7z vitro vegetative
propagation can be used to establish stable plant lines. Furthermore, it holds great potential for the large-scale
propagation of economically important crops. The micropropagation of superior or selected plant genotypes
has produced positive results, offering significant benefits to both horticulture and agriculture.

Currently, increasing attention is being directed toward the advancement of iz vitro techniques that enable the
multiplication and breeding of economically valuable food, industrial, and medicinal plants. However, the
genetic integrity of plants regenerated 7 vitro can be compromised during clonal micropropagation, which is
often used for germplasm preservation and expansion. As summarized in Table 3, the cellular and tissue



organization of the initial explant plays a critical role in determining the success of 7 vitro propagation and in
minimizing the occurrence of somaclonal variation or genetic off-types.

Table 3. Cell and tissue organization influencing ## vitro plant propagation

No.

Type of

Tissue

Description

References

11

III

Organised

Unorganised

Combination
of  organized
and
unorganised
(Intermediately
Organized
Cultures)

Cultures consisting of nearly whole plants, embryos,
seeds, pre-formed buds, and plant organs are referred
to as organized cultures.

The structural organization of individual cells, tissues,
and organs is maintained throughout the culture
process.

These cultures closely resemble 7z wivo vegetative
propagation methods such as cuttings, divisions,
runners, ot axillary bud and shoot formation.

When the organizational structure remains intact, the
progeny produced are genetically and morphologically
identical to the original plant material.

When cells and/or tissues are isolated from organized
plant  structures and induced to undergo
dedifferentiation and active cell division, growth
occurs in the form of callus tissue.

When the callus is dispersed into small aggregates or
single cells in a liquid medium, it forms a suspension
culture, representing a non-organized tissue structure.
Growth in such cultures is typically stimulated by high
concentrations of auxins and/ot cytokinins in the
nutrient medium.

Genetic stability in unorganized cultures is often low,
increasing the likelihood of somaclonal variation.
These cultures are intermediate between Type 1
(organized) and Type 1I (unorganized) systems. Cells
within an isolated organ or tissue first undergo
dedifferentiation, forming layers of callus tissue
through cell division, from which organs, pro-
embryos, or embryos may rapidly develop.

Organized structures can arise from previously non-
organized cultures, either spontaneously or through
the application of specific culture techniques.

The progeny derived from intermediately organized
cultures is often not completely identical to the
original plant material, indicating partial genetic or
epigenetic variation.

(Miller & Drew, 1990)

(Abreu et al., 2014)

(Fransiska et al., 2025)

SECONDARY METABOLITES IN PLANTS

Plants naturally synthesize a wide range of primary and secondary metabolites that play essential roles in their
growth and development, including self-defence, fertilization, and differentiation (Tugizimana et al., 2013).
Primary metabolism encompasses all biochemical activities involved in the anabolic and catabolic pathways
responsible for absorption, respiration, transport, and differentiation. These primary metabolic processes are
universal among plant cells and are fundamental to life (Drew & Demain, 1977).



In contrast, secondary metabolites are structurally diverse compounds that, although not directly essential for
growth and reproduction, play important ecological and physiological roles (Guaadaoui et al., 2014). They
contribute to the colour, flavour, and fragrance of plants and serve as sources of valuable natural products,
including pharmaceuticals, herbal medicines, pesticides, dyes, flavours, and perfumes. Unlike primary
metabolism, which involves conserved pathways across all cells, secondary metabolism consists of distinct and
specialized biosynthetic processes that vary among cell types and species (Anulika et al., 2016).

One major class of secondary metabolites is alkaloids. Historically, the biological functions of many secondary
metabolites were poorly understood, and they were initially regarded as mere waste products. However, these
compounds have been used in medicine for millennia, and today they continue to serve as vital therapeutic
agents, either in their natural form or after chemical modification (Mazid et al., 2011; Patra et al., 2013; Turnbull
et al., 2018). Plant secondary metabolites remain a valuable source of bioactive molecules for both academic
and pharmaceutical research, particulatly as lead compounds for novel drug discovery.

Among the most pharmacologically significant groups of secondary metabolites are the polyketides, which
exhibit remarkable structural and functional diversity. Polyketide natural products display a wide spectrum of
biological activities, including antibacterial, antifungal, antiparasitic, anticancer, and agrochemical properties
(Hanson, 2003; Mohiuddin, 2019). Due to this broad range of bioactivities, polyketides are among the most
economically, therapeutically, and industrially important natural products.

Polyketides are typically classified according to their chemical structure and differ substantially from primary
metabolites such as sugars, amino acids, nucleotides, or chlorophyll (Mohiuddin, 2019). They are not directly
required for fundamental plant growth processes such as photosynthesis, nutrient assimilation, respiration, or
the biosynthesis of macromolecules (proteins, RNA, DNA). Over 50,000 distinct secondary metabolites have
been identified in plants, each exhibiting unique structural characteristics and often restricted to specific taxa,
plant organs, or developmental stages (Panche et al., 2016).

To distinguish naturally occurring compounds from those synthesized in laboratories, biologists often refer to
these plant-derived substances as natural products. Although many secondary metabolites can be chemically
synthesized, laboratory yields are often low due to the complexity of their biosynthetic pathways. These
metabolites are produced by enzyme-mediated reactions within plant cells and can accumulate to high
concentrations in specific tissues or cellular compartments (Cotton & Gibson, 1965; Pant et al., 2015;
Ramanathan et al., 2014).

Alkaloids, for instance, constitute a diverse group of nitrogen-containing secondary metabolites, many of which
are derived from amino acids, purine, or pyrimidine bases (pseudo-alkaloids) (Mohamad Bukhori et al., 2014).
A notable example is piperidine, derived from the amino acid lysine, which serves as the structural core for
various alkaloids characterized by a distinctive bitter taste. Alkaloids were among the first bioactive compounds
to be isolated in pure form, primarily due to their salt-like nature in plants, as the presence of nitrogen renders
them basic. Consequently, alkaloids are commonly extracted using water or weak acid solutions, followed by
basification to recover the crystalline form (Tambe et al., 2021).

Although secondary metabolites are widespread, not all plants produce every type of metabolite. Certain
compounds are restricted to specific species or plant families, and even within a plant, their occurrence is often
limited to particular organs, tissues, or developmental stages (Yang et al., 2018). Many secondary metabolites
also function as signalling molecules, such as plant hormones, which regulate metabolic processes, coordinate
cellular activities, and orchestrate the overall growth and development of the plant (Pant et al., 2015).

PAPAYA AND ITS IMPORTANCE IN TISSUE CULTURE

Papaya is one of the most extensively cultivated tropical crops, particularly among smallholder farmers in
Malaysia and other tropical and subtropical regions. Its high demand arises not only from its value as a fruit for



consumption but also from its use as a source of bioactive compounds with therapeutic potential, such as
papain, chymopapain, and carpaine (Vij & Prashar, 2015). Traditionally, papaya planting materials are
propagated through seeds, and cultivar improvement is achieved via conventional breeding. However, these
methods often result in low productivity due to the use of genetically variable planting materials, suboptimal
cultivation techniques, and inadequate management practices (Rajan et al., 2025). To overcome these limitations,
vatious tissue culture techniques have been developed to enable micropropagation of supetior genotypes.

Researchers have successfully documented plant regeneration in papaya from diverse explant sources through
both organogenesis and somatic embryogenesis. Somatic embryogenesis in papaya has been reported from
multiple tissues, including polyembryonic cultures, anthers, hypocotyls, roots, seeds, immature embryos,
petioles, iz vitro lamina and stems, integuments of immature seeds, and axillary buds (Table 1). Several studies
have also demonstrated the successful use of papaya suspension cultures to induce somatic embryogenesis as
part of efficient micropropagation systems (Table 2).

The success of papaya tissue culture largely depends on the composition of the culture medium and the
exogenous application of plant growth regulators (PGRs). Commonly used PGRs include 24-
Dichlorophenoxyacetic acid (2,4-D), 6-Benzylaminopurine (BAP), Indole-3-Acetic Acid (IAA), Indole-3-
Butyric Acid (IBA), Gibberellic Acid (GAs), and Naphthaleneacetic Acid (NAA). The optimal type and
concentration of these regulators, as well as the nutrient composition of the medium, vary depending on the
cultivar and specific culture conditions. Proper optimization of these parameters is essential for successful
vitro regeneration (Bindu & Podikunju, 2017; Fitch & Manhardt, 1990; Chen et al., 1987; Yu et al., 2000).

An established papaya tissue culture system can serve as a reliable and sustainable source of biomass for the
production and extraction of valuable secondary metabolites, particularly carpaine, which possesses notable
pharmacological potential.

CARPAINE AS A BIOACTIVE SECONDARY METABOLITE IN Carica papaya L.

In metabolomics research, the identification and characterization of secondary metabolites across plant species
are of great significance due to their diverse biological activities and pharmacological potential (Tugizimana et
al., 2013). In this context, the secondary metabolites of C. papaya L.. have attracted particular interest. Papaya is
a native perennial species widely cultivated in tropical and subtropical regions worldwide. Among the various
classes of phytochemicals, alkaloids are of special importance, with more than 5,000 structurally diverse
members currently under investigation for their biological properties. These compounds classified as true
alkaloids, protoalkaloids, and pseudoalkaloids have been studied since 1819, when W. Meissner first coined the
term alkaloid (Burdick, 1971; Tokusoglu et al., 2003; Setyawati et al., 2016; Soib et al., 2020; Vien & Loc, 2017).

One such secondary metabolite is carpaine, a macrocyclic lactone alkaloid found predominantly in papaya leaves,
but also present in the roots, seeds, bark, and fruit peel, in decreasing order of concentration (1000 to 1500
ppm) (Avinash Shinde & Hase, 2020; Rajarajeswari & Prathibha, 2018; Wang et al., 2015). Structurally, carpaine
is a dimeric alkaloid comprising two identical piperidine rings bridged by two ester linkages and featuring a
lactone moiety attached to the a-position. As described by (Govindachari et al., 1965), the molecule exhibits
considerable conformational flexibility, with both piperidine rings capable of adopting stable chair
conformations (Figure 1).
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Figure 1. Chemical structure of carpaine (Vien & Loc, 2017).

Despite its pharmacological significance, the extraction of pure carpaine from papaya leaves is often challenging
due to the co-extraction of several structurally related artifacts and impurities, including {-carpaine, ¢-carpamic
acid, pseudocarpaine, novel carpaine-derived macrocyclic ethers, monoamides, and dehydrocarpaine I and 11
Consequently, the yield of pure carpaine remains low (Lam et al., 2024; Patil & Kavimandan, 2024; Rajarajeswari
& Prathibha, 2018; Vien & Loc, 2017). Various extraction methods have been investigated, including
supercritical fluid extraction (SFE) (Mohamad Bukhori et al., 2014) and conventional liquid-liquid extraction
techniques (Julianti et al., 2014; Rajarajeswari & Prathibha, 2018; Tak et al., 2024; Vien & Loc, 2017).

The extraction and analysis of metabolites from C. papaya have been conducted on several plant parts, including
seeds, roots, and leaves, primarily from iz vivo material. Among these, the leaves have consistently been reported
as the richest source of carpaine, serving as the principal contributor to the plant’s alkaloid content (Lam et al.,
2024; Mohamad Bukhori et al., 2014; Patil & Kavimandan, 2024; Vien & Loc, 2017; Wang et al., 2015). However,
the limited yield from 7z vivo sources suggests the potential of developing iz vitro papaya explants as alternative
and sustainable sources for carpaine production.

Papaya plants are known to produce several economically important biochemical compounds, including papain,
chymopapain, and carpaine (Teixeira et al., 2007). Some of these compounds, such as carpaine, can also be
synthesized in in vitro plant cell cultures, which serve as promising biotechnological platforms for metabolite
production (Table 4). Carpaine, in particular, has been identified in papaya latex and leaves and exhibits a wide
range of pharmacological activities. At a dosage of 2.0 mg/kg, carpaine has been reported to decrease cardiac
output, stroke volume, and blood pressure, primarily by reducing heart rate. However, at higher concentrations,
it may cause vasoconstriction. Furthermore, carpaine has been described as possessing diuretic, antihelminthic,
and anti-amoebic properties, and may also inhibit the growth of Mycobacterium tuberculosis (Balavijayalakshmi
& Ramalakshmi, 2014; Dubey et al., 2025; Radhakrishnan et al., 2017; Rajarajeswari & Prathibha, 2018).

The broad spectrum of carpaine’s bioactivities highlights its significant industrial and pharmacological
importance, with applications across multiple domains. In pharmaceutical and medical contexts, carpaine
exhibits hypotensive and bradycardic effects, indicating its potential use in the management of hypertension and
cardiac arrhythmias; additionally, its anti-inflammatory, antimicrobial, and antihelminthic properties support its
application in natural therapeutic products and in the treatment of intestinal parasitic infections in both humans
and animals (Balavijayalakshmi & Ramalakshmi, 2014). In the nutraceutical and herbal supplement industry,
carpaine is incorporated into herbal teas and dietary formulations aimed at promoting general wellness, immune
support, detoxification, and the improvement of cardiovascular, liver, and digestive health (Avinash Shinde &
Hase, 2020). Furthermore, in veterinary applications, carpaine has been explored for use in livestock health
management, where it may help combat infections and enhance gastrointestinal function, particularly within
organic and natural animal husbandry practices (Zunjar et al., 20106).



Given these applications, the extraction of carpaine is of considerable value owing to its high market demand,
therapeutic potential, and natural origin. As a bioactive alkaloid, carpaine represents a natural alternative to
synthetic drugs for managing hypertension, inflammation, and parasitic infections (Balavijayalakshmi &
Ramalakshmi, 2014; Rajarajeswari & Prathibha, 2018; Teng et al., 2019). The increasing global interest in plant-
based medicines and functional foods further enhances the commercial viability of carpaine-rich products.

From an economic perspective, carpaine extraction from papaya leaves could significantly enhance the
profitability of papaya cultivation by valorizing agricultural by-products. Moreover, from a sustainability
standpoint, utilizing the whole plant for multiple purposes such as fruit production and metabolite extraction
supports resource-efficient and eco-friendly agricultural practices.
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Table 4. Pharmacological properties and significance of Carica papaya L. compounds

No. Compounds Chemical Main Pharmacological Properties  Industrial/ Therapeutic References
Class Source Significance
(Plant
Part)
1. Carpaine Alkaloid Leaves, Hypotensive, bradycardic, Used in cardiovascular (Burdick, 1971)
(macrocyclic  seeds, diuretic, antihelminthic, anti- drugs; potential lead
lactone) roots, amoebic, antimicrobial, anti- compound for
bark, latex  inflammatory, antiparasitic antihypertensive and
anti-parasitic
formulations; utilized in
nutraceutical and
veterinary products
2. Papain Proteolytic Latex of Proteolytic, anti-inflammatory, Widely used in (Avinash Shinde & Hase, 2020)
enzyme unripe antioxidant, wound-healing, pharmaceuticals, food
(cysteine fruit digestive aid industry, leather
protease) softening, and wound
debridement
preparations
3. Chymopapain Proteolytic Latex of Anti-inflammatory, proteolytic, Used in enzymatic (Saran & Choudhary, 2013)
enzyme unripe enzymatic tissue dissolving treatment of herniated
fruit intervertebral discs;
potential anti-
inflammatory therapeutic
4. Benzyl Isothiocyanate  Seeds, Anticancer, antibacterial, Potential (Jiao et al., 2010b)
isothiocyanate leaves antifungal, antioxidant chemopreventive
compound; applied in
natural pesticide
formulations and
anticancer research
5. Flavonoids Polyphenolic ~ Leaves, Antioxidant, anti-inflammatory,  Used in nutraceutical and ~ (Nugroho et al., 2017)
compounds fruit hepatoprotective, anticancer functional food
formulations; potential
antioxidant supplements
6.  Phenolic Phenolic Leaves, Antioxidant, antimicrobial, anti-  Contributes to skin care  (Sti Harini et al., 2016)
acids compounds fruit peel  aging formulations, natural
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10.

11.

12.

Lycopene and  Carotenoids Fruit pulp
B-carotene

a-amylase

Lipase

Pectin

Monoamides

and diamide
Choline

Antioxidant, anticancer,
cardioprotective, provitamin A
activity

Deleterious activity towards
Callosobruchus maculatus.
Enantioselective biocatalyst,
Biocatalyst

Pectin methylesterase softening
process.

Anticancer agents

Stimulant action of acetylcholine
on smooth muscle.

preservatives, and
nutraceutical products
Used in dietary
supplements, cosmetic
formulations, and as
natural food colorants

(Soib et al., 2020)

(Agada et al., 2021)
(Anjum et al., 2024)
(Onyeyirichi et al., 2015)
(Dong et al., 2012)

(Sudi et al., 2022)
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EXTRACTION OF CARPAINE FROM IN VITRO AND IN VIVO SAMPLES OF Carica papayaL.

According to (Miller & Drew, 1990) and (Renukdas et al., 2003), the formulation of culture media is the most
crucial factor for the successful initiation and maintenance of 7 vifro cultures derived from tissue explants of
most plant species. It is well recognized that the composition of the culture medium significantly influences the
outcome of C. papaya L. tissue culture and mass propagation (Chaudhary & Prakash, 2019). The course of i
vitro morphogenesis is often determined by the use of a particular culture medium containing varying
concentrations and types of plant growth regulators.

Several studies have reported the isolation of the alkaloid carpaine from the leaves of C. papaya L. varieties such
as Uzbekistan, Nigerian, and Solo (Azad et al., 2012; Carlos et al., 2023; Nwachujor et al., 2019). However, the
quantities of carpaine extracted from these varieties were relatively low, ranging from 0.025% to 0.4%, and the
isolates were relatively impure, containing other compounds such as dehydrocarpaine I and dehydrocarpaine 11
(Mohamad Bukhorti et al., 2014; Soib et al., 2020; Vien & Loc, 2017).

The major alkaloid isolated from C. papaya leaves is carpaine, along with a minor nitrogenous base compound,
pseudocarpaine, which is a stereoisomer of carpaine. This stereoisomer, however, is present only in trace
amounts (approximately 10%) (Govindachari & Narasimhan, 1965). Previous studies on carpaine isolation have
yielded both low quantities and low purity. Therefore, it is pertinent to investigate whether the reduced yield of
isolated carpaine results from limitations in the extraction and purification processes or from factors regulating
secondary metabolism at multiple levels, including genetic, enzymatic, transport, and compartmentalization
mechanisms.

Samples may be obtained from both 7% vive and in vitro soutces of C. papaya to determine the influence of material
origin on carpaine yield. The methods described by (Burdick, 1971; Govindachari et al., 1965; Julianti et al.,
2014; Mohamad Bukhori et al., 2014; Ramanathan et al., 2014) can be employed for the isolation of carpaine
from C. papaya leaves, although the yields are generally low. Hence, modifications to the conventional acid-base
extraction procedure may be undertaken to improve both purity and yield.

Alternatively, the supercritical fluid extraction (SFE) method may be utilized to compare its efficiency with that
of traditional liquid-liquid extraction, with the aim of determining which method produces carpaine of higher
purity and greater yield. Table 5 presents a comparison of carpaine quantities extracted from C. papaya leaves
using these two different extraction techniques.

Table 5. Amount and percentage yield of carpaine extracted from 7z vivo and in vitro leaves of Carica papaya L.
using two different extraction methods

Samples Types of Extraction References
Acid/Base Superecritical Fluid
In vivo leaves  0.256 g (0.051%)  1.923 g (0.961%) (Mohamad Bukhori et al., 2014)
0.175 g (0.012%) (Nwachujor et al., 2019)

In vitroleaves  0.003 g (0.012%)  0.016 g (0.32%) (Mohamad Bukhori et al., 2014)

The yield of carpaine isolated using the acid/base extraction method from 7 vive and in vitro leaves of Carica
papaya L. was 0.256 g (0.051%) and 0.003 g (0.012%), respectively. In comparison, the yield obtained using the
supercritical fluid extraction (SFE) method was 1.923 g (0.961%) from iz vivo leaves and 0.016 g (0.32%) from
in vitro leaves. These results indicate a significant improvement in extraction efficiency compared to previously
reported yields for Nigerian and Solo varieties (0.175 g or 0.012%) (Azad et al., 2012; Catlos et al., 2023;
Nwachujor et al., 2019). The yields achieved were approximately 1:5 and 1:50 times higher for the acid/base
and SFE methods, respectively.

To justify those in vitro leaves yielding 0.003 g (0.012%) from 50 g of biomass are superior to iz vivo leaves
yielding 0.256 g (0.051%) from 500 g, several factors are considered, namely efficiency, productivity per biomass,
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sustainability, and scalability. Although the absolute yield from 7z vivo leaves is greater, the in vitro system
demonstrates higher relative yield efficiency when normalized per gram of biomass. Moreover, in vitr
production offers sustainable and controllable conditions, enabling consistent compound synthesis independent
of environmental fluctuations and providing a scalable platform for industrial metabolite production.

In vitro: 0.003 g from 50 g = 0.00006 g per g of tissue
In vivo: 0.256 g from 500 g = 0.000512 g per g of tissue

Although 7n vive samples exhibit higher absolute and relative yields of carpaine, this does not necessarily translate
to superior overall productivity when other factors such as controlled and sustainable production systems,
scalability, consistency, suitability for metabolic engineering and elicitation, and conservation of plant resources
are considered. Furthermore, the use of younger leaves, as opposed to older leaves reported in previous studies,
appears to enhance carpaine accumulation (Avinash Shinde & Hase, 2020; Rajarajeswari & Prathibha, 2018;
Susilawati et al., 2021). This observation is consistent with the description of secondary metabolite formation
processes provided by (Le Bot et al., 2009).

Naturally, 7z vivo plants produce a wide range of secondary metabolites, particularly in their roots, which often
serve as the first line of defence against soil-borne pathogens and herbivores. The production and accumulation
of defensive compounds in the roots, followed by their transport to aerial parts, represent an adaptive strategy
for survival under biotic stress (Anulika et al., 2016). In contrast, iz vitro cultures typically synthesize lower levels
of secondary metabolites under aseptic conditions. However, upon exposure to contaminants or elicitors
mimicking pathogen attack, these cultures may enhance metabolite biosynthesis as part of their induced defence
response (Pant et al., 2015). This phenomenon supportts the hypothesis that 7z vifro systems can be strategically
manipulated to improve secondary metabolite yield through elicitation or metabolic engineering approaches.

At the intercellular level, plant organelles also contribute to secondary metabolite biosynthesis, including
carpaine production (Mohamad Bukhori, 2003). During extraction, centrifugation is employed to remove solid
particles, leading to plasmolysis of organelles and subsequent release of intracellular compounds into the
medium, thereby increasing the amount of recoverable carpaine. In the isolation process, solvents such as
ethanol, water, and acetic acid (v/v/v) are typically used for acid-base extraction, whereas SFE utilizes carbon
dioxide (CO2) as the mobile phase. Supercritical fluid extraction offers several advantages over conventional
methods: extraction occurs at low temperatures, minimizing compound degradation; the absence of oxygen
reduces oxidative losses; and since COz2 is gaseous, no residual solvent remains in either the extract or raffinate
(Mohamad Bukhoti et al., 2014; Shams et al., 2015). Consequently, SFE minimizes compound loss during post-
processing and purification, resulting in higher yield and purity of the extracted carpaine (Table 5).

CONCLUSION

The establishment of an effective regeneration method for Carica papaya is crucial for the extraction of desired
bioactive compounds through tissue culture. Reliable and efficient plant regeneration protocols are a
prerequisite for the successful development of compound enhancement systems from initiated cells. Prior to
implementing such enhancement strategies, robust tissue culture procedures for regeneration must first be
optimized for the target crop. Although iz vive systems typically yield a higher absolute quantity of compounds,
in vitro systems offer a more sustainable, controllable, and scalable platform. They enable consistent production
independent of environmental fluctuations and are highly amenable to metabolic engineering and elicitation
approaches. Despite the comparatively lower yield percentages, # vitro systems require less biomass input and
can be adapted for continuous production, thereby representing a more efficient and promising long-term
strategy for the sustainable biosynthesis of high-value secondary metabolites.
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