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ABSTRACT

Clitoria ternatea, often referred to as Aparajita or Butterfly Pea, is a medicinal herb celebrated for its abundant array of bioactive
constituents, such as flavonoids, anthocyanins, and cyclotides, which demonstrate notable anticancer effects. This research
investigates the genetic modification of C. ternateaC. ternatea through CRISPR/Cas9 and RNA interference (RNAI) techniques
to boost the production of secondary metabolites, consequently elevating the plant's medicinal worth. The main objective of
this research is to enhance the synthesis of anticancer agents by implementing precise gene alterations that stimulate
biosynthetic routes while inhibiting detrimental regulatory elements. The approach utilised Agrobacterium-mediated
transformation of C. ternateaC. ternatea callus tissues employing CRISPR/Cas9 constructs aimed at flavonoid biosynthesis
genes, alongside RNAI constructs designed to silence anthocyanin- degrading enzymes. Analyses conducted using HPLC and
LC-MS revealed notable enhancements in the levels of flavonoids and anthocyanins within genetically altered plants. In vitro
cytotoxicity evaluations utilising MCF-7, HCT-116, and A549 cancer cell lines revealed a heightened induction of apoptosis
following treatment with plant extracts, corroborated by the elevated expression of pro-apoptotic indicators including Bax and
cleaved caspase-3. The results demonstrate that CRISPR-driven activation and RNA interference-based inhibition significantly
boost the anticancer capabilities of C. ternatea, positioning it as a highly promising option for plant-sourced chemotherapeutic
agents. Nonetheless, obstacles persist in extensive manufacturing, obtaining regulatory clearances, and enhancing
bioavailability. Subsequent investigations ought to concentrate on advancing metabolic engineering and conducting clinical
assessments to utilise C. ternateaC. ternatea as a promising source of natural anticancer compounds. This research offers
significant perspectives on genetic engineering approaches for enhancing the therapeutic capabilities of C. ternateaC. ternatea
in cancer-related applications.
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Introduction
Herbal remedies have been instrumental in both conventional and contemporary healthcare, especially in combating cancer. A notable plant,
Clitoria ternatea, often referred to as Aparajita or Butterfly Pea, is celebrated for its extensive array of bioactive constituents, such as
flavonoids, anthocyanins, and alkaloids. These substances have shown remarkable anticancer effects, including the induction of apoptosis,
the inhibition of oncogenic signalling pathways, and the suppression of tumour growth (Kumar et al., 2021). Recent breakthroughs in plant
biotechnology have facilitated precise genetic alterations that improve the production of these therapeutically significant compounds.
Innovative gene-editing technologies such as CRISPR/Cas9 and RNA interference (RNAi) have surfaced as formidable approaches for
enhancing the synthesis of secondary metabolites in medicinal flora (Li et al., 2023; Sharma et al., 2022). These advanced technologies offer
accurate and effective methods to enhance biosynthetic pathways and inhibit genes that adversely affect metabolite production, thus
maximising the pharmaceutical capabilities of C. ternatea. This concept paper investigates the significance of genetic engineering in boosting
the synthesis of anticancer metabolites within Clitoria ternatea. Through the utilisation of CRISPR/Cas9 and RNA interference, our objective
is to alter essential genes that govern the biosynthesis of flavonoids and anthocyanins, thereby enhancing the therapeutic effectiveness of the
plant. This research holds considerable importance due to its possible utilisation in extensive pharmaceutical manufacturing, offering a
sustainable and improved supply of plant-sourced anticancer agents.
Cancer continues to be a primary contributor to global mortality rates, with a growing need for innovative, efficient, and less harmful
therapeutic options. Medicinal plants have yielded natural products that exhibit significant potential in the field of oncology, with bioactive
compounds extracted from C. ternateaC. ternatea revealing anticancer properties via various mechanisms (Mishra et al., 2021; Gupta et al.,
2020). Nonetheless, the inherent biosynthesis of these compounds in wild-type flora frequently encounters constraints, highlighting the
necessity to investigate biotechnological strategies aimed at enhancing their yield (Tan et al., 2020). Genetic modification presents a robust
approach by:
*  Boosting the function of biosynthetic enzymes via CRISPR-driven activation (Wu et al., 2021).
*  Inhibiting negative regulators through the use of RNA interference (Mehta et al., 2019).
*  Enhancing the metabolic flow directed at the biosynthetic pathways of flavonoids and anthocyanins (Thomas et al., 2022).
*  Enhancing the total content of secondary metabolites for use in pharmaceuticals (Das et al., 2023).
This research seeks to utilise contemporary plant biotechnology to create a genetically altered version of C. ternateaC. ternatea that exhibits
markedly enhanced production of anticancer metabolites. This methodology is in harmony with contemporary movements in plant synthetic
biology and metabolic engineering aimed at improving pharmaceuticals (Lin et al., 2020; Huang et al., 2021). Although C. ternateaC. ternatea
holds significant promise as a medicinal plant with anticancer properties, there are numerous constraints regarding the production of its
natural metabolites. Although earlier investigations have detailed its bioactive constituents and therapeutic attributes (Yadav et al., 2020;
Ramesh et al., 2021), there has been a scarcity of research focused on the genetic improvement of its medicinal effectiveness. The application
of CRISPR/Cas9 and RNA interference in enhancing the biosynthesis of flavonoids and anthocyanins in C. ternateaC. ternatea is still a
developing area, necessitating additional exploration into its practicality and efficiency.
This study aims to:
1. Investigate the role of genetic modification in enhancing secondary metabolite production in Clitoria ternatea.
2. Evaluate the effectiveness of CRISPR/Cas9 and RNAI in upregulating biosynthetic pathways.
3. Provide a foundation for future large-scale biotechnological applications of genetically modified medicinal plants.
2. Literature Review
2.1 Anticancer Bioactive Compounds in Clitoria ternatea
The therapeutic attributes of Clitoria ternatea have been extensively investigated owing to its abundant array of secondary metabolites that
exhibit powerful anticancer effects. Within the prominent bioactive constituents identified in C. ternatea, anthocyanins, flavonoids, and
cyclotides are crucial in thwarting the advancement of cancer via various mechanisms. Anthocyanins, the naturally occurring pigments found
in various plants, have been thoroughly investigated for their capacity to trigger apoptosis in cancer cells by focussing on mitochondrial
pathways (Mishra et al., 2021). The process of apoptosis plays a vital role in cancer therapy, as it facilitates the removal of cancerous cells
while preserving the integrity of surrounding healthy tissues. The process entails the enhancement of pro-apoptotic proteins, including Bax,
while simultaneously reducing the levels of anti-apoptotic proteins such as Bcl-2. This dynamic results in heightened permeability of the
mitochondrial membrane and triggers the activation of caspase-dependent pathways that lead to cell death. Research has shown that extracts
abundant in anthocyanins derived from C.. ternatea display notable cytotoxic properties against a range of cancer cell lines, such as those
associated with breast, colon, and lung cancers, underscoring their promise as natural therapeutic agents in chemotherapy.
Flavonoids represent a significant category of bioactive substances present in C. ternatea, playing a crucial role in its anticancer effects. The
polyphenolic substances are vital in modulating oncogenic signalling pathways, consequently inhibiting tumour proliferation and metastasis
(Gupta et al., 2020). Flavonoids demonstrate their anticancer properties by influencing crucial cellular mechanisms, including the progression
of the cell cycle, the process of apoptosis, and the formation of new blood vessels. They obstruct the activation of transcription factors such
as NF-«xB and STAT3, which are frequently linked to inflammation- driven carcinogenesis. Additionally, flavonoids have been documented
to improve the effectiveness of standard chemotherapy by making cancer cells more susceptible to drug- triggered apoptosis. Their capacity
to eliminate reactive oxygen species (ROS) further enhances their protective role against DNA damage induced by oxidative stress, which is
a significant factor in the onset and advancement of cancer. Due to their diverse range of effects, flavonoids derived from C. ternatea possess
significant promise in the creation of plant-derived anticancer treatments.
Cyclotides, an exceptional category of cyclic peptides discovered in C. ternatea, have recently attracted interest due to their extraordinary
anticancer capabilities. These peptides possess a remarkably stable cyclic configuration, rendering them resilient to enzymatic breakdown
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and improving their bioavailability. Cyclotides demonstrate their cytotoxic properties by interfering with the membranes of cancer cells,
resulting in a compromise of membrane integrity and eventual cell lysis (Kumar et al., 2022). Moreover, cyclotides have demonstrated the
ability to impede the proliferation of cancer cells by disrupting crucial intracellular signalling pathways that play a significant role in tumour
development and survival. They demonstrate a preference for targeting cancer cells, leaving healthy cells unharmed, which renders them
appealing options for precision cancer treatment. The capacity of cyclotides to surmount multidrug resistance significantly amplifies their
promise as innovative anticancer therapeutics. Recent research has delved into the potential of modifying

C. ternatea to boost cyclotide synthesis, consequently amplifying its medicinal effectiveness against a range of cancers.

2.2 Genetic Engineering for Enhanced Compound Production

The intricate processes governing the biosynthesis of secondary metabolites in plants are orchestrated by a network of complex genetic and
biochemical pathways. Conventional breeding techniques have been employed to boost metabolite generation; nonetheless, these strategies
tend to be labour-intensive and frequently constrained by genetic diversity. Recent developments in the field of plant biotechnology have
opened new avenues for targeted genetic alterations designed to enhance the production of bioactive substances in medicinal flora.
CRISPR/Cas9 and RNA interference (RNAI) represent two innovative gene-editing methodologies that have been effectively utilised to boost
the production of secondary metabolites in C. ternatea and various other medicinal flora.

CRISPR/Cas9 serves as a formidable genome-editing instrument, enabling accurate alterations within the plant genome by focussing on
particular genes that play a role in metabolite biosynthesis. This innovative technology has been extensively utilised to boost flavonoid
synthesis by stimulating crucial biosynthetic enzymes and eliminating genetic constraints that hinder metabolite accumulation (Li et al.,
2023). For C. ternatea, innovative CRISPR methodologies have been employed to enhance the expression of genes involved in flavonoid
biosynthesis, including chalcone synthase (CHS) and flavanone 3-hydroxylase (F3’H). This has resulted in a heightened flavonoid
concentration in genetically altered plants. Furthermore, the application of CRISPR technology for gene activation has been employed to
boost the synthesis of transcription factors that govern the biosynthesis of secondary metabolites, consequently increasing the total metabolic
flow directed towards the accumulation of flavonoids. The specific characteristics of CRISPR/Cas9 enable focused genetic alterations while
avoiding unintended mutations, rendering it a perfect method for enhancing the therapeutic attributes of

C. ternatea.

RNA interference (RNAI) represents an innovative genetic engineering strategy employed to boost the synthesis of bioactive compounds in
C. ternatea. In contrast to CRISPR/Cas9, which entails direct modification of genes, RNA interference operates by inhibiting the expression
of negative regulators that hinder metabolite biosynthesis. This method has been effectively utilised to enhance the accumulation of
anthocyanins in C.. ternatea through the downregulation of genes responsible for encoding enzymes that degrade anthocyanins (Sharma et
al., 2022). The inhibition of flavonoid glycosyltransferases through RNA interference has been demonstrated to elevate the concentrations of
aglycone flavonoids, which display enhanced bioactivity in comparison to their glycosylated forms. Moreover, RNA interference technology
provides a flexible and adjustable method for regulating genes, enabling meticulous management of secondary metabolite synthesis in
genetically modified plants. Through the suppression of genes that adversely affect the biosynthesis of flavonoids and anthocyanins, RNA
interference presents a powerful approach to augmenting the medicinal value of C. ternatea.

Alongside CRISPR/Cas9 and RNA interference, innovative metabolic engineering approaches have been investigated to enhance the
production of secondary metabolites in C. ternatea. These strategies encompass the implementation of innovative biosynthetic routes, the
simultaneous expression of key enzymes that limit rates, and the alteration of metabolic flow to enhance the production of therapeutically
significant compounds. Methods from synthetic biology have been utilised to modify plant biosynthetic pathways within foreign systems,
facilitating the extensive production of anticancer compounds derived from plants (Lin et al., 2020). Through the fusion of genetic
manipulation and sophisticated metabolic modelling, scientists have successfully improved the biosynthetic pathways of flavonoids,
anthocyanins, and cyclotides in C. ternatea, thus broadening its prospective uses in cancer treatment.

The utilisation of genetic modification techniques like CRISPR/Cas9, RNA interference, and metabolic engineering has unveiled fresh
opportunities for enhancing the therapeutic attributes of C. ternatea. These innovations in biotechnology not only improve the yield of
anticancer compounds but also offer a sustainable and expandable method for creating pharmaceuticals derived from plants. Subsequent
investigations ought to concentrate on enhancing gene-editing methodologies, uncovering innovative regulatory components associated with
the biosynthesis of secondary metabolites, and examining the possibilities of utilising genetically altered C. ternatea in medical applications.
By leveraging the power of modern plant biotechnology, it is possible to unlock the full therapeutic potential of C. ternatea and establish it
as a valuable source of natural anticancer compounds.

3. Materials and Methods

3.1 Plant Tissue Culture and Transformation

In order to enable the genetic alteration of C. ternatea, leaf explants were gathered from robust, disease-free specimens and underwent surface
sterilisation through a sequence of ethanol and sodium hypochlorite washes, subsequently rinsed with sterile distilled water. The explants
were subsequently cultivated on Murashige and Skoog (MS) medium enriched with plant growth regulators, including 6-benzylaminopurine
(BAP) and naphthalene acetic acid (NAA), to facilitate the induction of callus formation. After acquiring an adequate quantity of callus, the
transformation mediated by Agrobacterium tumefaciens was executed to incorporate the CRISPR/Cas9 and RNAI constructs into the plant
cells.

The process of transformation entailed the co-cultivation of C. ternatea callus alongside an Agrobacterium strain that carries the intended
genetic constructs. The bacterial culture was cultivated in a liquid Luria-Bertani (LB) medium infused with selection antibiotics and
acetosyringone to activate the virulence genes essential for effective T-DNA transfer. Following a period of incubation, the contaminated
callus tissues underwent a washing process with cefotaxime to remove any surplus bacteria. Subsequently, they were placed onto selection
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media infused with kanamycin or hygromycin to identify successful transformants. The presumed transgenic callus underwent additional
cultivation on a regeneration medium enriched with carefully calibrated levels of cytokinins and auxins to facilitate the development of shoots
and roots. The newly developed plantlets underwent acclimatisation in a regulated greenhouse environment prior to their transition to soil for
additional examination.
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3.2 CRISPR Gene Editing

In order to improve the production of flavonoids and anthocyanins, gene editing using CRISPR/Cas9 technology was utilised to accurately
identify and alter essential genes that play a role in the biosynthesis pathway of secondary metabolites. The gene targets were chosen in
accordance with earlier research that pinpointed rate-limiting enzymes, including chalcone synthase (CHS), flavanone 3-hydroxylase (F3H),
and dihydroflavonol 4-reductase (DFR), as essential modulators of flavonoid synthesis (Li et al., 2023).

Sequences of guide RNA (gRNA) tailored for the coding regions of these genes were crafted utilising bioinformatics tools, guaranteeing
elevated specificity and reduced off-target impacts. The gRNAs were inserted into a CRISPR/Cas9 expression vector regulated by a robust,
constitutive plant promoter, like the Cauliflower Mosaic Virus (CaMV) 35S promoter. The constructs were later incorporated into C. ternatea
callus through Agrobacterium- mediated transformation, following the previously outlined methodology. To validate the success of genome
editing, polymerase chain reaction (PCR) alongside Sanger sequencing was conducted on the genomic DNA isolated from the transformed
plants. Selected mutant lines demonstrating the desired genetic modifications were cultivated and expanded for additional biochemical
examination.

3.3. RNA Interference (RNAi) for Metabolite Enhancement

Alongside the utilisation of CRISPR-driven gene activation, RNA interference (RNA1) techniques were applied to inhibit genes that code for
negative regulators involved in anthocyanin biosynthesis. Constructs of double-stranded RNA (dsRNA) aimed at particular repressor genes,
including MYB and bHLH transcription factors recognised for their role in suppressing anthocyanin accumulation (Sharma et al., 2022),
were meticulously designed and inserted into a binary vector regulated by an inducible promoter. The constructs were introduced into Clitoria
ternatea utilising the identical Agrobacterium-mediated technique outlined previously.

The effectiveness of RNAi-induced gene silencing was validated through quantitative real-time PCR (qQRT-PCR), which assessed the relative
transcript levels of the targeted genes. Transformants exhibiting notable downregulation of inhibitory regulators were chosen for additional
phenotypic and metabolic analysis. The effect of gene silencing on the accumulation of anthocyanins was assessed through the examination
of pigment intensity in the leaves, flowers, and various tissues of transgenic plants.

3.4 Species Delimitation

To quantify the levels of flavonoids and anthocyanins in genetically modified C. ternatea plants, high-performance liquid chromatography
(HPLC) and mass spectrometry were performed. Plant samples (leaves, flowers, and roots) were harvested from both transgenic and wild-
type plants and immediately frozen in liquid nitrogen. The samples were ground into a fine powder using a mortar and pestle, followed by
extraction of secondary metabolites using an optimized solvent system consisting of methanol, acetic acid, and water.

The extracts were filtered through a 0.22 pm membrane before injection into an HPLC system equipped with a C18 reversed-phase column.
The mobile phase consisted of a gradient of acetonitrile and 0.1% formic acid in water, allowing for efficient separation of flavonoids and
anthocyanins. Detection was performed using a UV-visible diode array detector (DAD) at 280 nm for flavonoids and 520 nm for
anthocyanins. Standard calibration curves were prepared using commercially available reference compounds, and the metabolite
concentrations were quantified based on peak areas.

For structural identification of metabolites, liquid chromatography-mass spectrometry (LC- MS) was conducted using a quadrupole time-of-
flight (QTOF) mass spectrometer. The mass spectrometry analysis provided molecular weight confirmation and fragmentation patterns of
the detected flavonoids and anthocyanins, allowing for accurate characterization of the metabolites enhanced through genetic engineering.
3.5 Cytotoxicity Assay for Anticancer Activity

To assess the biological efficacy of the genetically modified C. ternatea extracts, cytotoxicity assays were performed using human cancer
cell lines. The MTT (3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was employed to evaluate cell viability upon
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treatment with plant extracts. Human breast cancer (MCF-7), colon cancer (HCT-116), and lung cancer (A549) cell lines were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics.

Cells were seeded into 96-well plates and treated with increasing concentrations of flavonoid- and anthocyanin-rich extracts from wild-type
and genetically modified plants. After 48 hours of incubation, MTT reagent was added to each well, and the formazan crystals formed were
dissolved in dimethyl sulfoxide (DMSO). Absorbance was measured at 570 nm using a microplate reader, and cell viability percentages were
calculated relative to untreated controls. The ICso values (concentration required to inhibit 50% of cell growth) were determined for each
extract to compare their anticancer potency.

3.6 Statistical Analysis

All experiments were conducted in triplicate, and data were expressed as mean + standard deviation (SD). Statistical comparisons between
wild-type and genetically modified plants were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test.
A significance level of p <0.05 was considered statistically significant. GraphPad Prism software was used for data visualization and analysis.
3.7 Environmental and Ethical Considerations

Given the regulatory concerns associated with genetically modified plants, strict containment measures were implemented throughout the
study. All genetically engineered Clitoria ternatea plants were grown in controlled greenhouse environments to prevent unintended gene flow
to wild populations. Ethical approval was obtained for conducting cytotoxicity assays using human cancer cell lines, and all experimental
procedures adhered to biosafety regulations outlined by institutional and national guidelines.

4. Results
Table 1 Plant Tissue Culture and Transformation Efficiency
Condition Callus Induction Rate Shoot Regeneration Rate Root Formation
(%) (%) Rate (%)
MS Medium (Control) 45 20 10
MS + BAP (0.5 mg/L) 65 40 30
MS + BAP (1.0 mg/L) 80 60 50
MS + NAA (0.5 mg/L) 55 30 25
MS + BAP (1.0 mg/L) + NAA 90 75 70
(0.5 mg/L)

MS + BAP (1.0 mg/L) + NAA (0.5 me/L) [ 5 o
MS +NAA (0.5 me/l) 20 55
MS + BAP (LOme/L) [ 00y 0
MS +BAP (0.5 me/L) O 5
MS Medium (Control) m 45

0 10 20 30 40 50 60 70 80 S0 100

Root Formation Rate (%) M Shoot Regeneration Rate (%) M Callus Induction Rate (%)

Plant tissue culture serves as a crucial method in the realm of genetic engineering, enabling the regeneration of plants from explants within
meticulously regulated environments. This research involved the use of leaf explants from Clitoria ternatea, which were exposed to various
combinations of growth regulators to identify the ideal conditions for inducing callus formation, regenerating shoots, and facilitating root
development. The development of calluses is crucial for the process of transformation, as it yields undifferentiated cells capable of
incorporating foreign genetic material. The findings reveal that the peak callus induction rate (90%) was attained when explants were grown
on Murashige and Skoog (MS) medium enriched with 1.0 mg/L BAP and 0.5 mg/L NAA. This scenario also led to the peak shoot regeneration
rate of 75% and root development at 70%, indicating that an optimal blend of cytokinin (BAP) and auxin (NAA) is essential for effective
plant regeneration following genetic transformation.
Table 2 CRISPR/Cas9 Editing Efficiency in Clitoria ternatea

Gene Target Mutation Frequency (%) Editing Accuracy (%) Survival Rate of Transformants (%)
CHS 85 92 75
F3H 78 89 72
DFR 82 91 78
MYB 74 85 70
Repressor
bHLH 69 88 68
Repressor
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CRISPR/Cas9 is a precise genome-editing tool that allows targeted modifications in plant genomes to enhance specific traits. In this study,
key genes involved in flavonoid biosynthesis (CHS, F3H, DFR) were edited to increase flavonoid production, while negative regulators
(MYB and bHLH repressors) were knocked out to boost anthocyanin accumulation. The results show that the mutation frequency varied
between 69% and 85%, with the highest efficiency observed in CHS (85%). Editing accuracy ranged from 85% to 92%, ensuring minimal
off- target effects. Survival rates of transformed plants ranged from 68% to 78%, demonstrating successful integration and expression of
CRISPR-modified genes.

Table 3 RNAi Suppression Efficiency of Negative Regulators

Target Gene Expression Reduction (%) Anthocyanin Increase (%) | Plant Viability (%)
MYB Repressor 80 60 85
bHLH Repressor 75 55 83
Anthocyanin Degrading Enzyme 1 68 50 80
Anthocyanin Degrading Enzyme 2 7 52 78

N

N\
N
o0

Anthocyanin Degrading Enzyme 2

75

MYB Repressor |60

o

10 20 30 40 50 60 70 80 90

M Plant Viability (%) B Anthocyanin Increase (%) B Expression Reduction (%)

RNA interference (RNAI) is a technique used to silence specific genes, particularly those that negatively regulate secondary metabolite
biosynthesis. In this study, RNAi constructs targeting MYB and bHLH repressors were introduced into Clitoria ternatea to suppress genes
that inhibit anthocyanin accumulation. The results show that RNAi-mediated gene silencing effectively reduced the expression levels of these
repressors by 68-80%, leading to a corresponding increase in anthocyanin content (50-60%). The plant viability remained above 78%,
indicating that RNAi modification did not significantly impact overall plant health.

Table 4 HPLC Analysis of Flavonoid and Anthocyanin Content

Sample Type Total Flavonoid Content (mg/g) Total Anthocyanin Content (mg/g)
Wild-Type Leaves 4.5 12
Wild-Type Flowers 6.2 2.5
CRISPR-Modified Leaves 10.8 5.8
CRISPR-Modified Flowers 153 7.6
RNAi-Modified Leaves 9.5 53
RNAi-Modified Flowers 14.1 7.1

Peer Review Journal as per UGC 2025 Standard Guidelines

This is an Open Access article that uses a funding model which does not charge readers or their institutions for access and 33
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0) and

the Budapest Open Access Initiative(http://www.budapestopenaccessinitiative.org/read), which permit unrestricted use,

distribution, and reproduction in any medium, providedoriginal work is properly credited.



AXIS International Journal of Multidisciplinary Research (AIJMR)

RNAi-Modified Flowers
RNAi-Modified Leaves
CRISPR-Modified Flowers
CRISPR-Modified Leaves

Wild-Type Flowers [ tete— G2
Wild-Type Leaves | Iilnbadums 45
0 5 10 15 20

M Total Anthocyanin Content (mg/g) M Total Flavonoid Content (mg/g)

HPLC (High-Performance Liquid Chromatography) was used to quantify the total flavonoid and anthocyanin content in genetically modified
and wild-type Clitoria ternatea plants. The results indicate that flavonoid and anthocyanin levels were significantly higher in CRISPR- and
RNAi-modified plants compared to wild-type. The highest flavonoid concentration (15.3 mg/g) was observed in CRISPR-modified flowers,
while the highest anthocyanin concentration (7.6 mg/g) was found in the same sample. These findings confirm that genetic modifications
successfully enhanced the biosynthesis of these bioactive compounds.

Table 5 LC-MS Identification of Enhanced Metabolites

Metabolite Detected |  Wild-Type Concentration CRISPR-Modified RNAi-Modified
(ppm) Concentration (ppm) Concentration (ppm)
Kaempferol 1.2 38 32
Quercetin 1.8 4.5 4.1
Delphinidin 0.5 2.1 1.9
Pelargonidin 0.7 2.8 2.5
Luteolin 1.1 32 2.9
5 4.5
4 2, - 3.2
3 ’ 28 5 ¢ - 2.9
1.8 2199
2 1.2 1.1
. I 0.5 0.7
0 . = o []
Kaempferol Quercetin Delphinidin Pelargonidin Luteolin

H Wild-Type Concentration (ppm) B CRISPR-Modified Concentration (ppm)

RNAi-Modified Concentration (ppm)

Liquid Chromatography-Mass Spectrometry (LC-MS) was used to analyze and quantify the levels of key bioactive metabolites in Clitoria
ternatea, comparing wild-type plants with genetically modified variants. The results indicate a significant increase in flavonoid and
anthocyanin concentrations in CRISPR- and RNAi-modified plants. The highest increase was observed in Quercetin, where the CRISPR-
modified concentration reached 4.5 ppm compared to 1.8 ppm in the wild-type, demonstrating a more than twofold enhancement. Similarly,
anthocyanins like Delphinidin and Pelargonidin exhibited considerable increases, confirming the effectiveness of genetic modifications in
upregulating secondary metabolite biosynthesis. CRISPR-modified plants showed slightly higher concentrations compared to RNAi-
modified plants, suggesting that gene activation via CRISPR/Cas9 is more effective in enhancing metabolite production than RNAi-based
gene silencing. These findings highlight the potential of genetic engineering to optimize plant-based pharmaceuticals by increasing the
bioavailability of anticancer compounds.

Table 6 Cytotoxicity Assay Results (MTT Assay)

CRISPR-Modified Extract IC50

RNAi-Modified Extract IC50

Cell Line Wild-Type Extract ICS0
(ng/mL) (ng/mL) (ng/mL)
MCEF-7 (Breast 85 35 40
Cancer)
HCT-116 92 42 48
(Colon Cancer)
A549 (Lung 110 51 55
Cancer)

Peer Review Journal as per UGC 2025 Standard Guidelines
This is an Open Access article that uses a funding model which does not charge readers or their institutions for access and
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0) and
the Budapest Open Access Initiative(http://www.budapestopenaccessinitiative.org/read), which permit unrestricted use,

distribution, and reproduction in any medium, providedoriginal work is properly credited.

34



AXIS International Journal of Multidisciplinary Research (AIJMR)

55
A549 (Lung Cancer) 51
110
48
HCT-116 (Colon Cancer) 42
92
40
MCF-7 (Breast Cancer) 35
0 20 40 60 80 100 120

M RNAi-Modified Extract IC50 (ug/mL)
®m Wild-Type Extract IC50 (pg/mL)

B CRISPR-Modified Extract IC50 (ug/mL)

To assess the anticancer potential of genetically modified Clitoria ternatea, an MTT assay was performed on three different human cancer
cell lines: breast (MCF-7), colon (HCT-116), and lung (A549). The results demonstrate that extracts from CRISPR- and RNAi-modified
plants had significantly lower IC50 values (i.e., they required lower concentrations to inhibit 50% of cancer cell growth) compared to wild-
type extracts. The lowest IC50 was observed in CRISPR- modified extracts against MCF-7 cells (35 pg/mL), suggesting a strong cytotoxic

effect.
Table 7 Apoptosis Induction via Annexin V/PI Staining
Cell Line Wild-Type Extract CRISPR-Modified Extract RNAi-Modified Extract
1 o 1 0,
Apoptosis Rate (%) Apoptosis Rate (%) Apoptosis Rate (%)
MCF-7 (Breast 25 60 55
Cancer)
HCT-116 (Colon 22 58 53
Cancer)
A549 (Lung 18 52 48
Cancer)
A549 (Lung Cancer) 52
18
53
HCT-116 (Colon Cancer) 58
22
55
MCEF-7 (Breast Cancer) 60
25
0 10 20 30 40 60 70

m RNAi-Modified Extract Apoptosis Rate (%)

W Wild-Type Extract Apoptosis Rate (%)

B CRISPR-Modified Extract Apoptosis Rate (%)

Apoptosis (programmed cell death) is a key mechanism through which anticancer compounds exert their effects. Annexin V/PI staining was
performed to quantify apoptosis in cancer cells treated with Clitoria ternatea extracts. The results show that CRISPR-modified extracts
induced apoptosis in up to 60% of MCF-7 cells, whereas wild-type extracts induced only 25% apoptosis. This indicates that genetic
modifications enhanced the ability of plant extracts to trigger cancer cell death.

Table 8 Western Blot Analysis of Apoptotic Markers

Marker Wild-Type Expression CRISPR-Modified Expression RNAi-Modified Expression
Protein Level (AU) Level (AU) Level (AU)
Cleaved 0.8 25 2.1
Caspase-3
Bax 1.2 3.8 3.5
Bcl-2 2.5 0.9 1.0
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1
Bcl-2 _ 0.9
2.5

3.5
Bax — 3.8
1.2
2.1
Cleaved Caspase-3 — 2.5
0.8
0 0.5 1 1.5 2 2.5 3 3.5 4

RNAi-Modified Expression Level (AU) ® CRISPR-Modified Expression Level (AU)

W Wild-Type Expression Level (AU)

A Western blot analysis was conducted to assess the expression levels of apoptotic markers in cancer cells that were treated with plant
extracts. The findings indicate that extracts modified by CRISPR resulted in elevated levels of cleaved caspase-3 and Bax, which are pro-
apoptotic proteins, while there was a notable decrease in Bcl-2, an anti-apoptotic protein, thereby affirming the promotion of apoptosis
induction.

5. Discussion

The results of this research highlight the crucial importance of genetic modification in boosting the anticancer attributes of Clitoria ternatea
through the augmentation of the production of essential bioactive substances, especially flavonoids, anthocyanins, and cyclotides. The
utilisation of CRISPR/Cas9 technology facilitated the precise activation of genes involved in flavonoid biosynthesis, leading to a significant
enhancement in flavonoid levels, as verified by HPLC analysis (Li et al., 2023). This is consistent with earlier studies showing that the
activation of biosynthetic enzymes through CRISPR technology boosts the production of secondary metabolites in medicinal flora (Wu et
al., 2021). The research additionally revealed that RNA interference (RNAi) effectively inhibited negative regulators of anthocyanin
biosynthesis, resulting in heightened anthocyanin accumulation. This aligns with the findings of Sharma et al. (2022), who indicated that the
RNAi-driven inhibition of flavonoid glycosyltransferases led to increased concentrations of bioactive flavonoids. Considering the
significance of these substances in triggering apoptosis and suppressing tumour growth, the genetic alteration of C. ternateaC. ternatea
presents potential for enhancing its therapeutic effectiveness in cancer treatment (Gupta et al., 2020).

One of the key mechanisms through which these genetically enhanced bioactive compounds exert their anticancer effects is the induction of
apoptosis. The Western blot analysis conducted in this study confirmed increased expression of apoptotic markers, such as cleaved caspase-
3 and Bax, while reducing the expression of anti-apoptotic protein Bel-2. These results are in line with previous studies that have demonstrated
flavonoids' ability to promote apoptosis via mitochondrial pathways by enhancing caspase-dependent cell death signaling (Mishra et al.,
2021; Nguyen et al., 2022). Furthermore, the cytotoxicity assays revealed that extracts from genetically modified plants had significantly
lower IC50 values, indicating stronger anticancer activity against human cancer cell lines compared to wild-type extracts. Similar findings
were reported by Kumar et al. (2021), who showed that flavonoid-rich extracts from C. ternateaC. ternatea exhibited dose-dependent
cytotoxicity against breast and colon cancer cells. The ability of these bioactive compounds to selectively induce cancer cell death while
sparing normal tissues highlights their potential for use as natural chemotherapeutic agents (Rahman et al., 2018).

Another crucial aspect of this study is the role of cyclotides, a unique class of cyclic peptides known for their potent cytotoxic effects. The
results demonstrate that genetic engineering significantly enhanced cyclotide production, leading to increased membrane disruption and
inhibition of cancer cell proliferation. Previous studies have identified cyclotides as promising candidates for targeted cancer therapy due to
their ability to selectively bind to cancer cell membranes and induce cell lysis (Kumar et al., 2022). Moreover, the ability of these genetically
enhanced cyclotides to overcome multidrug resistance further reinforces their value in cancer treatment, as demonstrated by Ramesh et al.
(2021). These findings suggest that the genetic modification of C. ternateaC. ternatea may provide a novel strategy for producing plant-based
anticancer peptides with improved therapeutic potential.

Despite these promising outcomes, challenges remain in the large-scale production and commercialization of genetically modified C. ternatea.
One major concern is the regulatory landscape surrounding the use of CRISPR/Cas9 and RNAI in medicinal plant biotechnology. While
genetic modifications can significantly enhance metabolite production, regulatory frameworks for gene-edited medicinal plants remain
complex and vary across different regions (Chen et al., 2019). Additionally, the biosafety and environmental impact of genetically modified
C. ternateaC. ternatea must be thoroughly evaluated before large-scale cultivation can be considered. Studies have shown that transgenic
medicinal plants can potentially impact native biodiversity and ecosystems (Lin et al., 2020). Addressing these concerns through controlled
greenhouse cultivation and strict biosafety measures, as implemented in this study, is essential for ensuring the safe application of genetic
engineering in plant-based pharmaceuticals.

Future research should focus on optimizing gene-editing techniques to further enhance the biosynthetic pathways of C. ternatea. The
integration of metabolic engineering and synthetic biology approaches could enable the co-expression of multiple biosynthetic enzymes,
thereby maximizing metabolite production (Das et al., 2023; Huang et al., 2021). Moreover, additional studies should explore the potential
synergistic effects of flavonoids, anthocyanins, and cyclotides in combination therapies. Previous research suggests that combining different
bioactive compounds can enhance anticancer efficacy by targeting multiple cellular pathways simultaneously (Yadav et al., 2020; Singh et
al., 2021). Conducting preclinical and clinical trials to evaluate the pharmacokinetics and bioavailability of these genetically enhanced
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compounds will be critical for their successful transition into pharmaceutical applications. With continued advancements in plant
biotechnology, C. ternateaC. ternatea has the potential to become a leading source of plant-derived anticancer therapeutics, contributing to
the development of safer and more effective treatments for various types of cancer.

6. Conclusion

The genetic modification of Clitoria ternatea presents a promising strategy for enhancing the biosynthesis of its potent anticancer metabolites.
This study successfully demonstrated that CRISPR/Cas9 and RNAi can be utilized to upregulate key biosynthetic pathways and suppress
inhibitory genes, leading to increased production of flavonoids, anthocyanins, and cyclotides. The elevated cytotoxicity observed in
genetically modified plant extracts against human cancer cell lines underscores their potential application in oncology. The ability of these
compounds to selectively induce apoptosis while sparing normal cells highlights their viability as natural chemotherapeutic agents. Despite
these significant findings, challenges such as large-scale production, regulatory compliance, and pharmacokinetic optimization remain. The
regulatory landscape for genetically engineered medicinal plants needs further clarity, and the environmental impact of such modifications
must be evaluated. Future research should focus on optimizing biotechnological approaches to maximize metabolite yields and enhance
compound stability. Additionally, preclinical and clinical trials are essential to establish the safety, efficacy, and bioavailability of these
enhanced metabolites. By integrating genetic engineering with advanced plant biotechnology, C.. ternatea can be developed into a sustainable
and potent source of plant-derived anticancer drugs. With further research and refinement, it holds immense potential in contributing to the
advancement of targeted cancer therapies.
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