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Abstract

Pentacyclic triterpene acids (PTAs) are specialized plant metabolites known for their anti-inflammatory
and antidiabetic preclinical reports. Cecropia angustifolia, a prominent species in the Andean montane
forests, produces a variety of PTAs in its roots, but little is known about enzymes responsible for their
oxidative structural decorations. In this study, we explored the biosynthetic route of PTAs oxidation by
cytochrome P450 (P450s) enzymes, comparing wild-collected and in-vitro cultivated root tissues.
Chemical profiling was carried out using targeted metabolomics to assess PTAs in both types of
extracts. Oxidation patterns differed between the samples, suggesting distinct enzyme activity
depending on growth conditions. To support these findings, we assembled a de novo transcriptome
based on publicly available Cecropia RNA-seq data and predicted over 26,000 open reading frames. Four
P450 families (CYP716A, CYP716C, CYP72A, and CYP71D) are potential contributors to triterpene
oxidation, which were identified by homology-based annotation. Gene expression was examined by RT-
gPCR, revealing differential transcriptional activity between wild and in-vitro roots. Nevertheless, these
differences link the gene expression profile of P450s involved in this pathway to the TPAs metabolic
expression. Notably, despite changes in expression, the capacity to generate oxidized PTAs was retained
under both conditions. Our results indicate that the oxidative metabolism of triterpenes in C. angustifolia
is largely conserved and responsive to environmental cues. This study enhances the current
understanding of PTA biosynthesis and supports the use of in-vitro systems as a practical strategy to
obtain valuable metabolites while minimizing ecological impact.

Key Message

Oxidative biosynthesis of triterpene acids in Cecropia angustifoliais conserved across growth
conditions, supporting in-vitro systems as sustainable platforms for producing bioactive metabolites via
CYP450 pathways.

Introduction

Cecropia angustifoliais a dominant tree species in the montane ecosystems of the South American
Andes, recognized for its ability to synthesize pentacyclic triterpene acids (PTAs), a class of bioactive
compounds with significant therapeutic potential (Sheng and Sun, 2011). These secondary metabolites,
derived from oleanane and ursane skeletons, have been extensively studied for their anti-inflammatory
and antidiabetic properties (Gutiérrez et al., 2020; Montoya Pelaez et al., 2013; Mosquera et al., 2018).
Understanding the biosynthetic pathways leading to PTA formation in C. angustifolia is essential to
unravel the molecular mechanisms underlying their production and to develop sustainable strategies for
their utilization.

Cytochrome P450 enzymes (CYP450s) play a pivotal role in the oxidative modification of triterpenoid
scaffolds, facilitating the structural diversification of PTAs through site-specific oxidation at key carbon
positions, such as C2, C20, C23, and C28. These modifications significantly influence the biological
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activity and solubility of PTAs, affecting their pharmacological potential. Although previous studies have
identified CYP450 families such as CYP716A, CYP716C, CYP72A, and CYP71D as key enzymes in
triterpene oxidation in various plant species, their specific function in C. angustifolia remains largely
unexplored.

A comprehensive understanding of these enzymatic transformations is crucial for developing
biotechnological approaches aimed at sustainable production of PTAs. /n-vitro culture techniques have
emerged as a viable alternative for the controlled production of bioactive metabolites, offering a
sustainable solution that reduces pressure on wild populations (Murthy et al., 2014). However, the extent
to which in-vitro conditions influence CYP450 expression and metabolic fluxes in C. angustifolia remains
unknown. This study integrates targeted metabolomic and transcriptomic approaches to elucidate the
biosynthetic pathways of PTAs in C. angustifolia by analyzing both wild and in-vitro cultivated root
materials. Using de novo transcriptome assembly, identification of homologous CYP450 genes, and gene
expression analysis, we aim to correlate enzymatic activity with the structural diversity of PTAs detected
through mass spectrometry. This investigation provides novel insights into the enzymatic modifications
of PTAs and establishes a foundation for the sustainable biotechnological exploitation of these valuable
bioactive compounds.

Materials and Methods
Herbal material and condition for in vitro culture

Roots of Cecropia angustifolia were collected in July 2021 from Pance, Valle del Cauca, Colombia
(geographic coordinates: 3°20'12.0"N, 76°38'41.6"W; altitude: 1,771 m). The plant material was
authenticated by comparison with voucher specimen 0D2126 deposited at the herbarium of Universidad
Icesi. Access to genetic resources was granted under Agreement No. 180 between Universidad Icesi and
the Colombian Ministry of Environment (Addendum No. 10), issued on May 7, 2018. All procedures
complied with the Nagoya Protocol.

Young leaves from a wild Cecropia angustifolia plant were collected by performing a transverse cut at
the leaf adjacent to the shoot apical meristem. The plant material was subjected to a surface
disinfection protocol based on the method described by Silva et al., (2015), with slight modifications.
Initially, leaves were washed with Extran® MAQO2 Neutral soap to remove superficial debris.
Subsequently, under a horizontal laminar flow cabinet, the samples were immersed in 70% ethanol for 1
minute, followed by two rinses with sterile Type Il water. The material was then submerged in a solution
containing 2% sodium hypochlorite, 2% Tego 51®, and Tween 20 (4 drops per 100 mL) for at least 5
minutes. This was followed by three rinses with distilled water.

After surface disinfection, 5 mm x 5 mm explants were cultured in solid Murashige and Skoog medium
(Cat. No. M519, Phytotech Labs) supplemented with 30 g/L sucrose and 3 g/L CultureGel™ Type-1
gelling agent (Cat. No. G434, Phytotech Labs). To induce rhizogenesis, the medium was enriched with
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10.0 mmol indole-3-butyric acid (IBA) (Cat. No. 1538, Phytotech Labs), as proposed by Vasquez-Delgado
et al., (2023). Cultures were maintained in darkness at 25 * 2°C. Medium renewal and root propagation
were performed every three months until the material was used in subsequent methodological steps.

PTAs fraction preparation

The herbal wild or in-vitro material was dried for three consecutive days at 40°C and then shredded using
a blade mill. Extraction was carried out using a solid-liquid extractor at bench scale with ethyl acetate
(EA) and dichloromethane (DCM) at a 1:10 ratio of herbal material to solvent. The mixture was stirred at
90 rpm at room temperature for 72 hours. The residue was removed by filtration, and the solvent was
recovered and evaporated to dryness.

De novo transcriptome assembly

De novo transcriptome from Cecropia obtusifolia in Sequence Read Archive (SRA), Id number:
SRX7344830 (Cadena-Zamudio et al., 2020) was used to identify mRNAs related to PT's enzymes.
FastQC and CutAdapt (Martin, 2011) were used to determine data quality and to remove sequence
adapters, respectively. Quality pair-end reads filter was performed by Trimmomatic (Bolger et al., 2014).
The parameters used in this tool were SLIDINGWINDOW: 4:20, MINLEN: 50, LEADING: 20. De novo
transcriptome assembly method Trinity (Grabherr et al., 2011) was used with default settings (Minimum
Contig Length: 200 and K-mer: 7). Contings from Pfam-A.hmm database (“InterPro Pfam-A data,” n.d.),
proteins database from Urticaceae family in Uniprot (2nd november 2022) and the assembly result using
Trinity were used to get ORFs (Open reading Frames) from protein enzyme targets in Transdecoder
(Haas et al., 2013).

Annotation and classification of ORFs

ORFs were used for BLAST searches and annotations against NCBI protein database using an E-value

cut off 10719 (E-value < 0.000000000010) and an identity percentage greater than 60%. Results were
filtered by length, considering only those with a length greater than 100bp for the study. The annotated
ORFs were aligned with JalView (Waterhouse et al., 2009) with ClustalW under default parameters. The
multiple alignments were used to identify conserved functional domains, determine the homology of
protein families, and primers design.

Homologues genes identification and amplification of functional
domains

Primers’ design
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Functional domains sequences were used to design primers. Parameters used were melting temperature
(Tm): 65 - 55°C, PCR product size: 150—350 bp, GC content: 50-65%, hetero-dimer energy >-10.0
kcal/mol, homo-dimer energy >-10.0 kcal/mol, hairpin < -10, primer size 17-25 bp. The primers were
synthesized and purified by HPLC (Table S1). Physicochemical properties of designed primers were
verified using OligoAnalyzer™ Tool.

RNA isolation and reverse transcription

Cecropia angustifolia samples, both in-vitro and wild type, were processed inside a flow chamber to
remove surface moisture using sterile paper towels for each sample. For wild-type samples, DEPC-
treated water was used to clean the collected secondary roots. Afterward, the samples were preserved
in liquid nitrogen for further use.

The samples were macerated with liquid nitrogen. RNA RNeasy® Power Plant® Kit (50) (Cat No. 13500-
50, QIAGEN) was used for RNA isolation using a manufacturing protocol. NanoDrop™ 2000 (Thermo
Fisher Sicentific) was used to evaluate RNA concentration and absorbance relation 260/230 y 260/280.

Taking the RNA isolated, the cDNA was synthesized thought RT-PCR using M-MuLV RT (Cat No. M0253L,
New England Biolabs) following manufacture recommendations with some modifications: RT-PCR mix
with d(T),g at 2.5uM, dNTPs 0.25pM, 10X M-MuLV Reaction Buffer at 0.5X, M-MuLV RT (200 Ul/pL) at 5
Ul/pL, and RNA template at 1000 ng in 40 uL final volume. cDNA was quantified using a NanoDrop™
2000 (Thermo Fisher Sicentific) evaluating 260/230 y 260/280 absorbance relation. cDNA synthesis was
carried out with the following cycle program: 65°C for 5 min, 42°C for 80 min, and an enzyme inactivation
step of 65°C for 20 min.

Conventional PCR was performed using cDNA as a template to evaluate the primer design for target
sequences. PCR mix with MgCl at 1.25 mM, dNTPs at 0.2 mM, primers at 0.5 mM, Green Taq® DNA
Polymerase (Cat No. E00043, GenScript) at 5Ul and template at 300 ng at 50 pl final volume. PCR
amplification was carried out with a thermal cycler (C1000 Touch Thermal Cycler, Bio-Rad) with the
following cycle program: 95°C for 3 min, 40 cycles of 95°C for 1 min, 50-60°C for 1 min, 72°C for 30 s,
and a final extension step of 72°C for 5 min. Amplifications were visualized on a 2% agarose gel
electrophoresis stained with HydraGreen™. A GeneRuler™ Low Molecular Weight DNA Ladder (Cat. No.
N3233S, New England Biolabs) was used as a molecular size marker (Fig. S5).

PCR products sequencing

Amplification products corresponding to the expected molecular weight were sequenced to confirm their
molecular identity. Single-strand Sanger sequencing was performed using the BigDye™ Terminator v3.1
Cycle Sequencing Kit (Cat. No. 4337455, Applied Biosystems™) on a 3500 Genetic Analyzer (Thermo
Fisher Scientific) following the manufacturer's instructions in Laboratorio de Medicina Gendémica -
Universidad Icesi. Primers in Table S1 were used in PCR products sequencing.
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Relative quantitative expression by RT-qPCR

QuantiNova™ SYBR Green One step RT-PCR Kit (Cat No. 210212, QIAGEN) was used to evaluate mRNA
targets expression. For wild type and in-vitro samples, 4 ng/pl was used for each one. Tubulin and EF1a1
were the housekeeping genes used. One step RT-PCR amplification was carried out with a real-time
thermal cycler (CFX96 Touch Real-Time PCR Detection System, Bio-Rad) with the following cycle
program: 50°C for 10 min, 95°C for 2 min, 2 cycles. 40 cycles of 95°C for 5's, 60°C for 10 s. 272t method
was used to quantify targets expression.

Total Pentacyclic triterpene content and profile
confirmation

The production of Serjanic acid reported by our lab in Cecropia telenitida, gives us the possibility to use it
as internal standard [M-H]™ m/z 499 to control the production for quantitative expression, since this PT is
not produced by Cecropia angustifolia. To simplify the analysis, and considering the fraction contains
many isobaric triterpenes, it was decided to select the mass to charge ratio [M-H]™ m/z 487 represented
by the most oxidized molecules like yarumic, isoyarumic, arjunolic or tormentic acids. [M-H]™ m/z 471
represented by molecules like hederagenic and 20-hydroxy-ursolic, maslinic, and corosolic acids. The

precursors of the mentioned molecules come from less oxidized oleanyl and ursanyl cations [M-H]™ m/z
455 represented by oleanolic and ursolic acids.

Analysis and quantitation were carried out in a UPLC-SQD2 mass spectrometry Waters®.
Chromatographic conditions were established previously defining a method for multiple metabolites
separation. The chromatographic separation of triterpene acids was carried out on Acquity UPLC® BEH
C18 (100 x 2.1 mm, 1.7 pm) and the column was kept at 35 °C. The mobile phase was Mili-Q water with
5 mM of ammonium acetate (A) and methanol hypergrade (B) at constant flow rate of 0.3 mL min~ " with
a gradient elution of 0 min at 30% A, 1 min at 20% A, 1.50 min 15% A, 3 min 5% A, 4.50 min 2% A, 6.00
min 2% A, 10 min 30%A.

The mass spectrometer uses an electrospray ionization (ESI) source, kept at 500 °C and acquired in
negative mode. Nitrogen was used as a nebulizer and curtain gas. The optimal values for MS parameters
were capillary voltage 3,50 kV, cone voltage 80 V; desolvation temperature 500 °C and desolvation gas
source flux 900 L/hr. The analyzer was operated in single ion recording (SIR) mode, which monitored [M-
H]” ions at m/z of 487, 455 and 471, and additionally Serjanic acid as the IS at m/z499. Masslynx MS
Software was used for instrument control, data acquisition, as well as data processing.

Statistical analysis

ANOVA test and Tukey multiple comparisons analysis were performed. Kolmogorov-smirnoff (a non-
parametric test) was used to evaluate the statistical difference between samples of a single variable
with a p-value of < 0.05. GraphPad Prisma version 9.5.1 for Windows was used for graphics.
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Results and discussion
Pentacyclic triterpene scaffold modifications by P450s

A comprehensive review of relevant literature was conducted to reconstruct the metabolic pathways
involved in the biosynthesis of the molecules analyzed in this study. The review focused on enzymatic
reactions that could account for the transformations of less oxidized triterpenes (ursolic and oleanolic
acid at m/z 455) in carbons C28, C2q, C20, and C23. The identification of the enzymes responsible for
these transformations was based on reports from various authors, including (Ghosh, 2017), (Miettinen et
al., 2017), (Tamura et al., 2017), (Han et al., 2018), (Yasumoto et al., 2017), (Nakamura et al., 2018),(Prall
et al., 2016), (Sandeep et al., 2019), (Li et al., 2022), (Dinday and Ghosh, 2023), and (Yu et al., 2019).
Based on the information compiled from these studies, the enzymes CYP716A, CYP716C, CYP72A, and
CYP71D were selected for further analysis (Fig. 1). It is noteworthy that the enzymatic mechanisms
responsible for the oxidation of 20-hydroxyursolic acid and isoyarumic acid remain unidentified.
Nevertheless, enzymes that could catalyze reactions to these carbons were included, as reported in the
literature.

De Novo Transcriptome assembly and species selection

Based on previously gathered information, species were selected according to the availability of genetic
data in public databases, specifically coding sequences for enzymes of interest, and their taxonomic
proximity to Cecropia angustifolia. As shown in Fig. 1, approximately 13 species were identified as
containing at least one of the four targeted P450 enzymes. These species were distributed across three
taxonomic orders: Fabales, Fagales, and Rosales, with the latter encompassing the Cecropia genus. The
inclusion of species from three different taxonomic orders introduces notable variability into the
analysis. For certain enzymes, such as CYP71D, available data in the NCBI database were restricted to
species within the order Fabales; therefore, excluding this order would impede the investigation of
homologous enzymes in Cecropia. Additionally, enzymes were reported in species such as
Lagerstroemia speciosa, Arabidopsis thaliana, and Beta vulgaris. However, as these species belong to
the subclass Malvidae, they were excluded from this study. This review facilitated the creation of a
custom database, which was subsequently used for functional annotation via BLAST analysis.

The transcriptome hosted in the SRA database under accession number SRX7344830 was assembled,
comprising 19,043,380 sequences with a Phred quality score of 30 or higher. Using these reads and
applying a k-mer value of 7, 21,330 isotigs were obtained, with an N50 isotig length of 1,500 bp and an
average isotig length of 1,088.67 bp. The number of isotigs contributing to the N50 was 5,227. Statistics
results from TrinityStats are shown in Table 1. These metrics indicate a high likelihood of identifying the
genes of interest, as their coding sequences (CDS) are approximately 1,400 bp in length (Ghosh, 2017).
Notably, the large number of isotigs generated may be attributed to the selection of a low k-mer value;
typically, a k-mer of 25 is used for de novo transcriptome assemblies. However, in this study, a lower k-
mer value was chosen to enhance the representation of genes involved in secondary metabolism, which
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are often expressed at low levels and may exhibit limited coverage (Durai and Schulz, 2016).
Furthermore, a total of 26,708 open reading frames (ORFs) were identified from these sequences using
the TransDecoder tool. For TransDecoder analysis, an Urticaceae-specific protein database retrieved
from UniProt was used (“Urticaceae | Taxonomy | UniProt,” n.d.).

Table 1
Statistics for De Novo RNA assembly

Statistics for isotig length

Minimum isotig length 190 bp
Maximum isotig length 14473 bp
Average isotig length 1088.67 bp

Standard deviation of isotig length  825.82 bp
Median isotig length 900 bp
Isotig length N50 1500 bp

Statistics for number of isotigs

Number of isotigs 21330
Number of isotigs > = 1kb 9630
Number of isotigs at N50 5227

Statistics for the number of bases in isotigs

Total number of bases in all isotigs 23221397

Number of bases in isotigs >=1kb 17034607

ORFs obtained through TransDecoder were used for homology annotation via BLASTp. As shown in
Table 2, the analysis yielded a set of isotigs that met the established filtering parameters. Amino acid
sequences from the CYP71D and CYP72A enzyme families exhibited lower identity percentages
compared to those from the CYP716C and CYP716A families. This discrepancy can be attributed to the
high structural conservation of functional domains within this enzyme group across species, coupled
with substantial diversification in the overall protein structure. These structural variations are primarily
influenced by the taxonomic order of the species, as illustrated in Fig. 1 (Prall et al., 2016).
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Table 2
Results of homology annotation of P450s using BlastP.

Contig ID Sequence count  %ldentity E-value Alignment Length
CYP716A

DN120_c0_g1_i1_p1 ) 80.8% 6.54e*-109 477 aa
DN120_c0_g1_i2.p1 5 87.2% <er-250 164 aa
DN120_c0_g1_i3_p1 5 77.7% <e?-250 484 aa
CYP716C

DN265_c0_g1_i1_p1 14 82.0% <e*-250 480 aa
DN265_c0_g1_i2_p1 14 82.0% <e*-250 480 aa
DN265_c0_g1_i3_p1 14 82.0% <er-250 480 aa
DN265_c0_g1_i4_p1 14 82.0% <e?-250 480 aa
CYP72A

DN5056_c0_g1_i1_p1 8 68.1% <e?-250 523 aa
DN350_c0_g1_i1_p1 4 65.5% <e?-250 186 aa
CYP71D

DN5854_c0_g1_i1_p1 2 61.4% 3.99e7-88 197 aa

Structural description of annotated proteins through multiple alignments.

To verify the conservation of the functional domains in the annotated target ORFs, multiple sequence
alignments were performed using these sequences and comparing their conservation with reference
proteins (Fig. S1-S4). This verification is necessary to ensure that ORFs conservation occurs within the
characteristic functional domains of this type of protein; otherwise, the functional annotation could yield
false positives due to non-specific annotations (Prall et al., 2016).

Figure 2 presents the alignment results for the functional domains of the CYP716C, CYP716A, CYP71D,
and CYP72A proteins. Conserved regions were identified in key domains, including the oxygen activation
site, the characteristic E-X-X-R and P-E-R-F triads of cytochrome P450 enzymes, and the oxygen-binding
region. These findings suggest that homology-based functional annotation was primarily guided by
sequence conservation within these functional domains, providing evidence for the accuracy of the
enzyme sequence annotation. While significant similarity was observed between the annotated
sequence clusters for the same protein and their reference sequences, notable differences were evident
within the functional domains across the different protein groups (Ghosh, 2017). For instance, in the
oxygen-binding domain with the conserved peptide sequence P-F-X-X-G-X-R-X-C-X-G, the structure is
preserved across all P450s analyzed, yet specific sequence variations were observed: P-F-G-G-G-P-R-M-
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C-P-G for CYP716C and CYP716A; P-F-G-A-G-K/R-R-1/M-C-P-G for CYP71D; and P-F-G-W/G-G-P-R-I-C-X-G
for CYP72A (WANG et al., 2015). These sequence differences define the identity of these proteins and
were utilized as the basis for primer design, leveraging their respective coding sequences.

As shown in Fig. 2, structural similarity between the functional domains of CYP716C and CYP716A
proteins may be due to the diversification of both families from a common ancestor (Ghosh, 2017).
Moreover, their enzymatic functionality is similar, as various studies suggest they can recognize similar
substrates and catalyze the same reactions, which may vary among individuals, such as oxidations at
carbon C2a or C28 (Pu et al., 2023). Therefore, the primer design approach used sequences adjacent to
the functional domains to enable their amplification while ensuring specificity for each protein family.

Genetic and metabolic profiling of Cecropia angustifolia in in-vitro and in-vivo cultures.

Once the primers were designed, the target genes were amplified to verify specificity and to confirm the
presence or absence of nonspecific amplifications (Fig. S5). These results are condensed in the
oxidation pathway propose in Fig. 3A and 3B. Additionally, the identity of the PCR fragments obtained
was determined through paired-end Sanger sequencing. It is important to note that amplification of the
gene corresponding to the CYP716A enzyme was not successful; therefore, it was not included in
subsequent analyses. Once the amplification conditions and identity were verified for all primer pairs, the
quantification of target gene expression was carried out. Relative expression levels were determined
using tubulin (TUB) and elongation factor 1-alpha (EF1a) as housekeeping genes (HK).

Metabolic expression analyses in Cecropia angustifolia are consistent with the previous report, a
significant difference in TPA production between in-vitro and wild-type individuals (Fig. 4A). In fact, the
results agree with those reported by Vasquez Delgado (Vasquez-Delgado et al., 2023) as the wild-type
TPA sample showed a higher proportion of molecules with a greater number of oxidations (ions with an
my/z ratio of 487) compared to the in-vitro sample. In contrast, the in-vitro sample exhibited a higher
accumulation of molecules with fewer oxidations, namely ions with m/zratios of 471 and 455 (Fig. 3A
and 3B). Furthermore, similar results were observed in another study involving a species of the same
genus, Cecropia telenitida, where mass spectrometry identified a predominant signal corresponding to
ions with an m/z ratio of 487 (Gutiérrez et al., 2021), further confirming the similarity in TPA composition
among wild-type individuals.

Target mRNA quantification was performed using the HK genes as a reference. As shown in Fig. 4B, the
samples exhibit distinct expression profiles, with all evaluated mRNAs showing statistically significant
differences between them. In the in-vitro samples, a notably higher expression of CYP71D enzymes was
observed. This result is consistent with previous reports, as CYP71D is known to catalyze the conversion
of molecules with an m/zratio of 455 to 471, which may explain the increased accumulation of these
intermediates (Krokida et al., 2013). Furthermore, the in-vitro samples showed reduced expression of
CYP72A and CYP716C, enzymes involved in the biosynthesis of compounds with an m/zratio of 487.
This downregulation likely contributes to the accumulation of m/z471 compounds, such as corosolic
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acid, maslinic acid, or hederagenic acid, and to the absence of further oxidation of these triterpenoid
cores.

In contrast, the wild-type samples exhibited higher expression levels of enzymes from the CYP72A
family, which are responsible for the biosynthesis of molecules with m/z ratios of both 471 and 487. This
correlates with the results shown in Fig. 4A, where wild-type samples displayed greater accumulation of
these compounds. Similarly, the expression of CYP716C may also contribute to this metabolic
diversification. However, among the mRNAs analyzed, CYP72A appears to be the main contributor to the
production of molecules such as arjunolic acid, asiatic acid, and isoyarumic acid. It is important to note
that, since the transcripts encoding CYP716A could not be quantified, it is not possible to discuss the
formation of the precursors in this biosynthetic pathway, leaving this aspect currently unknown for
Cecropia angustifolia (Dinday and Ghosh, 2023).

Figure 4C-D show the chromatograms obtained from wild-type and in-vitro extracts using SIR (Single lon
Recording) acquisition mode. As exemplified, differences in expression profiles not only influence the
relative abundance of these molecules in both types but also affect the overall number of detectable
compounds in the extracts. For instance, in the case of ions with an m/zratio of 471, approximately four
distinct chemical species are detected in the wild-type samples, whereas only two peaks are observed in
the in-vitro samples. This indicates a greater metabolite diversity in wild-type extracts. These differences
in chromatographic profiles do not necessarily imply the complete absence of certain compounds in one
condition; rather, some metabolites may be produced at levels below the detection threshold. A similar
pattern can be observed for the compounds with an m/zratio of 487, where at least three distinct
chromatographic peaks are detected in the in-vitro samples, each corresponding to different molecular
species (positional isomers). In contrast, wild-type samples display an even greater number of distinct
compounds within this m/z range, further supporting the higher metabolic diversity observed in wild-type
systems.

The metabolic expression analyses of Cecropia angustifolia revealed significant differences in TPA
oxidation patterns between in-vitro and wild-type individuals (Fig. 4C and 4D), where the latter
accumulated a higher proportion of highly oxidized molecules (m/z 487) compared to the in-vitro
samples, which showed greater abundance of less oxidized forms (m/z 471 and 455). This aligns with
recent findings from comparative metabolic profiling of wild and in-vitro cultivated C. angustifolia roots,
where wild samples consistently exhibited higher proportions of oxidized pentacyclic triterpene acids,
suggesting conservation of TPA biosynthesis despite cultivation conditions (Diaz-Sanchez et al., 2025).
Similar oxidation processes have been attributed to the activity of CYP716A family enzymes, which
catalyze sequential oxidations at the C-28 position of pentacyclic triterpenes, as demonstrated in
Medlicago truncatula for B-amyrin to oleanolic acid conversion (Matsuba et al., 2013) and in Solanum
lycopersicum for a and B amyrins transformation (Yasumoto et al., 2017b). The reduced expression of
such oxidizing CYP enzymes in in-vitro cultures could explain the lower oxidation states observed,
aligning with reports where gene silencing or lack of CYP expression limits downstream oxidation
reactions (Chiyo et al., 2024; Thorat et al., 2022). Therefore, these results support the hypothesis that
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oxidation-mediated diversification of TPAs in Cecropia is strongly dependent on the differential
expression of CYP genes, which may be repressed under in-vitro conditions, ultimately affecting the
biosynthetic flux towards highly oxidized triterpenes.

Beyond the epigenetic changes evaluated in this study, it is plausible that the expression of additional
enzymes, either isoforms of those already analyzed or entirely distinct catalytic proteins may contribute
to structural diversification by targeting specific carbon positions within the molecular scaffold. In
particular, cytochrome P450 enzymes (CYPs) represent a diverse and functionally versatile group that
could mediate a broad range of oxidative modifications. For instance, CYP71E family members catalyze
oxidation at the 6 position; CYP51H and CYP716S are involved in the epoxidation of the C12-C13
double bond in oleanane-type triterpenes; CYP716A enzymes catalyze C-28 carboxylation, C3 ketone
formation, and C16 oxidation; while CYP714E and various CYP72A isoforms mediate oxidations at C23,
C21, C22,and C16 (Han et al., 2018; Kim et al., 2018). Although the current study did not explore these
potential enzymatic players or the epigenetic mechanisms regulating their expression, future
investigations integrating transcriptomic, epigenomic, and functional analyses of alternative P450s
could yield a more comprehensive understanding of the biosynthetic complexity underlying this pathway.
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Figure 1

List of species used for data collection in metabolic pathway reconstruction.
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Figure 3

Metabolic pathways associated with TPAs production mediated by cytochrome P450s enzymes, (A)
Modification of the oleanane core; (B) Modification of the ursane core.
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