Abstract

Triterpenoid saponins are glycoside triterpenes in the saponin group that have significant medicinal
properties that include anti-inflammatory, antibacterial, antifungal, and antioxidant activities.
Abrusoside and glycyrrhizin, part of the triterpenoid saponins, are bioactive compounds that are
produced in Abrus precatorius. Although it has the potential to play critical roles in multiple
industries, the specific enzymes and biosynthesis pathway are still understudied. This study aims to
identify and characterize CYP450 candidates differentially expressed in A. precatorius under
combined hydroponic and MelA stress for abrusoside/glycyrrhizin biosynthesis. Transcriptomics data
was filtered to select CYP450 candidates followed by transcript expression level visualization using
heatmap. Candidate gene characterization analysis was conducted by generation of phylogeny trees
built using MEGA11, identification of conserved motifs using MEME-suite, and predicted protein 3D
structures modelling using AlphaFold. Selected candidates based on the expression data and gene
characterization were used for primer design for qualitative polymerase chain reaction (gPCR)
analysis to further validate the transcriptomic data. Primer pairs were designed using Primer-
BLAST/Primer3, first strand cDNA was synthesised, and PCR condition was optimized. A total of 88
CYP450s gene candidates were successfully identified from the transcriptomic data and heatmap
analysis of these gene identify CYP450s genes that were highly upregulated by the combination of
hydroponic-MelA treatment. Phylogenetic/motif analyses indicated that CYP72A219-like, CYP84A1-
like, -amyrin 28-monooxygenase-like, and NADPH-CPR and were found to cluster the closest with
triterpenoid-oxidizing homologs of Glycine max and Medicago truncatula. Primer candidates were
successfully obtained but still required further optimization to get the specific target gene for
accurate gPCR analysis. Stress-responsive CYP450s in the triterpenoid biosynthesis of the product are
in silico evidenced, and experimental validation of the studies will be possible by redesigned primers
and RT-gPCR. This study was able to successfully validate in silico and transcriptomics analysis
regarding cytochrome P450 gene expression patterns and motif analysis, but unable to successfully
perform wet lab and requires improved methodology and strategies.
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	Chapter 1
	Introduction
	However, the concentration of glycyrrhizin and abrusoside occurring in A.precatorius is very low
	under normal conditions. The natural yield of these triterpenoid saponins only reach 0.058–0.427%
	dry weight (DW), even in optimized untransformed cell cultures (Sambre et al., 2017). Therefore,
	increasing the yield of these saponins on the same amount of plants is the focus. Previous studies
	have utilized multiple strategies to increase the yield of these secondary metabolites, including
	utilizing different biotic and abiotic elicitors. One of them includes the usage of PEG (polyethylene
	glycol), CdCl2, cellulase, and mannan which boosted around 5.4 to 8.6-fold content in related species
	(Glycyrhiza glabra), increasing feasibility and potential in A. precatorius (Srivastava et al., 2018). This
	study has observed the impacts of hydroponic treatment and methyl jasmonate (MeJA) treatment on
	plant stress responses. Hydroponic treatment is a plant cultivation system where the plant roots are
	submerged in water, which exposes soil-adapted plants to abiotic stress. The form of this stress is
	oxidative stress, due to limited oxygen availability in the roots induced by the continual submersion in
	water (Manghwar, 2024). Whereas methyl jasmonate stimulates biotic stress conditions by acting as a
	plant signaling molecule that triggers gene expression patterns associated with secondary metabolite
	biosynthesis and stress defense, such as defense against herbivore organisms or physical injury
	(Divekar et al., 2022). These combinations of treatments potentially form unique and amplified
	transcriptional profiles that are not attainable with using either stressor alone, thus providing an ideal
	model for investigating stress-inducible gene regulation (Lowe et al., 2017). Our previous study
	sucessfully replicated the earlier study by combining hydroponic cultivation and MeJA treatment to
	increase accumulation of glycyrrhizin and abrusoside in A. precatorius. Transcriptomic data of A.
	precatorius samples were obtained (Istiandari et al. in press) identifying differential expression genes
	potentially involved in the biosynthesis of glycyrrhizin and abrusoside, such as the CYP450 genes.
	1.2 Objective
	This study aims to identify and characterize candidate cytochrome P450 (CYP450) genes differentially
	expressed in A. precatorius cultivated under hydroponic cultivation and treated with methyl
	jasmonate. To achieve this objective, the study conducted:
	1. Transcriptome-based identification of CYP450 gene candidates that exhibit differential
	expression in response to MeJA treatment.
	2. Phylogenetic analyses to determine evolutionary relationships between the identified candidates and previously characterised CYP450s associated with specialised metabolite
	biosynthesis.
	3. Conserved protein motifs and functional domains identification related to abrusoside and
	glycyrrhizin biosynthetic pathways.
	4. A specific primer design for quantitative PCR (qPCR) assays to enable further validation of
	selected candidate genes.
	1.3. Hypothesis
	Null Hypothesis (H₀): The candidate genes with MeJA treatment does not trigger any
	significant difference in CYP450 gene expression in Abrus precatorius, and the identified
	CYP450 candidates neither share phylogenetically related specialised metabolite biosynthetic
	CYP450s nor have any conserved motifs or functional domains related to abrusoside or
	glycyrrhizin biosynthesis. Additionally, candidate genes are not uniquely or effectively
	amplified by designed primers in qPCR validation tests.
	Alternative Hypothesis (H₁): Candidate genes with MeJA treatment shows significant
	differential expression in specific CYP450 genes of Abrus precatorius, and the identified
	CYP450 candidates show strong phylogenetic relationships and conserved protein motifs has
	the characteristic roles in abrusoside or glycyrrhizin biosynthesis. Additionally, the designed
	primers specifically and efficiently amplify these candidate genes in qPCR validation assays.
	Chapter 2
	Literature Review
	It is widely used as a traditional medicinal plant in Africa, China, India, and other tropical regions,
	valued for its therapeutic properties of clearing heat, detoxifying, and acting as a diuretic (Qian et al.,
	2022). In recent studies, the plant’s leaves and roots are used as natural sweeteners due to their
	sweet taste when chewed (Vijayan et al., 2025). Traditionally, different parts of the plant, like the
	leaves, roots, and stems, are applied to treat ailments such as sore throat, hepatitis, wounds,
	gonorrhea, and nerve tonic. Boiled water with the A. precatorius leaves extract can be used to treat
	sore throats and swollen tonsils, demonstrating antibacterial activity against various bacteria,
	particularly Streptococcus sp. (Andika et al., 2023). This antibacterial activity is in the form of
	bioactive compounds, including glycosides, flavonoids, and saponins, which contribute to its
	anti-inflammatory, antimicrobial, and other pharmacological effects (Das et al., 2016; Vijayan et al.,
	2025).
	2.2 Triterpenoid Saponin in A. precatorius Plants
	With the popularity of the plant as an ethnomedicine, A. precatorius is recognized as a valuable
	medicinal plant that produces a range of bioactive compounds, which include alkaloids, flavonoids,
	triterpenoids, and polyphenols. These compounds are responsible for the antimicrobial,
	anti-inflammatory, and antioxidant properties of the plant (Prabarkan and Sowmyapriya, 2024).
	Among which triterpenoid saponins, such as abrusoside and glycyrrhizin garnered significant
	attention due to its pharmacological potentials (Qian et al., 2022; Perkasa, 2024). These compounds
	are present in the leaves, roots, stems, and seeds of A. precatorius.
	Triterpenoid saponins are a class of specialized plant metabolites containing one or more sugar
	moieties attached to hydrophobic triterpenoid aglycones, a non-sugar component of a glycoside
	molecule (Figure 2). This compound contains medicinal properties such as anti-inflammatory,
	anticarcinogenic, antiviral effects, and immunomodulatory activities (Seki et al. 2015). Triterpenoid
	saponins’ mechanism involves interaction with cell membranes, leading to membrane
	permeabilization or modulation of signaling pathways, which emphasizes their therapeutic potential
	(Cao et al., 2020). Further applications of the saponin take into account their surfactant properties,
	which can be used as natural foaming agents, emulsifiers, and adjuvants in pharmaceutical and
	cosmetic formulations (Bildziukevich et al., 2023). Current research emphasizes the importance of
	understanding the structure-activity relationship (SAR) of triterpenoid saponins, as subtle changes in
	sugar moiety composition or aglycone oxidation can significantly affect their biological efficacy and
	toxicity profiles (Cao et al., 2020; Du et al., 2025).
	Figure 2. Triterpenoid saponin basic structure (only aglycone), in which sugar moieties bind to C-3 and/or C-28 (Kregiel et al., 2017).
	Among the triterpenoid saponins available in A. precatorius, abrusoside and glycyrrhizin are the most
	significant compounds for research, especially in their potential to be natural sweeteners, due to
	their structure containing aglycone linked with sugar moieties (Dwivedi, 2022). With the history of
	the plant as a traditional herb and recent findings of its natural sweetness, it allows these compounds
	to be candidates that replace glucose in the health and consumables industries. In A. precatorius,
	abrusoside is present predominantly in the leaves, while glycyrrhizin is largely concentrated in the
	plant’s leaves and roots (Lankatillake et al., 2024).
	2.2.1 Abrusoside
	Abrusosides are cycloartane-type saponins, in which the compound’s structure contains a cycloartane
	triterpene backbone conjugated to multiple sugar moieties, which contribute to their sweetness and
	biological activities (Shoko and Mazadza, 2024). The variants that have been identified in A.
	precatorius include abrusoside A, abrusoside B, abrusoside C, abrusoside D, and abrusoside E; each
	differs in the number and position of its glycosidic linkages and specific sugar residues (Dwivedi,
	2022). These structural differences influence their sweetness profile and medicinal properties, such
	as antioxidants and potential anti-cancer activity (Kaur et al., 2022). Figure 3 shows the variations of
	abrusoside structures and sugar composition (linkages to glucose and glucoronic acid), which
	contribute to their function as natural sweeteners and pharmacological activities.
	Figure 3. Abrusogenin structure as the core triterpene backbone with various glycosylation patterns that result
	in differing abrusoside types, as depicted by roman numerals. Each abrusoside type has different sugar moieties that can attach to the R1 position (Dwivedi, 2022).
	notable difference in structure between abrusoside and glycyrrhizin is the lack of
	11-oxo-12,13-dehydro-group, an ɑ,β-unsaturated keto group found in glycyrrhizin (Kaur et al., 2022).
	Consequently, abrusoside does not trigger the adreno-cortico-steroid side effects, which is an
	advantage unavailable in glycyrrhizin, as it avoids risks associated with high glycyrrhizin consumption,
	which involves rising cortisol levels, hypertension, hypokalemia, and other corticosteroid activities
	that can cause harm to endocrine systems (Wahab et al., 2021).
	As the formation of abrusoside has not been established yet, the specifics of the biosynthetic
	pathway involved during the oxidation stages are still not fully understood. However, the general
	pathway can still be outlined as it is a triterpenoid saponin, in which the mevalonate (MVA) pathway
	is involved (Bajguz and Piotrowska-Niczyporuk, 2023). The initial stages of the MVA pathway are
	similar in abrusoside and glycyrrhizin, branching after the production of 2,3-oxidosqualene, as shown
	in Figure 5 (Dwivedi, 2022). Abrusoside production process begins with the cyclization of
	2,3-oxidosqualene as a linear triterpene precursor into a cycloartane skeleton. This transformation is
	catalyzed by oxidosqualene cyclase (OSC), which forms abrusogenin as the core structure and the
	aglycone backbone of abrusosides (Mildawati et al., 2025). Then the attachment of sugar moieties to
	abrusogenin by glycosyltransferase enzymes leads to the formation of different abrusoside types. The
	following steps involve cytochrome P450 monooxygenases as the primary catalysts for multiple
	oxidation reactions. These reactions are responsible for preparing the molecule for glycosylation for
	the next glycosylation steps, further diversifying the functional groups on the triterpene scaffold
	(Susanto et al., 2018).
	2.2.2 Glycyrrhizin
	Glycyrrhizin is a major bioactive compound that can also be found in Glycyrrhiza glabra, Glycyrrhiza
	uralensis, and Glycyrrhiza inflata. This compound is widely utilized in several industries such as food,
	beverage, pharmaceutical, and cosmetics. In the food industry, glycyrrhizin serves as a natural
	sweetener in products such as candies, additives, and soda, while it also serves as a flavouring in
	tobacco and alcoholic beverages (El Saber-Batiha et al., 2020; Ding et al., 2022; Shao et al., 2025).
	Pharmaceutical industries utilize glycyrrhizin in cough syrups, throat lozenges, and treatments for
	chronic hepatitis due to its anti-inflammatory, antiviral, and hepatoprotective properties (Husain et
	al., 2021). On the other hand, the cosmetic industries use glycyrrhizin as a depigmenting agent in oral
	health products, soaps, and skin care formulations (Wahab et al., 2021).
	Figure 4. Glycyrrhizin molecule structure (Dwivedi, 2022)
	Structurally, glycyrrhizin is composed of a hydrophobic aglycone (glycyrrhetinic acid) linked to sugar
	moieties in the form of disaccharide glucuronic acid (Zuo et al., 2023), which can be seen from Figure
	4. Its amphiphilic nature allows glycyrrhizin to interact with both lipid and aqueous environments,
	contributing to its surfactant properties and bioactivity (Xu et al., 2021). The aglycone portion
	provides the backbone for pharmacological action, while the sugar residues enhance solubility and
	modulate biological effects (Langer, 2016). Glycyrrhizin contains an 11-oxo-12,13-dehydro group on
	its pentacyclic triterpenoid backbone, which has been previously mentioned to be its defining trait
	(Kaur et al., 2022). Oxidation at the C-11 position and the double bond between C-12 and C-13 in
	glycyrrhizin allows this triterpenoid saponin to inhibit the enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2), which is responsible for inactivating glucocorticoids such as cortisol by glycyrrhizin (Yoshino et al., 2021). Therefore, this inhibition results in excessive glycyrrhizin intake that could lead
	to corticosteroid complications such as increased sodium retention, hypertension, and hypokalemia
	(Wahab et al., 2021).
	Figure 5. Glycyrrhizin biosynthetic pathway from Glycyrrhiza uralensis (Dwivedi, 2022)
	As previously mentioned, the glycyrrhizin biosynthetic pathway starts from the mevalonate (MVA)
	pathway, sharing the same initial steps as abrusoside until it becomes 2,3-oxidosqualene, where it is
	cyclized into a pentacyclic triterpene skeleton by oxidosqualene cyclase (Magedans et al., 2021). This
	β-amyrin backbone is modified by cytochrome P450 monooxygenases through oxidative reactions in specific carbon atoms: C-3, C-28, or C-30 (Bajguz and Piotrowska-Niczyporuk, 2023). The final step
	involves glycosylation, where UDP-dependent glycosyltransferases (UGTs) attach glucuronic acid
	residues to the aglycone to form the glycyrrhizin molecule (Dwivedi, 2022). This step can involve a
	two-step glycosylation process to produce glycyrrhizin directly from glycyrrhetinic acid (Xu et al.,
	2016).
	2.3 Cytochrome P450s
	Cytochrome P450 enzymes (CYP450s) are a large and diverse superfamily of heme-containing
	monooxygenases that perform essential oxidative reactions in natural biosynthesis and for
	metabolism of endogenous and exogenous compounds (Liu and Chen, 2025). Due to its ability to
	catalyze regio- and stereo-specific oxidation reactions that modify diverse substrates, it plays critical
	roles in multiple industries such as pharmaceuticals, agriculture, and environmental biotechnology
	(Guan et al., 2020; Qiao et al., 2025). In pharmaceutical industries, engineered CYP450s are used for the synthesis of complex drug intermediates and metabolic profiling, while in agriculture, they are
	used for herbicide resistance and natural product biosynthesis essential for plant defense (Li et al.,
	2020; Girvan et al., 2016). Their versatility as biocatalysts makes them potential candidates as a
	synthetic biology tool for the sustainable production of high-value chemicals and bioactive
	compounds (Qiao et al., 2025).
	In triterpenoid saponin biosynthesis, CYP450 monooxygenases are responsible for structural
	diversification of compounds such as abrusoside and glycyrrhizin. For glycyrrhizin, cytochrome P450
	enzymes like CYP88D6 and CYP72A154 catalyze the oxidation of β-amyrin at specific carbon positions, introducing keto and hydroxyl groups that serve as intermediates for further modifications (Shirazi et
	al., 2018; Allahdou et al., 2022). Similarly, in abrusoside, though the exact CYP450 enzymes are still
	studied, the CYP450-mediated oxidation steps are found to be essential in converting the cycloartane
	aglycone abrusogenin into abrusosides (Mildawati et al., 2025). These oxidative modifications are
	essential for glycosylations in later steps, which result in the different saponin structures with their
	distinct biological activities.
	2.4 Increasing Secondary Metabolites via Modulation of Stressors
	As a stress response strategy, plants trigger the biosynthetic process of secondary metabolites to
	encompass carbon flux to glycyrrhizin and abrusosides triterpenoid saponins in response to stressors
	such as elicitors (MeJA, fungal extracts) and abiotic conditions such as drought and heavy metals
	(Mishra et al., 2023). Previous studies have shown that CYP450 activity is part of the core of the
	stress-response network that generates quantitative boosts in secondary metabolites biosynthesis
	under stress (Han et al., 2021). In Abrus precatorius, normal basal yields (0.058-0.427% DW), which
	are low (Sambre et al., 2017). Therefore, elicitation is essential in increasing yield, especially for
	pharmaceuticals, without increasing biomass (Yeshi et al., 2022). Genetic transformation using
	Agrobacterium tumefaciens produces 2.4-fold glycyrrhizin increase in cell cultures, whereas MeJA
	enhances transcriptomic reactions connected to CYP450 increases (Mishra et al., 2023).
	2.4.1. Role of Hydroponic Cultivation
	Hydroponics offers an accurate control of stressors nutrient deficit, pH changes or elicitor dose to
	increase the secondary metabolites in medicinal plants, in which soil has failed to accomplish with
	root-based compounds such as glycyrrhizin (Atherton & Li, 2023). Nitrogen optimization in soil-less
	systems (which includes hydroponics) sustains Glycyrrhiza biomass while prioritizing glycyrrhizin over
	growth (Roosta et al., 2025). Glycyrrhizin accumulation in Glycyrrhiza roots during UV-B mimicry and
	licorice hydroponic hairy roots under cellulase/mannan elicitors yield 3-4-fold glycyrrhizin via SOD
	upregulation, which is also adaptable to A. precatorius (Afsharzadeh et al., 2025; Chiyo et al., 2024).
	Abiotic stress of abrusoside in A. precatorius roots during MeJA (50-200 ppm) combined with
	hydroponics has been induced by reference-guided transcriptomics, an example can be seen in
	combined MeJA-hydroponics in Silybum marianum (Mubeen et al., 2022). This study has successfully
	raised silymarin via signaling cascades, suggesting parallel gains for Abrus triterpenes.
	2.4.2. Role of MeJA treatment
	Methyl jasmonate (MeJA) is a plant hormone that acts as a signaling molecule to regulate stress
	response in plants by activating the plant’s defense mechanism (Dorado et al., 2025). Research has
	shown that applying methyl jasmonate to plant cultures can significantly amplify secondary
	metabolite accumulation, including triterpenoid saponins. This is possible as MeJA activates gene
	expression linked to key biosynthetic pathways (Liu et al., 2022). Research by Zhang et al. (2022)
	showed that MeJA treatment significantly increases the transcription of genes in fungi and medicinal
	plants such as 3-hydroxy-3-methylglutaryl CoA reductase (HMGR), squalene synthase (SQS), and
	oxidosqualene cyclase (OSC), which are involved in the mevalonate (MVA) pathway critical for
	triterpenoid production. Other studies done on Sanghuangporus baumii and Centella asiatica show
	that MeJA treatments have shown significant effects in the increased total triterpenoid content and
	the expression of biosynthetic genes, which leads to MeJA as the major regulator of secondary
	metabolism (Liu et al., 2022; Buraphaka et al., 2020). Moreover, MeJA is also found to coordinate the
	expression of WRKY family transcription factors that modulate triterpene biosynthesis networks (Wen
	et al., 2023). From these studies, it can be inferred that MeJA treatment has potential for further
	research to increase the production by involving itself with the triterpenoid saponin biosynthesis
	pathways for abrusoside and glycyrrhizin.
	2.5 Transcriptomics Analysis for Identifying Key Genes in Glycyrrhizin and Abrusoside Biosynthesis
	Transcriptomics analysis is a next-generation sequencing (NGS) approach that is used for studying
	important genes and critical role enzymes involved in the biosynthetic pathways. By analyzing RNA
	sequences or other transcriptomic data, understanding of the regulation and expression of target
	genes is possible (Tyagi, 2022). Hence, this method could help to increase understanding regarding
	the understudied metabolic pathways of triterpenoid saponins in A. precatorius.
	Generally, transcriptomic analysis requires mapping and assembly as its initial step. First, mapping
	RNA sequencing data to a reference genome or performing de novo assembly when reference
	genomes are unavailable. This results in an extensive profile of all expressed genes in specific tissues
	or conditions (Guo et al., 2021). Following this, differential gene expression (DGE) analysis identifies
	genes with various expressions under different treatments, such as methyl jasmonate, which forms
	gene expression patterns (Han et al., 2021). As gene expression patterns are raw data, further
	analysis is needed to interpret the identification of target expression genes to the target metabolic
	pathways and processes involved with KEGG pathway analysis or Gene Ontology (GO) enrichment
	analysis (Shah et al., 2020).
	After distinguishing CYP450 genes from the differentially expressed genes that are involved in
	abrusoside and glycyrrhizin biosynthesis in A. precatorius, a heatmap is generated to visualize the
	overall gene expression patterns. This is done to select candidate genes that are differentially
	expressed between multiple different media or conditions (Radeke and Herman, 2020). For example,
	comparative transcriptomic studies in Glycyrrhiza uralensis have successfully identified key genes
	responsible for glycyrrhizin biosynthesis, in which similar framework can be applied to biosynthesis
	pathways in Abrus precatorius (Liao et al., 2020). Phylogenetic analysis is performed as further
	analysis for candidate genes by constructing evolutionary trees comparing target genes to homologs
	from other well-studied species (Garcia-Angulo et al., 2019). From there, gene functions based on
	conserved domains and evolutionary relationships can be inferred (dos Santos, 2025). This
	methodology was successfully used in previous research to identify CYP450 genes responsible for
	triterpenoid saponin structural diversity (Muhammad et al., 2025).
	An important aspect during transcriptomic analysis is managing false positives of identified genes
	that arise due to multiple statistical tests during DGE analysis. This management is conducted with
	false discovery rate (FDR) correction methods such as the Benjamini-Hochberg procedure (Li et al.,
	2022). Although FDR helps to reduce false positives, other factors, such as technical variability, batch
	effects, and noise, still lead to unreliable prediction models for transcriptomic analysis (Rosati, 2024;
	Yu et al., 2024). Therefore, experimental validation through quantitative PCR (qPCR) is essential to
	confirm biologically relevant gene expression changes, enhancing the reliability of the bioinformatic
	analysis predictions (Corchete et al., 2020).
	Chapter 3
	Methods
	Three-dimensional structures of candidate cytochrome P450 proteins from Abrus precatorius, Glycine
	max, and Medicago truncatula were predicted using a combination of deep-learning–based
	modelling and template-based homology modelling. Protein-coding sequences were first translated
	in silico and screened to confirm the presence of characteristic P450 motifs (e.g. the conserved
	heme‑binding cysteine in the C‑terminal region). For primary structure prediction, each full-length
	amino acid sequence was submitted to the AlphaFold server, and the highest‑ranked model for each
	protein was retained for further analysis. Local model confidence was evaluated using the per‑residue
	pLDDT scores and predicted aligned error (PAE) plots, and only models with consistently high pLDDT
	values in the catalytic core were taken forward for structural comparison. To obtain independent
	reference structures, the same sequences were compared in RCSB Protein Databank (PDB) for
	validation purposes. Visual observation and structural inspections will be used as the basis for
	comparative interpretations and motif domain validation.
	3.3 Primer Design, c-DNA synthesis, and qPCR Optimization
	The conserved sequences from multiple sequence alignment will then be used as templates for
	primer design, using tools such as NCBI Primer-BLAST and Primer3 to ensure primer specificity and
	optimize efficiently for the subsequent amplification steps. The design of primer pairs targeting
	housekeeping genes will be based on available CYP450 gene sequences from A. precatorius in the
	National Center for Biotechnology Information (NCBI) database. The primer design will adhere to
	established parameters, including optimal GC content, melting temperature (Tm), and amplicon
	length, to guarantee reliable and consistent PCR amplification of the selected genes.
	3.3 cDNA Synthesis and Semi-Quantitative Polymerase Chain Reaction (PCR)
	The total RNA sample extracted from A. precatorius provided by the previous study (Istiandari et al.,
	in press) will be converted into cDNA to be synthesized. The cDNA synthesis will be done according to
	the protocol provided by the ReverTra Ace® qPCR RT Master Mix with gDNA remover (Toyobo, Cat.
	No. FSQ-301., Japan) shown in Figure 6.
	Figure 6. Flowchart of cDNA synthesis using the ReverTra Ace® qPCR RT Master Mix with genomic DNA removal protocol
	After synthesizing cDNA, it will be utilized as the template for semi-quantitative PCR (semi-qPCR) to
	evaluate candidate gene expression. For each reaction, 0.5 µg of total RNA is first denatured by
	incubation at 65°C for five minutes, then transferred to ice. Preparation of the 4x DN Master Mix will
	be done at a 1:50 ratio, mixing 88 µl of the master mix with 1.8 µl of gDNA remover. The DNase I
	reaction mixture is done by combining 2 µl of prepared master mix with 0.5 µg of denatured RNA,
	adjusting the total reaction volume to 8 µl with nuclease-free water, followed by a five-minute
	incubation at 37°C.
	For the reverse transcription step, 8 µl of DNase-treated RNA is combined with 2 µl of 5x RT Master
	Mix II. This solution will then be incubated at 37°C for 15 minutes, 50°C for five minutes, and finally
	heated to 98°C for five minutes. After the cDNA synthesis, semi-qPCR analysis will be performed with
	the MyTaq HS Red Mix kit (Meridian Bioscience, Cat. No. BIO-25047, Bioline). Each PCR reaction uses
	200 ng of template cDNA, 1 µl of 20 μM primer mix, and 25 µl of 2x MyTaq HS Red Mix. Then,
	nuclease-free water is added until it reaches a final volume of 50 µl. Amplification will include both
	target and housekeeping genes, and reactions will be carried out in a thermocycler following the
	cycling conditions as specified in Figure 7.
	Figure 7. PCR Setup with MyTaq HS Red Mix Kit
	The final amplified product will be kept in the -20°C freezer and analyzed by gel electrophoresis
	visualization on a 1.5% agarose gel. Relative gene expression levels of cytochrome P450 genes will be
	normalized against the housekeeping gene for comparative relative expression level analyses across
	the experimental conditions.
	Chapter 4 Results
	Figure 8. Heatmap of cytochrome P450 gene candidates in 3 treatment groups (soil, hydroponic, and MeJA combined with hydroponic) quantified with expression value (CPM). Red indicates high expression and blue indicates low expression.
	From the chosen candidate in the heatmap cluster, a phylogenetic tree was generated alongside
	well-studied cytochrome P450 proteins from Medicago truncatula and Glycine max on Figure 9.
	Protein motif analysis was performed as further validation of candidate gene expression pattern.
	Almost all of the candidate genes contained the three motifs, with the exception of
	NADPH-cytochrome P450 reductase where it only contained one similar motif. These motifs belong to
	different domains: the red motif is C2H2 zinc finger factors, the blue motif is STAT domain factors,
	while the green motif is Runt domain factors. Thus, further filtering into four candidate genes were
	determined for the subsequent analysis of protein modelling. The ones marked with orange circles
	are the candidate genes with the characteristic of highly upregulated in hydroponic combined MeJA
	treatment, and underregulated in hydroponic and soil (from the heatmap cluster). This decision was
	based on prioritizing candidate genes with the highest CPM levels, where the values range from 1 to
	1.2. The purple triangle highlights another criterion for the final chosen candidates, based on the
	close relation of the A. precatorius genes with well-studied CYP450 model plants (M. turancatula and
	G. max). Therefore, CYP84A1-like, CYP72A219-like, and β-amyrin-28-monooxygenase-like were selected as the final candidates list for the subsequent protein modelling analysis as they are tagged
	with both the orange circle and purple triangle, which incorporates both aforementioned
	characteristics. While NAPDH-cytochrome P450 reductase was considered over cytochrome P450
	83B1-like as an additional candidate list for subsequent analyses of pcr optimization. This is due to
	the nature of NAPDH-cytochrome P450 reductase as a cofactor to most P450 reactions (essential for
	electron transfer from NADPH to cytochrome P450), which is a potential candidate to be studied
	related to abrusoside and glycyrrhizin biosynthesis.
	Figure 9. (Left) Phylogenetic tree of cytochrome P450 proteins from Abrus precatorius, Medicago truncatula, and Glycine max. (Right) Motif domain patterns, each motif building to different domains.
	4.2. Three Dimensional Protein Modelling of Candidate Genes
	Selection of genes for 3D modelling were based on the characteristics mentioned on the phylogenetic
	tree analysis. As such, CYP72A219-like, CYP84A1-like (ferulate 5-hydroxylase), and β‑amyrin 28‑monooxygenase-like protein models from Abrus precatorius were generated. Each protein
	structure was then compared with other well-studied species that share similar cytochrome P450
	proteins, Glycine max and Medicago truncatula. According to the overall 3D structure, the 3 domains
	detected on motif analysis were not found, however, the C-terminal catalytic core was detected with
	high confidence as part of the Cytochrome P450 superfamily based on C.A.T.H. Homologous
	Superfamily (from the AlphaFold server itself).
	Figure 10. PAE plot and protein modelling of CYP72A219-like candidate gene in a) A. precatorius compared with 11-oxo-beta-amyrin-30-oxidase genes from b) G. max and c) M. truncatula.
	With CYP72A219-like protein structure, as they are not present in the other two species and are only
	present in A. precatorius. Instead, the protein structure was compared with
	11-oxo-beta-amyrin-30-oxidase from G. max and M. truncatula as they have the closest relation to
	this gene based on the phylogenetic tree. The CYP72A219-like protein from A. precatorius was
	predicted by AlphaFold as shown in Figure 12 to exhibit a typical microsomal cytochrome P450
	structure, characterized by a well-defined C-terminal catalytic domain comprising multiple α-helices and short β-strands encircling the putative heme-binding pocket, along with an elongated N-terminal helix that is predicted to act as a membrane-anchoring segment. The catalytic core exhibits a high
	confidence prediction, signified by blue colored core domain with an average pLDDT value of 91.06.
	In contrast, the N-terminal helix and several surface loops demonstrate lower confidence, suggesting
	greater flexibility. All three models have good fold consistency as visualized by the PAE plot, with
	minor differences observed in peripheral loops and N‑terminal orientation. Which supports the
	application of this model for docking and mutational analyses, while necessitating cautious
	interpretation of flexible regions (especially in the yellow region).
	The 3D protein models from Figure 13 shows CYP84A1-like (ferulate 5-hydroxylase) from Abrus
	precatorius, Glycine max, and Medicago truncatula displayed highly conserved P450 cores,
	distinguished by well-resolved helical bundles encircling the heme pocket and consistently high
	pLDDT values between the range of >70–90 (average pLDDT ~89) within the catalytic domains
	signified with predominantly light to dark blue colors. In all three species, a long N-terminal helix
	extends from the core, consistent with ER anchoring. However, this region and several
	solvent-exposed loops surrounding the substrate access channel are predicted with lower confidence
	and exhibit subtle species-specific variations in length and compactness. In A. precatorius and G. max,
	this helix is partly coloured yellow/orange toward its extreme N‑terminus, indicating lower
	confidence and suggesting flexibility in membrane orientation. While in the M. turancatula, the same
	region is present but appears slightly more compact, with lesser predicted confidence than the
	catalytic core.
	Figure 11. 3D protein modelling of CYP84A1-like in a) Abrus precatorius, b) Glycine max, and c) Medicago truncatula.
	Similarly in Figure 14, β‑amyrin 28‑monooxygenase-like proteins from the same three species shared
	a highly conserved P450 architecture, with key features including a stable catalytic core,
	heme-binding region, and N‑terminal membrane helix. The core domains were predicted with high to
	very high confidence from the overall pLDDT values around 90. Visual inspection revealed nearly
	identical positioning of the central helices and substrate access channel, with minor differences
	confined to low-confidence N-terminal residues and a few solvent-exposed loops.
	‑amyrin 28‑monooxygenase-like protein structure from a) Abrus precatorius, b) Glycine max, and c)
	Figure 12.
	Medicago truncatula.
	4.3. Primer Design
	Primer Name PolyUbq11_2
	PolyUbq11_2
	CYP72A219lik
	e_4F
	CYP72A219lik
	e_4R
	Primer Type
	NADPHX2_1F forward
	NADPHX2_1R reverse
	beta_2F
	beta_2R
	CYP84A1like_

	2F
	CYP84A1like_

	2R
	Table 1. Designed Primers of Chosen Gene
	Primer Sequence (5' -> 3')


	GC
	Length Content
	(bp)
	Tm (°C)
	GTTGATCTTTGCAGGGAAGCA
	63.6

	CGACGACAGAAGTTGACTAC
	AAAC
	45.83
	60.09

	GATGAGAATAACTGGGACAA
	CCC
	47.83
	58.8

	GCATGAGTGTAAGTGGGTGA
	AAG
	47.83
	59.81

	GTTGTTGACCTGGATGACTAT
	GC
	47.83
	59.62

	CTAGGCCAAAAACTCCATACG
	TG
	47.83
	59.62

	CTATGAGGAGCAAATGGAGAT
	TGC
	45.83
	59.78

	GCACTCCAATACAACTTCCATC
	47.83
	59.62

	GAGTGGCAATAAGAACCATGC
	63.1

	GGTCTTCTGGGCTTCTCATTA
	GC
	52.17
	62.7
	Amplicon Size
	229
	215
	202 210
	236

	Gene Name
	Polyubiquitin 11
	CYP72A219-like
	NAPDH-cytochrome P450 reductase
	beta-amyrin 28 monooxygenase
	CYP84A1-like
	Primers were designed and selected based on the previous analyses results in A. precatorius
	sequences of cytochrome P450 genes and listed on Table 1. Where beta-amyrin 28 monooxygenase,
	CYP72A219-like, CYP84A1-like, and NADPH-cytochrome P450 reductase were the candidates from
	previous analyses. Housekeeping gene was used for the design development as well, with the choice
	of a common reference gene for plant studies called Polyubiquitin 11 that is obtained from the NCBI
	database (Hirschburger et al., 2015). All the primers were designed according to in silico rules, which
	are: melting temperatures (Tm) ranging from 55-60°C, amplicon size between 150-250 bp, and
	guanine-cytosine (GC) content in the range of 40-60%. The final selection of primers were taken into
	consideration those with the least amount of ability to form secondary structures (hairpin,
	self-annealing, and primer dimers) in the targeted gene region. This confirmation was done with in



	silico BLAST analysis and other primer tool checks (Primer3 and Thermo Fisher Multiple Primer
	Analyzer), in which all of the primers have shown successful theoretical design.
	4.4 qPCR Optimization
	The qPCR conditions were optimized to determine the best setup such as amount of cDNA
	volume used (ranging from 2µl - 4µl or 50 - 100 ng of cDNA), most suitable annealing temperature
	(between 55-60°C), and primer pairs (housekeeping and other candidate genes). From the leaves and
	roots RNA samples provided by previous study, trial run of housekeeping primer sequence
	(Polyubiquitin 11) and beta-amyrin primer sequences (candidate gene) was done with annealing
	temperature of 60°C and cDNA volume of 3µl (75 ng) on Figure 10. However, both primer samples
	show faint bands and lower than expected size values (below 100 bp) which can be inferred as
	formation of primer dimers.
	Figure 13. Trial roots and leaves using beta-amyrin (orange square) and polyubiquitin 11 (blue square)
	for PCR optimization. B stands for blank, L stands for leaves, and R stands for roots.
	Second optimization was performed with GAPDH primers as housekeeping genes from previous study
	(Kurniadi in press) as another alternative for qPCR normalization in CYP450 gene expression analysis.
	All the other candidate genes from the list on Table 1 were also tested for the optimization process,
	with annealing temperature of 60°C and cDNA volume of 4µl (100 ng). Results from Figure 11 show
	overall clearer bands compared to previous optimization. However, primer dimers were still observed
	alongside smudged and unclear DNA ladder migration across the gel agarose.
	Figure 14. qPCR optimization of other primer candidates (aside from beta-amyrin) withGAPDH primer
	sequences from previous study (Kurniadi in press) as alternative housekeeping genes. B standsfor blank, L stands for leaves, and R stands for roots.
	Chapter 5 Discussion
	5.2. Candidate Gene Characterization
	Phylogenetic analysis further supports the involvement of these candidates in triterpenoid
	metabolism by clustering them with well-studied and characterized CYP450s from Glycine max and
	Medicago truncatula that act on triterpenoid backbones from previous studies (Xia et al., 2021; Xia et
	al., 2023). This selection of model species was chosen over the model organism Arabidopsis thaliana
	due to the absence of similar CYP450 candidates with A. precatorius. By observing the evolutionary
	relations, the functions and roles similarity of the candidate genes from multiple plant species can be
	determined from the clustering pattern. In this study, the general trend of CYP450s from Abrus
	precatorius, Glycine max and Medicago truncatula are shown to be orthologs, in which the same
	candidate genes from different species have similar role and functionality in the related pathways
	(Liao et al., 2020). Among the chosen candidate genes, CYP84A1‑like groups are the most closely
	clustered with known ferulate 5‑hydroxylases, alongside the β‑amyrin 28‑monooxygenase‑like which are clustered near other species β‑amyrin 28‑monooxygenase‑like enzyme. This finding indicates both enzymes should share a very close mechanism and structure similarity as what was known in
	well-studied species of the same enzyme name. The inclusion of NADPH‑cytochrome P450 reductase
	(CPR), despite its atypical motif profile compared with classical P450s, suggests that it is vital in being
	the redox partner that provides electrons to several of CYP450s since it is required in every catalytic
	cycle of a CYP450 (Hlavica, 2015). Consequently, its expression in the presence of MeJA makes it
	possible to gain a better insight into CYP450-mediated responses to stress because they facilitate
	monooxygenase reactions (Shumyantseva et al., 2015). When many P450s are active at once, as
	occurs under stress when plants trigger detoxification and secondary metabolism pathways, the
	entire CPR pool may become rate-limiting (Istiandari et al., 2023). MeJA treatment is known to
	upregulate multiple CYP450 genes involved in triterpenoid saponin and other defense‑related
	pathways (Isah, 2019). This also induces CPR expression as CPR increases the overall electron‑transfer
	capacity of the CYP450 system, allowing several induced CYP450s to operate more efficiently at the
	same time (Shumyantseva et al., 2015). Thus broadly increase the uptake of the CYP450‑mediated
	stress responses such as synthesis of defensive secondary metabolites and oxidation of toxic
	compounds.
	Visual validation of the phylogenetic tree and motif-domain analysis was done with protein structure
	modelling. Generated 3D models by AlphaFold and validated through RCSB Protein Databank (PDB)
	show that CYP72A219‑like, CYP84A1‑like, and beta‑amyrin 28‑monooxygenase‑like all adopt the
	canonical microsomal P450 fold, with a well‑defined heme‑binding pocket and conserved catalytic
	motifs: C-terminal catalytic domain comprising multiple α-helices and short β-strands encircling the pocket (Poulos & Johnson, 2015; Sellner et al., 2021). High pLDDT and quality scores in the catalytic
	cores of these models, along with conserved N‑terminal helices predicted to anchor in the
	endoplasmic reticulum membrane, support that these proteins are structurally competent
	monooxygenases capable of participating in oxidative reactions typical of triterpenoid saponin
	biosynthesis (Ghosh, 2017; Yang et al., 2024). Minor differences are observed in peripheral loops and
	N‑terminal orientation, which supports the application of this model for docking and mutational
	analyses, while necessitating cautious interpretation of flexible regions. The close structural overlap
	between A. precatorius CYP84A1‑like and β‑amyrin 28‑monooxygenase‑like with its respective homologs from G. max and M. truncatula further strengthens the phylogenetic tree data and that
	stress‑induced expression of this enzyme contributes to shared triterpenoid pathways modulated
	when activating defense mechanism. This suggests a shared catalytic mechanism and function
	alongside divergent features in membrane anchoring and substrate recognition, accompanied by
	slight species-specific adjustments in membrane interactions and substrate preferences. However,
	the 3 domains previously found on the motif-domain analysis were not detected on the generated
	models. Instead, the models were only able to identify the CYP450 superfamily domain, occupying a
	part of the C-terminal catalytic domain. This finding indicates that the motif-domain analysis on the
	previous step was not accurate, with the lack of identifiable domains related to the CYP450
	superfamily domain. Said lack can be inferred due to the presence of NADPH-cytochrome P450
	reductase during the motif-domain analysis. Although it contains “cytochrome P450” in name, it is a
	separate enzyme as it differs in structure and function (Manikadan & Nagini, 2018). Therefore, the
	motifs and domains generated during the analysis takes into account any domains that are both
	present in CYP450s and NADPH-cytochrome P450 reductase, which are not part of the CYP450
	superfamily domain.
	5.3. PCR Optimization Results
	Optimization of the semi-quantitative PCR protocol was done to ensure that the selected genes were
	able to be replicated and support the expression trends as analyzed from the previous methods.
	However, the semi‑quantitative PCR optimization in this study indicates that the current primer sets
	for both housekeeping and candidate CYP450 genes are not yet suitable for reliable expression
	analysis. As shown by faint bands, unexpected product sizes below 100 bp, and prominent
	primer‑dimer formation on agarose gels. These findings imply that while biologically relevant CYP450
	candidates were successfully reduced by transcriptomic filtering (heatmap, phylogeny, motif
	conservation), the experimental validation step is constrained by sub-optimal primer design and/or
	reaction conditions rather than by the lack of target transcripts. Therefore, PCR product validation
	and screening, as well as semiquantitative PCR analysis to determine the replicability are yet to be
	done, as the optimization failed to yield reliable results. The data thus far can only confirm that the
	chosen genes are promising at the in silico level, while their MeJA‑responsive expression in Abrus
	precatorius remains to be demonstrated experimentally.
	Akey limitation of the current work is the observable primer‑dimer bands and smeared ladders,
	which indicate that some primers likely have residual self‑complementarity or cross‑complementarity
	that escaped in purely in silico screening, highlighting the gap between theoretical design and actual
	wet‑lab performance (Kalender et al., 2024). The approach for creating better qPCR primers should
	incorporate the current transcriptomic data with more stringent sequence-based guidelines in order
	to get around this limitation (Rocha et al., 2016). Primers should be designed to produce amplicons of
	approximately 70–200 bp, with 18–30 nt length, GC content around 40–60%, and closely matched
	melting temperatures near 60–64 °C, while avoiding long homopolymer tracts and internal
	complementarity at the 3′ ends (Thaenkham et al., 2022). Targeting exon–exon junctions in RT-qPCR will minimize genomic DNA amplification, and each potential primer pair should be verified by BLAST
	against the transcriptome of A. precatorius to guarantee distinct binding to the targeted CYP450 or
	housekeeping gene (Padhi et al., 2020).
	Experimentally, a good qPCR primer pair for these CYP450 targets should yield a single sharp band of
	the expected size (within the planned 150–250 bp range) on a 1.5% agarose gel when tested by
	endpoint PCR using cDNA from MeJA‑treated samples and control tissues (Pal, 2022). Under the
	selected annealing temperature and Mg²⁺ conditions, the absence of higher-molecular-weight
	nonspecific products and minimal or nonexistent low-molecular-weight primer-dimer bands close to
	the dye front would then suggest that the primers are both specific and effective (Tbahrati et al.,
	2025). Once such a primer pair is identified, further validation should include a qPCR standard curve
	to confirm amplification efficiency between roughly 90–110% and a single peak in the melt curve,
	ensuring that the assay can precisely quantify MeJA-responsive changes in CYP450 expression (Juul et
	al., 2022). After obtaining and validating suitable primer candidates for both housekeeping and
	CYP450 genes, the next step is to perform full RT‑qPCR expression profiling across biological
	replicates of soil, hydroponic, and hydroponic+MeJA treatments. This is followed by ΔΔCt-based relative quantification and statistical testing (e.g. ANOVA) to link specific CYP450s to abrusoside and
	glycyrrhizin biosynthesis under stress (Li et al., 2022). These quantitative data would then enable
	integration with the current phylogenetic and 3D‑modeling analyses to prioritize enzyme candidates
	for downstream functional assays, such as heterologous expression and in vitro activity tests toward
	triterpenoid intermediates.
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