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Abstract

Plant biofactories constitute an eco-friendly alternative to chemical synthesis as they
have a lower environmental impact and therefore contribute to a more sustainable future.
Hairy root cultures, generated by infecting plant material with Rhizobium rhizogenes, are
efficient plant biofactories for producing high-value bioactive plant compounds such as
centellosides, which are found in Centella asiatica. An important challenge in plant
biotechnology is the sustainable production of centellosides, which have widespread use
in dermopharmaceuticals and cosmeceuticals. This PhD thesis aimed to investigate the
effects of randomly integrated genes, specifically the rol genes, following R. rhizogenes
infection in C. asiatica. The focus was on understanding the significance of changes in
morphology and the expression of triterpene biosynthetic genes in hairy root lines to
enhance centelloside production. Machine learning models were used to analyze the
impact of T-DNA gene expression levels on morphological traits, hormonal profiles, and
centelloside contents. The results indicated that a high expression of these genes was
associated with increased centelloside production and positively influenced the
expression of centelloside biosynthetic genes. Furthermore, we established connections
between elevated centelloside levels and isopentenyladenosine, as well as between
reduced centelloside content and abscisic acid. Proteomics analysis identified key
biomarkers of centelloside production, notably ornithine cyclodeaminase. This biomarker
is codified by the rolD gene, previously considered of low importance in hairy root
induction, which was found to effect hairy root growth and centelloside content. To
improve centelloside yields in high-growth C. asiatica hairy roots, various biotic elicitors
were employed. Elicitation with coronatine/methyl jasmonate resulted in the highest total
centelloside content, obtained at day 14 of treatment. Elicitation also notably enhanced
the expression of centelloside pathway genes, particularly those involved in the final
stages, leading to a greater centelloside production. To optimize centelloside yields in C.
asiatica hairy roots through metabolic engineering, two transgenes were inserted: a
transcription factor TSAR2 and squalene synthase from Arabidopsis thaliana. This
resulted in the upregulation of genes involved in the initial steps of the centelloside
metabolic pathway, thereby increasing the availability of precursors for an enhanced
centelloside production. Some of these precursors were redirected toward phytosterol
biosynthesis, leading to morphological changes in the hairy root phenotype and

indicating a competitive interaction between the centelloside and phytosterol pathways.
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Outline of the PhD thesis






Global context of the PhD thesis: The recent SARS-CoV-2 pandemic has highlighted
the importance of access to vaccines and medicines for the entire population of the
planet. Additionally, the overexploitation of plant resources and desertification caused by
climate change means there is an urgent need to develop biosustainable production
systems of phyto- and biopharmaceuticals. Both challenges fall within the 17 goals of

the United Nations 2030 Agenda for Sustainable Development as shown below

(https://www.un.org/sustainabledevelopment/sustainable-development-goals/).
The 2030 Agenda for Sustainable Development:

Goal 3. “Ensure healthy lives and promote well-being for all at
all ages.” Target 3.b. “Support the research and development
of vaccines and medicines for the communicable and non-

communicable diseases that primarily affect developing

countries. Provide access to affordable essential medicines GOOD HEALTH
AND WELL-BEING

and vaccines in accordance with the Doha Declaration on the

TRIPS Agreement and Public Health, which affirms the right of /M /

developing countries to the fullest use of the provisions in the

Agreement on Trade-Related Aspects of Intellectual Property
Rights regarding flexibilities to protect public health and, in

particular, provide access to medicines for all.”

Goal 15. “Protect, restore and promote sustainable use of 15 LIFE

terrestrial ecosystems, sustainably manage forests, combat ONEAND

-~

desertification, and halt and reverse land degradation and halt ‘ —
1

biodiversity loss.” Target 15.5. “Take urgent and significant

action to reduce the degradation of natural habitats, halt the
loss of biodiversity and, by 2020, protect and prevent the

extinction of threatened species”.

Hence, strategies are needed to ensure a global supply of
essential medicines, including in developing countries where
plants constitute an important source of therapeutic products

and high demand can drive species to extinction.


http://www.un.org/sustainabledevelopment/sustainable-development-goals/)

Plant biofactories have been developed in the last decades
as sustainable and ecofriendly production platforms of bio-
and phytochemicals, offering a range of compelling
advantages. Firstly, they play a pivotal role in reducing the
environmental impact of specific industries by providing
sustainable alternatives to petroleum-based products and
This  shift

production methods is crucial for a more sustainable future.

chemical synthesis. towards eco-friendly

Secondly, plant biofactories contribute significantly to
biodiversity conservation by mitigating the risk of
overharvesting or depleting natural resources. By

leveraging renewable plant sources, they help to preserve
vital ecosystems. Thirdly, the innate ability of plants to grow
rapidly and produce biomass makes plant biofactories
highly scalable, enabling large-scale production of valuable
compounds. This feature, together with customization and
diversification opportunities, renders biofactories able to
meet a broad range of market demands. The production of
biopharmaceuticals and other specialized compounds
through natural metabolic pathways further enhances the
safety and acceptance of these products. Therefore, the
implementation of plant biofactories not only boosts
production efficiency but is also aligned with sustainable

and environmentally conscious practices.

Hairy root cultures, which are obtained by infecting plant
material with a pathogenic strain of Rhizobium rhizogenes,
are used in plant biofactories to produce naturally scarce
plant compounds with a high market price. Their
advantages as a biotechnological tool include the ability to
grow in hormone-free media, a high growth and branching
capacity, a metabolic profile very similar to the plant roots,

and high genetic stability.

A major target in plant biotechnology today is the

biosustainable production of centellosides, bioactive

compounds widely utilized in dermopharmaceuticals and

Plant biofactories:
biotechnological platforms
based on plant organ and

cell cultures for the
production of
pharmaceuticals,

nutraceuticals, and

cosmeceuticals.

Hairy roots: fine, hair-like
structures with  vigorous
uncontrolled growth formed
after the insertion of specific
genes from  Rhizobium
rhizogenes into the plant
genome. They can serve as
a powerful tool for the
sustainable production of
bioactive substances.

Centellosides: amyrin-
derived triterpene saponins
and sapogenins produced
in Centella asiatica.



cosmeceduticals that are produced by Centella asiatica, a

threatened plant species.

The main objective of this PhD thesis was to study and
improve centelloside production in hairy root cultures
and gain new insights into the effects of rol genes from
Rhizobium rhizogenes

on the morphology and

productive capacity of the transformed roots.

The reader of the PhD thesis is participating in a game of
“snakes and ladders”, as we describe not only the ladders
or strategies that allowed us to reach the proposed goals,
but also the snakes or pitfalls encountered along the way.
Thus, the rungs of the ladders are the techniques applied to
gain new knowledge about the biotechnological production
of centellosides and the function of rol genes, including in
vitro cultures, genetic transformation, hormonal and
metabolic analyses, artificial intelligence, proteomics and
metabolic engineering. Hindering our progress were the
morphological and productive variability of the different
hairy root lines obtained, the metabolic complexity of plant
systems, the interplay between primary and specialized
metabolism, and the need to interpret large volumes of data

generated in experiments.

We believe that these pitfalls, and the solutions
subsequently found to overcome them, form an important
part of the rational approach undertaken to achieve the

goals of the thesis. See Figure

Rol genes: also known as
root locus genes, they
originate from Rhizobium
rhizogenes, and when
integrated into the plant
genome induce the
development of hairy roots.

The development of the
PhD thesis was inspired by
the excellent review by
Farré et al. Annu. Rev.
Plant Biol. 2014. 65: 187-
223, which we recommend

to all readers.

Snakes and ladders:

4
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Blueprint of the approach followed in the PhD thesis (modified from Farré et al. Annu. Rev. Plant
Biol. 2014. 65: 187-223). As players of snakes and ladders, we used a set of cutting-edge
technologies (ladders) to achieve our main objectives, but several pitfalls (snakes) forced us to
return to earlier stages of the research. The implementation of alternative techniques, some of
them in collaboration with other research groups, allowed us to finally overcome the obstacles
and reach our proposed goals.

The PhD thesis is presented as a compendium of four publications, all them authored by
the PhD candidate as the first author. The first section is the Introduction, which
summarizes the main topics dealt with in the thesis, some of them extensively described
in two review articles authored by the PhD candidate [Alcalde et al. Molecules 2022,
27(16), 5253; Alcalde et al. Critical Reviews in Biotechnology 2023 &&&]. In this part, a
series of open questions leads the reader to the Objectives of the thesis and the
corresponding Results. The latter section is divided in four chapters, each one

constituting a paper published by the PhD candidate in 1%t quartile peer-review ISl



Journals within the Plant Science research field. Each chapter is preceded by an abstract

in Spanish and a graphical abstract of the article.
Briefly:

Chapter 1. In the described research, machine learning techniques were applied to shed
light on the connection between a small set of T-DNA genes (rol and aux) and the
hormone profile in C. asiatica hairy roots, focusing on the development, morphology, and
production of secondary metabolites, specifically centellosides [Alcalde, et al., Frontiers
in Plant Science 2022, 13, 1001023].

Open Questions: The discovered differences among hairy root lines in morphology,

centelloside production, hormonal levels, and the expression of the rol genes of
Rhizobium rhizogenes, are due to the integration of different copies of R. rhizogenes T-
DNA into the plant genome and proteomic alterations compared with untransformed

roots?

Chapter 2. The research aim was to determine the gene copy number of some T-DNA
genes and perform a comparative proteomic analysis of C. asiatica hairy roots with low,
medium or high centelloside production as well as adventitious roots to assess the

impact on centelloside production [Alcalde et al. Frontiers in Plant Science 2023].

Open _guestion: Can strategies such as elicitation, that induce changes in specialized

metabolism, generate new knowledge about the transcriptomic control of the
centelloside biosynthetic pathway, that cannot be detected by analysis of the complete

proteome?

Chapter 3. With the aim of overcoming the low production of C. asiatica plants, the effect
of different elicitors on centelloside yields and the expression of centelloside biosynthetic
genes in C. asiatica hairy root cultures was investigated [Alcalde, et al. Industrial Crops
and Products, 2022, 184, 114988].

Open questions: In centelloside biosynthesis, elicitation affects the expression pattern of

downstream genes. What if we unlock the production of precursors of the biosynthetic
pathway through metabolic engineering to further enhance the production of these target

compounds in hairy root cultures?

Chapter 4. This study explores the overexpression of the squalene synthase (SQS) and
transcription factor TSAR2 genes in C. asiatica hairy root lines to investigate their impact
on the centelloside pathway, morphological traits, and content of squalene, phytosterol,
and centellosides [Alcalde, et al. Plants, 2023, 12(19), 3363].



Open questions and future perspectives: The discovery that part of the precursor flow

for centelloside biosynthesis derives towards early branches of the pathway or
accumulates points to downstream blockages. A combined strategy with new stepwise
or holistic engineering approaches (using transcription factors) together with elicitation,
could unlock the last steps of centelloside biosynthesis and allow the design of new

transformed root lines with improved productive capacities.

The main results reported in these chapters are integratively examined in the
Discussion section, highlighting the most relevant findings. In the Conclusions, the
main achievements of the PhD thesis are summarized. Finally, in the References
section, a complete list of all the articles cited in the PhD thesis is provided.
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Centella asiatica: Unveiling the wonders of a time-honored herb, benefits,
and key constituents.

Few plants have captivated the attention of herbalists, scientists, and skincare
enthusiasts as profoundly as Centella asiatica. Renowned for its rich history in traditional
medicine and its modern applications in skincare and wellness, Centella asiatica, also
known as Gotu Kola, Bua-bok, Tiger grass, Pegaga, Madukaparni or Indian Pennywort,
stands as a remarkable botanical wonder with a story that spans centuries. A brief
timeline about C. asiatica was describe in Figure 1 (Arribas-L6épez et al., 2022; Kunjumon
etal., 2022).

. Western _discovery _and
nowadays: As  western
cultures came into contact
with ~medicinal _practices

from Asia, Centella asiatica
Traditional chinese medicine: began to pique interest in
It was also utilized in the western world. Scientific
traditional chinese medicine research was conducted to
for its  alleged healing better understand its
properties. It was believed to properties and mechanisms
have beneficial effects on the of action.

circulatory system and
longevity.

.Ancient times: Centella

asiatica ‘has been a part of
Ayurvedic medicine in India for
over 3,000 years. It was used
to treat a variety of ailments,
including  skin problems,
neurological diseases, and
mental disorders.

Figure 1. Timeline: Discovery and knowledge transfer journey of Centella asiatica.

C. asiatica is a perennial herbaceous plant belonging to the Apiaceae family typically
thriving in tropical and subtropical environments, it commonly grows at altitudes
exceeding 1800 meters, but its growth originating is in the wetlands of Asia, C. asiatica
has been an integral part of traditional healing practices across various cultures, from
ancient Ayurveda in India to Traditional Chinese Medicine and beyond (Sen and
Chakraborty, 2017). Its distinctive fan-shaped leaves and delicate pink or white flowers
are a testament to its natural beauty. However, it's not just its appearance that has
captured the imagination; it's the potential benefits it offers (Chandrika and Prasad
Kumara, 2015).

The comprehensive array of properties exhibited by this herbaceous plant is attributed

to a rich repertoire of over 130 secondary metabolites. Among these, triterpenes are the

11



most important ones, the four principal centellosides stand out: asiatic acid and
madecassic acid, classified as sapogenins, and asiaticoside and madecassoside,

classified as saponins (Fig. 2) (Luthra et al., 2022).

They are pentacyclic triterpenoid saponins

s s 1 7"  synthesized from mevalonate via the

Centella asiatica /—\ isoprenoid pathway.
Medicinal plant able to Centellosides
produce bioactive natural

products with multiple

applications T e O
no  ~PL L DO
AN

om

Madecassic acid Asiatic acid . L.
. Traditional medicine to treat

---4 skin illnesses, nervous
disorders and venous
wo insufficiency.
Madecassoside Asiaticoside
A
. HH ‘\/ o~

Pon Antioxidant, anti-

( 3 )---» inflammatory and anti-
rheumatoid activity.

Ho A Ao
o b

Antimicrobial, antifungal and
antiviral effects.

Figure 2. Centella asiatica: Key components and properties.

This herb has earned a reputation for its potential cognitive-enhancing properties,
leading to its colloquial name Gotu Kola, which means fountain of youth in Sanskrit
(Belwal et al., 2019). For generations, it has been regarded as a tonic for the mind,
believed to promote mental clarity and vitality. Asiatic acid emerges as a pivotal player
in the realm of cognitive enhancement, as evidenced by its ability to safeguard spatial
working memory and counteract neurogenesis deficiencies in the hippocampal region
triggered by 5-fluorouracil chemotherapy (Chaisawang et al., 2017). An aqueous extract
derived from C. asiatica unveils its potential to amplify synaptic differentiation and
dendritic arborization, particularly in response to AB—a protein notorious for its role in
cognitive decline—thus offering a pathway to cognitive amelioration (Gray et al., 2017).
In a notable study, the supplementation of C. asiatica extract for a defined duration
yielded promising results, effectively addressing cognitive impairment following stroke.
Furthermore, asiatic acid not only exhibits the potential to rectify the inhibitions in cell
proliferation and spatial working memory prompted by valproic acid treatment, but also
holds promise as a multifaceted agent for cognitive revitalization and restoration (Lv et
al., 2018).

The neuroprotective facets of C. asiatica encompass a spectrum of actions, including
enzyme inhibition, thwarting amyloid plaque formation linked to Alzheimer's disease,

mitigating dopamine-induced neurotoxicity in Parkinson's disease, and curbing oxidative

12



stress (Rahman et al.,, 2012). This plant's contemporary medicinal contributions to
neuroprotection spotlight constituents such as asiatic acid, madecassic acid, and
brahmaside, collectively amplifying its potential as a versatile ally in safeguarding

neurological well-being (Haleagrahara and Ponnusamy, 2010).

Moreover, C. asiatica has been revered for its potential to support skin health, thanks to
compounds like triterpenoids and flavonoids that contribute to its antioxidant and anti-
inflammatory properties (Theerawitaya et al., 2023). The extract of Pegaga significantly
improved wound tensile strength in an incision model compared to controls, exhibiting
accelerated wound contraction rates and enhanced epithelialization (Bylka et al., 2013).
In Sprague-Dawley rats, both the extract and powder of C. asiatica were assessed for
their potential to reduce oxidative stress, revealing a decrease in Reactive Oxygen
Species (ROS) generation and oxidative stress, along with a noteworthy decline in
Superoxide Dismutase (SOD) levels (Hussin et al., 2007; Pittella et al., 2009). The
essential oil of C. asiatica, obtained through steam distillation, displayed impressive
antioxidant capabilities for lipid-containing foods, comparable to the synthetic antioxidant
butylhydroxyanisole (Shenoy et al., 2023). The herb boasts a rich profile of polyphenals,
flavonoids, B-carotene, tannins, Vitamin C, and 2,2-diphenyl-1-picrylhydrazyl
compounds, contributing to its robust antioxidant activity (Chandrika and Prasad
Kumara, 2015). The amalgamation of pentacyclic triterpenoids plays a pivotal role in its
therapeutic potential. Notably, C. asiatica exhibited inhibitory effects on hypotonicity-
induced human red blood cell membrane breakdown, displaying membrane stabilization
akin to diclofenac sodium and methanolic extracts, with a remarkable 94.97%

stabilization noticed at a 2000 pg/ml dose of C. asiatica extracts (Prakash et al., 2017).

The allure of C. asiatica has expanded beyond traditional medicine into the realm of
modern skincare and wellness. With the rise of natural and holistic approaches to self-
care, Bua-bok has found its way into various cosmetic formulations, promising to soothe
irritation, boost collagen production, and alleviate the effects of stress on the skin (Sun
et al., 2020).

The antidiabetic potential of Tiger grass leaf extract was assessed in alloxan-induced
rats at concentrations of 250, 500, and 1000 mg/kg. Post-ingestion, blood glucose levels
decreased by 32.6%, 38.8%, and 29.9%, respectively (Emran et al., 2016). Furthermore,
the effect of ethanol extract was investigated in streptozotocin-induced Wistar rats (50
mg/kg). The extract, administered at a minimum concentration of 300 mg/kg, exhibited
antidiabetic activity as evidenced by alterations in serum glucose, urea cholesterol, lipid

levels, liver glycogen levels, and body weight (Sasikala et al., 2015). In comparison to
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acarbose and an anti-diabetic drug, the inhibitory activities of a-amylase from C. asiatica
extract and rutin were relatively lower (Mehta et al., 2016).

The antibacterial efficacy of methanol extract from C. asiatica leaves was evaluated
using the disc diffusion method, demonstrating zone of inhibition and a minimum
inhibitory concentration (MIC) value of 2 pg/disc (Afzan et al., 2005). Notably, the extract
exhibited in vitro antibacterial activity against Staphylococcus aureus ATCC 25923 and
methicillin-resistant S. aureus (wild type), resulting in zone of inhibition measurements
of 5 mm and 7 mm, respectively (Wong and Ramli, 2021). Furthermore, the essential oil
extract displayed significant antibacterial properties against both Gram-positive bacteria
(Bacillus subtilis and S. aureus) and Gram-negative bacteria (Escherichia coli,
Pseudomonas aeruginosa, and Shigella sonnei), with MIC values ranging from 1.25 to
0.039 mg/ml (Oyedeji and Afolayan, 2008; Wong and Ramli, 2021).

In the evaluation of antifungal potential, diverse extracts of Pegaga were investigated for
their efficacy against Aspergillus niger and Candida albicans. The petroleum ether,
ethanol, chloroform, n-hexane, and aqueous extracts demonstrated varying levels of
activity, producing inhibition zones ranging from 11 mm to 16 mm against the two fungi
(Rupesh Kumar and Ramesh, 2021). Among these, the ethanolic extract stood out,
displaying potent antifungal action against Aspergillus flavus and Penicillium citrinum,
with a remarkable mycelial inhibition percentage of 26.3 mm (Shenoy et al., 2023).
Further, the 100% ethanolic extract showcased substantial efficacy against Aspergillus
niger, resulting in an impressive inhibition zone measuring 15.4 mm (Mohd Nadzir et al.,
2017).

Indian Pennywort has demonstrated notable anticancer properties. A prime example lies
in the assessment of asiatic acid's antiproliferative impact on lung cancer cells, carried
out through the 3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay. Additionally, oral administration of asiatic acid resulted in a substantial reduction
in weight and tumor volume within a lung cancer xenograft model (Wu et al., 2017).
Further reinforcing its potential, another study illuminated asiatic acid's ability to induce
apoptosis and decrease viability in human melanoma SK-MEL-2 cells in a dose-
dependent manner (Park et al., 2005). Notably, the antiproliferative effects of asiatic acid
extended to RPMI 8226 cells, coinciding with a reduction in focal adhesion kinase (FAK)
expression levels. This suggests a plausible link between asiatic acid and the inhibition
of FAK-mediated signal transduction (Zhang et al., 2013). Moreover, the titrated extract
of C. asiatica prominently featured asiatic acid, asiaticoside, and madecassic acid. Within

this composition, asiaticoside emerged as a key player, effectively curtailing
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melanogenesis in BL6F10 mouse melanoma by regulating tyrosinase mRNA expression

through microphthalmia-associated transcription factor (Kwon et al., 2014).

Centellosides: Exploring the metabolic and intricate pathway.

In the intricate tapestry of plant biochemistry, few pathways are as captivating as the
metabolic journey of centellosides, prominent bioactive compounds found in C. asiatica
(Figure 3), a plant revered for its traditional medicinal significance and modern
therapeutic potential. As the botanical world's chemistry unfolds, the elucidation of
centelloside metabolic pathway stands as a testament to the complexity and ingenuity of

nature's processes, that is a pitfall that we need to overcome.
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Figure 3. Main centellosides from Centella asiatica

Centellosides, characterized by their triterpenoid saponin and sapogenin structure with
either a ursane or oleane skeleton, have captivated widespread interest due to their
multifaceted pharmacological attributes, as previously highlighted (Prasad et al., 2019).
The exploration of their metabolic pathway offers an intricate orchestration of enzymatic
reactions, intricate molecular transformations, and precise regulatory mechanisms that
underlie their synthesis, transformation, and integral role in shaping the exceptional

gualities of Centella asiatica (Luthra et al., 2022).
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Figure 4. Overview of the centelloside biosynthetic mevalonate (MVA) pathway: Key
precursors and enzymes. AACT, acetoacetyl-CoA thiolase; HMGS, 3-hydroxy-3-
methylglutaryl-CoA synthase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; MVK,
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mevalonate kinase; PMK, phosphomevalonate kinase; MVD, MVA-5-diphosphate
decarboxylase; IDI, Isopentenyl phosphate; FPS, farnesyl diphosphate synthase; SQS,
squalene synthase; SQE, squalene epoxidase; OSC, 2,3-oxidosqualene cyclase; afAS,
aB-amyrin synthase; CYPs, cytochrome P450-dependent monooxygenases; and UGTSs,
UDP-glucosyltransferases. Figure generated based on research by Gallego et al. (2014),
Aminfar et al. (2019) and Noushahi et al. (2022).

The journey into the biosynthesis of centellosides commences with the realm of
terpenoid synthesis, two distinctive pathways are recognized: the methylerythritol 4-
phosphate/deoxyxylulose 5-phosphate pathway (MEP) and the mevalonate (MVA)
pathway (Noushahi et al., 2022). The latter has garnered particular attention due to its
complexity (Figure 4), with enzymes distributed across various subcellular
compartments. The MVA route begins with acetyl-CoA being catalyzed by acetoacetyl-
CoA thiolase (AACT) to produce acetoacetyl-CoA and 3-hydroxy-3-methylglutaryl-CoA
synthase (HMGS) to generate 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). Then, the
pivotal enzyme, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), stands as a
cornerstone, located on the endoplasmic reticulum with its catalytic domain exposed
towards the cytosol to produce MVA. Other pathway enzymes are found in the cytosol
and peroxisomes, contributing to the synthesis of different isoprenoids leading up to
Farnesyl pyrophosphate (FPP) via the MVA route (Vranova et al., 2013; Afroz et al.,
2022).

MVA pathway activity is meticulously regulated at multiple levels. Plant cells finely tune
HMGR activity through differential induction of gene family members at the mRNA level
and post-translationally via enzyme modification. This orchestration extends to
translation rates, determined by the cell's need for non-sterol isoprenoids, while
degradation rates of HMGR respond to both sterol and non-sterol isoprenoid
requirements. An essential enzyme, mevalonate kinase (MVK), guides the
phosphorylation of mevalonic acid into phosphomevalonate (PMV) subsequent to
HMGR. MVK's activity is subject to feedback inhibition by farnesyl diphosphate and
geranyl diphosphate, both integral intermediates in the isoprenoid pathway (Noushahi et
al., 2022).

The journey further unfolds with phosphomevalonate kinase (PMK), which catalyzes the
transformation of ATP and mevalonate 5-phosphate into ADP and mevalonate 5-
diphosphate. Yet, the pathway's regulation encompasses realms yet undiscovered,

governing the pathway's flow and ensuing metabolite yield. Amidst this complex
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landscape, an additional key enzyme emerges— isopentenyl phosphate kinase (IPK).
Found within plant genomes, IPK resides in the cytoplasm, converting isopentenyl
phosphate (IPP) and possibly dimethylallyl phosphate (DMAP) into their phosphorylated
forms, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), through
ATP-dependent phosphorylation. At once, MVA-5-diphosphate decarboxylase (MVD)
produces IPP from mevalonate 5-diphosphate (Henry et al., 2018).

The architectural foundation of the centelloside pathway is crafted by the actions of
isopentenyl diphosphate isomerase (IDI), which generates DMAPP from IPP. As we
traverse this intricate mosaic of enzymatic interplay and regulatory control, we begin to
fathom the depth of complexity that underpins the synthesis of centellosides, offering a
glimpse into the dynamic dance of biochemistry within the realm of C. asiatica (Gallego
et al., 2014).

Intriguingly, plants orchestrate this process through either the MVA pathway in the
cytosol or the methylerythritol phosphate pathway in plastids, carving divergent routes to
the synthesis of IPP and DMAPP. Farnesyl diphosphate synthase (FPS) then emerges
as a pivotal catalyst, uniting IPP and DMAPP to yield FPP, the precursor to a plethora of
sesquiterpenes produced by plants (Azerad, 2016).

The investigation delves further, uncovering the key players that sculpt centellosides.
Squalene synthase (SQS), an influential microsomal polypeptide enzyme, guides the
condensation of FPP molecules, yielding squalene—an essential milestone in the
biosynthesis of steroids and triterpenoids (Kim, 2003; Moyano, 2007). The 2,3-
oxidosqualene cyclases (OSCs) family steps onto the stage, wielding their
transformative power to cyclize 2,3-oxidosqualene into protosteryl cation or dammarenyl
cation, initiating a branching point pivotal to the biosynthesis of sterols and triterpenoid
saponins. This step commences with the breaking of the oxirane ring in acidic media,
and after various rearrangements, two distinct conformations are obtained. In plants, the
protosteryl cation, which serves as the precursor for sterols, is transformed by the
enzyme cycloartenol synthase (CYS) into cycloartenol (Haralampidis et al., 2002;
Azerad, 2016).

As we navigate deeper, the centelloside saga continues with intricate transformations
from dammarenyl cation involving enzymes such as dammarendiol synthase, lupeol
synthase, and a/B-amyrin synthases (a/BASs). These sculptors of molecular structure guide
the metamorphosis of cationic intermediates into diverse compounds, granting rise to the

rich tapestry of centelloside precursors: a/f-amyrin (Kim et al., 2005).

18



Yet, the pathway's endgame remains shrouded in mystery, as the final stages of
centelloside biosynthesis continue to elude our grasp. Enzymes like cytochrome P450-
dependent monooxygenases (CYPs) and UDP-glucosyltransferases (UGTSs) perform the
final choreography, modifying products with oxidation, hydroxylation, glycosylation, and
other elusive transformations (Augustin, 2011). Last studies identified 3 UGTs
(UGT73AD1, UGT73AH1 and CaUGT) that acts in the conversion of asiatic/madecassic
acid to asiaticosid/madecassoside (de Costa et al., 2017; Kim et al., 2017; Han et al.,
2022).

Despite the enigma that lingers, one truth remains: centelloside metabolic pathway is a
testament to nature's symphony of complex biochemical interplay, orchestrating the
creation of compounds that echo both tradition and innovation in the world of therapeutic
possibilities (Mitra et al., 2021).

As we venture further, it becomes evident that the metabolic pathway of centellosides is
influenced not only by genetic factors but also by environmental cues. Factors such as
light, temperature, stress factors and soil composition are known to impact the
expression of key biosynthetic genes and the activity of relevant enzymes, thereby
shaping the production of centellosides within the plant (Muller et al., 2013; Nouri Nav et
al., 2021; Pipatsitee et al., 2023).

Moreover, the unraveling of this pathway provides a window into the potential
biotechnological applications that can be harnessed for optimized centelloside

production.
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Hairy roots: mechanism and influence of rol genes

In the fascinating realm of biotechnology, the concept of plant biotechnological
production systems (PBPSs) emerges as a groundbreaking paradigm that harnesses the
inherent potential of plants to serve as efficient and sustainable factories to produce
valuable compounds. Just as industrial facilities churn out products on a mass scale,
these living green production powerhouses enable us to cultivate a diverse array of
bioactive molecules, pharmaceuticals, industrial chemicals, and other high-demand
substances.

PBPSs, also known as plant biofactories, take advantage of the intricate cellular
machinery within plants to synthesize complex molecules with precision, offering an eco-
friendly and renewable alternative to conventional manufacturing methods. By
leveraging the natural metabolic pathways and genetic potential of plants, scientists have
unlocked the ability to engineer these living systems for enhanced production, scalability,
and cost-effectiveness. The most frequently used plant cell and organ systems are cell

suspension, immobilized cells, shoot and hairy root cultures (Hidalgo et al., 2018).

Hairy roots (HRs) are a captivating and enigmatic facet that has garnered considerable
attention in recent years. Hairy roots, though visually distinct from conventional plant
roots, hold immense promise as a powerful tool for scientific research (Gerszberg and
Wiktorek-Smagur, 2022).

HRs are often known to grow much faster than plant cell cultures and do not require
phytohormones in the medium for growth. They often possess a greater biosynthetic
capacity to produce secondary metabolite in comparison to their mother plants. The hairy
roots lack geotropism, show lateral branching and are genetically more stable. It can also
serve the purpose of being a model system for the study of plant metabolism and
physiology (Hussain et al., 2022).

The enigmatic realm of plant-microbe interactions reveals the intriguing genesis of HRs.
These distinctive structures emerge as a consequence of plant infection by specific soil-
dwelling pathogenic bacteria, known as Rhizobium rhizogenes strains. Classified based
on the type of opine they produce, these strains encompass agropine-, cucumopine-,
and mannopine-type categories. Within the mosaic of this bacterial diversity, Ri plasmids
of certain strains, such as the agropine-type, encompass dual T-DNA sequences
referred to as the left (TL-DNA) and right (TR-DNA) regions. A remarkable characteristic

of these regions is their independent transfer potential (Amani et al., 2020).

Among these genetic regions, the TR-DNA segment houses the genes responsible for

auxin biosynthesis (aux genes) and opine production. These factors act in concert to
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provide essential support for the intricate development of hairy roots (Pavlova et al.,
2014). Conversely, the TL-DNA region accommodates the influential rol genes, a quartet
composed of rolA, rolB, rolC, and rolD. These genes wield not only a pivotal role in
shaping the morphological symptoms of infections but also exert a profound impact on
the emergence of novel phenotypic traits. This profound influence on both form and
function underscores the intricate interplay between the plant and its bacterial
companions (Gerszberg and Wiktorek-Smagur, 2022) (Figure 5).

rolD aux1
TC-DNA

aux2

TR-DNA

octopine
metabolism
oce

_ opine
bbq catabolism
genes

Figure 5. Structure agropine type Ri-plasmid resalting rol (rolA, rolB, rolC and rolD) and

aux (aux1 and aux2) genes from T-DNA.

Each rol gene possesses distinct characteristics and mechanisms that play a crucial role.
The rolA gene, a constant presence in all known Ri-plasmids, exhibits sizes ranging from
281 to 302 bp (Pavlova et al., 2014). The resulting rolA protein, a compact 11.4 kDa
molecule, is situated in the plasma membrane. Structurally akin to the DNA-binding
domain of papillomavirus E2, it interacts with nucleic acids, orchestrating gene
expression regulation in plants (Vilaine et al., 2007). The far-reaching influence of the

rolA gene is evident through its capacity to amplify compound production in diverse plant
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species, including artemisinin in Artemisia dubia, alkaloids in Nicotiana tabacum, and
flavonoids in Artemisia carvifolia (Palazon et al., 1997; Amanullah et al., 2016; Khan and
Dilshad, 2023).

The rolB open reading frames (ORFs), spanning 762 to 837 bp, code for a 259-amino
acid protein of approximately 30 kDa (Dilshad et al., 2021). This protein catalyzes the
hydrolysis of indole glycosides, releasing active auxins from their inactive conjugates
(Estruch et al., 1991b). The versatile rolB gene takes center stage as a pivotal oncogene
driving autonomous compound production in various plant species. It fosters
anthraquinone production in Rubia cardifolia callus cultures (Shkryl et al., 2008),
resveratrol synthesis in Vitis amurensis cells (Kiselev et al., 2007), and isoflavonoid

generation in Maackia amurensis cells (Grishchenko et al., 2016).

In contrast, the rolC oncogene spans a sequence of 537 to 543 bp (Rangslang et al.,
2018) and stands as one of the most conserved among the rol genes (Britton et al.,
2008). The resulting rolC protein, comprising 178-180 amino acids and localized in the
cytosol, exhibits beta-glucosidase activity (Dilshad et al., 2021). This activity, in turn,
frees active cytokinins from their conjugates. The rolC oncogene exerts a substantial
influence over the production of tropane alkaloids in transformed Atropa belladonna roots
(Bonhomme et al., 2000) and indole alkaloids in Catharanthus roseus cell cultures
(Palazon et al., 1998). Moreover, it augments phenol production, including ginsenosides
in Panax ginseng hairy roots (Bulgakov et al., 1998) and resveratrol in Vitis amurensis

cell cultures (Dubrovina et al., 2010).

Less explored yet equally intriguing, the rolD gene, present only in specific R. rhizogenes
strains, encodes a 344-amino acid protein functioning as an ornithine cyclodeaminase
(OCD), converting ornithine to proline (Trovato et al., 2001; Dilshad et al., 2021). Despite
its relative novelty, the rolD gene's potential impact on specialized metabolite production

remains largely unexplored.

The concurrent expression of multiple rol genes demonstrates enhanced effects on
specialized metabolism. For instance, co-expression of rolA, rolB, and rolC genes led to
a significant increase in anthraquinone production in R. cardifolia callus cultures (Shkryl
et al., 2008). Similarly, rolABC-transgenic plants displayed heightened production of
phenolics and flavonoids in Lactuca sativa (Ismail et al., 2016) and Artemisia dubia (Kiani
et al., 2019). Notably, the acclaimed antimalarial compound artemisinin experienced
elevated production in transgenic Artemisia annua and Artemisia dubia plants (Kiani et
al., 2016). Another similar case is observed in HRs of Panax quinquefolium showing

increased production of ginsenosides (Mathur et al., 2010). This underscores the
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influential synergy achieved by harnessing the cooperative effects of multiple rol genes

in advancing plant biotechnology.

To get more and detailed information about rol genes, see recommended Reviews in
Box 1.
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In the intricate dance of plant-microbe interactions, R. rhizogenes takes center stage by
orchestrating the transfer of select genes from its T-DNA into the host plant's genome
during infection (Nemoto et al., 2009). In controlled laboratory settings, this microbial
choreography gives rise to the emergence of roots at sites of bacterial invasion, which
can be meticulously excised and nurtured in separate cultures without the need for

external plant growth regulators (Bensaddek et al., 2008).
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The profound ramifications of hairy roots traverse diverse domains. Within agriculture's
realm, these enigmatic roots serve as a gateway to deciphering plant responses to
stress, nutrient absorption dynamics, and interactions with pathogens. Beyond their
investigative role, the robust growth attributes of hairy roots render them promising
candidates for phytoremediation endeavors, wherein they wield the power to cleanse
contaminated soils and waters. Venturing further, the realm of hairy roots unfolds a realm
of possibilities for the sustainable production of prized entities encompassing
pharmaceuticals, nutraceuticals, and bioactive compounds (Sharma et al., 2013; Roy,
2021; Gerszberg and Wiktorek-Smagur, 2022).

Intriguingly, hairy roots stand as prolific producers of an array of chemical constituents
classified as secondary metabolites (Alcalde et al., 2022). This repertoire spans the likes
of alkaloids, diterpenes, flavonoids, furan hormones, coumarins, naphthoquinones, and
stilbenes (Tiwari and Rana, 2015). These compounds, instrumental in the growth and
development of plants, also hold sway as pivotal factors shaping plant resilience in the
face of both biotic and abiotic stressors (Guerriero et al., 2018). Moreover, the secondary
metabolites’ multifaceted utility extends into the realms of pharmaceuticals,
agrochemicals, cosmetics, and food industries, rendering them valuable commodities
with applications encompassing antibacterial, antifungal, antiviral, and anticancer
effects, along with serving as fragrances, dyes, flavors, and more (Morey and Peebles,
2022; Sathasivam et al., 2022).

Delving into the specific case of C. asiatica, hairy root culture technique stands out as a
remarkable solution to mitigate the overexploitation of this valuable resource. The
optimal tissue for infection and the subsequent formation of transformed roots has been
discerned to be the leaves (Gandi and Giri, 2012; Baek et al., 2022), culminating in a
succinct depiction of this process in Figure 6. Notably, this knowledge has been
harnessed to augment the production of asiaticoside (Ruslan et al., 2012; Zahanis et al.,
2014). A significant breakthrough emerged through the overexpression of hairy roots,
resulting in elevated levels of triterpenes, including asiaticoside and madecassoside,
facilitated by R. rhizogenes R1000 in C. asiatica (Kim et al., 2010; Mandal et al., 2023).
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Figure 6. Overview of Centella asiatica hairy root establishment process via Rhizobium

rhizogenes A4

As we delve into the intricacies of hairy roots, we unearth their potential to accelerate the
discovery of novel genetic traits, elucidate complex biochemical pathways, and
revolutionize the way we approach both basic plant science and industrial applications.
Through a combination of new approaches, that can be compared as ladders in a game
of “snakes and ladders”, can improve secondary metabolite production. They are related
to molecular biology, genetics, and innovative cultivation technigues, scientists are
harnessing the potential of these extraordinary roots to drive innovation, address

challenges, and pave the way for a greener, more sustainable future.
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Exploring omics and machine learning in the context of hairy roots

In the dynamic realm of biological sciences, a revolution has taken place through the
advent of "omics" technologies, offering a multifaceted lens to delve into the intricate web
of molecular interactions that orchestrate the functions of living organisms. The prefix
"omics" encompasses a range of disciplines such as genomics, transcriptomics,
proteomics, metabolomics, and more, collectively facilitating a holistic understanding of
cellular and organismal processes (Vailati-Riboni et al., 2017; Subramanian et al., 2020).
By adopting high-throughput approaches and data-driven methodologies, omics
technologies have transformed our ability to decipher the underlying mechanisms
governing biological systems at various levels of complexity. This introduction embarks
on an exploration of the diverse omics disciplines, their significance, and their
interconnectedness, unveiling how they collectively unravel the intricate tapestry of life's

molecular intricacies (Misra et al., 2019).

Proteomics illustrates the structures, functions and modifications of proteins, and the
protein—protein interactions taking place under in vitro and in vivo conditions. The
authentication of post-translational modifications, such as protein phosphorylation,
protein acetylation, protein glycosylation and proteolysis, can also be performed (Pandita
et al., 2021). Notably, within this framework, proteomics emerges as a potent and yet
under-explored tool for elucidating secondary metabolites in hairy root cultures.
Noteworthy strides have been taken in applying the proteomic approach to hairy root
cultures, with initial strides observed in species like Panax ginseng, Papaver
somniferum, Salvia miltiorrhiza, and Alisma orientale (Contreras et al., 2019; Rency et
al., 2019; Rong et al., 2021).

The transcriptomic studies help in the characterization of key characteristics involved in
the formation of secondary metabolites and in probing pharmaceutically important
mechanisms at the molecular level. Respect to transcriptomic analysis of hairy root
cultures has been done in several plants including P. ginseng (ginsenoside), C. roseus
(indole alkaloids), Medicago truncatula (anthocyanin), S. miltiorrhiza (tanshinones),

Centella asiatica (centellosides) (Sangwan et al., 2013; Prasad et al., 2019).

The main reason to study a lot of data by different omics is the possibility to determinate
biomarkers (Figure 7). They are substances, structures, or processes that can be
measured in any living being and can provide surrogate information about the presence
of a disease, condition, or trait (Reel et al., 2021). It helps us to understand and analyze

the underlying characteristics and complexities of biological systems.
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Figure 7. Exploring and validating biomarkers through a multi-omics approach

To determine the most important biomarkers we need to use new statistical analysis
such as Machine Learning (ML). ML is a set of computational approaches that can find
these predictive patterns in data which plays an increasingly important role in a particular

condition. In various scientific and engineering domains.

ML encompasses two primary approaches, each with distinctive roles and applications.
The first approach is known as supervised learning, which revolves around the utilization
of labeled training data to train a model that can subsequently make predictions. This
method is further categorized into two main problem types: regression, where the
predicted variable assumes a numeric value, and classification, where the predicted

variable is categorical in nature (Jiang et al., 2020).

The supervised learning process involves a sequence of three crucial steps. Firstly, the
model is trained on a sample of input observations. Secondly, the model's performance
is evaluated, followed by an iterative process of hyper-parameter tuning to refine its
accuracy (Foster et al., 2014). Finally, the model is optimized for deployment in a

production setting, enabling it to make predictions based on new input data.

In contrast, the second approach, known as unsupervised learning, operates on
unlabelled data, focusing on extracting inherent patterns from input feature variables

without a target/output variable. This technique serves various purposes, including
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clustering, where data points are grouped based on similarities; anomaly detection,
which identifies deviations from expected patterns; and dimensionality reduction, where
complex data is simplified while retaining essential information, for example plant biology
(Yan and Wang, 2022).

The different approaches use several models grouped in families (Table 1 summary).

Table 1. Diverse approaches in Machine Learning

Machine Learning

Families Main characteristics
approaches

Incorporation of prior

Bayesian or Bayesian network and -
knowledge or beliefs into

probability-based naive beyond _
the analysis process
. . Decision tree, random Based on the concept of
Tree or information- ) ) .
forest, and gradient hierarchical structures and
based _ ) ) _
boosting information gain

) o ) Built upon the principles of
_ Linear, logistic and partial ) ; )
Linear or error-based ) ; linear relationships and
linear regression L
error minimization

- ) It works comparing
Instance or similarity- K nearest neighbour and _ )
o instances and measuring
based Self-Organising Maps o

similarity

Depends on support

Support vector
machines (SVM)

Linear and no-linear SVM vectors that define the
optimal hyperplane

Atrtificial neural network and  Ability to learn hierarchical
Neural network-based _ )
deep learning representations

The Bayesian or probability-based family encompasses a wide range of techniques,
including Bayesian networks and naive bayes methods, and probabilistic graphical
models. A fundamental feature of Bayesian analysis is its incorporation of prior
knowledge or beliefs into the analysis process. Prior probabilities are combined with
observed data using Bayes' theorem to yield updated, or posterior, probabilities. This
blending of prior information and current evidence empowers Bayesian methods to
provide nuanced insights, especially when dealing with small datasets or in cases where
prior expertise is available (Draper, 2012; van de Schoot et al., 2021).
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The Tree or Information-Based family is rooted in the concept of hierarchical structures
and information gain, this family of methods offers a structured way to organize and
process complex data while uncovering meaningful insights. A key principle of these
methods is their focus on information gain. When building a decision tree, algorithms
seek to identify attributes that best separate data points into distinct classes or
categories. The chosen attributes maximize the information gained at each step, allowing
for efficient classification and prediction. As a result, decision trees not only provide
actionable insights but also offer interpretability by showcasing the sequence of

decisions leading to a particular outcome (Loh, 2008; Niazian and Niedbata, 2020).

The Tree or Information-Based Family encompasses various techniques, with one of the
most prominent being the Classification and Regression Tree algorithm. In addition,
Random Forests and Gradient Boosting are advanced methods that leverage the power
of ensemble learning, combining multiple decision trees to enhance predictive accuracy
(Kotsiantis, 2013; Hesami and Jones, 2020).

The Linear or Error-Based family is built upon the principles of linear relationships and
error minimization. When constructing linear models, the goal is to find the line that best
fits the observed data points, minimizing the discrepancies, or errors, between the
predicted and actual values. This optimization process is typically achieved using
techniques such as the method of least squares, which ensures that the model aligns as
closely as possible with the underlying data distribution (Maulud and Mohsin Abdulazeez,
2020).

The Linear or Error-Based Family encompasses various techniques, including simple
linear regression, multiple linear regression, and generalized linear models. Moreover, it
serves as a foundation for more advanced methods like ridge regression and lasso
regression, which address issues of multicollinearity and overfitting, respectively
(Goswami et al., 2018).

The Instance or Similarity-Based is built upon the concept of comparing instances and
measuring similarity, this family of methods offers a practical and adaptable framework
for solving a wide array of problems. When dealing with new, unseen instances, these
methods gauge the likeness between the instance of interest and those already present
in the dataset. This often involves calculating distances or dissimilarities in a feature
space. By identifying the most similar instances, these methods infer the likely class or
category of the new instance, allowing for quick and context-aware decision-making
(Zhang, 2016).
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The Instance or Similarity-Based Family encompasses various techniques, including k-
nearest neighbors, self-organizing maps, case-based reasoning, and collaborative
filtering. These methods have applications ranging from recommendation systems and

medical diagnosis to anomaly detection and image recognition (Moshou et al., 2006).

The appeal of these methods lies in their simplicity and adaptability. By basing decisions
on local information and similarity metrics, instance-based approaches can capture
intricate patterns that might be challenging for traditional model-based methods to
discern. This makes them especially useful in scenarios where explicit model
construction is difficult or where the data distribution is complex (Dong et al., 2019).

Support Vector Machines (SVMs) have emerged as a powerful and widely used
technique for classification and regression tasks. Central to the concept of SVMs are the
fundamental elements known as "support vectors". These vectors not only form the
backbone of the SVM algorithm but also encapsulate the essence of the method's
effectiveness. SVMs achieve this by identifying a hyperplane that maximizes the margin
— the distance between the hyperplane and the nearest data points of each class. These
crucial data points lying on the margins of the separation are referred to as support

vectors (Somvanshi and Mishra, 2015).

Support vectors play a dual role in SVMs. First, they define the optimal hyperplane, as
the margin is directly influenced by the distances from these vectors to the decision
boundary. Second, they encapsulate the most informative and influential data points for
the given classification or regression task. By focusing on these key instances, SVMs
excel at generalizing and making accurate predictions even on unseen data (Hesami
and Jones, 2021).

The concept of support vectors goes beyond binary classification scenarios. SVMs can
be extended to handle multi-class classification and regression problems through
techniques such as one-vs-one and one-vs-rest strategies. Additionally, SVMs can be
adapted to work with non-linearly separable data by using kernel functions that transform
the input space, effectively projecting the data into a higher-dimensional space where

linear separation becomes feasible (Mayoraz and Alpaydm, 1999).

The Neural Network-Based is rooted in the inspiration drawn from the human brain's
intricate network of neurons, this family of methods comprises artificial neural networks,
deep learning architectures, and convolutional networks, collectively reshaping the
boundaries of what machines can achieve (Shi et al., 2021). A defining characteristic of
this family is its ability to learn hierarchical representations. Deep neural networks, which

have multiple hidden layers, excel at capturing intricate features in data, progressively
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abstracting information from raw inputs to high-level representations (Ma et al., 2014, Qi
et al., 2019). This capacity is particularly advantageous for domains where complex
structures or subtle patterns need to be uncovered. The Neural Network-Based Family
encompasses various architectures, including feedforward neural networks, recurrent
neural networks, and convolutional neural networks. Each architecture is tailored to excel
in specific tasks, such as sequential data analysis, image recognition, and natural

language processing (Kaya et al., 2019).

ML has driven a spur of recent innovations, and it is set to do the same in plant research.
It is used to focus on the optimization for secondary metabolism production in different
biotechnological platforms: growth modeling of Medicago sativa shoots, biomass
estimation of Daucus carota cell cultures, model in vitro rhizogenesis and subsequent

acclimatization of Vitis vinifera (Helmy et al., 2020; Dirk et al., 2021).

In the context of hairy root cultures, significant advancements have been made through
the application of neural network models. Mehrotra et al. (2008) devised a feed-forward
back-propagation neural network model aimed at predicting in vitro culture conditions
conducive to robust hairy root growth. By incorporating key parameters such as inoculum
size, fresh weight, density, culture temperature, pH, and time of inoculation as inputs,
coupled with the final fresh weight of roots as the output parameter, their model exhibited
the potential to forecast growth outcomes effectively.

Building upon this foundation, Prakash et al. (2010) introduced a comprehensive
approach by developing both regression and feedforward neural network models. Their
objective was to predict the optimal culture conditions for maximizing hairy root biomass
yield. While both networks demonstrated promising predictive capabilities, the

regression neural network emerged as notably more precise in its predictions.

Furthermore, neural networks have extended their influence into the modeling of
bioreactors tailored for hairy root growth. In a study by Osama et al. (2013), a neural
network model was formulated to encapsulate the complexities of hairy root growth within
a nutrient mist reactor. Notable culture parameters, including factors such as inoculum
size, initial packing density, media volume, initial sucrose concentration in the media,
and culture duration, were harnessed as inputs. This model, constructed with a focus on
predicting the final biomass of hairy roots in terms of dry weight, demonstrated its

potential as a versatile tool for reactor modeling.

Expanding beyond traditional neural network approaches, a noteworthy fusion of
techniques emerged in the realm of optimal culture condition prediction for maximum

biomass yields in Rauwolfia serpentina hairy root cultures. This integration involved the
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utilization of a hidden Markov model within a neural network-based combinatorial
framework. This innovative approach showcased the multidisciplinary potential of neural
networks in addressing intricate challenges, thereby contributing to the advancement of
both hairy root cultures and predictive modeling techniques (Somvanshi and Mishra,
2015; Goswami et al., 2018).

As we delve deeper into this symbiotic relationship between machine learning and hairy
root cultures, new frontiers emerge. From generating insights into growth patterns to
predicting metabolite production and optimizing bioprocessing conditions, this dynamic
pairing holds vast potential for accelerating biotechnological advancements and
sustainable plant-based solutions. To get more and detailed information about machine

learning in plant biotechnology, see recommended Reviews in Box 2.

« Niazian, M., & Niedbata, G. (2020). Machine learning for plant breeding
and biotechnology. Agriculture, 10(10), 436.

< Ma, C,, Zhang, H. H., & Wang, X. (2014). Machine learning for big data
analytics in plants. Trends in plant science, 19(12), 798-808.

« Osama, K., Mishra, B. N., & Somvanshi, P. (2015). Machine learning
techniques in plant biology. PlantOmics: The Omics of plant science,
731-754.

< Kim, G. B., Kim, W. J., Kim, H. U., & Lee, S. Y. (2020). Machine learning
applications in systems metabolic engineering. Current opinion in
biotechnology, 64, 1-9.

< Reel, P. S,, Reel, S., Pearson, E., Trucco, E., & Jefferson, E. (2021).

k Using machine learning approaches for multi-omics data analysis: A

review. Biotechnology Advances, 49, 107739.
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Elicitation: influence on terpenoid metabolism in hairy roots as a
biotechnological platform

Elicitation is a common method for inducing or boosting secondary metabolite production
in plants as a survival mechanism (Figure 8 summary elicitation). This technique has
been extensively employed in plant in vitro cultures to enhance their secondary
metabolite production. Hence, we can aptly refer to it as a “ladder”, guarding against
“spinfall” like the naturally low production of specific bioactive components (Vasconsuelo
and Boland, 2007; Halder et al., 2019).
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Figure 8. Overview of elicitation processes using various elicitors: Salicylic acid (SA),
Coronatine (COR), and Methyl Jasmonate (MJ). ROS: Reactive Oxygen Species. SOD:

Superoxide Dismutase. CAT: Catalase. POD: Peroxidase Dismutase. APX: Ascorbate

Peroxidase.

The impact on elicited plant cells is delineated by the induction of defense or stress-
related responses. A diverse array of compound classes, often lacking a shared chemical
structure, participates in this process, with not all plants being equally responsive to all
of them. Compounds that effectively trigger the production of specific metabolites in
certain plants may remain inert in other species. Conversely, different plant species may
exhibit responsiveness to the same eliciting agent. Furthermore, it is evident that elicitor

specificity extends to the signal components activated during the elicitation process.
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These observations suggest that plants possess the capacity to recognize various
structurally distinct molecules as signals, potentially driven by the presence of dedicated

receptors for each elicitor class (Vasconsuelo and Boland, 2007).

The inception of the elicitor signal transduction cascade heralds the stage of signal
perception, a pivotal juncture in the orchestration of plant response. This response, as
demonstrated through the activation of kinases, generation of reactive oxygen species,
modulation of ion fluxes, and adjustments in cytoplasmic acidity, hinges on the
discernment of diverse stimuli. The intricate web of these biochemical reactions
underpins the plant's ability to sense and interpret a variety of environmental cues
(Angelova et al., 2014).

In the elaborate choreography of this process, multiple sites for elicitor binding have been
discerned. These potential receptor locales predominantly find their abode within the
plant's plasma membranes, acting as sentinels poised to receive incoming signals. Amid
the array of receptor classes explored, the transmembrane receptor-like protein kinases
(RLKs) stand prominently, emerging as key contenders involved in pathogen perception.
The wide diversity of plant RLKs, coupled with their remarkable prevalence within the
Arabidopsis genome, positions them as potential participants in a wide spectrum of

stimulus responses (Montesano et al., 2003).

Amid the RLK cohort, a particular standout is the extensively characterized flagellin
receptor—a remarkable member of the leucine-rich repeat class. Through the meticulous
dissection afforded by molecular techniques, the genetic intricacies of this receptor have
been unveiled, contributing to our understanding of the delicate interplay between

perception and response (Gémez-Gomez and Boller, 2000).

Another distinct category of elicitor receptors embraces plant R-proteins, notable for their
capacity to recognize race-specific elicitors encoded by avirulence (avr) genes. This
recognition mechanism serves as a sentinel for potential threats, spotlighting the
dynamic interplay between plants and pathogens in their ongoing co-evolutionary

struggle (Montesano et al., 2003).

Once the initial signal perception takes place, a fascinating array of intracellular signaling
systems is set into motion. Among these, a diverse landscape of Guanosine
Triphosphate (GTP)-binding proteins assumes a central role, orchestrating a multitude
of cellular processes entwined with growth, hormonal signaling, development, and

defense responses (Vasconsuelo and Boland, 2007).
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Another crucial system emerges post-elicitation, marked by the activation of
phospholipase C within plant cells. This event triggers a cascade leading to
polyphosphoinositide turnover and the generation of vital second messengers, inositol
trisphosphate and diacylglycerol. These messengers play a pivotal role in amplifying the

elicitation-driven response (Pan et al., 2005).

Adding to the intricate web of intracellular interactions, the adenylyl cyclase/cyclic
adenosine monophosphate (CAMP)/protein kinase A (PKA) pathway comes into play. Its
involvement in the elicitation process has been implicated in both Cupressus lusitanica
and Arabidopsis species, illuminating its significance across different plant contexts
(Ebel and Mithoéfer, 1998).

Calcium (Ca*?) emerges as a ubiquitous signal in the plant world, serving as a conduit
for the regulation of myriad cellular processes in response to various stimuli, including
elicitation. This ion's role in translating external signals into intracellular responses is

particularly noteworthy (Harmon et al., 2000).

Further into the intracellular landscape, the phosphatidylinositol 3-kinase type gains
prominence, exerting its influence within the nucleus and nucleolus. This factor's
interplay with mitogen-activated protein kinases (MAPKSs) suggests its potential role in
mediating specific aspects of the elicitation response. At the heart of these intricate
interactions lie the MAPK cascades, pivotal components downstream of receptors and
sensors. They serve as the bridge that translates external cues into intracellular
responses across eukaryotes, often exerting their influence on targeted gene expression
(Cardinale et al., 2000).

Once the mechanism of elicitation is understood, conducting this procedure requires
consideration of several parameters. These include the concentration and selectivity of
the inducer, treatment duration, growth stage of the culture, cell line, growth regulation,
and nutrient composition. All these variables collectively influence the production of

secondary metabolites (Singh et al., 2018).

Elicitors can be categorized according to their inherent characteristics as either abiotic
or biotic elicitors (Table 1). Abiotic elicitors encompass a diverse array of chemical and
physical stressors, ranging from light and UV radiation to the presence of heavy metal
salts such as silver thiosulfate (Ag2S203), silver nitrate (AgNO3), cadmium chloride
(CdCI2), cupric chloride (CuCly), cupric sulfate (CuSOQO.), vanadyl sulfate (VOSO.),
nickelous sulfate (NiSO.), and selenium. Additionally, abiotic elicitors include factors

such as temperature shifts, osmotic stress induced by substances like mannitol, sorbitol,
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sodium chloride, potassium chloride, cadmium chloride, and Polyvinylpyrrolidone,
among others (Mishra et al., 2012).

Table 2. Classification of biotic and abiotic elicitors by their nature adapted from
Rogowska and Szakiel (2021).

Biotic elicitors Abiotic elicitors

Simple compaosition Salts of heavy metals

Polysaccharides, glycoproteins, chitosan, Silver nitrate, copper chloride, copper

pectin, coronatine, etc.

Complex compaosition

Crude extract of yeast, bacterial and
fungal, etc.

sulfate, etc.

Osmotic stressors

Mannitol, sorbitol, potassium chloride,
etc.

Intracellular signaling molecules Gaseous substances

Jasmonic acid, methyl jasmonate, NO, ethylene, etc.

salicylic acid, acetyl salicylic acid, etc.
Physical stressors

Light and UV-radiation, temperature shift,

drought and salinity.

Biotic elicitors encompass a spectrum of substances, which can either be crude extracts
or partially purified products originating from pathogens (fungi, bacteria, yeast) or the
host plant itself. These elicitors exhibit a diverse range of compositions. Some are
meticulously defined, such as polysaccharides, glycoproteins, inactivated enzymes,
purified chitosan (CS), pectin, chitin, alginate, curdlan, xanthan, and the notable
coronatine (CORO). Others possess a more complex composition, such as yeast extract
(YE) and fungal homogenate. Intriguingly, biotic elicitors also include key intracellular
signaling molecules like jasmonic acid (JA), methyl jasmonate (MeJa), salicylic acid (SA),
acetyl salicylic acid (ASA), each playing an essential role in orchestrating plant
responses (Ramirez-Estrada et al., 2016). For further details regarding these elicitors,

please refer to Box 3.
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Box 3

[} Alcalde, M. A., Perez-Matas, E., Escrich, A., Cusido, R. M., Palazon,
J., & Bonfill, M. (2022). Biotic elicitors in adventitious and hairy root
cultures: A review from 2010 to 2022. Molecules, 27(16), 5253.

&2 Bhaskar, R., Xavier, L. S. E., Udayakumaran, G., Kumar, D. S.,
Venkatesh, R., & Nagella, P. (2022). Biotic elicitors: A boon for the in-
vitro production of plant secondary metabolites. Plant Cell, Tissue and
Organ Culture (PCTOC), 149(1-2), 7-24.

& Halder, M., Sarkar, S., & Jha, S. (2019). Elicitation: A biotechnological
tool for enhanced production of secondary metabolites in hairy root
cultures. Engineering in life sciences, 19(12), 880-895.

* Ramirez-Estrada, K., Vidal-Limon, H., Hidalgo, D., Moyano, E.,
Golenioswki, M., Cusidé, R. M., & Palazon, J. (2016). Elicitation, an
effective strategy for the biotechnological production of bioactive high-
added value compounds in plant cell factories. Molecules, 21(2), 182.

The main biotic elicitors used in hairy roots are ASA, CS, CORO, JA, MelJa, Pectin, SA
and YE (Alcalde et al., 2022).

SA is a small molecule with a crucial role in plant defense regulatory systems, often
induced by numerous pathogens as part of the plant's defense response mechanism.
During plant-pathogen interactions, there is a swift accumulation of SA at the infection
site, triggering a hypersensitive response. Subsequently, this signal propagates to other
parts of the plant, inducing various defense responses, including the production of

secondary metabolites (Ramirez-Estrada et al., 2016).

MeJa is a naturally occurring compound in plants, commonly elicited in response to
insect attacks, rendering it a hormone associated with biotic stress response (Singh et
al., 2018). MeJa represents the methyl ester form of jasmonic acid, a pivotal compound
in signal transduction that governs plant defense responses and culminates in

heightened secondary metabolite production.

CORO is a phytotoxin produced by Pseudomonas syringae. Structurally, it is a polyketide
derived from coronafacic acid and serves as a more stable analog of MeJa, known as

coronamic acid (Singh et al., 2018).

Within hairy root cultures from 2010 to 2022, MeJa emerges as the preeminent elicitor
for augmenting phenol production, while JA demonstrates superior efficacy in enhancing
terpene yields, and ASA exhibits potency in stimulating alkaloid synthesis. Remarkably,

the pinnacle of phenol production in hairy roots, yielding values of 123.6, 80, and 75.65
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mg/g DW respectively, materialized with the application of 100 yM MeJa (Alcalde et al.,
2022).

Notable instances are observed in Glycyrrhiza inflata hairy roots, which, when elicited by
MedJa, achieve a production of 109 ug of glycyrrhizin per gram of dry weight on the fifth
day of elicitation (Wongwicha et al., 2011). Similarly, in Rehmannia glutinosa hairy roots,
elicitation with 200 uM SA led to an augmentation in the production of iridoids (catalpol,
harpagide) and phenylethanoids (verbascoside and isoverbascoside) (Pigtczak et al.,
2016). Additionally, Vaccaro et al. (2017) demonstrated the significant enhancement of
bioactive abietane diterpenes in Salvia sclarea hairy roots through transcriptional
reprogramming induced by CORO.

Noteworthy advancements have been observed in the elicitation techniques applied to
C. asiatica, notably leading to the augmented biosynthesis of triterpenoids, particularly
centellosides in cell cultures and hairy root cultures (Gallego et al., 2014; Baek et al.,
2020; Ganie et al., 2022).

For instance, the impact of MeJa (at a concentration of 50 uM) on the biosynthesis of
asiaticoside in cell cultures of C. asiatica (Ruslan et al., 2012). This investigation
highlighted the capability of methyl jasmonate to stimulate asiaticoside production,

showcasing its potential as an elicitor for enhancing the bioactive compound's yield.

Similarly, the augmentation of asiaticoside content was also prompted by the introduction
of 100 uM of SA at 10 days of post-elicitation in C. asiatica cell cultures (Loc and Giang,
2012).

Furthermore, in a separate study, MeJa was employed to elicit enhanced asiaticoside
synthesis from hairy root cultures of C. asiatica (L.) Urban, leading to an amplified
production of this valuable compound. The elicitation of hairy root cultures resulted in a
significant increase in asiaticoside content, reaching an impressive level of 7.12 mg/g
dry weight (Kim et al., 2007).
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Metabolic engineering in hairy roots as plant biofactories

In the intricate world of plant biology, the concept of metabolic engineering emerges as
a transformative endeavor that merges the elegance of nature's processes with the
ingenuity of human innovation. This cutting-edge technology can work as a “ladder” in a
game of “snakes and ladders”. At its core, metabolic engineering aims to harness the
inherent metabolic pathways within plants, directing them towards the synthesis of novel
compounds or the enhancement of existing ones. This dynamic field lies at the
intersection of biology, genetics, biochemistry, and engineering, offering a canvas upon
which scientists can paint extraordinary possibilities (Nielsen, 2001).

Plants, endowed with an intricate web of biochemical reactions, produce a myriad of
compounds essential for their growth, survival, and interaction with the environment.
Through metabolic engineering, researchers seek to unveil the molecular intricacies
underlying these processes, altering them with precision to yield desired outcomes.
Whether it's fortifying nutritional content, amplifying the production of pharmaceutical
compounds, or bolstering resistance against environmental stressors, metabolic
engineering holds the key to unlocking the full potential of plants (Figure 9) (Woolston et
al., 2013).
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Figure 9. Primary approaches from principal plant biotechnological platforms for

metabolic engineering.
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The toolbox of a metabolic engineer encompasses a diverse array of tools and
strategies. Genetic manipulation, molecular biology techniques, synthetic biology
constructs, and computational modeling converge to rewire metabolic pathways,
enabling plants to synthesize compounds that may not naturally be present in their
repertoire. As technology evolves, the scope of metabolic engineering broadens, offering
tantalizing prospects for sustainable agriculture, biopharmaceutical production, biofuel

generation, and environmental remediation (Kim et al., 2020).

There are many categories or approaches in plant metabolic engineer. For instance,
heterologous protein production that refers to the process of introducing and expressing
a gene that encodes a protein from one organism (the donor or source organism) into a
different host organism, which may belong to a different species or even a different
biological kingdom. The host organism is chosen based on its capacity to efficiently
produce and accumulate the desired protein, which may have various applications such
as industrial enzymes, therapeutic proteins, vaccines, or research tools. The best plant
platforms for metabolic engineer are Arabidopsis thaliana, Nicotiana benthamiana,

Physcomitrella patens, Brassica oleracea, etc. (Ghag et al., 2021).

Additionally, other approach is how the pathways leading to new products. It refers about
to the intricate series of biochemical reactions and enzymatic processes that enable the
synthesis of novel compounds within plant cells. These pathways involve the conversion
of precursor molecules into complex end products through a sequence of intermediate
steps, often guided by specific enzymes and regulated by genetic and environmental

factors (Verpoorte et al., 1999).

These pathways can give rise to a diverse array of compounds, including secondary
metabolites, specialized chemicals, bioactive molecules, and even therapeutic
compounds. Examples range from plant-derived pharmaceuticals and flavors to
pigments and fragrances. The exploration and manipulation of these pathways offer the
potential to harness nature's intricate biochemistry for applications ranging from
biotechnology and agriculture to medicine and environmental management (Verpoorte
et al., 2002).

Engineering of cellular physiology for process improvement in plants that deliberate
modification and optimization of the metabolic and physiological functions within plant
cells to enhance specific processes or outcomes. This involves the strategic
manipulation of cellular pathways, gene expression patterns, and biochemical reactions
to achieve improved performance, efficiency, or production of desired compounds. In this

context, cellular physiology encompasses a wide range of biological processes, including
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metabolism, growth, stress responses, and the synthesis of valuable compounds
(Stephanopoulos, 1999).

Furthermore, the elimination or reduction of by-product formation in plants that is related
to the intentional effort to mitigate or eliminate the production of unintended or undesired
compounds that arise as side products during metabolic processes within plant cells. By
employing biotechnological strategies, genetic manipulation, and metabolic engineering
techniques, researchers aim to reconfigure biochemical pathways to minimize the
synthesis of these by-products while enhancing the desired primary products (Nielsen,
2001).

Yet, realizing successful metabolic engineering within hairy root cultures demands a
comprehensive grasp of the biosynthetic pathways of target molecules, the genes
encoding associated enzymes, and their intricate regulatory mechanisms (Bagal et al.,
2023).

This approach has proven highly effective in enhancing alkaloid biosynthesis in
Catharanthus roseus, as well as in various HR cultures of solanaceous plants (Moyano
et al., 2003; Palazén et al., 2003). It has also yielded impressive results in the production
of significant biomolecules. Examples include the secretion of embryonic alkaline
phosphatase in humans (Gaume et al., 2003), the fusion proteins of GFP and ricin toxin
B from tobacco HR cultures (Medina-Bolivar et al., 2007), the accumulation of poly-3-
hydroxybutyrate from HR cultures of sugar beet (Menzel et al., 2003), and the generation
of solanoside glycoside from HR cultures of Solanum khasianum (Putalun et al., 2003) ,
enhanced production of terpenoid indole alkaloids in Catharanthus roseus HRs by
overexpression of tryptophan decarboxylase, 1-deoxy-D-xylulose 5-phosphate synthase
and octadecanoid-responsive Catharanthus AP2/ERF domain genes related from the

terpenoid indole alkaloids biosynthesis pathway (Zhao et al., 2013).

Biotransformation, on the other hand, involves the conversion of naturally occurring
phytochemicals into other biochemicals by inducing structural modifications in the
original metabolite. This process harnesses the biological systems of plants to create
novel and more valuable biochemicals that are better suited for human economic
utilization. Biotransformation leads to the development of second-generation
pharmaceuticals characterized by improved pharmacokinetics, enhanced solubility
within biological systems, and reduced toxicity. As affirmed by the comprehensive review
by Banerjee et al. (2012), HR cultures have emerged as highly advantageous platforms
for facilitating this transformative process. These cultures offer advantages such as cost-

effectiveness, genetic stability, and remarkable potential (Gantait and Mukherjee, 2021).
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One prevailing strategy in the realm of terpenoid metabolic engineering is heterologous
expression or the introduction of transcription factors that is involved in holistic approachs
(Capell and Christou, 2004). Transcription factors play a pivotal role in orchestrating the
intricate dance of gene expression within living organisms. These regulatory proteins
possess the remarkable ability to modulate the activity of specific genes, dictating when
and to what extent their genetic information is transcribed into functional RNA molecules.
By binding to DNA sequences in the vicinity of target genes, transcription factors exert
influence over a wide array of biological processes, ranging from development and

growth to immune response and cellular adaptation (Yusuf et al., 2012).

Typically, plant transcription factors exhibit a characteristic compaosition, encompassing
a DNA-binding region, an oligomerization site, a transcription regulation domain, and a
nuclear localization signal. However, some transcription factors may lack either a
transcription regulation domain or a specific DNA-binding region, adding to the intricate

diversity of their structures (Schwechheimer and Bevan, 1998).

Transcription factors are categorized based on their structural attributes, often involving
the division of families according to the number and arrangement of conserved residues
within their most analogous domains. For instance, zinc finger-containing factors fall into
distinct classes—C2H2, C3H, C2C2 (GATA finger), C3HC4 (RING finger), and C2HC5
(LIM finger)—dictated by the arrangement and abundance of cysteine and histidine
residues. Alternatively, transcription factors belonging to the same family are grouped by
referencing domains that extend beyond the most universally conserved region. As an
illustrative case, homeodomain factors are clustered into five groups: homeodomain
zipper, homeodomain finger, GLABRA2, ELK-homeodomain, and twin-homeodomain
factors. Initially presumed to solely participate in sequence-specific DNA interactions, the
conserved regions underpinning nomenclature have revealed unexpected versatility.
Remarkably, excluding high mobility group finger, homeodomain finger, and A. thaliana
HAT homeobox zipper factors, each plant transcription factor incorporates a sole variety
of combined DNA-binding/oligomerization domain, albeit it might appear in multiple
copies (Liu et al., 1999). Furthermore, there is databases about these genome
sequences that stick out Arabidopsis thaliana, Solanum tuberosum, Gossypium
hirsutum, Helianthus annuus, Hordeum vulgare, Solanum tuberosum and Medicago
truncatula (Guo et al., 2008).

This approach aligns with the fact that the biosynthesis of specialized terpenoids is often
tissue- and developmental stage-specific (Nagegowda and Gupta, 2020). The nuanced

spatial and temporal formation of these specialized terpenoids is predominantly
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governed at the transcriptional level through trans-acting factors, commonly known as
transcription factors. These pivotal proteins intricately manage gene expression by
binding to DNA regulatory sequences, referred to as enhancers and silencers, which
respectively boost or inhibit the transcription of target genes (Bagal et al., 2023). Hairy
root cultures have proven valuable platforms for engineering the production of a
spectrum of specialized terpenoids. In the case of P. ginseng, the overexpression of
distinct triterpenoid pathway genes like HMGR or SQS in adventitious root cultures
yielded a remarkable 2—3-fold increase in total ginsenosides (Nagegowda and Gupta,
2020). By concurrently expressing HMGR and geranylgeranyl diphosphate synthase in
Salvia miltiorrhiza hairy roots, the synthesis of tanshinone reached to impressive 2.727
mg/g dw (Kai et al., 2011). For C. roseus hairy roots the induction expression of a
transcription factor ORCA3 and elicitation with JA increased terpenoid indol alkaloid
metabolites and transcripts of pathway genes (Peebles et al., 2009). For further details

regarding about metabolic engineering, please refer to Box 4.

Box 4

< Capell, T., & Christou, P. (2004). Progress in plant metabolic
engineering. Current opinion in biotechnology, 15(2), 148-
154.

< Zhou, M. L., Zhu, X. M., Shao, J. R,, Tang, Y. X., & Wu, Y. M.
(2011). Production and metabolic engineering of bioactive
substances in plant hairy root culture. Applied microbiology and
biotechnology, 90, 1229-1239.

< Woolston, B. M., Edgar, S., & Stephanopoulos, G. (2013).
Metabolic engineering: past and future. Annual review of
chemical and biomolecular engineering, 4, 259-288.

< Volk, M. J., Tran, V. G,, Tan, S. |, Mishra, S., Fatma, Z., Boab,
A. & Zhao, H. (2022). Metabolic engineering: methodologies and
applications. Chemical reviews, 123(9), 5521-5570.

< Bagal, D., Chowdhary, A. A., Mehrotra, S., Mishra, S., Rathore,
S., & Srivastava, V. (2023). Metabolic engineering in hairy roots:
An outlook on production of plant secondary metabolites. Plant
Physiology and Biochemistry, 107847.
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In the current context of climate change, with the need to save water and preserve land
for food production and improve the health of the world population regardless of their
habitat of origin, a new challenge arises: the growing demand for products natural,
mainly of plant origin, to cover the growing demand for these compounds to meet the
existing needs for them, for the pharmaceutical, cosmetic and food industries in a
biosustainable way. An example of this is the production of centellosides, triterpenes with
important biological activities obtained from Centella asiatica plant extracts. In this
pipeline, Plant Biofactories based on cell and organ cultures of C. asiatica may represent

an eco-friendly alternative to meet the needs of these compounds at an industrial level.

As mentioned in the outline, this PhD thesis has as its main objective the study and
improvement of centelloside production in hairy root cultures and deepen knowledge in
functions of rol genes from Rhizobium rhizogenes on the morphology and productive
capacity of the hairy roots.

Regarding that, we will try to answer 4 important open questions according to our specific

goals that are schematized in Fig. 10:

Open question: Obijective:

How Rhizobium rhizogenes T-DNA genes
modulates root growth, hormonal profiles
and centelloside production using
machine learning as a potent tool for
classifying hairy roots lines, either by the

level of gene expression or hormonal

To understand the role of T-DNA genes in
production of centellosides performing a
combined analysis of the expression
levels of rol and aux genes, morphological
traits, centelloside content, and hormonal

profiling in Centella asiatica hairy roots

centellosides production, hormonal levels
and the expression of the rol genes of
Rhizobium rhizogenes among the hairy
root lines, could be due to the integration
of different copies of the T-DNA of R.
rhizogenes into the plant genome and

proteomic alterations generated by this

profile. using machine learning; as well as it
enables to determinate productive lines
(Chapter 1).

The recent discovery that the | To investigate the molecular mechanisms

morphological differences, the | underlying hairy root development and

centelloside production in order to
enhance C. asiatica's biofactories through
an analysis of hairy root protein profiles
and number of rol gene copies (Chapter

2).
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integration  when  compared  with

untransformed roots.

Strategies such as elicitation that induces
changes in specialized metabolism can
be added to the

generated, which could be used to

new knowledge

understand the transcriptomic control of
the centellosides pathway,
that
through an analysis of the complete

revealing

changes cannot be Vvisualized

proteome

To assess the impact of various elicitors
on the biotechnological production of
major centellosides in a specific rapidly
growing C. asiatica hairy root line,
alongside analyzing the expression levels
of genes responsible for crucial enzymes
in the triterpene biosynthetic pathway

(Chapter 3).

Elicitation changes the expression pattern

of downstream genes related to
centelloside biosynthesis, so unblocking
the production of precursors of the
biosynthetic pathway, through metabolic
engineering techniques, could be an
effective strategy to further increase the
production of these target compounds in

hairy root cultures.

To establish C. asiatica hairy roots that
overexpress At-SQS and TSAR2 genes
and investigate how these genetic
alterations influence the expression of
centelloside the

pathway  genes,

correlation between squalene/phytosterol

contents, and morphological traits,
thereby elucidating the regulatory
mechanisms  governing centelloside

biosynthesis (Chapter 4).

Future perspectives: The discovery that part of the precursors flow for centellosides

biosynthesis derives to previous branches of the pathway or is accumulate, reveals

downstream blockages. A combined strategy with new stepwise or holistic engineering

approaches (using transcription factors) together with elicitation, could unlock the last

steps of centelloside biosynthesis and allow the design of new transformed root lines

with improved productive capacities.
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Chapter 4:
The establishmentof C.
asiaticahairy roots

overxpressing At-SQS and
TSAR2 to explore the impact
of these genetic modifications

on the expression of

centelloside pathway genes,
relationship

Chapter 2:
The exploration of
how hairy root
protein profiles
could improve C.
asiatica's
biofactories by
delving into the

Chapter 3:

The determination of
different elicitors effect on
the biotechnological
production of the main
centellosides in a selected
fast-growing C. asiatica
hairy root line and the

Chapter 1:

Combined analysis of

expression levels of rol
and aux genes,

morphological traits,
centelloside content
’ and hormenal profiling

Objectives

molecular expression levels of genes squalene/phytosterol contents
in Centella asiatica mechanisms behind encoding key enzymes in and morphologicaltraits
hairy roots by machine hairy root the triterpene biosynthetic elucidating the regulatory
learning for the development and pathway. mechanisms underlying
discrimination of centelloside centelloside biosynthesis.
producing lines or lines production.

with improved traits.

_AS

Metabolomics

Transformation

1
(HPLC, HPLC-MS/MS, o
n (Rhizobium colorimetric assay) ) Metfibol_ic engineering
-_— rhizogenes A4) (Rhizobium rhizogenes
o carrying At-SQS and
|2 N i TSAR2)
Proteomics Transcrlpt_omlcs_ .
Machine learning (LC-MS/MS) (qRT-PCR, semiquantitative
(LDA, SVM, RF, and RT-PCR)
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£
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Figure 10. Objectives of PhD thesis: Identifying problems (spinfalls), tools and objectives (ladders). LDA, linear discriminant analysis; SVM,
support vector machines; RF, random forest; ANN, artificial neural network; HPLC, high performance liquid chromatography; HPLC-MS/MS,
HPLC coupled to mass spectrometry; qRT-PCR, quantitative real time polymerase chain reaction; At-SQS, Arabidopsis thaliana squalene
synthase; TSARZ2, triterpene saponin biosynthesis activating regulator2.
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Mercedes Bonfill, Professor of Plant Phisiology of the University of Barcelona and Diego
Hidalgo, Maria Zambrano researcher of the University of Barcelona as Directors of the
PhD thesis entitled “Exploring T-DNA gene mechanisms and optimizing centelloside
production in Centella asiatica hairy root cultures” certify that the thesis present here is
the result of the work carried out by Miguel Angel Alcalde Alvites under our guidance and
supervision. The own contribution of the PhD candidate to each one of the manuscripts
included in the thesis is detailed below.

Chapter 1. Using machine learning to link the influence of transferred
Agrobacterium rhizogenes genes to the hormone profile and morphological traits

in Centella asiatica hairy roots.

Alcalde MA, Miller M, Munné-Bosch S, Landin M, Gallego PP, Bonfill M, Palazon J and
Hidalgo-Martinez D.
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This article is a part of Miguel Alcalde’s PhD thesis.
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the hormone profile, and build the different machine learning models.
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models.
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Industrial Crops and Products (2022). 184:114988. doi: 10.1016/j.indcrop.2022.114988.
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This article is a part of Miguel Alcalde’s PhD thesis.

MA: Miguel Alcalde designed the research, carried out the experiments, analyzed all the

data and wrote the draft manuscript.

Chapter 4. Enhancing centelloside production in Centella asiatica hairy root lines

through metabolic engineering of triterpene biosynthetic pathway early genes.
Alcalde MA, Palazon J, Bonfill M, and Hidalgo-Martinez D.

Plants (2023). 12:19,3363. https://doi.org/ 10.3390/plants12193363

Impact Factor (2022): 4.5. Position 43/238, Q1 in Plant Sciences of JCR.

This article is a part of Miguel Alcalde’s PhD thesis.
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wrote the original draft.

For all the above, we consider that the work developed by the PhD candidate grants
him the right to defend his thesis in front of a Scientific Committee.

Barcelona, 30" September of 2023

Fdo: Mercedes Bonfill Diego Hidalgo
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Chapter 1. Using machine learning to

link the Influence of transferred
Agrobacterium rhizogenes genes to the
hormone profile and morphological traits

In Centella asiatica hairy roots.

Alcalde MA, Muller M, Munné-Bosch S, Landin M, Gallego
PP, Bonfill M, Palazon J, & Hidalgo-Martinez D. Front. Plant
Sci. (2022). 13:1001023. doi: 10.3389/fpls.2022.1001023
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Spanish summary

Las raices transformadas se forman después de la integracion de los genes del T-DNA
de Rhizobium rhizogenes en el genoma de la planta. Se sabe poco acerca de cémo este
pequefio conjunto de genes esta relacionado con el perfil hormonal, el cual determina
el desarrollo, la morfologia y los niveles de produccién de metabolitos secundarios en
esta plataforma biotecnolégica. Para este trabajo empleamos diferentes cultivos de
lineas de raices transformadas de Centella asiatica para determinar los posibles
vinculos entre la expresién de los genes rol y aux con los rasgos morfologicos, los
perfiles hormonales y la produccién de centellésidos. Los resultados obtenidos después
de 14 y 28 dias de crecimiento se procesaron mediante andlisis multivariado y procesos
de aprendizaje automatico con los algoritmos de bosque aleatorio, maquinas de soporte
vectorial, andlisis discriminante lineal y redes neuronales. Esto nos permitié obtener
modelos capaces de discriminar lineas de raices altamente productivas segin sus
niveles de expresion genética (genes rol y aux) o su perfil hormonal. En total, se
evaluaron 12 hormonas, de las cuales se detectaron satisfactoriamente 10. Dentro de
este conjunto de hormonas, el acido abscisico y la citoquinina isopentenil adenosina
resultaron ser criticos para definir los rasgos morfolégicos y el contenido de
centellésidos. Los resultados mostraron que isopentenil adenosina aporta mas
beneficios a esta plataforma biotecnologica. Ademas, determinamos el grado de
influencia de cada uno de los genes evaluados en el perfil hormonal individual,
encontrando que auxl tiene una influencia significativa en el perfil de IPA, mientras que
los genes rol estan estrechamente vinculados al perfil de ABA. Finalmente, verificamos
de manera efectiva la influencia de los genes en estas dos hormonas especificas a
través de observar el efecto en la morfologia de las raices y el contenido de

centellésidos.
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Hairy roots are made after the integration of a small set of genes from
Agrobacterium rhizogenes in the plant genome. Little is known about how this
small set is linked to their hormone profile, which determines development,
morphology, and levels of secondary metabolite production. We used C.
asiatica hairy root line cultures to determine the putative links between the rol
and aux gene expressions with morphological traits, a hormone profile, and
centelloside production. The results obtained after 14 and 28days of culture
were processed via multivariate analysis and machine-learning processes such
as random forest, supported vector machines, linear discriminant analysis, and
neural networks. This allowed us to obtain models capable of discriminating
highly productive root lines from their levels of genetic expression (rol and aux
genes) or from their hormone profile. In total, 12 hormones were evaluated,
resulting in 10 being satisfactorily detected. Within this set of hormones,
abscisic acid (ABA) and cytokinin isopentenyl adenosine (IPA) were found to
be critical in defining the morphological traits and centelloside content. The
results showed that IPA brings more benefits to the biotechnological platform.
Additionally, we determined the degree of influence of each of the evaluated
genes on the individual hormone profile, finding that aux1 has a significant
influence on the IPA profile, while the rol genes are closely linked to the ABA
profile. Finally, we effectively verified the gene influence on these two specific
hormones through feeding experiments that aimed to reverse the effect on
root morphology and centelloside content.
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Introduction

Plant specialized metabolism is the source of a plethora of
bioactive compounds, some of which are uncommon and with
important pharmacological activities (Rai et al., 2017). The
overuse of medicinal plants and the fact that some of their
bioactive compounds are only found in trace amounts in plant
tissues has prompted the search for alternative sources of these
compounds (Chen et al., 2016).

This is the case with Centella asiatica (L.) Urban, which has
been used in traditional medicine to treat several chronic diseases
since ancient times (Prasad et al., 2019). C. asiatica extracts have
antidepressant, antiepileptic, antidiabetic, anxiolytic,
neuroprotective, antioxidant, antiulcer, antitumor, anti-
inflammatory, and healing properties (Gallego et al., 2014; Sun
etal., 2020; Arribas-Lopez et al., 2022), about 139 metabolites has
been isolated from this plant most of them extracted from leaves
and roots (Kunjumon et al., 2022). C. asiatica is well known for
the accumulation of triterpenoid centelloside, such as
madecasosside and asiaticoside, as well as its relevant aglycones
madecassic and asiatic acid (Joshi and Chaturvedi, 2013), which
contribute to its clinical efficacy (Prakash et al., 2017). As a result,
host plants have been over-exploited, and excessive uprooting has
put C. asiatica in danger of extinction (Mangas et al., 2008). The
chemical synthesis of centellosides is either impossible or
economically unviable. Research has focused on the potential
offered by plant cell culture technology, also known as Plant
Biofactories, for efficient specialized metabolite production, such
as centellosides (Dhillon et al., 2017).

One of these technologies is the generation of hairy roots,
which has been used in several biotechnological approaches for
phytochemical production (Donini and Marusic, 2018; Roy,
2020). Hairy root cultures are induced in most dicotyledonous
plants by incorporating a segment of Agrobacterium rhizogenes
DNA (T-DNA) from the plasmid Ri-DNA into the plant cell
genome, where the expression of the genes carried out by the
T-DNA promotes rooting at the site of infection. Hairy roots can
grow rapidly even in the absence of exogenous growth regulators,
which is why they are widely used as a transgenic tool to produce
specialized metabolites, therapeutic proteins, etc. (Gutierrez-
Valdes et al., 2020).

The plasmid Ri-DNA of A. rhizogenes strain A4 contains two
regions: TL-DNA and TR-DNA. The first contains four rol genes
(rooting locus): A, B, C, and D, which improve plant cell
susceptibility to auxins and cytokinins and are responsible for the
formation of these roots (Supplementary Figure 1; Mauro et al.,
2017). However, little is known about the molecular changes
induced in plant cells by the expression of rol genes into the plant
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genome. rolA is found on all Ri plasmids and encodes a small
protein with a basic isoelectric point whose expression showed a
dramatic reduction in several classes of hormones (Ozyigitetal.,
2013). rolB may play a critical role in the early stages of hairy-root
induction and is the most powerful inducer of secondary
metabolism (Dilshad et al., 2021). rolC is considered the most
conserved of all rol genes and has a minor impact on root
formation (Makhzoum et al., 2013). T-DNA also contains genes
that encode enzymes that direct the production of opines, which
are synthesized and excreted by transformed cells and consumed
as a source of carbon and nitrogen by A. rhizogenes (Matveeva and
Otten, 2021). The second region of T-DNA is TR-DNA which
contains genes related to auxin biosynthesis, known as aux1 and
aux2. Both regions can be transferred to the nuclear genome of
infected plant cells independently (Nemoto et al., 2009).

Most studies on the expression of rol and aux genes in hairy
root cultures have focused on demonstrating their effect on
specialized metabolism for increasing the production of
phytochemicals, such as centelloside production in C. asiatica
hairy root cultures (Dilshad et al., 2021), anthraquinones in rolA-
transgenic tissues of Rubia cordifolia calli (Nemoto et al., 2009), or
nicotine in tobacco hairy roots (Palazon et al., 1997). The rolB
transformation was shown to induce resveratrol production in
Vitis amurensis cells (Kiselev et al., 2007), and rolC gene expression
was shown to be highly efficient for increasing the production of
morphinan, tropane alkaloids (Cardillo et al., 2013; Hashemi and
Naghavi, 2016), anthraquinones (Bulgakov et al., 2002).

On the contrary, the relationship between rol and aux genes
expression and the hormonal profile, which is a determinant in
root development and morphology (Wahby et al., 2012), has
received little attention. As a result, we focus on analyzing the
relationship between: (1) expression levels of different rol and aux
genes, (2) morphological traits, (3) production of triterpene
saponins and (4) hormonal profiling of various hairy root lines of
C. asiatica. The combined analysis of these variables enabled us to
generate machine learning models that allow for the
discrimination of producing lines or lines with improved traits,
either by the level of gene expression or hormonal profile. The
extent to which A. rhizogenes genes influenced each of the
hormones measured has been determined.

Materials and methods
Establishment of hairy root culture

The A. rhizogenes A4 strain was used in transformation
experiments. Bacteria were grown for 48 h (OD 600 = 0.5-0.6)
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in liquid YEB (Yeast Extract Beef) medium at 28°C on a
rotary shaker at 130 rpm. Explants for co-cultivation and
hairy root induction were leaf segments from a in-vitro 2-
month-old seedling of C. asiatica. The explants were cut
into 1.5-2 cm? disks with the tip of a scalpel containing a
colony of A. rhizogenes, cultured at 25°C. All excised explants
were then co-cultured in solid MS hormone-free media
enriched with 3% sucrose and pH = 5.8. The explants were
transferred to a fresh solid MS medium containing 500 mg/I
cefotaxime after 48 h of cocultivation in the dark at 28°C. The
emerging hairy roots were excised and transferred to a fresh
solid MS medium containing 500 mg/l cefotaxime, where they
were grown in darkness at 25°C on a rotary shaker. To
eliminate the bacteria, this step was repeated every 2 weeks
for about 2 months.

Semiquantitative RT-PCR detection and
expression of transgene integrations

Semiquantitative RT-PCR was used to detect the
integration and expression of A. rhizogenes T-DNA genes
(rolA, rolB, rolC, and auxl) at the transcript level in the
studied transgenic clones, this analysis was previously perform
in C. asiatica by Mangas et al. (2008). PureLink RNA Mini Kit
(Invitrogen) was used to isolate RNA from 200 mg of fresh
hairy roots lines according to the manufacturer’s instructions.
The amount and quality of each RNA sample were determined
using the NanoDrop 2000 Spectrophotometer (Thermo
Scientific). The integrity of the RNA was assessed using
agarose gel electrophoresis. The total RNA at a fixed
concentration (1.5 pg of RNA) was used as the template for the
DNAse treatment. For this purpose, the required sample
volume was calculated, taking into account the volume of
DNAse | and buffer needed, and brought up to a final volume
of 10 pl per sample with sterile H20. After adding the DNAse
mix, the samples were heated at 37°C for 30 min. Then, for
each sample, 1 pl of 50 mM EDTA was added and incubated at
65°C for 10 min to inactivate it. First-strand cDNA was
synthesized using the SuperScriptTM IV First-Strand Synthesis
System (Invitrogen) kit and 2 pl of RNA according to the
manufacturer’s instructions. Primer3Plus software® was used
to design PCR primers with G/C content and the presence of
introns (Supplementary Table 1). A volume of 1 ul of cDNA
products were amplified with 12.5 ul of Green Taq polymerase,
1 wl of each specific primer, and 9.5 ul of H20 milliQ. A 5-
min cycle at 94°C was followed by 60 s at 94°C, 30 s at 60°C, and
1 min at 72°C for 35 cycles, and then another 5-min cycle at
72°C. A no-sample negative control was always included in
each set of reactions. PCR products were loaded onto 1%

1
(Accessed August 22, 2022).
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agarose gels in TAE buffer (1X), and pictures were taken using
a Gel Logic 100 camera (KODAK). The bands were quantified
using the Kodak Gel Logic 100 Digital Imaging System
software (KODAK).

Evaluation of some morphology
parameters of hairy root lines

An inoculum of 10 mg fresh weight (FW) from each hairy
root line was placed in plates with MS medium solid, and the
cultures were maintained for two subcultures every 2 weeks at
25°C in dark conditions, as we had done in previous studies
(Alcalde et al., 2022), before evaluating the growth parameters
considered using three replicas of each line. The branching rate
was defined as the number of lateral roots per cm of initial stem
root (number of lateral roots/cm); the growth rate as the average
length of the lateral roots (mm/day); and the biomass productivity
as the final FW minus initial FW divided by the number of
growing days (mg/day).

Extraction and quantification of
centellosides

Centellocide production was determined according to
Hidalgo et al. (2016) and Alcalde et al. (2022) with slight
modification. We weighted 0.5 g of freeze dry material (DW)
of hairy roots and added 10 ml of methanol: H20 (9:1)
suspension, which was sonicated for 1 h at room temperature.
The following step was to centrifuge at 20,000 rpm for
10 min. After separating the supernatant, the previous step
was repeated. The supernatants of the various samples were
placed on porcelain mortars and evaporated at 38°C for
approximately 24 h before being redissolved in 1.5 ml of
methanol. The methanolic extract was filtered through a
0.22 pum filter for HPLC quantification of centellosides. The
HPLC system consisted of a Waters 600 Controller pump, a
Waters 717 Autosampler automatic injector, a Jasco variable
length (UV) 1570 detector, and Borwin data analysis software
version 1.5. At room temperature, a Lichrospher 100 RP18
5 pum column (250 x 0.4 mm) was used for gradient
chromatography, as described in Supplementary Table 2. The
mobile phase consisted of acetonitrile and ammonium
phosphate (10 mM), which had been acidified with ortho-
phosphoric acid to a pH of 2.5. The acidification improved
the definition of the compound peaks. The flow rate was
1 ml/min, and the injection volume was 10 upl. The detector
wavelength was set to 214 nm, 1.00 au/v, and the run
time was 45 min. To quantify the centellosides (asiatic acid,
madecassic acid, asiaticoside, and madecasoside), standards
of these 4 compounds were used to prepare calibration
curves at concentrations of 10, 25, 50, 100, 250, and
500 ppm.
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FIGURE 1
Average morphology of the different transformed hairy roots of
C. asiatica at different stages of development.

Hormonal profiling of hairy root lines

Samples were collected for hormonal profiling and
immediately frozen in liquid nitrogen before being stored at
—80°C for subsequent analyses. The endogenous
concentrations of the compounds: abscisic acid (ABA),
salicylic acid (SA), jasmonates (12-oxo-phytodienoic acid
[OPDA], jasmonic acid [JA], and jasmonoy! isoleucine [JA-
lle]), cytokinins (2-isopentenenyladenine [2iP], IPA, trans-
zeatin [t-Z], and trans-zeatin riboside [t-ZR]), the auxin
indole 3-acetic acid (IAA), and gibberellins (GA1, GA4, and
GA7) were quantified using a protocol modified by Miller
and Munne-Bosch (2011). For each hairy root line, 100 + 5
mg samples were placed in liquid nitrogen in a 2 ml Eppendorf
tube using the mixer mill MM400 (Retsch GmbH, Haan,
Germany), and then extracted twice with extraction solvent
(methanol:isopropanol:acetic acid in a proportion 50:49:1
[v/viv] with 1% of glacial acetic acid) using ultrasonication (4—
7°C). Deuterium-labeled compounds (Olchemim, Olomuc,
Czech Republic) were used as internal standards for all
phytohormones to estimate recovery rates for each sample.
The quantifications were performed by preparing a calibration
curve with each of the 13 compounds analyzed and calculating
the compound/standard ratio using Analyst™ software
(Applied Biosystems, Inc., Foster City, CA, United States).
The results were expressed using the FWof the samples.

Statistical analysis and machine learning
models

The statistical analysis was carried out using GraphPad Prism
version 6.04 for Windows, GraphPad Software, La Jolla California,
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United States.? Data are presented as the mean + standard
deviation. For statistical comparison, a multifactorial ANOVA
analysis was performed, followed by Tukey’s multiple comparison
test. For morphologic traits, phytohormone concentration, and
centelloside production, a p-value < 0.05 was assumed to indicate
a significant difference.

Machine learning models, principal component analysis
(PCA), and Pearson correlation were performed using R Statistical
Software (R Core Team, 2021). The caret package (Kuhn, 2021)
was used to create LDA, SVM, RF, and ANN models, whereas
randomForestSRC package (Ishwaran and Kogalur, 2022) was
used to execute multivariate multiple regression models. A general
scheme of the modeling process is presented in
Supplementary Figure 9. For model validation, data split and
repeated cross-validation methods were used, with 10-fold cross-
validation repeated 5 times. Accuracy or coefficient of
determination (R-squared) was used as metrics to evaluate the
performance of each model, along with specificity and sensitivity.
Factoextra (Kassambara and Mundt, 2020) package was used for
the PCA, while corrplot package (\Wei and Simko, 2021) was used
for the calculation of the Pearson correlation coefficient (r). The
multivariate multiple regression model’s decreased accuracy
values were used to perform a hierarchical clustering analysis and
were displayed as a heatmap. Datasets for model development and
PCA analysis were preprocess by autoscaling method.

Feeding experiment

To validate the model predictions and multivariate analysis
results from the previous sections, we designed an experiment that
consisted of supplying for 14 and 28 days ABA (13 and 1,300 ng/l)
to the line L1 and IPA (1.5 and 150 ng/l) to the line L3. We used a
single root to maximize visualization of the effect on growth and
branching rates. ABA was bought to Sigma-Aldrich (Steinheim
am Albuch, Germany) and IPA was bought to Cayman chemical
(Ann Arbor, Michigan, USA). The stock solutions where prepared
at 1 mg/ml in methanol followed by serial dilution prior to
be added to culture media.

Results
Hairy root traits and centelloside content

The plant material used in this study consisted of 10 hairy root
lines free of Agrobacterium rhizogenes (L1, L2, L3, L4, L6, L7, L8,
L10, L12, and L14), which were cultivated for 2 and 4 weeks,
before morphological traits and biomass production were
registered, as described in the Material and methods section.
Figure 1 shows the development of the root lines throughout the

2 (Accessed August 22, 2022).
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experiment. Most of the lines had the typical morphology of hairy
roots, but there were noticeable differences in branching rate,
growth rate, and biomass accumulation. Statistical differences
were found between lines in terms of branching and growth rate,
but there were no significant changes between sampling times.
Figure 2A shows the branching rate, with L1 standing out from
the others, followed by L12. L3 had the lowest branching values at
2 and 4 weeks of growth. In terms of growth rate (Figure 2B), two
lines predominated: L1 and L2. Line L14 has the lowest growth
rate value at the end of 4 weeks. Finally, we observed significant
differences in biomass productivity (Figure 2C) between weeks 2
and 4 for lines L1, L2, L8, L10, and L12, with increases ranging
from 2 to 5 times.

The total productivity of centelloside was expressed in two
ways: mg per g of dry weight (DW) and mg per liter of culture
medium (Figure 3). These results showed a similar profile
between hairy root lines as the traits mentioned previously, as
well as significant differences between sampling times. Lines 1
and 2 had the highest production values, followed by lines 10,
12, and 14. Lines 3 to 8 had the lowest values. The productivity
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FIGURE 2
Morphological traits of hairy root lines of C. asiatica.
(A) Branching rate. (B) Growth rate. (C) Biomass productivity.
Data represent the mean+SD of three replicates. Different letters
show significant differences between hairy root lines. ns=no
differences (a =0.05).
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range of centelloside values in mg/g DW oscillated between
0.14 £ 0.02 and 0.96 + 0.03 after 14 days, and between 0.44 + 0.27
and 5.49 * 0.20 after 28 days. These results revealed the root
lines’ various capacities to accumulate this type of compound
over time. Some of them, such as L2, showed a content that was
8 times higher at 28 days than it was at 14 days, whereas line L7’s
increase was only 0.7 times. In terms of centellosides profile,
made cassoside was the main compound in almost all lines
(Supplementary Figure 2). We can see from these results that
the transformed root lines can be divided into at least 3 groups:
L1and L2, then L3, L4, L6, L7, and L8, and finally L10, L12,
and L14.

Gene expression

PCR (data not shown) and semi-quantitative RT-PCR were
used to confirm the integration and expression of the rol and aux
genes. Supplementary Figure 3 shows the results of semi-
quantitative RT-PCR in 10 C. asiatica hairy root lines grown in MS
basal medium after 28 days, with the 5.8 s rRNA used as a
housekeeping gene for normalization. A principal component
analysis (PCA) was used to investigate how the expression of these
genes was related to hairy root traits and centelloside content.
Figure 4A summarizes the information about hairy root samples
and their multiple gene expression by two components:
PC1 = 63.5% and PC2 = 27.5%, which account for 91% of the
model’s total variance. L3, L4, L6, and L7 are the lines with the
lowest expression of all genes, according to PC1. According to
PC2, other subgroups can be seen within the lines with higher
expression. The first (L10, L12, and L14) was associated with high
expressions of the rolC and rolB genes, while the second (L1, L2,
and L8) showed higher expressions of the rolA and aux1 genes. A
positive correlation was observed between centelloside content,
branching, biomass productivity, rol, and aux1 genes (Figure 4B).
The highest centelloside productions were strongly related to rolA
(r = 0.71) and auxl (r = 0.70) genes. The rolC was the least
effective, with a slightly negative effect on elongation rates
(r=-0.29). Similar behavior was observed for samples at 14 days
(Supplementary Figure 4).

Prediction of production degree based
on gene expression

The statistically significant correlations and differences
established the concept of identifying production lines based on
their gene expression profile. We assigned the following tags to the
subgroups that represent the centelloside content: HIGH (L1 and
L2), MID (L10, L12, and L14), and LOW (L3, L4, L6, L7, and L8).
Four different classification machine learning algorithms were
tested on a dataset (Supplementary Table 3) containing gene
expression information from 10 lines cultivated for 14 and 28 days,
and accuracy was used to track the models” performance (Table 1).
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The most accurate model was random forest (RF) with 91.33%
correct classification, and the least accurate was artificial neural
network (ANN) with 89.5% correct classification. The sensitivity
range was 62.5 to 100%, with RF having the highest values,
followed by linear discriminant analysis (LDA) and ANN, and
supported vector machine (SVM) having the lowest values. Model
specificity ranged between 78.6 and 100%. The importance of each
gene for correct classification was calculated and ranked by the
mean decrease in Gini. The rolC is at the top of the list, followed
by rolA, rolB, and finally aux1 (Supplementary Figure 5A).
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FIGURE 3

Centelloside content in mg/g DW of hairy root lines of C. asiatica
measured as the sum of asiaticoside + madecassoside + asiatic
acid + madecassic acid. Data represent the mean+SD of three
replicates. Different letters show significant differences between
hairy root lines. ns=no differences (a =0.05).
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Hormone profiles

The hormone profile of the hairy root lines was evaluated at

14 and 28 days, with 13 compounds measured, including ABA,
SA, OPDA, JA, JA-lle, 2iP, IPA, t-Z, t-ZR, IAA, GA1, GA4, and
GA7. GAswas detected, but GA1 and GA7 values were below the
detection threshold for all rhizoclones (Supplementary Figure 6).
LOW centelloside producer lines had higher concentrations of
ABA, SA, JA-lle, and IAA, especially at 4 weeks of growth. MID
centelloside producer lines had the highest concentration of 2-iP
throughout the experiment. HIGH producer centelloside lines
had the highest concentration value for IPA. The other hormones
(JA, OPDA, t-Z, t-ZR, and GA4) showed different values
depending on the week of growth for each transformed root line.
The loadings plot in Figure 5 depicts the relationship between
hairy root traits, centelloside contents, and hormone profile at
various sampling times. The PCA was composed by nine
components, where PC1 covered the 56% and PC2 = 22.7% which
account for 78.9% of the model’s total variance. At 14days
(Figure 5A; Supplementary Figure 7), the only hormone with a
strong positive correlation (r >0.7) for all traits and centelloside
content was IPA hormone. OPDA showed a positive effect for
branching and centelloside content, and t-Z only showed a
positive correlation for centelloside content. IAA, on the other
hand, had a strong negative effect (r <0.7) on centelloside
production, branching, and biomass production. ABA also had a
negative effect on centelloside production and branching. IPA was
strongly correlated (r >0.8) with hairy root elongation and had a
positive effect on centelloside content and biomass productivity at
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TABLE 1 Prediction of production degree based on gene expression
and hormone profiles.

Model Accuracy
%

Sensitivity % Specificity %

HIGH MID LOW HIGH MID LOW
Prediction of production degree based on gene expression
LDA 90.77 66.67 100 100 100 100  83.33
SVM 90.05 83.33 100 62.5 78.57 100  91.67
RF 91.33 83.33 100 87.5 92.9 100 917
ANN 89.5 66.67 100 100 100 100  83.33
Prediction of production degree k ased on hormone profiles
LDA 82.57 100 100 50 75 100 100
SVM 100 100 100 100 100 100 100
RF 100 100 100 100 100 100 100
ANN 93.75 100 100 100 100 100 100

28 days (Figure 5B; Supplementary Figure 8). OPDA and GA4
showed a negative correlation (r < 0.73) for all traits and
centelloside content. ABA, SA, and t-Z were also negatively
correlated except for root elongation. When the hormone content
is compared between the two sampling times, the high amount of
IPA hormone is repeatedly associated with a high content of
centelloside, while the high amount of ABA is associated with
low content.

Prediction of production degree based
on hormone profiles

Similarly, we investigated whether the hormonal profiles of
transformed root lines could predict the degree of centelloside
production. Four different classification machine learning
algorithms were tested on a dataset (Supplementary Table 4)
containing hormone content from the HIGH, MID, and LOW
groups, and accuracy was used to track the models’ performance
(Table 1). The most accurate models were RF and SVM, with 100%
correct classification, and the least accurate model was LDA, with
82.57%. The sensitivity ranged from 50 to 100%, with SVM, RF,
and ANN having the highest values and LDA having the lowest.
The specificity range of the models was between 75 and 100%. The
SVM model performed the best in classifying different degrees of
centelloside production. The importance of each hormone for
correct classification was calculated and ranked by the mean
decrease in the Gini coefficient. The top 5 on this list were IPA, 2iP,
ABA, IAA, and GA4 (Supplementary Figure 5B).

Gene influence on hormone profiles

We investigated how genes influence hormone profiles
after studying how traits and centelloside content can
be predicted by their gene expression or hormone profile. A
multivariate multiple regression model was created for this
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purpose using the randomForestSRC R-package (see Materials
and methods). The different hormones were treated as
dependent variables in the model, while the genetic expression
of rolA, rolB, rolC, and aux1 genes was treated as independent
variables. The R-squared value for the model with all
hormones was 0.788, which was used to measure the goodness
of fit, the performance error of the model was 0.1998. The
variable importance (VIMP) was used to compare the
influence of genes on each hormone profile to aid in the
interpretation of the multivariate regression model. Figure 6
shows a cluster analysis of hormones based on the influence
of gene expression. ABA was most influenced by the behavior
of rolB, followed by rolA and rolC, and auxl had a low
influence on its content. IPA was heavily influenced by auxi,
followed by rolA. All genes had a greater than average
influence on the 2 iP, with rolC having the greatest effect. The
GA4 behavior was slightly affected by rolA and auxl. The
genes rolA and rolC had a positive impact on 1AA, while auxl
and rolB had an average impact. Starting with SA, gene
influence declined, followed by JA-ile, t-Z, OPDA, and JA as
the hormone least influenced by gene expression. To improve
the model’s fitness, the less influenced hormones by the rol or
aux genes were eliminated one by one. When JA, OPDA, t-Z,
JA-ile, SA, and GAs were excluded, the best fitness was 0.837.
In contrast, the absence of ABA resulted in the greatest
decrease in model fitness, with an R-squared value of less than
0.3, followed by IPA and 2 iP. This abrupt decrease in R-
squared value confirms the connection between the expression
of these genes and the hormone profile of ABA, IPA, and 2 iP.

Y-randomization was implemented to prove accurate
prediction potential of the model. We selected the top two most
influenced hormones ABA, IPA and JA which was the lowest
influenced by the gene expression to do this test. Individual
models were built for each of these three hormones, the R-squared
value was calculated and compared against the population of
R-squared values obtained after 1,000 permutation
(Supplementary Figure 10). As a result of this test, ABA and IPA
showed to be accurate predicted by the regression model.
Additionally, JA showed the overlapping of the simulated values
with the original value of R-squared. The above results matched
with  the  multivariate  multiple  regression  model
previously developed.

Feeding experiments

Figure 7A shows the development of root lines under the
exogenous hormonal influence of ABA or IPA. The controls
behaved consistently with the previous experiments, whereas the
effects of ABA were perceived after 14 days at concentrations of
13 ng/l, causing significant decreases in the measured traits
(Figures 7B-D) on the HIGH line. After 28 days, the lower
concentration reduced branching, growth rate, and biomass
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productivity by 0.83, 0.54, and 0.45 times, respectively compared
to the control. At 1,300 ng/l, the same traits were reduced 0.65,
0.24, and 0.28 times, respectively. When IPA was given to the
LOW line, the opposite effect was seen; the effects on traits were
visible at 28 days and concentrations of 150 ng/l. At the highest
concentration, branching, growth rate, and biomass productivity
were increased 2.60, 1.25, and 3.8 times after 28 days, respectively.
Branching rate and biomass productivity were the most affected
by ABA and IPA. Regarding centelloside content
(Supplementary Figure 11), after 28 days on ABA treatment the
HIGH line showed a decrease in 21% compared to the control
when ABA was at 13ng/l, while 74% of control when ABA was at
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1300 ng/l. In contrast, the LOW line after 28 days on IPA treatment
showed an increase in 1.76 times compared to the control when
IPA was at 1.5ng/I, while 3.21 times when IPA was 150 ng/I.

Discussion

The hairy root syndrome is a disease that affects many plants
and is caused by the infection and subsequent insertion of a
fragment of the A. rhizogenes plasmid known as T-DNA
(“transfer” DNA; Mauro et al., 2017). The rol genes, which are
found in the TR-DNA region, are primarily responsible for the

frontiersin.org


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://doi.org/10.3389/fpls.2022.1001023

Alcalde et al.

morphology and formation of these hairy roots (Ozyigit
etal., 2013).

This type of in vitro culture system is useful for secondary
metabolites biosynthesis and biotechnological production (Bonfill
etal., 2015) since these cultures grow much faster than other types
of in vitro cultures (Kim et al., 2007) and produce a spectrum of
secondary metabolites similar to plant roots (Ruslan et al., 2012).

We observed the presence and expression of all rol and aux
genes in all hairy lines studied (Supplementary Figure 3), which is
similar to the work of Komarovska et al. (2009) in Hypericum
tomentosum. and Hypericum tetrapterum, but differs from what
was observed by Alpizar et al. (2008) in Coffea arabica, where the
presence of any aux gene was found in all transformed lines.
We selected the A. rhizogenes TL-DNA genes rolA, B and C
because they have been shown to play the most relevant role in
hairy root development (Sarkar et al., 2018; Bahramnejad et al.,
2019), and the aux1 gene as a representative of the proper
integration of the TR-DNA region in the transformed root lines
(Mano and Nemoto, 2012). In our study, the expression level of all

rol genes was higher than that of the aux gene
(Supplementary Figure 3), which may be since only the presence
of TL-DNA genes is required for long-term hairy root growth

10.3389/fpls.2022.1001023

(Dessaux and Petit, 1994; Chriqui et al., 1996). The rolD was not
analyzed because it was not detected in all A. rhizogenes strains
(Pavlovaetal., 2014).

When we compared all the hairy root lines or rhizoclones,
we observed differences in growth and morphology that could
be grouped into different categories, and it was thanks to the
cultivation of these roots in a solid medium that the quantification
of their traits was easily reproducible and simple to do. These
differences between rhizoclones were attributed to variations in
the nature, size, and number of T-DNA integrations into the host
genome (Alpizar et al., 2008; Roychowdhury et al., 2015; Thwe
et al., 2016). An evaluation with new methods to determine the
number of copies of T-DNA integrated in the root lines could
be an extension of the present study (Glowacka et al., 2016), which
would allow identifying if the number of integrated copies is more
relevant than the place of integration of the genes rol or aux1.

HIGH group lines had the highest expression value of the rolA
gene, as well as the highest rooting rate, growth rate, biomass
production, and centelloside content (Supplementary Figure 3).
This gene is found in all Ri-plasmids and may be involved in the
interaction with nucleic acids, which may be related to the
regulation of gene expression in plants (Paviovaetal., 2014). The
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importance of this gene in secondary metabolism production was
observed in Rubia cordifolia callus for anthraquinone production
(Shkryl et al., 2008).

The evaluation of the gene expression using a multivariable
analysis such as PCA allowed us to visualize in a simplified way
the correlation and behavior of each of the characteristics of the
different root lines (centellosides content, branching, elongation,
and biomass production) over time. This analysis identified the
grouping of root lines based on the degree of specific and recurrent
gene expression. In general, low expression of rol and aux1 genes
was associated with poor traits and low centelloside production.
The genes aux1 and rolA were found to be more closely linked to
lines with higher centelloside and trait content values. The aux1
gene is responsible for differences in hairy root growth and
morphology (Ozyigit et al., 2013). This could be related to the
line’s high rooting and growth rate in long-term culture
(Figures 2, 4A), which was also observed by Liitken et al., 2017.

MID group lines had the highest levels of rolB and rolC gene
expression (Figure 4A). The rolB is the most powerful inducer of
secondary metabolism and the greatest suppressor of cell growth
(Bulgakov, 2008). The MID group lines produced lower amount
of centellosides than the HIGH group lines, which could
be attributed to the high expression of rolC since it has previously
been shown to have antagonistic effects between these two genes
(Bulgakov et al., 2003). The rolC gene can stimulate the production
of tropane alkaloids (Bonhomme et al., 2000), pyridine alkaloids
(Palazon et al., 1998), ginsenosides (Bulgakov et al., 1998), and
flavonoids (Ismail et al., 2017) in different in vitro culture systems,
which differs somewhat from our studies.

The multivariable analysis (PCA) also exposed the behavior
of the different hormones between traits and centelloside
production, revealing a positive correlation with the IPA
hormone content and a negative correlation with the ABA
hormone. It is well known that ABA regulates numerous aspects
of plant growth. Dicot plants deficient in this hormone have
reduced seed dormancy and wilty phenotypes (Harris, 2015;
Nambara, 2016). However, high levels of ABA have been shown
to inhibit cell division in apical meristems and root elongation
(Bai et al., 2009; Takatsuka and Umeda, 2014; Yang et al., 2014;
Sun et al., 2018). This last scenario, in which high content is
negatively correlated with elongation and branching, is consistent
with our results, as is the low production of triterpene saponins.
In terms of IPA, its high presence in hairy root lines was
consistent with improved biomass production, elongation, and
branching, and is supported by the abundance of lateral root
meristems, which are one of the main sites of cytokinin synthesis
(Nordstrom et al., 2004).

We focus on centelloside production for machine learning
modeling since it is one of the most important parameters for
biotechnological applications. The correlation analysis allowed us
to consider the positive relationship between centelloside
production and biomass production, elongation, and branching
rate, allowing us to omit them from the models and simplify their
execution. By discretizing the content of centellosides, it was
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possible to apply different supervised machine learning models,
such as dimensionality reduction (LDA; Zhao et al., 2020),
instance-based (SVM; Cristianini and Ricci, 2008), ensemble
methods (RF; Liaw and Wiener, 2002), and artificial neural
network (ANN; Venables and Ripley, 2002). The reason for
selecting these models was due to their nature, as mentioned
above. In general, RF and SVM performed the best with the data
presented in this work, correctly classifying the samples into the
classes proposed. The LDA, on the other hand, produced the worst
results, which could be attributed to the fact that the data
distribution was not normal for all variables. The data distribution
was identified by Shapiro-Wilk test and the results are shown in
Supplementary Table 5.

Multiple multivariate regression models were used to
understand how certain hormones and gene expression levels (rol
and auxl genes) interact to coordinate root growth and
development. This allowed us to simultaneously evaluate the
influence of each level of genetic expression on the profile of each
hormone studied. The random forest method has the advantage
of being able to work with data whose distribution may or may
not be normal; it evaluated the importance of each variable
within the model, allowing identifying the degree of influence of
genes on each of the growth regulators. Feeding experiments
validated the model by demonstrating that the analyzed
phytohormones (IPA and ABA) were determinants in increasing
the high producer line and decreasing the low producer line, as
well as influencing centelloside production.

The use of this biotechnological platform together with
machine learning techniques resulted in the implementation of
models that allow us to discriminate root lines based on their
level of production of secondary metabolites such as
centelloside, with random forest outperforming all others. This
discrimination was made possible by using gene expression
levels of the rol and aux1 genes, as well as hormone profiles.
Furthermore, the degree of influence of each gene on the
individual profile of each hormone studied was determined,
with IPA and ABA being the most affected due to the action of
the rol and aux1 genes. Finally, the results of the gene influence
analysis on these two specific hormones were successfully tested
with feeding experiments aimed at reversing the effect on root
morphology and centelloside content.
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Spanish summary

Las raices transformadas son una plataforma biotecnol6gica prometedora debido a su
potencial para la produccion de metabolitos especializados y su rapido crecimiento. En
este estudio, se utilizé el andlisis de protedbmica para obtener nuevos conocimientos
sobre el desarrollo de las raices transformadas, identificar biomarcadores y
potencialmente optimizar la transformacion genética para mejorar la produccion de
compuestos bioactivos en Centella asiatica. Este estudio involucré la categorizacion de
lineas establecidas de raices transformadas de C. asiatica en funcién de su capacidad
de produccion de centellésidos; clasificadas como ALTA, MEDIA o BAJA. Mediante un
exhaustivo analisis protedmico sin marcaje, se identificaron un total de 213 proteinas
cuantificables. La subsiguiente aplicacion de analisis multivariados revel6 diferencias y
similitudes prote6micas distintas, especialmente entre la linea BAJA y las otras lineas
de raices transformadas. El andlisis de red de proteinas reveld que estas
macromoléculas se relacionan con procesos esenciales como la fotosintesis y el
metabolismo especializado. Se identificaron biomarcadores potenciales de diferentes
rasgos, incluidas la proteina Tr-type G domain-containing y el alcohol deshidrogenasa
en la linea ALTA. El hallazgo interesante se observé con la presencia de la ornitina
ciclodeaminasa en las raices transformadas. En base a lo anterior, se realizé la
cuantificacién de los nimeros de copias de genes rol mediante qPCR, seguida de
mediciones de expresién génica. Sin embargo, los resultados de este andlisis
cuantitativo contradicen una correlacién uniforme con los niveles de expresion de los
genes rol. Es particularmente destacable la expresion significativamente mas elevada
en la linea ALTA, especificamente en relacién con el gen rolD. La asociacion directa y
la correlacion de este gen con el biomarcador ornitina ciclodeaminasa afianzaron aun
mas esta conexion, evidenciando su posible importancia en la produccion de

centellésidos.
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ABSTRACT

Recent advancements in plant biotechnology have led to the emergence of hairy roots as a promising
biotechnological platform due to their potential for specialized metabolite production and rapid
growth. In this study, proteomics analysis was used to obtain new insights into hairy root
development, identify biomarkers, and potentially optimize genetic transformation for enhanced
bioactive compound production in C.asiatica. This study involved the categorization of established
C. asiatica hairy root lines based on their centelloside production capacity. These lines were classified
as HIGH, MID, or LOW. Through meticulous label-free proteomic analysis, a total of 213
guantifiable proteins were successfully identified. The subsequent application of multivariate analysis
elucidated distinct proteome differences and commonalities, particularly between the LOW line and
other root lines. A protein network analysis revealed proteins related to essential processes such as
photosynthesis and specialized metabolism. Potential biomarkers of different traits, were identified,
including Tr-type G domain-containing protein and alcohol dehydrogenase in the HIGH group.
Additionally, the control wild adventitious roots showcased a collection of proteins linked to
photosynthesis. An intriguing finding arose from the presence of ornithine cyclodeaminase in the
hairy roots. This protein serves as a traceable biomarker correlated with centelloside production
capacity lines and serves as an indicator of the successful influence of Rhizobium-mediated genetic
transformation. Based on the above, quantification of rol gene copy numbers through gPCR was
undertaken, followed by gene expression measurements. However, the results of this quantitative
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analysis contradicted a uniform correlation with rol gene expression levels. Particularly noteworthy
was the significantly higher expression observed in the HIGH line, specifically in relation to the rolD
gene. The direct association and correlation of this gene with the ornithine cyclodeaminase biomarker
further solidified this connection.

INTRODUCTION

Centella asiatica is a perennial plant, native to parts of Asia, and has garnered significant attention in
modern times due to its potential health benefits and diverse applications in medicine and cosmetics
(Gray et al., 2017).

The primary bioactive compounds identified in C. asiatica are centellosides, which are categorized
as pentacyclic triterpenoid saponins. These compounds are utilized to treat a variety of conditions
including skin ailments, nervous disorders, and venous insufficiency. The centelloside biosynthesis
pathway originates from the mevalonate pathway, ultimately yielding farnesyl diphosphate (FPP) as
a sesquiterpene precursor. Squalene synthase further converts FPP into squalene, serving as an
intermediate (Gallego et al., 2014). It undergoes oxidation to form 2,3-oxidosqualene, a pivotal
branching point in both sterol and triterpenoid saponin biosynthesis. This compound cyclizes into a
protosteryl or dammarenyl cation, which subsequently generates various products, including the
oleanyl cation (Haralampidis et al., 2002).

The oleanyl cation, catalyzed by o/B-amyrine synthase, leads to the production of a or B-amyrin
(Azerad, 2016). After cyclization, further diversity in the resulting compounds is introduced through
diverse maodifications which are facilitated by enzymes like cytochrome P450-dependent
monooxygenases and glycosyltransferases. UDP-glycosyltransferases (UGTs) play a key role in
glucosylating asiatic acid and madecassic acid to yield asiaticoside and madecassoside (Kim et al.,
2017).

The field of plant biotechnology has experienced significant advancements in recent years, marked
by a growing interest in leveraging genetic transformation for diverse applications. In this context,
hairy roots obtained by Rhizobium-mediated genetic transformation constitute a promising
biotechnological platform, owing to their remarkable potential for specialized metabolite production
and rapid growth (Gutierrez-Valdes et al., 2020).

Hairy root cultures are initiated through the random integration of a segment of Rhizobium rhizogenes
DNA (T-DNA), mainly rol and aux genes, derived from the Ri-DNA plasmid into the plant cell
genome, where the expression of the genes carried out by the T-DNA promotes rooting at the site of
infection (Veena and Taylor, 2007). Concurrently with this stochastic integration process, the quantity
of integrated heterologous genes presents a pertinent yet unexplored aspect. Due to the variable copy
numbers of introduced transgenes, specifically T-DNA genes in this instance, have the potential to
exert an influence on the collective expression levels of target genes, consequently affecting protein
composition and metabolic pathways within hairy roots (Bhat and Srinivasan, 2002).

To fully exploit the advantages offered by hairy roots, a comprehensive understanding of the intricate
molecular processes governing their development and metabolic capabilities is essential. One less-
utilized tool for achieving this understanding is proteomics, which entails studying the complete set
of proteins expressed by an organism and has revolutionized our comprehension of cellular processes
and their intricate regulation. Within plant biology, proteomics has emerged as a powerful tool for
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82  unraveling the molecular mechanisms underpinning various physiological phenomena (Chen et al.,
83  2020). Proteomics analysis may therefore shed new light on the genes associated with centelloside
84  biosynthesis in Centella asiatica hairy roots, similar to observations reported in other plant species
85 (Kim et al., 2003; Contreras et al., 2019; Chen et al., 2022).

86  Besides offering insights into the dynamic metabolic processes that drive hairy root development,
87  advanced protein profiling techniques may uncover biomarkers of desirable traits. This approach
88  therefore opens the way to achieving the production levels and developmental capacities in hairy
89  roots necessary for their sustainable application as a biotechnological platform (Padilla et al., 2021).
90  Furthermore, the use of omics techniques to study differentially expressed genes in C. asiatica hairy
91  roots lays the groundwork for further investigation into the transcriptional regulation of centelloside
92  content (Khan et al., 2023; Shilpha et al., 2023).

93  The objectives of this study were to conduct a comprehensive investigation into the potential role of
94  protein profiling in hairy roots for the optimization and enhancement of C. asiatica organ cell
95  biofactories. Understanding the relationship between transgene copy numbers and gene expression is
96 crucial for developing strategies to improve the stability and performance of transformed lines in
97  various biotechnological applications. Our work significantly extends the findings reported by
98  Alcalde etal. (2022), where distinctive morphological and metabolic variations were observed among
99  different C. asiatica hairy root lines, likely due to the random insertion of a limited number of genes
100  from the T-DNA, particularly the rol and aux genes.

101  Thisstudy aims to provide new insights into the intricate molecular mechanisms governing hairy root
102  development and their impact on the production of specialized metabolites, especially centelloside
103  biosynthesis. By applying advanced protein profiling techniques, our research seeks to identify key
104  proteins and biomarkers associated with enhanced organ cell biofactory performance. Ultimately, our
105  goal isto contribute to the advancement of biotechnological applications by unveiling novel strategies
106  to optimize the production of bioactive compounds through the manipulation of hairy root protein
107  profiles.

108108
109 MATERIALAND METHODS
110 Plant material

111 The hairy root lines utilized in this study were established and morphologically characterized by
112 Alcalde et al. (2022). To achieve this, we utilized the Rhizobium rhizogenes A4 strain and employed
113 leaf segments from 2-month-old in-vitro C. asiatica seedlings as explants. These leaf segments,
114  measuring 1.5-2 cm?, were cut and exposed to R. rhizogenes colonies, then cultured at 25°C.
115  Following this, the explants were co-cultivated in solid MS hormone-free medium with 3% sucrose
116  and pH set at 5.8. After 48 hours of cocultivation in the dark at 28°C, the explants were transferred to
117  fresh solid MS medium containing 500 mg/l cefotaxime. The emerging hairy roots were subsequently
118  excised and placed on a fresh solid MS medium with 500 mg/I cefotaxime in darkness at 25°C. This
119  process was repeated every 2 weeks for approximately 2 months to eliminate bacteria from the
120  culture.

121 Transformation confirmation was conducted using a semi-quantitative RT-PCR approach. This
122 method allowed us to detect both the integration and expression of R. rhizogenes T-DNA genes (rolA,
123 rolB, rolC, and aux1) at the transcript level across the different hairy root lines. The validated lines
124 were categorized as HIGH (4.96 +0.75), MID (2.48 %0.07), or LOW (0.54 +0.067), each
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125  corresponding to their respective centelloside production levels, expressed in milligrams per gram of
126  dry weight. As a comparative control, wild adventitious (Adv) roots were excised from in vitro C.
127  asiatica seedlings and cultivated on solid MS medium at 25°C in darkness

128  Five samples, one gram as the initial fresh weight, from the HIGH (formerly designated as L1 by
129  Alcalde et al., (2022), MID (L10), LOW (L3) hairy root, and adventitious root were grown on solid
130  MS medium at 25°C in darkness and subcultured every two weeks. Sampling for protein extraction
131 was conducted two weeks after the last subculture.

132 Genomic DNA isolation

133 Hairy root tissue (200 mg) was pulverized in liquid nitrogen and transferred to a 1.5 mL tube. To this
134  was added 0.75 mL of extraction buffer (50 mM EDTA, pH 8.0; 100 mM Tris, pH 8.0; and 500 mM
135  NaCl), along with 0.6 pl of B-mercaptoethanol and 50 ul of 20% SDS. The mixture was incubated at
136  65°C for 10 minutes. Subsequently, 250 ul of 5 M potassium acetate was introduced, followed by an
137  ice incubation for 20 minutes. The sample was then centrifuged at 4°C for 20 minutes at 10000 g.
138  After recovering the supernatant, 1 mL of isopropanol was added, and the solution was kept at -20°C
139  for 1 hour. The resulting pellet was subjected to centrifugation for 15 minutes at 10000 rpm, followed
140 by drying.

141  To the dried pellet, 140 pl of T10E1 buffer (Tris 10 mM, EDTA 1 mM) was added. This mixture was
142 then centrifuged for 10 minutes at 14000 g, the supernatant was retained, and 15 pl of 3 M sodium
143 acetate and 100 ul of isopropanol were incorporated into the sample. After mixing, the supernatant
144  was again recovered, and centrifugation was carried out for 10 minutes at 14000 g. The resulting
145  pellet was dried at 37°C for 10 minutes, followed by the addition of 30 ul of T10E1 buffer. Finally,
146  the purity of the DNA was assessed using a NanoDrop 2000 Spectrophotometer (Thermo Scientific)
147  and 1 ul of RNAse (10 mg/mL) was introduced to remove residual RNA.

148148
149  Determination of gene copy number by gPCR

150 The genomic DNA (gDNA) from each sample was subjected to various dilutions, spanning
151  concentrations from 100 ng/ul to 5 pg/ul. The dilutions were quantified utilizing a NanoDrop 2000
152 Spectrophotometer (Thermo Scientific). For the quantification of copy numbers of transgenes (rolA,
153  rolB, rolC, and rolD), primer sequences were designed using Primer-BLAST (Table 1). As areference
154  gene (internal control), B-amirin synthase (3-AS) was employed, given its single-copy nature within
155  the genome of C. asiatica (Kim et al., 2005).

156  The quantitative polymerase chain reaction (QPCR) assays were conducted using the QuantStudio3
157  System (Thermo Fisher). Amplifications were carried out in 10 pl reaction solutions, comprising 1 pl
158  of gDNA from each dilution sample, 2 ul of sterile milliQ H20, 5 ul of iTag™ Universal SYBR®
159  Green Supermix (BIO-RAD), and 1 ul of each specific primer at a concentration of 10 uM. The PCR
160  conditions consisted of an initial step at 95°C for 60 seconds, followed by 40 cycles of denaturation
161  at 95°C for 10 s, annealing at 60°C for 20 s and extension at 72°C for 30 s. The specificity of each
162  primer pair was validated by melting curve analysis (95°C for 15 s, a temperature range of 60—95°C
163  with a ramp rate of 0.1°C/s, followed by 95°C for 15 s). To ensure reproducibility, each assay was
164  performed with three technical replicates for each of the three biological samples.

165  To calculate the transgene copy number, we adopted the formula outlined by Kanwar et al. (2022)
166  X/R= 10"(((Cx-Ix)/Sx-(Cr-Ir)/Sr)), incorporating the slope and intercept values obtained from the
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167  standard curve. The average Ct values obtained from the four dilutions were utilized. These collected
168  values were then integrated into an equation, which was subsequently plotted. In the context of each
169  group of hairy root lines (HIGH, MID, and LOW), Cx and Cr represent the average Ct values
170  corresponding to the transgene and B-AS, respectively. Ix and Ir denote the intercepts associated with
171  the transgene and B-AS, while Sx and Sr signify the slopes for the transgene and B-AS, respectively.
172 To derive the copy number, the X/R value is multiplied by two.

173173
174  Gene expression

175  The rol genes expression in the transgenic lines was verified using quantitative real-time polymerase
176  chain reaction (QRT-PCR). Gene normalization was accomplished using the B-actin gene. Total RNA
177  was isolated from plant material utilizing TRIzol reagent (Invitrogen, Carlsbad, CA). For the gRT-
178  PCR, cDNA was synthesized from RNA treated with DNase | (Invitrogen, Carlsbad, CA) using
179  SuperScript IV reverse transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer’s
180 instructions. The gRT-PCR assays were performed employing the iTAQTM Universal SYBR Green
181  Supermix (Bio-Rad, Hercules, CA, USA) in the QuantStudio3 System (Thermo Fisher). Each sample
182  was analyzed in triplicate under the following conditions: an initial step at 95°C for 60 s, followed by
183 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 30
184  s. Subsequent to amplification, a melting curve analysis was conducted. To check reproducibility,
185  each assay was performed with technical triplicates for each of the three biological samples. Gene-
186  specific primers were designed using Primer-BLAST (Table 1).

187187
188  Label-free proteomic analysis

189  Atime series proteomic experiment was conducted using quadruplicates of whole cell extracts from
190 each transgenic line and adventitious roots. Trypsin protein digestion and peptide cleanup were
191  carried out following the procedure described by Wang et al. (2006). For analysis, 30 mg of desalted
192  peptide digests were directly injected onto a reverse phase Agilent AdvanceBio Peptide mapping
193  column (2.1 mm x 250 mm, 2.7 um particle size) attached to an Agilent 1290 Infinity UHPLC,
194  coupled through an Agilent Jet Stream® interface to an Agilent 6550 iFunnel Q-TOF mass
195  spectrometer (Agilent Technologies) system.

196  Peptide separation was performed at 50 °C using a 140-minute linear gradient of 3-40 % ACN in 0.1
197 % formic acid at a flow rate of 0.400 mL/min. Source parameters included a gas temperature of
198  250°C, drying gas at 14 L/min, nebulizer at 35 psi, sheath gas temperature at 250°C, sheath gas flow
199 at 11 L/min, capillary voltage at 3,500 V, and fragmentor at 360 V. Data were acquired in positive-
200  ion mode using Agilent MassHunter Workstation Software, LC/MS Data Acquisition B.08.00 (Build
201  8.00.8058.0). Operating in high sensitivity mode, MS and MS/MS data were collected in Auto
202  MS/MS mode. This involved selecting the 20 most intense parent ions (charge states from 2 to 5)
203 within the 300 to 1,700 m/z mass range, provided they exceeded a threshold of 1,000 counts, for
204  subsequent MS/MS analysis. MS/MS spectra spanning the 50-1,700 m/z range were gathered with
205  the quadrupole set to “narrow” resolution. Data acquisition was continued until either a total count of
206 25,000 was reached or a maximum accumulation time of 333 ms was achieved.

207  Each MS/MS spectrum was subjected to preprocessing using the extraction tool within the Spectrum
208  Mill Proteomics Workbench (Agilent). This step aimed to generate a peak list and enhance spectral
209  quality by merging MS/MS spectra sharing the same precursor (with a Am/z < 1.4 Da and
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chromatographic At < 15s). The resulting refined dataset was then subjected to a search against the
proteome database, encompassing primary species from the Apiaceae family and the
Rhizobium/Agrobacterium genus. Additionally, the analysis included identification of contaminant
proteins using the identity mode of the MS/MS search tool in the Spectrum Mill Proteomics
Workbench, configured as follows: trypsin enzyme specificity, allowance for up to 2 missed
cleavages, fixed modification of Cys by carbamidomethylation, variable modification of Met by
oxidation, and mass tolerance of 20 ppm for precursor ions and 50 ppm for product ions. The peptide
hits obtained were subjected to filtering, retaining those with a score of > 6 and a percent scored peak
intensity (%SPI) of > 60.

The LC-MS raw files were imported into Progenesis QI for Proteomics (Nonlinear Dynamics) version
4.0, a label-free analysis software. Quantification was based on MS1 intensity. The data file with the
highest number of features (peaks) served as a reference for aligning the retention times of all other
chromatographic runs and for normalizing MS feature signal intensity (peak area). To address
experimental variations, a robust distribution of all ratios (log(ratio)) was computed for correction
purposes. MS features were filtered to encompass only those with a charge state ranging from two to
five. Employing a "between subjects" experimental design mode, samples were clustered according
to their respective experimental groups (Adv, LOW, MID, and HIGH). Average intensity ratios of
matched features across experimental groups, along with p-values from one-way ANOVA, were
automatically computed.

For protein identification, the filtered SpectrumMill peptide hits files were introduced into Progenesis
Qlp. Here, conflicts in peptide assignments were resolved, either by selecting the highest score as the
winner or by retaining unresolved conflicts in cases of equal scores and sequences. The inferred
protein list was then filtered to include entries with a score of >15. To determine protein abundance,
the Hi-3 method described by Silva et al. (2006) and implemented in Progenesis QI for Proteomics
was employed. Differential protein abundance across experimental groups was evaluated using
advanced statistical tools available in Progenesis Qlp, including ANOVA and Power analysis.

Statistical Analysis and protein network.

The protein abundance datasets were imported into SIMCA-P software, version 14.1 (Umetrics,
Umea, Sweden) for further analysis. To ensure comparability, all variables underwent pareto scaling
prior to multivariate analysis. The pareto-scaled variables underwent orthogonal partial least squares
discriminant analysis (OPLS-DA) to elucidate distinctive components within the sample set. The
OPLS-DA predictive component loading was visualized using S-plots, a technique proven effective
for enhancing model interpretation and biomarker discovery (Wiklund et al., 2008). Model quality
assessment was performed using R2X (cumulative) and Q2 values, following the criteria established
by Triba et al. (2015).

Statistical analyses to assess differences in protein levels were conducted using GraphPad Prism 7.0
software. Analysis of variance (ANOVA) was employed, followed by Tukey's post hoc test to
determine significant variations between protein levels. To discern pairwise differences between
means, the Tukey-Kramer multiple-comparison test was utilized, with a significance threshold set at
p < 0.05. To predict protein-protein interactions, a list of protein identifiers was submitted to the web
interface of the STRING. (2023). https://string-db.org/ [Accessed July 27, 2023].
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RESULTS
Proteomic profiles in hairy and adventitious roots

The experimental design proposed in this study aimed to investigate and compare the complete set of
soluble proteins expressed in both transformed and adventitious roots. The Adv roots were collected
from in vitro-grown C. asiatica seedlings. The transformed roots, which were morphologically and
phytochemically characterized by (Alcalde et al., 2022), were categorized as HIGH, MID, or LOW
based on their respective capacities for the production of centellosides — the key bioactive compounds
of C. asiatica plants.

Samples of each root group were subjected in quadruplicate to a label-free proteomic analysis, which
was conducted by searching against the Uniprot databases for Apiaceae taxonomy (see Material and
Methods). A total of 213 quantifiable proteins were identified and selected based on specific criteria:
they were required to have a SCORE >15, p-value > 0.05, and a fold change (FC) >2.

As a first approximation after this data filtering, an OPLS-DA was carried out with the 213 proteins
quantified with the Apiaceae database. The score scatter plot of this model (Fig. 1) displays the
variation between the groups, with components 1 (48.7%) and 2 (27.9%) representing the maximum
separation. The model provided a satisfactory explanation of the variation, showing a good fit with
an R2X (cum) value of 0.786. Further, the reliability of the model was confirmed by cross-validation,
resulting ina Q2 (cum) value of 0.861. Interestingly, the proteomes of HIGH and MID roots exhibited
minimal differences, whereas both differed significantly from the ADV and LOW proteomes.
Notably, the most pronounced difference was observed between the LOW group and the others.

The list of quantified plant proteins was analyzed using STRING. Out of 213 proteins, 184 were
found in the STRING database and utilized to construct a network, displaying significant interactions
(refer to Figure S1). The identified proteins were further classified based on their biological processes
(Gene Ontology) and KEGG Pathways (see Table S2). The classification revealed the recurrence of
proteins associated with essential processes such as photosynthesis and amino acid biosynthesis.
Additionally, proteins related to pathways of specialized metabolites, including phenylpropanoids,
were also prominent.

In the next step, ANOVA and Tukey tests were conducted to identify proteins with significant
differences among the different root lines. The comparison between the HIGH and LOW lines
revealed that only 44 proteins exhibited statistical variations (Table S3). Out of these, only 38 could
be utilized to construct a protein network using STRING (Figure 2). Surprisingly, the majority of the
differentially expressed proteins were found in higher abundance in the LOW hairy roots, and only a
few were found in greater quantities in the HIGH group. The differentially expressed proteins are as
follows: alcohol dehydrogenase, UDP-arabinopyranose mutase, Tr-type G domain-containing
protein, plant heme peroxidase, D-3-phosphoglycerate dehydrogenase, and Kketol-acid
reductoisomerase.

The proteins from this network were further classified based on their biological processes and KEGG
pathways (Table S4). This classification revealed the absence of proteins associated with
photosynthesis, previously found when the Adv roots were included in the multivariable analysis.
Additionally, proteins related to pantothenate, CoA, and phenylpropanoid and amino acid
biosynthesis received good scores in the classification.
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295  Biomarker discovery

296  To identify significant markers among the Adv and hairy root groups, an OPLS-DA analysis was
297  conducted for each comparison using the 213-protein dataset mentioned above. To aid the
298  visualization of the discrimination model in terms of biomarkers, an S-plot (Wiklund et al., 2008) was
299  utilized to filter potential proteins. The S-plot of the Adv vs HIGH model (Figure 3A) illustrates the
300 magnitude (modeled covariation) and reliability (modeled correlation) of each protein. Putative
301  biomarkers were identified based on a small set of proteins exhibiting high magnitude (> [0.1]) and
302 reliability (> |0.8]). In this specific model, we identified only two biomarkers positively correlated
303  withthe HIGH group: a Tr-type G domain-containing protein and an alcohol dehydrogenase protein.
304  In contrast, 13 proteins were correlated with the Adv group (Table S5), most of them related to
305  photosynthesis.

306  The S-plot analysis of the Adv vs MID model identified alcohol dehydrogenase protein as a putative
307  biomarker, showing a significant correlation with the MID group. Intriguingly, the clearest distinction
308  between two groups was observed in the Adv vs LOW model. At least six distinct proteins were found
309 to be positively correlated with the LOW roots, including the PCMH-type FAD-binding domain,
310 eukaryotic translation initiation factor, peroxidase, and cysteine protease.

311  Additional comparisons between the transgenic lines revealed that Tr-type G domain-containing
312  protein was the only one that could potentially serve as a reliable indicator to distinguish between the
313  HIGH/MID and the LOW lines (Figure 3B). A detachable potential biomarker differentiating between
314  HIGH and MID was the Bet v I/Major latex protein, which was more strongly correlated with the
315  MID group (Figure 3C).

316  Finally, we conducted a proteomic analysis by searching against the Uniprot databases for
317  Rhizobium/Agrobacterium taxonomy, as described in the Material and Methods section. A total of
318 100 quantifiable proteins were identified and carefully selected based on the specific criteria
319  described above. This dataset was then used for an OPLS-DA analysis comparing Adv and HIGH
320  lines, followed by an S-plot to identify potential biomarkers. The proteins showing high magnitude
321 (> /0.1]) and reliability (> |0.8]) were manually curated to ensure that only proteins potentially
322  originating from Rhizobium via T-DNA were included, filtering out any proteins that could be derived
323  from other sources, to ensure the selection of true Rhizobium biomarkers. Consequently, only the
324  ornithine cyclodeaminase protein (OCD) complied with the curation process.

325 InR. rhizogenes, OCD is located in the T-DNA region of the Ri plasmid and is referred to as RolD
326 by Trovato et al. (2001). The presence of OCD in the hairy roots is noteworthy, as this enzyme plays
327 a crucial role in synthesizing proline from ornithine in a single step. According to Trovato et al.
328  (2018), this metabolic capability could be functionally involved in the process of root elongation
329  and/or maturation. The production of higher amounts of proline, an important osmolyte and signaling
330  molecule, may contribute to stress tolerance and growth regulation in the hairy roots, making it a
331  significant biomarker of Rhizobium -mediated genetic transformation.

332332
333  Impact of transgene copy number on gene expression.

334  Based on the discovery of the OCD biomarker, and with the objective of investigating the potential
335  impact of the transgenes from the T-DNA of R. rhizogenes on the hairy root proteome profiles, we
336  proceeded to quantify the number of copies and the level of expression of the rol genes in the
337  transgenic lines.
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338  The transgene copy number for all transgenic lines was determined using qPCR relative to the
339  endogenous reference gene B-amyrin synthase (B-AS), a gene involved in the biosynthesis of
340 centellosides (Kim et al., 2005). The quantifiable parameters collected are shown in Table S6. After
341  calculations, all the tested lines were estimated to have two copies of each transgene (see Table 2).
342  Nevertheless, upon scrutinizing the gene expression patterns, clear distinctions emerged between the
343 groups (Figure 4). In particular, the HIGH line stands out due to heightened expression levels of most
344  rol genes, especially the rolD gene, which was found to be 5 to 8 times more pronounced than in the
345  LOW and MID lines, respectively. These differences suggest that the presence of two copies of the
346  transgenes does not necessarily correlate with uniform expression levels. Furthermore, the greater
347  abundance of rolD gene transcripts appears to correlate with the OCD biomarker, suggesting its
348  potential significance.

349349
350 DISCUSSION:

351 The literature contains numerous examples of plant biofactories based on hairy root cultures
352  designed to produce plant bioactive compounds scarcely synthesized in nature (Hasnain et al., 2022;
353  Bapatet al.,, 2023; Sonkar et al., 2023). Most of these studies adopt empirical approaches,
354  concentrating on establishing hairy root cultures to explore their production of specialized plant
355  compounds and optimizing the biotechnological production system. In contrast, only a limited body
356  of research has taken a rational approach, trying to understand how a specific set of genes from R.
357  rhizogenes (rol genes) can modify cell growth and metabolism (Mauro et al., 2017; Sarkar et al.,
358  2018).

359 With the aim of increasing our understanding of the effects of rol genes on plant metabolism,
360 in the present study, an experimental design was meticulously crafted to determine a complete
361  representative repertoire of soluble proteins expressed within two distinct root types: transformed
362  (carrying the rol genes) and adventitious roots (excised directly from the plants and cultured
363  separately). The protein profiling approach employed in this study not only provides insights into the
364  dynamic metabolic processes underpinning hairy root development but also furnishes a lens through
365  which we can discern biomarkers associated with traits that bestow the coveted production and
366  developmental capacities required for a sustainable biotechnological platform.

367 The Adv roots were sampled from C. asiatica seedlings cultivated within a carefully
368  controlled in vitro environment. Moreover, strong precautions were exercised to regulate the growth
369  conditions of these roots, including light shielding, to ensure a robust basis for comparison with the
370  conventionally grown transformed roots. The specific transformed lines were selected according to
371  their previous characterization by (Alcalde et al., 2022), which benchmarked their performance for
372 biotechnological production application.

373 Despite the care taken in cultivating the Adv roots, proteins related to photosynthesis were
374  surprisingly evident in their protein profiles, the levels being significantly higher than in the
375  transgenic roots. This discrepancy led us to investigate further and prompted a comparison between
376  the HIGH, MID, and LOW lines. The results of this analysis proved to be particularly relevant in our
377  questto unravel the protein networks that significantly impact the performance of hairy root lines in
378  biotechnological applications. The comparisons revealed several key biomarkers, notably the Tr-type
379 G domain-containing protein, alcohol dehydrogenase protein, and Bet v I/Major latex protein.
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The Tr-type G domain-containing protein is categorized within the GTPase family of classical
translation factors under the EF-G/EF-2 subfamily. These elongation factors play a fundamental role
in the process of translation, which constitutes a fundamental step in the intricate process of protein
synthesis (Xu et al., 2022). This observation aligns well with the morphological traits characterizing
the HIGH line, as reported by (Alcalde et al., 2022), which demonstrated superior elongation,
branching, and biomass production.

Alcohol dehydrogenases (ADH) in plants, pioneering subjects in early molecular research
(App and Meiss, 1958), play an important role in orchestrating the conversion of ethanol to
acetaldehyde, as described by Strommer (2011). Notably, increased ADH expression in Arabidopsis
has been associated with enhanced tolerance to anoxia and improved root growth, as demonstrated
by Shiao et al. (2002). Interestingly, these traits align with the morphological characteristics of the
hairy roots in our study.

The major latex protein (MLP) subfamily has pivotal functions in defense and stress
responses, and forms the second-largest category of the birch pollen allergen Bet v 1 superfamily, as
elucidated by Yuan et al. (2020). MLPs are frequently sequestered within laticifers — latex-filled
tubular structures — distributed throughout the plant. Such compartments serve as optimal reservoirs
for defense metabolites, functioning as a frontline defense mechanism, an aspect highlighted by
Musidlak et al. (2020).

MLPs also play arole in enhancing stress tolerance through intricate plant hormone signaling
pathways. It is plausible that MLPs interact with indole-3-acetic acid (IAA) and participate in the
auxin signaling pathway, influencing the 1AA levels in hairy roots. This is significant due to the
relevant role that this plant hormone plays in root induction and development (Patten and Glick, 2002;
Duca and Glick, 2020). This intriguing connection could potentially explain their function as
biomarkers for MID lines, as suggested by Fujita and Inui (2021).

Although numerous authors have suggested that the rolD gene of the R. rhizogenes T-DNA
does not play a significant role in hairy root induction, our results contradict this hypothesis (Trovato
et al., 1997; Bulgakov, 2008). The detection of the OCD biomarker indicates a potential connection
between Rhizobium-mediated genetic alteration and the proteome composition of hairy roots. The
enzymatic transformation of ornithine into proline through the OCD-like function of rolD may
provide a credible rationale for its involvement in the generation of hairy roots (Trovato et al., 2008,
2018). It is worth noting that prior studies have reported a significant escalation in proline levels
within the growth region of primary maize roots under conditions of limited water availability,
implying a crucial function of proline synthesis in maintaining root growth (Verslues and Sharp,
1999). An elevated concentration of proline has the potential to influence the synthesis of
hydroxyproline-rich glycoproteins (HRGPs), encompassing extensins and arabinogalactan proteins,
which serve as integral structural constituents of the plant cell wall (Okumoto et al., 2015). HRGPs
are thought to oversee essential processes such as cell division, the self-assembly of the cell wall, and
cell elongation, which could contribute to the noted impacts of RolD on root growth (Trovato et al.,
2001). Alternatively, the promotion of root growth by rolD could also be associated with the reduction
of ornithine, thus impacting the polyamine reservoir, where ornithine operates as a precursor. The
overexpression of arginine decarboxylase, another polyamine precursor, has been demonstrated to
increase putrescine levels and hinder root growth in tobacco plants (Masgrau et al., 1997). Further
research into the specific role of OCD protein in root development and stress responses could enhance
our knowledge of the mechanisms underlying hairy root formation. This would potentially open new
avenues for biotechnological applications in agriculture and plant biotechnology, specifically in the
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425  development of new plant biofactories for the production of high added value compounds synthesized
426  inplantroots.

427 The non-identification of proteins associated with the T-DNA is not unexpected and can be
428  attributed to the particular technique and parameters employed (see Material and Methods), which
429  might not capture the full range of proteins, especially those of lower abundance. Moreover, the
430  observed variations in gene expression across the different lines could potentially arise from a
431  multitude of factors, including the exact insertion site of the transgene within the genome, given that
432  theinsertion of the T-DNA is a random process (Gelvin, 2017; Singer, 2018). Our findings regarding
433 the quantity of copies originating from the T-DNA support the notion that it is the insertion site, rather
434  than the number of transgene copies, which exerts a more pronounced influence on elevated
435  expression levels and subsequent protein translation. This stands in contrast to the conventional belief
436  that comprehending the impact of transgene copy numbers is paramount for optimizing genetic
437  transformation, thereby ensuring consistent and predictable outcomes in hairy root growth and the
438  production of secondary metabolites (Ludwig-Mauller et al., 2014). Furthermore, it should be noted
439 that high-copy number transgenes may be more susceptible to instability, potentially resulting in the
440 loss of the inserted genes. Therefore, gaining a comprehensive understanding of copy number
441  dynamics remains critical for maintaining stable genetic modifications (Yang et al., 2005).

442 Furthermore, the intricate network of molecular mechanisms orchestrating gene expression
443  further contributes to this variability. It is noteworthy that the interplay between transcriptional
444  regulation, post-transcriptional modifications, and protein turnover can often lead to discrepancies
445  between gene expression levels and actual protein abundances. This divergence reflects the
446  complexity inherent in translating genetic information into functional proteins and shows that the
447  underlying processes can only be comprehensively understood through a holistic approach
448  encompassing both transcriptomic and proteomic analyses (Kumar et al., 2016; Stenton et al., 2020;
449  Veenstra, 2021).

450 The findings in this work shed light on the proteomic differences among the Adv, MID, and
451  LOW root lines, contributing to a deeper understanding of the molecular basis underlying their
452  diverse characteristics. The comprehensive proteomic analysis performed provides valuable insights
453 into the proteins associated with Rhizobium infection. The identified biomarkers hold great promise
454  for further investigations into the mechanisms of Rhizobium-mediated genetic transformation and
455  their implications in biotechnology and plant genetic engineering. Our findings underscore the
456  importance of not only quantifying transgene copy numbers but also assessing their impact on gene
457  expression and protein accumulation. Understanding these effects will be crucial for optimizing
458  genetic transformation strategies and ensuring consistent and predictable outcomes in
459  biotechnological applications.
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639 FIGURE LEGENDS.

640  Figure 1. Score scatter plot of the OPLS-DA model conducted using the quantified data of 213
641  proteins from the Apiaceae database for the various root lines.

642 Figure 2. Protein network constructed using the STRING web interface, illustrating the network
643 formed by 38 proteins found in the STRING database. Network nodes depict proteins, and edges
644 symbolize protein-protein associations. The accompanying legend displays the UniProt accession
645 numbers.

646 Figure 3. The S-plot depicts the magnitude (modeled covariation) and reliability (modeled
647 correlation) of each protein, represented by triangles. The red rectangle highlights the region with

648  high magnitude (> |0.1]) and reliability (> |0.8]). (A) S-plot analysis of the Adv vs HIGH OPLS-DA
649 model: Number 1 corresponds to Tr-type G domain-containing protein, and number 2 corresponds to
650 alcohol dehydrogenase protein. (B) S-plot analysis of the LOW vs HIGH OPLS-DA model. (C) S-
651 plot analysis of the MID vs HIGH OPLS-DA model: Number 3 represents Bet v I/Major latex protein.

652 Figure 4. Normalized gene expression values from the transgenic lines: HIGH, MID, and LOW.

653 Asterisks indicate statistical differences among the lines solely for the rolD gene (o = 0.05). Data
654 represent the mean + SD of three replicates.

655

656  TABLES

657  Table 1. List of primers used for gene copy number estimation and gene expression.
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659

660

661

662

663

664

Gene

Primer sequence from 5' to 3'

rolA

FW: GAATGGCCCAGACCTTTGGA
RV: TTGGTCAGGGAGGAAATCGC

rolB

FW: CAACCGGATTTGGCCAGAGA
RV: ATAGGGTTGCATCGTGGTCG

rolC

FW: CGCGCTCATCACCAATCTTC
RV: ACAGAAAGTGCGGCGAAGTA

rolD

FW:GCGTCGTTCCTCCCTATCAG
RV: TCTGGCAAGATCGCCACAAA

B-AS

FW: CGGAGATTTCCCTCAGCAGG
RV: CACAAGCGTTTGCGGTACTC

S-actin

FW: TGACAATGGAACTGGAATGG
RV: CAACAATACTGGGGAACACT

Table 2. Estimated number of copies of each transgene

Estimated
gene Line 2(X/R) | number of
copies
HIGH 2.001 2
rolA MID 2.248 2
LOW 1.417 1-2
HIGH 1.325 1-2
rolB MID 1.999 2
LOW 2.000 2
HIGH 2.000 2
rolC MID 2.248 2
LOW 2.238 2
HIGH 2.000 2
rolD MID 1.997 2
LOW 2.000 2
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Chapter 3. Metabolic gene expression

and centelloside production in elicited

Centella asiatica hairy root cultures.

Alcalde MA, Cusido RM, Moyano E, Palazon J & Bonfill, M.
Ind. Crop. Prod. (2022). 184:114988. doi:
10.1016/j.indcrop.2022.114988.
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Spanish summary

Para la industria farmacoldgica y cosmética los centellésidos mas importantes son el
madecasosido y el asiaticosido, que se producen en cantidades muy bajas de manera
natural en Centella asiatica (L.) Urban, llevando a la sobreexplotacién de este recurso.
Con el objetivo de superar esta limitacion, en este trabajo comparamos el efecto de
diferentes elicitores en la produccion de centellésidos en cultivos de raices
transformadas establecidos mediante la infeccion de Rhizobium rhizogenes. Ademas,
se estudiaron los cambios inducidos por los elicitores en la expresion de genes
biosintéticos clave para evidenciar relaciones sobre la regulacion de la via metabdlica
de triterpenos. Los elicitores probados fueron la coronatina y el metil jasmonato,
afadidos por separado o juntos, y el acido salicilico. El contenido de los cuatro
centellésidos principales (asiaticésido, madecasésido, acido asiatico y acido
madecasico) se determiné mediante cromatografia liquida de alta resolucion, y el nivel
de expresion de los genes después de la elicitacién se analiz6 mediante reaccién en
cadena de polimerasa cuantitativa en tiempo real. El mayor aumento en la produccién
de centellésidos, especialmente madecasosido, se logré con la coronatina, aplicada sola
o con el metil jasmonato. Este tratamiento también elevé la expresion de los genes de
la ruta metabdlica de los centellosidos, particularmente a las primeras horas posteriores
a la elicitacidon. Los genes mas altamente expresados estuvieron involucrados en las
oxidaciones, lo que indica que los elicitores estudiados actuaron especificamente sobre
los genes de los pasos finales de la via biosintética de los centellésidos. Estos
resultados respaldan que las raices transformadas son una plataforma biotecnoldgica

prometedora para mejorar la producciéon de centellésidos.

101



102



Industrial Crops & Products 184 (2022) 114988

INDUSTRIAL

CROPS

Contents lists available at ScienceDirect

Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

ELSEVIER

Check for

Metabolic gene expression and centelloside production in elicited Centella
asiatica hairy root cultures

Miguel Angel Alcalde *, Rosa Maria Cusido*, Elisabeth Moyano ", Javier Palazon ?,
Mercedes Bonfill

2 Laboratori de Fisiologia Vegetal, Facultat de Farmacia, Universitat de Barcelona, Av. Joan XXIIl 27-31, 08028 Barcelona, Spain
b Departament de Ciéncies Experimentals i de la Salut, Universitat Pompeu Fabra, Avda. Dr. Aiguader 80, 08003 Barcelona, Spain

ARTICLEINFO ABSTRACT

Keywords: The most economically important centellosides, madecassoside and asiaticoside, are produced in very low
Centella asiatica amounts in Centella asiatica (L.) Urban roots. With the aim of overcoming this limitation, in this work we
Centellosides compared the effect of different elicitors on centelloside production in hairy root cultures established by Agro-
Elicitors bacterium rhizogenes infection. Additionally, elicitor-induced changes in the expression of key biosynthetic genes
E;sr)}"n::stt: pathway were studied to shed light on the regulation of the triterpene metabolic pathway. The elicitors tested were

coronatine and methyl jasmonate, added separately or together, and salicylic acid. The content of the four main
centellosides (asiaticoside, madecassoside, asiatic acid and madecassic acid) was determined by HPLC/DAD, and
the expression level of genes after elicitation was analyzed by real-time quantitative polymerase chain reaction.
The greatest increase in the production of centellosides, especially madecassoside, was achieved with coronatine,
applied alone or with methyl jasmonate. This treatment also enhanced the expression of the target genes,
particularly at the start of elicitation. By far the most highly expressed were those involved in oxidations,
indicating that the tested elicitors did not act specifically on key genes in the centelloside biosynthetic pathway.
These results support that hairy roots are a promising biotechnological platform for improved centelloside
production and that this approach warrants further research.

generates, among others, an oleanyl cation that, finally catalyzed by
1 /8-amyrine synthase, will form ¢ or f-amyrin (Azerad, 2016). The last

1. Introduction

Centella asiatica (L.) Urban is a herbaceous, perennial plant species of
the Apiaceae (Umbelliferae) family. Requiring a humid climate, it grows
up to 1800 m of altitude in tropical and subtropical regions such as
southeastern Asia (Azerad, 2016). Reported to have neuroprotective,
antioxidant, antidiabetic, antimicrobial, antitumor and antidepressant
properties, among others, C. asiatica has been used in a wide range of
medicinal and cosmetic applications.

The main bioactive compounds in C. asiatica are pentacyclic tri-
terpenoid saponins called centellosides. The centelloside pathway is
initiated via the mevalonate pathway to generate a sesquiterpene pre-
cursor, farnesyl diphosphate (FPP), for subsequent formation of an in-
termediate, squalene, by squalene synthase (James and Dubery, 2009).
Squalene is then oxidized to 2,3-oxidosqualene, a branch point in the
sterol and triterpenoid saponin biosynthesis, which cyclizes to a proto-
steryl or dammarenyl cation. Cyclization through a dammarenyl cation

* Corresponding author.
E-mail address: mbonfill@ub.edu (M. Bonfill).

https://doi.org/10.1016/j.indcrop.2022.114988

steps of centelloside pathway have not yet been fully elucidated.
Following cyclization, additional diversity is conferred by modification
of the products by oxidation, hydroxylation, glycosylation, and other
substitutions mediated by cytochrome P450-dependent mono-
oXygenases, glycosyltransferases, and other enzymes. Asiatic acid and
madecassic acid are glucosylated by UDP-glycosyltransferases (UGTs) to
obtain asiaticoside and madecassoside (O.T. Kim et al., 2017). These
highly specialized secondary metabolites form part of the plant defense
system against pathogens and herbivores (Ramirez-Estrada et al., 2016).
The biological activities of C. asiatica are mainly attributed to the pen-
tacyclic triterpenoid saponins madecassoside and asiaticoside, and their
corresponding sapogenins, madecassic acid and asiatic acid. Made-
cassoside has anti-inflammatory properties and significantly increases
collagen III secretion, while asiaticoside stimulates wound healing and is
useful in the treatment of leprosy (Singh et al., 2015).

Received 24 January 2022; Received in revised form 26 March 2022; Accepted 22 April 2022

Available online 15 May 2022

0926-6690/Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In the last years, there has been growing interest in the therapeutic
potential of C. asiatica extracts containing specific proportions of cen-
tellosides (Wen Su, 1995). Subsequent over-exploitation of wild-
growing plants and excessive uprooting has brought C. asiatica to the
brink of extinction (Mangas et al., 2008). As the chemical synthesis of
centellosides is either extremely difficult or economically unviable,
attention has turned to plant cell culture technology (plant biofactories)
in the search for alternative systems of efficient secondary metabolite
production (Verpoorte, 1999). In particular, hairy roots have been used
as a biotechnological platform to produce plant bioactive compounds
that are scarce in nature and whose complex structures make them
difficult to synthesize. The advantages of hairy roots include genetic
stability, hormonal independence, rapid growth and the capacity to
produce the same metabolite spectrum as the roots of the whole plant
(Gallego et al., 2014).

Endogenous levels of plant secondary metabolites are influenced by
multiple environmental stresses and signals classified as biotic or abiotic
(Gandhi et al., 2015). In plant in vitro cultures, it is possible to activate
the secondary metabolism response to stress factors by the exogenous
addition of biotic and abiotic elicitors (i.e., phytohormones or plant
pathogen particles) (Cusido et al., 2014), an approach commonly
employed to boost metabolite production in plant-based production
platforms (Thakur and Sohal, 2013). Furthermore, supplementing the
media of a plant in vitro culture with elicitors under controlled condi-
tions and observing the response in terms of gene expression can provide
new insights into metabolite biosynthesis (Pauwels et al., 20009). Elici-
tors can be abiotic or biotic, the latter being the ones that have presented
the best results to increase the production of secondary metabolites
(Ramirez-Estrada et al., 2016). Among biotic elicitors, 100 mM methyl
jasmonate (MeJa) has shown great results in achieving high terpene
content in different cells and organ cultures in vitro. Thus, centelloside
production in cell suspension cultures of C. asiatica was significantly

Acetyl-CoA

W

Mevalonate

22

Dimethylallyldiphosphate +Isopentyl diphosphate
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increased using 100 B M MelJa (Bonfill et al., 2011). On the other hand,
100 b M MelJa was the best elicitor to increase the production of ginse-
nosides in hairy roots of Panax ginseng (Kim et al., 2013) and that od the
diterpene tanshinone in hairy roots of Salvia miltiorrhiza (Liang et al.,
2012; Kai et al., 2012). Coronatine (COR) is a polyketide phytotoXin
produced by microbes. In some cases, it has shown greater activity as
elicitor than Meja, such as in the production of sakuranetin and momi-
lactone A in rice leaves (Tamogami and Kodama, 2000), or in cell sus-
pension cultures of Taxus media, where 1 *M Coro had a activating effect
on the production of taxanes (Onrubia et al., 2013). Vaccaro et al.
(2017) obtained the best content of abietane diterpenes in Salvia sclarea
hairy roots elicited with 100 HM MedJa or with 1 KM CORO. Salicylic acid
(SA), a small molecule with a vital role in plant defense regulatory
systems, has also shown interesting results, such as increased ginseno-
side production after elicitation of Panax ginseng adventitious roots with
100 MM SA (Tewari and Paek, 2011). On the other hand, in Cichorium
intybus hairy root cultures, sesquiterpene lactones production increased
after elicitation with 100 M SA (Malarz et al., 2007), similar results
were observed on the diterpenoid andrographolide content in Androg-
raphis paniculate hairy roots elicited with 100 mM SA (Sharmila and
Subburathinam, 2013).

To improve centelloside production, more knowledge is required of
their complex biosynthetic pathways (Fig. 1). Although many centello-
side structures have been elucidated (Azerad, 2016), little is known
about their metabolism, and only a few of the biosynthetic genes have
been sequenced and cloned.

In this work it has been determined the effect of different elicitors on
the biotechnological production of the main centellosides in a selected
fast-growing C. asiatica hairy root line and on the expression levels of
genes encoding key enzymes in the triterpene biosynthetic pathway,
analyzed by real-time quantitative polymerase chain reaction (RT-
qPCR) assays. The aim was to identify which genes are essential for the
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Fig. 1. A summarized scheme of centelloside biosynthesis. (A) Main steps in the biosynthesis of both @ - and B -amyrin. (B) Last steps of oxidations and glycosylations.

Modified figure from Mangas et al. (2008) and Kim et al. (2018).
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Table 1
Primers used for confirmation of transformed roots.

Industrial Crops & Products 184 (2022) 114988

Gene Primer sequence (5" —3") Temperature melting (°C) Amplicon size (pb) Accession number
virD Forward ATGTCGCAAGGCAGTAAGCCA 56 700 KX986281.1
Reverse GGAGTCTTTCAGCATGGAGCAA (A. rhizogenes A4)
rolA Forward TGGAATTAGCCGGACTAAAC 60 660 KX986281.1
Reverse GCGTACGTTGTAATGTGTTG (A. rhizogenes A4)
rolB Forward AGTTCAAGTCGGCTTTAGGC 60 770 KX986281.1
Reverse TCCACGATTTCAACCAGTAG (A. rhizogenes A4)
rolC Forward TAACATGGCTGAAGACGACC 60 534 KX986281.1
Reverse AAACTTGCACTCGCCATGCC (A. rhizogenes A4)

control of centelloside production and ascertain which elicitor most
effectively increases the expression of triterpene biosynthetic genes.

2. Material and methods
2.1. Establishment of hairy root cultures

In vitro plants of C. asiatica were cultured on MS medium including
vitamins (Murashige and Skoog, 1962) and supplemented with 30%
(w/v) sucrose, and 2.7% (w/v) gelrite. They were maintained in a
controlled growth chamber at 25 °C and with a long-day photoperiod
(16 h light/8 h dark).

Leaves from in vitro cultured C. asiatica plantlets were used to obtain
explants. They were separated in a sterile Petri dish and cut into sections
of approximately 1.5-2 cm®. A colony of Agrobacterium rhizogenes A4
strain, grown at 25 °C on solid YEB medium for 48 h and subsequently
stored at — 70 °C, was detached with the tip of a scalpel and inoculated
onto leaves from the underside. Leaves were placed on plates with solid
MS medium, up to 4 leaf segments per plate, and incubated in the dark at
25 °C for 2 days. After 48 h, the explants were transferred to a new plate
with solid MS medium 4 500 mg/L cefotaxime and incubated at 25 °C
for approximately 4 weeks.

After this time, the roots appearing on the leaf discs were separated
and placed on new solid MS medium 4+ 500 mg/L cefotaxime at 25 °C in
darkness. This step was repeated every 2 weeks for approXimately 2
months to remove any remaining A. rhizogenes. Transformed roots
growing well were selected by cutting the top 5-7 cm of the root apex

Table 2
Gradient used for HPLC separation of the centellosides.

Time (min) Flow (mL/min) Aqueous solvent (%) Organic solvent (%)

0 1 80 20

15 1 62 38

30 1 30 70

35 1 30 70

37 1 8o 20

45 1 80 20
Table 3

Primers used for gene expression analysis.

with its lateral branches and cultured on new solid MS medium at 25 °C
in darkness. Each root line was designated a number. Transformed root
lines were sub-cultured in the same conditions every 2 weeks.

2.2. Confirmation of root transformation by PCR

Plant tissue (0.2 g) was pulverized in liquid nitrogen and placed in an
Eppendorf tube, to which was added 0.75 mL of extraction buffer
(50 mM EDTA Ph 8.0, 100 mM Tris pH 8.0 and 500 mM NacCl), 0.6 1 of
f-mercaptoethanol and 50 1 of 20% sodium dodecyl sulphate (SDS).
After incubation at 65 °C for 10 min, 250 ¢l of 5 M potassium acetate
was added, followed by incubation on ice for 20 min and then centri-
fugation at 4 °C for 20 min at 9000 rpm. After retention of the super-
natant, 1 mL of isopropanol was added, followed by incubation at
— 20 °C for 1 h. The pellet was centrifuged for 15 min at 8000 rpm,
dried, and after the addition of 140 !l of T10E1 (Tris 10 mM EDTA
1 mM), centrifuged again for 10 min at 14,000 rpm. After retention of
the supernatant, 15 1 of 3 M sodium acetate and 100 1 of isopropanol
were added. The supernatant was retained, centrifuged for 10 min at
15,000 rpm, and the pellet was kept. The Eppendorf tube was dried at
37 °C for 10 min, and 30 }1 of T10E1 buffer was added. Finally, 1 ¢1 of
RNAse (10 mg/mL) was added and the purity of the DNA was measured
using a NanoDrop 2000 Spectrophotometer (Thermo Scientific).

Amplification of rol (rolA, rolB and rolC) and vir (virD) genes was
performed by PCR in 0.5 mL tubes. To each tube was added 12.5 i1 of
Green taq polymerase, 1 ¢1 of forward primer, 1 ¢l of reverse primer,
2 1] of DNA and 8.5 !1 of milliQ water. The specific primers used are
described in Table 1. The PCR conditions for rol and vir genes were as
follows: one cycle at 94 °C for 5 min, followed by 35 cycles at 94 °C for
1 min, 60 °C for 30 s and 72 °C for 1 min, and a final extension step of
5 min at 72 °C. The size of the PCR products was determined by agarose
gel electrophoresis (1%).

2.3. Selection and culture of the different hairy root lines

To choose the best hairy root line for the elicitation studies, 1 g of
each line was sub-cultured in a glass flask with 20 mL of liquid MS

Melting temperature (°C)

Amplicon size (pb) Reference - Accession number

Gene Primer sequence (5" —3")

Squalene synthase (SQS) Forward TGAGGAGAATTCGGTCAAGG 60
Reverse GCACAAAACCGGAAGATAGC

f-Amyrin synthase (8-AS) Forward TTACGTTTGCTGGGAGAAGG 60
Reverse TATACCCCAAGAACCGCAAG

CYP716A83 (CYP83) Forward TAGCTCTGCATGCACTTTCG- 60
Reverse CCAGGTCCCTTTGATTTCAC

CYP714E19 (CYP19) Forward AACCACACACACATCCTTGG 60
Reverse TCCTTTGATGAGCCCAAGAC

CYP716C11 (CYP11) Forward CCCGATTCAACGACTCTTTC 60
Reverse CCGGTTGTTTGATCGACTTC

UGT73AD1 (UGT) Forward TCTGGAAGCAGTTTGTGAGG 59
Reverse CGCCAATCTTCACTACATCG

B -actin Forward TGACAATGGAACTGGAATGG 58
Reverse CAACAATACTGGGGAACACT

126 AY787628.1
(Centella asiatica)
134 AY520818.1
(Centella asiatica)
105 KU878849.1
(Centella asiatica)
116 KT004520.1
(Centella asiatica)
104 KU878852.1
(Centella asiatica)
101 KP195716.1
(Centella asiatica)
80 Kim et al. (Kim et al., 2018) - KF699319.1

(Panax ginseng)
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Fig. 2. Gel electrophoresis of PCR products from C. asiatica transformed roots after A. rhizogenes infection. (A) A. rhizogenes (positive control), (B) non-transformed
roots (negative control), (C—L) hairy root lines (L1, L2, L3, L4, L6, Ly, L8, L1o, L12 and L14). MW: 100 bp molecular weight marker.
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Fig. 3. Fresh weight of C. asiatica hairy roots. Data represent the mean + SD of
three replicates. Different letters show significant differences (p < 0.05) be-
tween hairy root lines at each time point.

medium for 4 weeks, maintained in a rotatory shaker at 115 rpm in
darkness at 25 °C. The fresh weight (FW) was evaluated after 14 and 28
days. The growth of each hairy root line was established as the mean FW
value of 3 replicates.

2.4. Elicitation studies

The elicitation experiment was performed using the transformed root
line that produced the highest amount of biomass, applying the
following elicitors at the indicated concentrations: 1 © M coronatine
(Coro), 100 1 M methyl jasmonate (Meja), 100 1 M salicylic acid (SA) and
1 UM coronatine/100 B M methyl jasmonate (Corg Meja). These con-
centrations were the best concentrations studied up to now in different
culture systems (Loc and An, 2010; Narayani and Srivastava, 2017; O.T.
Kim et al., 2017; J.Y. Kim et al., 2017; Krishnan et al., 2019). As a pre-
culture, inocula of 1 g FW of the selected hairy root line were placed in
flasks containing 20 mL of liquid MS, and the cultures were main-
tained for 2 weeks in a rotatory shaker at 115 rpm in darkness at 25 °C.

After 2 weeks, the cultures were treated with the respective elicitors
and maintained under the same conditions. After the treatment, samples
were collected at 8 h and days 7 and 14 to determine the centelloside
production, and at 0, 8, 12, 24, and 36 h and day 7 to study the
expression of the targeted genes from the centelloside metabolic
pathway. The samples were freeze-dried, and the dry weight (DW) was
registered. The elicitation experiment was performed in triplicate.
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Fig. 5. Fresh (A) and dry (B) weight of elicited and non-elicited hairy roots.
Data represents the mean + SD of three replicates. Different letters show sig-
nificant differences (p < 0.05) between elicited and non-elicited cultures at
each time point.

2.5. Extraction and quantification of centellosides by HPLC/DAD

To determine the centelloside production, 0.5 g DW of elicited and
non-elicited hairy roots were added to 10 mL of methanol: H-0 (9:1),
and this suspension was sonicated for 1 h at room temperature, followed
by centrifugation at 20,000 rpm for 10 min. The supernatant was
separated, and the previous step was repeated. The supernatants of the
different samples were placed in porcelain mortars to be evaporated at
38 °C for approximately 24 h and finally redissolved in 1.5 mL of
methanol. The methanolic extract was filtered through a 0.22 tm filter
for HPLC quantification of centellosides. The system consisted of a
Waters 600 Controller Pump, a Waters 717 Autosampler Automatic
Injector, a photodiode array (PDA) detector and Empower data analysis
software version 1.5. Chromatographic analysis was performed by

Control SA

Coro Meja

Coro+Meja

Day 7

Day 14

Fig. 4. Morphology and coloring of C. asiatica hairy roots (Line 1) at day 7 (photographs in the top row) and day 14 (photographs in the bottom row): non-elicited (A
and F); elicited with salicylic acid (B and G); elicited with coronatine (C and H); elicited with methyl jasmonate (D and I); elicited with coronatine and methyl

jasmonate (E and J).
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Fig. 6. Centelloside production (mg/g DW) in C. asiatica transformed roots.
Madecassoside (M), asiaticoside (A), madecassic acid (MA) and asiatic acid
(AA) production with different elicitation conditions: salicylic acid (SA), methyl
jasmonate (Meja), coronatine (Coro), Coro + Meja, and control (no elicitation).
(A) 8 h, (B) 7 days, and (C) 14 days after elicitation treatment. Data represent
the mean + SD of three replicates. Different letters show significant differences
(p < 0.05) between elicited and non-elicited cultures for each centelloside. nd
= not detected.

gradient (Table 2) at room temperature using a Lichrospher 100 RP18
5 Hm column (250 .4 mm). The mobile phase consisted of acetonitrile
and ammonium phosphate (10 mM) acidified to pH 2.5 with ortho-
phosphoric acid. The acidification improved the definition of the com-
pound peaks. The flow rate was 1 mL/min, and the injection volume was
10 t1. The detector wavelength was set at 214 nm, 1.00 au/v, and the
run time was 45 min. To quantify the centellosides (asiatic acid,
madecassic acid, asiaticoside and madecasoside), standards of these four
compounds were used at concentrations of 10, 25, 50, 100, 250 and
500 ppm to prepare the respective calibration curves.

2.6. Expression of centelloside pathway genes analyzed by RT-gPCR

The studied genes are representative of the centelloside biosynthetic
pathway: squalene synthase (SQS), f-amyrin synthase (f-AS),
CYP716A83 (CYP83), CYP714E19 (CYP19), CYP716C11 (CYP11) and
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Fig. 7. Total centelloside production (mg/g DW) with elicitation treatments
over time. Data represent the mean = SD of three replicates. Different letters
show significant differences (p < 0.05) between elicited and non-elicited cul-
tures at each time point.

UGT73AD1 (UGT).

Total RNA extractions were obtained using elicited and non-elicited
C. asiatica transformed roots. Elicited and control samples of approxi-
mately 5 g FW collected at each time point were frozen in liquid nitro-
gen and stored at — 70 °C. The PureLink RNA Mini Kit (Invitrogen) was
used according to the manufacturer's instructions to extract the RNA.
The amount and quality of each RNA sample was quantified using the
NanoDrop 2000 Spectrophotometer (Thermo Scientific). The integrity of
RNA was also assessed by agarose gel electrophoresis.

DNAse treatment was performed using the total RNA with a fixed
concentration as a template (1.5 g of RNA). For this purpose, the
required sample volume was calculated considering the volume of
DNAse I and buffer needed and made up to a final volume of 10 !1 per
sample with sterile H-O. After addition of the DNAse miX, the samples
were heated at 37 °C for 30 min; then 1 11 of 50 mM EDTA was added
per sample to inactivate DNAse by incubation at 65 °C for 10 min. First-
strand ¢cDNA was synthesized using the SuperScriptTM IV First-Strand
Synthesis System (Invitrogen) and 2 ¢l of RNA according to the manu-
facturer's instructions.

After designing primers with Primer3Plus software (Table 3), the RT-
qPCR assays were performed using the LightCycler 480 System (Roche
Diagnostics). Amplifications were carried out in 7.5 1 reaction solutions
containing 2.5 ¥1 first-strand ¢cDNA (diluted 1:5), 1.7 1 of sterile H.O
milliQ, 2.5 i1 of iTag™ Universal SYBR® Green Supermix (BIO-RAD) and
0.4 ¥1 of each specific primer, at a concentration of 10 M. PCR condi-
tions were 95 °C for 30 s followed by 45 cycles of 95 °C for 15 s and
60 °C for 30 s. The specificity of each pair of primers was checked by
melting curve analysis (95 °C for 15 s, 65-95 °C, with an increment of
0.25 °C/s ramp rate followed by 95 °C for 15s). To check reproduc-
ibility, each assay was performed with technical triplicates for each of
the three biological samples. The 27 *®* method (Livak and Schmittgen,
2001) was used to analyze the data obtained, using the constitutively
expressed B -actin as the reference gene.

2.7. Statistical analysis

The statistical analysis was carried out using GraphPad PRISM soft-
ware. Data are presented as the mean + standard deviation. Multifac-
torial ANOVA analysis was performed, followed by Tukey's multiple
comparison test for statistical comparison. A p-value of < 0.05 was
assumed as a significant difference for growth parameters and cen-
telloside production, and < 0.01 for gene expression analysis.

3. Results and discussion
3.1. Culture of hairy roots and confirmation of their transformed nature

The integration of A. rhizogenes plasmid T-DNA in the C. asiatica
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RT-qPCR analysis of different genes from the centelloside biosynthetic pathway. (A) SQS, (B) B -AS, (C) CYP714E19, (D) CYP716A83, (E) CYP716C11 and (F)

UGT gene expression in C. asiatica hairy roots after different elicitation treatments: salicylic acid (SA), coronatine (Coro), methyl jasmonate (Meja), Coro + Meja and
control (no elicitation) at o (To), 8 (T8), 12 (T12), 24 (T24), and 36 h (T36) and 7 days (D7). Data represent the mean + SD of three replicates. Different letters show
significant differences (p < 0.01) between elicited and non-elicited cultures at each time point.

Table 4

Correlation matrix between genes from the centelloside biosynthetic pathway.

The asterisk indicates a significant difference (p < 0.001).

Gene expression SQS B-AS CYP19 CYP83 CYP11 UGT
SQs 1

B-AS 0.792* 1

CYP19 0.669* 0.681* 1

CYP83 0.706* 0.844* 0.729* 1

CYP11 0.855* 0.890* 0.639* 0.730*

UGT 0.656* 0.837* 0.712* 0.921* b.702* 1

genome was used to confirm the transformed nature of the root lines. For
this purpose, three rol genes (rolA, rolB and rolC) involved in hairy root
formation (Ruslan et al., 2012) were analyzed by PCR. Different DNAs
(from the hairy root lines, A. rhizogenes and untransformed C. asiatica

roots) were used as a template. Also, the virD gene was used as a negative
control to check for residual A. rhizogenes in the transformed tissues; this
gene is present in A. rhizogenes but not inside the T-DNA region, so does
not integrate in plant cells (Sevon and Oksman-Caldentey, 2002). Rol
genes (rolA, rolB and rolC) (660 pb, 770 pb and 534 pb, respectively)
were found in A. rhizogenes (positive control) (Fig. 2A) and transformed
C. asiatica root lines (Fig. 2C-L) but not in untransformed roots (Fig. 2B).
The virD gene was only found in A. rhizogenes (Fig. 2A) and not in
transformed and untransformed C. asiatica roots. The next step was to
select the transformed root line with the highest biomass production
measured as fresh weight (FW) after 3-4 weeks of growth.

3.2. Selection of the transformed root line with the highest biomass
production

The growth course of the different transformed root lines is shown in
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Table 5
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Correlation matrix between gene expression and centelloside production. One to three asterisks indicate significant differences (p < 0.05, 0.01, 0.001 respectively).

Gene expression

UGT CYP11 CYP83 CYP19
D7 T36 T24 T16 T8 D7 T36 T24 T8 D7 T36 T24 T16 T8 D7
0.067 0.574 * 0.740%* 0.611* 0.551% 0.366 0.516%  0.715%* 0.595% 0.671** 0.531% 0.694**  0.685%* 0.659** 0.521* 0.599*
0.526* 0.813%** 0.836%** 0.947*** 0.978*** 0.548* 0.592% 0.916%** 0.802*** 0.979*** 0.908*** 0.931*** 0.856*** 0.925***  0.930*** 0.828%**
0.440 0.811***  0.872%**  0.898*** 0.911*** 0.578% o0.571% 0.913***  0.760%** 0.958***  0.866*** 0.923*** 0.856*** 0.913*** 0.889*** 0.836%**

Fig. 3. As the growth capacity of line 1 (L1) was significantly higher from
the second week of culture, it was selected for the subsequent elicitation
studies.

3.3. Effect of different elicitors on growth and centelloside production

The morphology and changes in color of hairy roots (L1) was
observed at days 7 and 14 after elicitation (days 21 and 28 of the
experiment). In general, elicitation caused hairy roots to darken with
respect to the control, an effect that intensified over time (Fig. 4).

The growth course of the transformed roots (L1) under control or
elicited conditions during a culture period of 14 days is shown in Fig. 5.
The results indicate that elicitors generally inhibited the growth of the
transformed roots, measured as FW and DW, compared to the non-
elicited cultures.

The transformed root line producing the most biomass was used to
analyze the production of the main centellosides in C. asiatica, made-
cassoside and asiaticoside, and their respective sapogenins, madecassic
acid and asiatic acid. The yields were compared between elicited and
non-elicited cultures and expressed in mg/g DW.

Madecassoside was the main centelloside detected in all cultures and
at all time points (8 h, days 7 and 14). At 8 h of elicitation with Meja,
Coro, or Coro_Meja, its production was significantly higher compared
with the untreated samples, whereas SA did not have a significant effect.
Conversely, SA induced a significant increase in asiaticoside, whose
levels were not changed by the other treatments. Asiatic acid and
madecassic acid were not detected at 8 h (Fig. 6 A). After 7 days of
elicitation, madecassoside production was significantly higher in all the
elicited samples compared with the control; the yields of most of the
targeted centellosides were increased by elicitation with Coro or Coro
+ Meja (Fig. 6B).

Madecassoside production continued to increase significantly, in all
treated cultures, at 14 days of elicitation. Coronatine or Coro 4 Meja
significantly enhanced the production of all the centollosides, whereas
SA and Meja did not affect madecassic and asiatic acid yields. The
maximum production of madecassoside was achieved with Coro or Coro
+ MeJa (116 and 125 mg/g DW, respectively) after 14 days of elicita-
tion (Fig. 6 C).

The total centelloside production (measured as the sum of made-
cassoside, asiaticoside, madecassic acid and asiatic acid) was higher in
C. asiatica transformed roots treated with different elicitors (SA, Coro,
Meja and Coro;Meja) than in the untreated samples (control) and their
levels increased throughout the elicitation period. The treatments
resulting in the highest increase were Coro and Coro + Meja (Fig. 7).

3.4. Gene expression analysis of control and elicited C. asiatica hairy root
cultures

To understand how the elicitation treatments were affecting cen-
telloside biosynthesis, the expression levels of siX genes involved in
different steps of the biosynthetic pathway were analyzed by RT-qPCR in
elicited C. asiatica transformed roots sampled at o, 8, 12, 24, and 36 h
and 7 days after treatment (Table 3). The results are expressed in relative
units, using B -actin as a reference gene, and non-elicitation as an internal

control. For each treatment, expression levels were compared with the
control sample (transformed but not elicited).

Expression levels of all targeted genes were significantly higher in
samples treated with Coro or CoroyMeja compared with the control
samples, at 8, 12, and 24 h post-treatment (Fig. 8). Both treatments had
significantly upregulated all the genes at 36 h, except CYP716C11 in the
case of Coro 4 Meja (Fig. 8E). Only elicitation with Coro+ Meja, at day
7, had a significant enhancing effect on the expression levels of all the
genes, except CYP714E19 (Fig. 8 C). Treatment with Meja induced a
significant upregulation of all the genes at 8 and 12 h, but at subsequent
time points (24 h, 36 h and 7 days) no significant differences with
control samples were found (Fig. 8). After SA elicitation, the expression
levels of all the genes remained quite constant in all tested samples, the
only significant increase being observed for UGT at 24 h (Fig. 8 F).

The different elicitors had variable effects on the gene expression
patterns during the study period (from 8 h to day 7). Levels of SQS
reached a maximum at 8 h with Coro ; Meja and at 8 and 12 h with
Coro, subsequently decreasing, although remaining significantly higher
compared to the control (Fig. 8A). The expression of B -AS, CYP714E19,
and CYP716A83 was consistently higher than control levels in samples
treated with Coro or Coro + Meja, reaching peaks at 12 h with Coro, at
8 h with Coro, and at 8 h with Coro;Meja, respectively (Fig. 8B, C and
D). CYP716C11 and UGT were also upregulated throughout the study
period by Coro jMeja, but their expression level had fallen at day 7 in
the Coro-treated samples (Fig. 8E and F). Finally, Meja increased the
expression levels of SQS, CYP714E19 and CYP716C11 at 8 and 12 h,
which decreased thereafter (Fig. 8A, C and E). The same effect was
observed on B-AS, CYP716A83 and UGT, except their levels had
increased again at day 7 (Fig. 8B, D and F).

A high correlation was observed between the expression levels of all
the genes, especially between B -AS and the others, while the highest
correlation value was found between UGT and CYP716A83 (Table 4).

A high level of correlation was also found between centelloside
production and the expression levels of most genes, above all B -AS and
CYP716A83, and mainly at 7 days post-elicitation. However, the
expression of UGT at day 7 was not correlated with the production
values at the earliest and last time points analyzed (Table 5).

3.5. Discussion

In this work it has been studied how different elicitors act at the
transcriptomic level to increase centelloside production, with the aim of
determining any correlation between improved yields and the upregu-
lation of key biosynthetic genes. Hairy root cultures were used due to
their numerous advantages as a biotechnological production platform
for bioactive plant secondary compounds (Gutierrez-Valdes et al.,
2020). These include: a rapid growth capacity, hormone-independent
growth, genetic stability, and a capacity to biosynthesize the same
type of compounds as the roots of the mother plant. The transformed
C. asiatica roots had a high growth rate (Figs. 5 and 6) and were able to
biosynthesize centellosides (Figs. 7 and 8).

Although the underlying mechanism has not been fully clarified,
hairy roots can act as a self-sufficient production system of secondary
metabolites without any special induction signal or metabolic
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Gene expression

CYP19 B -AS SQS Time

T36 T24 T16 T8 D7 T36 T24 T16 T8 D7y T36 T24 T16 T8

0.636* 0.694**  0.640* 0.634* 0.577* 0.685**  0.679%*  0.667** 0.669**  0.412 0.574* 0.746**  0.566* 0.709** 8h Centelloside
0.756**  0.924*** 0.956*** 0.811*** 0.870*** 0.906*** 0.840*** 0.832*** 0.961*** 0.573* 0.842%**  0.844*** 0.724** 0.968*** Day production (mg/g

0.767%%%  0.930%%%  0.915%** 0.793%** 0.878%** 0.917%%* 0.839%** 0.823%**

0.951%%*

7 DW) after
Day
14

0.615%**  0.801%** 0.896*** 0.703** 0.961%** elicitation

engineering strategy (Hayat et al., 2010). However, this self-induction
has not been observed in C. asiatica, and therefore strategies such as
elicitation are required for centelloside production (Hidalgo et al.,
2017). Elicitation is routinely used to manipulate secondary metabolite
yields, imitating stress-induced production in nature. Considerable
research has been dedicated to enhancing centelloside biosynthesis in
C. asiatica by the application of biotic and abiotic elicitors, with different
results achieved depending on the elicitor and/or type of culture used
(Gallego et al., 2014). Hidalgo et al. (2017) and Mangas et al. (2006)
found that all tested elicitors inhibited the growth of C. asiatica cell and
plant cultures, measured as FW and DW.

One of the elicitors used in the present work is salicylic acid, a well-
known inducer of systemic acquired resistance to many plant pathogens
of secondary metabolites productions (Pieterse and Van Loon, 1999;
Walker et al., 2002). It was observed that the application of SA improved
the production of asiaticoside at 8 h post-elicitation and madecassoside
at days 7 and 14. Demonstrating the effects of SA on the yields of a
specific centelloside, Loc and Giang (2012) reported a production of
45.35 mg of asiaticoside/g of DW in non-elicited C. asiatica cell cultures,
which they later improved five-fold by applying 100 1 M of SA, reaching
a value of 229.83 mg/g of DW (Loc and An, 2010).

The elicitor traditionally considered most effective in C. asiatica is
Meja, which together with jasmonic acid, is produced widely in plants as
a ‘stress hormone’, in response to insect attacks (Kim et al., 2018).
When exogenously applied to plant cell cultures of a variety of species,
Meja (100-200 M) enhances the workflow of secondary biosynthetic
pathways, leading to an increased production of diverse compounds,
including terpenoids, flavonoids, alkaloids and phenylpropanoids
(Ramirez-Estrada et al., 2016). Recent studies in whole plant cultures
demonstrated that the transcript levels of C. asiatica squalene synthase
(CaSQS) and C. asiatica dammarenediol synthase (CaDDS), both genes
associated with the triterpenoid pathway, are increased by the appli-
cation of 100 1 M Meja (Kim et al., 2018). In the present work, Meja
elicitation mainly improved the production of madecassoside, which
was higher than in the control at all time points (8 h, and days 7 and 14)
(Fig. 6). Different studies have improved centelloside production using
100 MM Meja. Kim et al. (2007) obtained 7.12 mg/g DW of asiaticoside
in transformed C. asiatica roots after 3 weeks of elicitation, a 5-fold in-
crease compared to the control, and Ruslan et al. (2012) reported a very
similar 4.9-fold increase in asiaticoside in cell suspension cultures. Yoo
et al. (2011) described an enhanced production of both asiaticoside and
madecassoside, but a reduction in madecassic acid levels, an effect we
also observed, the amount decreasing from 0.32 mg/g to 0.09 mg/g of
DW (Fig. 6).

The strongest elicitation effect on centelloside production reported
to date was recently achieved by the exogenous application of the bac-
terial toXin coronatine (Coro) in cell suspension cultures (Onrubia et al.,
2013). Due to a similar chemical structure, Coro mimics the function of
the isoleucine-conjugated form of jasmonic acid and has a comparable
mode of action to Meja. As an elicitor, Coro is of particular interest, as it
enhances metabolite production more effectively than Meja and at lower
concentrations (Ramirez-Estrada et al., 2016). This was confirmed in the
present study, where the production of all centellosides was improved
by Coro treatment, especially at day 14 after elicitation (Fig. 7). Similar
results have been described by Hidalgo et al. (2017) in cell suspensions

of C. asiatica, and Onrubia et al. (2013) in cell cultures of Taxus media, in
which Coro induced a higher taxane production than Meja. This superior
performance could be due to the greater stability of Coro (Gallego et al.,
2014), which would allow a more constant response in the plant tissue
throughout the treatment period. The highest total centelloside pro-
duction in C. asiatica hairy roots was achieved at day 14, the end of the
experiment, when applying Coro, either alone or in combination with
Meja, and the centelloside with the highest yield was madecassoside
(Figs. 7 and 8). Possible explanations are that madecassoside (and asi-
aticoside) is more stable in intracellular spaces than its acid form, and,
that the elicitors favored the glycosidation of these compounds.

Apart from improving metabolite production, elicitation of plant
cultures provides a biological platform in which the stress response can
be studied under controlled conditions (Lee et al., 2004). Changes in
gene expression and proteins can be correlated with the accumulation of
metabolites and messenger RNAs (mRNAs). Transcriptomes are highly
dynamic, and mRNA levels provide information about gene expression
within the signal response period. Therefore, to better understand the
observed changes in centelloside production, key biosynthetic genes
were analyzed by qRT-PCR, and the transcriptomic and metabolomic
data derived from each elicitor treatment were integrated.

Among the targeted genes, SQS is involved in the formation of the
universal precursor of triterpenoid saponins and phytosterols (Azerad,
2016). The elicitation treatments enhanced its expression, above all in
cultures treated with Coro or CorojMeJa at the beginning of the
experiment (8 and 12 h, Fig. 8A). The subsequent decrease in expression
is likely because SQS activity is not limited to centelloside biosynthesis.
As SQS plays a key role in the upregulation of triterpene production (Lee
et al., 2004), modulating its expression could avoid high accumulations
of saponins and phytosterols.

B -amyrin synthase is a versatile gene involved in multiple steps in the
centelloside metabolic pathway (Bonfill et al., 2011), catalyzing the
formation of a and B -amyrin, the initial precursors of centellosides (Kim
etal., 2007). The overexpression of B -AS reached a peak (an increase of
up to 4o0-fold) at 12 h after elicitation with Coro, and remained
consistently high throughout the study period in hairy roots treated with
Coro or Coro -Meja, decreasingly slightly by day 7 (Fig. 8B). As
CYP450s (CYP716A83, CYP714E19 and CYP716C11) are involved in
the biosynthesis of different saponins derived from a and B -amyrin, an
expression pattern similar to that of B-AS could be expected. Thus,
maximum upregulation of CYP716A83 and CYP716C11 was observed at
8 h with Coro + Meja and at 12 h with Coro treatments, respectively
(Fig. 8D and E). The expression of CYP714E19 underwent a highly sig-
nificant increase, being almost 3000-fold higher compared to the control
at 8 h in Coro-treated roots (Fig. 8C); this result could be explained by its
involvement in more metabolic steps than the other CYP450s.

At the end of the biosynthetic pathway, UGT glycosylates sapogenins
(acids) to yield the corresponding saponins (Kim et al., 2018). The
expression of UGT increased in roots treated with Coro or Corg Meja
throughout the elicitation period, with maximum levels observed at 8 h
of Coro Meja treatment (Fig. 8F), like other targeted genes. The low
yields (mg/g DW) of madecassic acid compared with madecassoside in
these two treatments could be related with the elicitor-induced over-
expression of UGT, which, as mentioned, is involved in the production of
madecassoside from madecassic acid. Additionally, the complete
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conversion of madecassic acid may have stimulated further production

of this sapogenin from asiatic acid. The overexpression of UGT could
lain wh i t t d llpside i

30 tiRlein by madecasseside yras the most produced cerfellpsideds

decreased, although they were maintained in Coro- and Coro

+ Meja-elicited cultures, probably due to transcript accumulation
(Fig. 8).

Although the relative expression levels of genes varied throughout
the period of elicitation (8-36 h), the most noticeable differences were
observed in Coro and Coro + Meja treatments at 8 and 12 h (Fig. 8).
Meja and SA also increased gene expression levels but not enough to
have a clear impact on centelloside production, especially in the case of
SA. A high degree of correlation was observed between the expression of
all the studied genes, especially between B -AS and the others, which
indicates that B -AS plays a major role in the regulation of the centello-
side biosynthetic pathway(Kim et al., 2007).

The results demonstrate that the upregulation of biosynthetic genes
can result in a higher centelloside production, especially long-term (7
days after elicitation), as shown by the values in Table 5. The key genes
in the regulation of centelloside biosynthesis were found to be B -AS and
CYP716A83 (Table 5); the former is responsible for modifying B -amyrin
into oleanane-type saponins and the CYP gene family acts in multiple
steps toward the end of the metabolic pathway (Kim et al., 2018).
However, the most highly expressed genes after elicitation were mainly
those involved in oxidations (CYP19), indicating that the tested elicitors
did not act only on the key centelloside biosynthetic genes (b-AS, CYP83
and UGT).

Although gene expression was measured at specific hours and cen-
telloside production on different days, any correlation between the two
events is not necessarily evident immediately and, they can be separated
by many intermediate steps. The lag between gene expression and sec-
ondary metabolite production is a common feature in in vitro cultures, as
demonstrated in other studies. Ramirez-Estrada et al. (2015) observed
that although taxane production was related with the expression of
biosynthetic genes, other factors may also be involved, such as post-
transcriptional and post-translational regulation.

4. Conclusions

New insights into metabolism and its regulation were obtained by
studying centelloside production in elicited C. asiatica hairy roots
together with the expression of key biosynthetic genes. Coro, especially
in combination with Meja, proved to be the most effective elicitor in
terms of enhanced gene expression and centelloside production, above
all that of madecassoside. These findings may have useful application for
increasing centelloside production in biotechnological platforms based
on metabolically engineered C. asiatica hairy roots.
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Spanish summary

Centella asiatica es una planta medicinal con una rica historia de uso tradicional debido
a sus propiedades terapéuticas. Entre sus compuestos bioactivos, los centellosidos, han
llamado la atencién debido a sus potentes actividades farmacoldgicas. La ingenieria
metabdlica ha surgido como una poderosa herramienta biotecnol6gica para mejorar la
produccion de compuestos deseados. En este estudio, exploramos los efectos de la
sobreexpresion del gen de la escualeno sintasa (At-SQS) de Arabidopsis thaliana y el
factor de transcripcion TSAR2 en diversos aspectos: la expresion de genes en la ruta
metabdlica de los centellésidos, rasgos morfolégicos, asi como el contenido de
escualeno, fitoesteroles y centelldsidos en lineas de raices transformadas de C. asiatica.
Nuestros esfuerzos resultaron en tres categorias distintas de lineas transformadas:
lineas LS, donde estaba presente At-SQS; lineas LT, con sobreexpresion de TSAR2; y
lineas LST, con ambos transgenes expresados simultaneamente. Estas lineas
mostraron alteraciones notables en los rasgos morfoldgicos, especialmente la tasa de
ramificacién y la produccion de biomasa. Ademas, observamos que la expresion de
genes clave en la biosintesis de centellésidos experimenté modulacién debido a la
expresion de genes T-DNA, con un impacto notable de los genes aux2 y rolC. Las lineas
LS, que presentaron un contenido elevado de centellésidos pero al mismo tiempo
mostraron un contenido reducido de fitoesteroles. Este hallazgo destac6 una intrigante
relacién antagonica entre las vias de fitoesteroles y triterpenos. La correlaciéon inversa
inicialmente observada entre las lineas LS y los rasgos morfolégicos es contrarrestada
por la accion de TSAR2 en las lineas LST y LT. Esta alteracién podria atribuirse al
aumento simultaneo del contenido de fitoesteroles, que esta estrechamente relacionado
con el desarrollo de las raices. En conjunto, estos descubrimientos ofrecen informacion
valiosa sobre las perspectivas biotecnoldgicas de las raices transformadas de C.

asiatica y su potencial para aumentar la produccion de centellésidos.
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Abstract: Centella asiatica is a medicinal plant with a rich tradition of use for its therapeutic properties.
Among its bioactive compounds are centellosides, a group of triterpenoid secondary metabolites
whose potent pharmacological activities have attracted significant attention. Metabolic engineering
has emerged as a powerful biotechnological tool to enhance the production of target compounds. In
this study, we explored the effects of overexpressing the squalene synthase (SQS) gene and transcrip-
tion factor TSAR2 on various aspects of C. asiatica hairy root lines: the expression level of centelloside
biosynthetic genes, morphological traits, as well as squalene, phytosterol, and centelloside content.
Three distinct categories of transformed lines were obtained: LS, harboring A#-SQS; LT, overexpress-
ing TSAR2; and LST, simultaneously carrying both transgenes. These lines displayed noticeable
alterations in morphological traits, including changes in branching rate and biomass production.
Furthermore, we observed that the expression of T-DNA genes, particularly aux2 and rolC genes,
significantly modulated the expression of pivotal genes involved in centelloside biosynthesis. Notably,
the LS lines boasted an elevated centelloside content but concurrently displayed reduced phytosterol
content, a finding that underscores the intriguing antagonistic relationship between phytosterol
and triterpene pathways. Additionally, the inverse correlation between the centelloside content and
morphological growth values observed in LS lines was countered by the action of TSAR? in the LST
and LT lines. This difference could be attributed to the simultaneous increase in the phytosterol
content in the TSAR2-expressing lines, as these compounds are closely linked to root development.
Overall, these discoveries offer valuable information for the biotechnological application of C. asiatica
hairy roots and their potential to increase centelloside production.

Keywords: metabolic engineering; centelloside; triterpene; synthetic biology; machine learning;
plant biotechnology

1. Introduction

Centella asiatica, commonly known as Gotu Kola, is a renowned medicinal plant with a
rich history of traditional use in various cultures for its therapeutic properties [1]. Among
its numerous plant secondary bioactive compounds are centellosides, a group of triterpenes
that have attracted considerable attention due to their potent pharmacological activities,
including anti-inflammatory, antioxidant, and wound-healing effects. The high medicinal
value of centellosides has prompted extensive research aimed at understanding their
biosynthesis and developing strategies to enhance their production [2].

The biosynthetic pathways of secondary metabolites, including centellosides, are
complex and tightly regulated processes. In plants, secondary metabolite production is
influenced by various factors, such as gene expression, enzymatic activity, and metabolic
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flux. Among the key regulatory components are phytosterols; these primary metabolites
and membrane constituents serve as precursors for various hormones and play a crucial
role in determining the production of specific triterpenes. It has been observed that when
sufficient phytosterols have been synthesized to meet the plant’s growth requirements, the
biosynthesis of triterpenes takes precedence [3,4].

Metabolic engineering has emerged as a powerful biotechnological tool to manipulate
the biosynthetic pathways of secondary metabolites in plants. By introducing specific
genes into plant cells, researchers can modulate gene expression and metabolic pathways to
enhance the production of desired compounds [5,6]. In the context of centellosides, studies
have focused on manipulating key biosynthetic genes to augment their yields in C. asiatica.

One such gene of interest encodes squalene synthase (SQS), a key enzyme in the
biosynthesis of triterpenes [4,7]. By overexpressing the SQS gene, it is possible to increase
levels of the precursor squalene, potentially leading to higher centelloside production. The
engineering of secondary metabolite production also involves transcription factors (TS) [8,9].
For example, TSAR?2 (triterpenoid saponin activating regulator 2) has been identified as
having a direct effect on the expression of the HMGR gene, which encodes 3-hydroxy-3-
methylglutaryl-coenzyme A reductase, an important enzyme in the triterpene biosynthetic
pathway [10-12]. The overexpression of the HMGR gene has shown promising results in
increasing phytosterol and triterpenoid content in different plant species [11,13,14].

Hence, the generation of C. asiatica hairy roots harboring SQS and TSAR?2 offers
a potential opportunity to enhance centelloside yields. In this study, we explored the
impact of these genetic modifications on the expression of centelloside pathway genes and
morphological traits in different C. asiatica hairy root lines. Additionally, we examined the
correlation between squalene, phytosterol, and centelloside contents in the transformed
roots, aiming to elucidate the regulatory mechanisms underlying centelloside biosynthesis
in this medicinal plant.

The findings from this study could offer valuable insights into the biotechnological
potential of C. asiatica hairy root lines and pave the way for novel approaches to enhance
centelloside production. Ultimately, these advancements could provide the pharmaceutical
and cosmeceutical industries with a sustainable source of centellosides and help to unlock
their therapeutic potential for various health applications.

2. Results
2.1. Integration of Transgenes by PCR

In the present study, we obtained four different types of hairy root lines: LS, carrying
the exogenous SQS gene from A. thaliana; LT, which contains the transcription factor TSAR2;
LST, with both of the aforementioned genes; and L1, utilized as the control. These hairy
rootlines harbored all the rol and aux genes from the pRi plasmid of R. rhizogenes.

Genomic DNAs from transformants and C. asiatica leaves were used for PCR analysis
of multiple lines (Figure S1). Initially, the rolC gene served as a positive control to confirm
the transformed nature of the obtained roots, given its involvement in hairy root formation.
Following three rounds of selection with cefotaxime, the VirD gene was utilized to verify
the absence of R. rhizogenes in the transformants, as this gene is present in the bacterial
plasmid but not in the T-DNA region integrated in plant cells. The results demonstrated
the presence of the rolC gene in R. rhizogenes (positive control) and the transformants but
not in C. asiatica leaves (negative control). Conversely, the VirD gene was absent in all the
lines. Finally, the presence of the target genes, A+-SQS and TSAR2, was verified, and the
following lines were selected for further analysis: LST(1-3), LS(1-3), and LT(1-3).

2.2. Influence of Transgenes on Endogenous Gene Expression

By conducting a genetic expression analysis, we explored the impact of the At-SQS
and TSAR?2 transgenes on the centelloside biosynthetic genes. The results, illustrated in
Figure 1, depict the expression profiles of the targeted endogenous genes.
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Figure 1. Overview of the centelloside biosynthetic pathway and gene expression profile. L1 denotes
the control line, while LST, LS, and LT represent the transformed lines. The reddish heatmap
indicates the upregulation (UP) or downregulation (DOWN) of gene expression for HMGR (encoding
the 3-hydroxy-3-methylglutaryl coenzyme A reductase), SQS (encoding squalene synthase), 3-AS
(encoding beta amyrin synthase), CYP83 (cytochrome CYP716A83), CYP19 (cytochrome CYP714E19),
CYP11 (cytochrome CYP716C11), and UGT (UGT73AD1). The bluish heatmap reflects the fold change
in gene expression of At-SQS (squalene synthase from Arabidopsis thaliana).

The expression of the HMGR and SQS genes differed notably among the examined
lines. Specifically, lines overexpressing TSAR2 exhibited significantly elevated expression
levels of these two endogenous genes compared with the control. A correlation analysis
revealed a strong positive correlation (r = 0.98) between HMGR and SQS, suggesting that
TSAR2 enhances the expression of these genes.

Surprisingly, this transcription factor exhibited no remarkable effects on or correlations
with other genes involved in centelloside biosynthesis. In addition, the transformants
exclusively overexpressing At-SQS had gene expression values on par with those of the
control line. Consequently, no conspicuous augmentations or detrimental influences on the
expression of the endogenous genes within the pathway were observable.

To examine the impact of the rol and aux transgenes derived from the pRi plasmid
of R. rhizogenes on the centelloside biosynthetic genes, we generated multiple regression
models using the randomForestSRC R-package (see Section 4). The models treated the
endogenous genes HMGR, SQS, B-AS, CYP83, CYP19, CYP11, and UGT as dependent vari-
ables, whereas the expression levels of rolA, rolB, rolC, aux1, and aux2 genes were considered
independent variables. Among these models, the one pertaining to CYP11 exhibited the
highest R-squared value (0.7349), indicating the strongest level of fit. Conversely, the SQS
gene model had the smallest R-squared value (0.1387). This suggests that the expression
levels of the pRi plasmid transgenes are either unconnected with or exert a very limited
influence on the expression behavior of the SQS gene.
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The variable importance metric was utilized to compare the impact of pRi plasmid
transgenes on the profile of each endogenous gene, aiding in the interpretation of the
multivariate regression models. For a comprehensive understanding of the influence of
transgene expression, Figure 2 presents a cluster analysis of the pathway genes.
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Figure 2. Comprehensive heatmap illustrating the impact of rol and aux genes on the endogenous

gene expression profile in Centella asiatica hairy roots.

Remarkably, aux2 exhibited a favorable impact on 8-AS, CYP83, CYP19,and CYP11,
with UGT displaying the least susceptibility and CYP19 showing the most pronounced
effect. Following closely, r0lC emerged as the subsequent influential factor, specifically
influencing CYP83, CYP19, CYP11, and UGT compared with aux2. The influence of rolC
was particularly prominent on the UGT gene. The aux1 gene, on the other hand, was
notable solely for its impact on $-AS, while rolA exhibited only a marginal effect on HMGR.
Among the endogenous genes, SQS was the least susceptible to the influence of the rol or
aux genes, closely followed by HMGR.

2.3. Sterols, Squalene, and Centolloside Profiles in Response to Transgenes TSAR2 and At-SQS

Through a comprehensive phytochemical analysis, we examined the effects of the
At-SQS and TSAR?2 transgenes on centelloside, squalene, and total sterol profiles. Sterols
constitute key compounds within a competitive pathway toward centellosides, while
squalene serves as a common precursor.

In Figure 3, the upper section illustrates the total content (measured in mg/g DW) of
centellosides, sterols, and squalene in the four types of hairy root lines. Notably, the LS lines
exhibited the highest centelloside content (6.56 £ 0.26 mg/g DW), differing significantly
from the other lines (Figure S2). The direct influence of the At-SQS transgene on production
levels was evident.

Greater variability was observed in the sterol content, which ranged from 188.31 to
56.88 mg/g DW among the root lines. Specifically, the LST lines displayed a significant
increase compared with the control, whereas a pronounced decrease was observed in the
LS lines, resulting in values lower than the control. Conversely, the values of the LT lines
did not differ significantly from those of the LST lines. Noteworthy in this context was the
clear positive effect of the transcription factor on sterol content, as well as on the HMGR
gene, as previously mentioned.
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Figure 3. Comparative plot of various types of hairy root lines. The density plot illustrates the profiles
of sterols, squalene, and centellosides, while the bar plots display the gene expression profiles of
HMGR, SQS, and At-SQS in terms of fold change values. The stacked column highlighted in purple
represents the contribution of At-SQS. See Table S1 for more details.

The profile of the squalene content was similar to that of centellosides, with a signifi-
cant increase in the LS lines (1.560.10 mg/g DW), and nearly constant values in the other
three lines. Accumulated expression values of native SQS and At-SQS genes in the LS line
clearly demonstrated the positive impact of the A#-SQS transgene on centelloside produc-
tion. However, this positive effect was only observed in the absence of the transcription
factor, suggesting that the activation of the sterol biosynthetic pathway effectively utilized
the additional squalene generated by the heterologous enzyme.

2.4. Influence of Squalene and Sterol Content on Morphological Traits

In this study, we deemed the branching rate, growth rate, and biomass productivity
to be pertinent morphological traits owing to their biotechnological implications. The
branching rate denotes the number of lateral roots per centimeter, growth rate signifies
the elongation of roots in millimeters per day, and biomass productivity quantifies the
daily biomass yield for each line. Various morphologies of hairy root lines after 28 days of
growth are illustrated in Figures 4 and S3.
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Figure 4. Average morphology of different hairy root lines of Centella asiatica at day 28 of growth:
(a) control, (b) LST, (c) LS, (d) LT. The initial inoculum was a small section of 10 mg of fresh weight.

By conducting a thorough correlation analysis between the morphological traits and
the contents of squalene and sterols, we have unveiled a compelling depiction of how the
accrual or depletion of these two distinct compounds intricately interweaves with the mea-
sured characteristics (Figure 5). The control line maintained a robustly positive correlation
between the variables. However, in the LS line, which yielded significantly diminished lev-
els of sterols yet substantially elevated quantities of squalene and, therefore, centellosides,
a different pattern was discernible. Here, it became distinctly apparent that the aggregation
of squalene exerted a deleterious impact on the underlying morphological traits.
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Figure 5. Pearson’s correlation analysis of morphological traits and metabolite content. (a) Corre-
lation plot for the control line; (b) correlation plot for the LS lines; (c) correlation plot for the lines
overexpressing the transcription factor. Values indicate the Pearson correlation coefficient (r).

Intriguingly, in the LST line, this adverse effect appeared to be counterbalanced by
the presence of the transcription factor. This regulatory entity seemed to orchestrate a
harmonizing influence, fostering amplified sterol production while concurrently addressing
the extra squalene availability. This bifaceted mechanism effectively overcame the negative
impact observed in the LS line, thus indicating the intricate interplay between genetic
modulation and metabolite accumulation.

3. Discussion

This study further elucidates the complex interplay between specific genes and the
centelloside biosynthetic pathway. Notably, the C. asiatica hairy root lines harboring TSAR2
exhibited a substantial upregulation of the endogenous genes SQS and HMGR, suggest-
ing they play pivotal roles in the regulation of centelloside biosynthesis. These findings
align with those of Xu et al. [12], who observed increased HMGR gene expression in Gano-
derma lucidum overexpressing the GIVPHLHb5 transcription factor under methyl jasmonate
elicitation, and Mertens et al. [11], who reported higher transcript levels of the HMGR
gene in Medicago truncatula hairy roots overexpressing TSAR2. Moreover, instances of
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transcription-factor-mediated modulation of SQS gene homolog expression, leading to
activated triterpenoid biosynthesis, have been observed in various species such as Ziziphus
jujuba and Torreya grand [15,16].

A key factor in triterpenoid structural diversity is the cytochrome P450 family, partic-
ularly the CYP716 enzymes. These versatile enzymes, distributed widely across diverse
plant species, have the capacity to catalyze triterpene oxidation at various positions [17].
Among the ensemble of genes, CYP16C11 emerges as a significant player and is modulated
by the insertion of T-DNA genes (Figure 2). Our findings are in parallel to those of Pandey
et al. [18], who investigated the complex interactions of CYP716C55 gene expression and
metabolic pathways under Ri-T-DNA-mediated insertional mutagenesis, unraveling the
intricacies of gene modulation within the dynamic landscape of Ocimum species hairy roots.

The aux2 gene (1398 bp), a component of TR-DNA, plays a pivotal role in the induction
and continuation of hairy root growth [19,20]. This oncogene orchestrates the conversion
of naphthalene acetamide into the potent auxin naphthalene acetic acid, a crucial stage
in hairy root development [21]. Notably, Srivastava et al. [22] revealed the significant
influence of the aux2 gene on 3-indol acetic acid (IAA) levels, morphological traits, and
metabolite content in Ocimum basilicum hairy roots, with implications mirroring our own
results, as its overexpression had a favorable impact on the expression of -AS, CYP, and
UGT genes.

By boosting beta-glucosidase activity, the rolC gene provides a gateway for the release
of active cytokinins from their inactive counterparts [23]. Its versatile effects include
roles in nicotine production in Nicotiana tabacum hairy roots [24], ginsenoside synthesis
in Panax ginseng hairy roots [25], and resveratrol production in transgenic Vitis amurensis
cell cultures [26]. In our study, we observed how the rolC gene positively influences CYP
and UGT gene expression. Similarly, Inyushkina [27] noted that rolC gene expression led
to increased transcript levels of CYP98A3 subfamily members, crucial genes in rosmarinic
acid biosynthesis.

The important role of the r0lA gene in triterpenoid production has been reported in
Artemisia dubia hairy roots, where it was found to directly enhance artemisinin produc-
tion [28]. Interestingly, although the influence of the rolA gene in secondary metabolism
remains less explored compared with other oncogenes, our work reveals its notable impact
on the early triterpene pathway gene HMGR, which encodes an enzyme catalyzing vital
steps in IPP biosynthesis [29].

The LST and LT lines stood out for their high phytosterol content, a direct effect of
TSAR2. The influence of other transcription factors such as WRKY or MYC2 (WsWRKY1
and WsMYC2) on phytosterol biosynthesis has been demonstrated in studies on Withania
somnifera [30,31].

The LS lines exhibited the highest squalene content, mirroring their centelloside
content (Figure 3), which illustrates the effect of introducing the SQS gene from A. thaliana
into the C. asiatica hairy root lines. This phenomenon has been previously studied in
Medicago truncatula [32], P. ginseng [4], W. somnifera [33], Taraxacum koksaghyz [34], and
Eleutherococcus senticosus [35], the results attesting to the intriguing connection between
squalene synthase overexpression and enhanced triterpene levels.

As well as the highest centelloside content, the LS lines possessed the lowest phy-
tosterol content (Figure 3), which reflects the fact that triterpene biosynthesis occurs once
sufficient phytosterol has been synthesized, signaling the end of growth [3,4]. Supporting
this observation, studies have shown that inhibiting the phytosterol biosynthetic pathway
by antisense cycloartenol synthase led to a notable increase in ginsenosides (triterpenes)
in P. Ginseng hairy roots [13]. A similar antagonistic interaction between the triterpene
and sterol pathways has been observed in transgenic Buplerum falcatum roots [36] and in
methyl-jasmonate-elicited C. asiatica plants, where free sterol decreased while centellosides
increased [37].

125



Plants 2023, 12, 3363

8of14

Furthermore, it has been reported that triterpenic saponins can also contribute to
root growth, as demonstrated in the case of a y-pyronyl triterpenoid saponin, known as
chromosaponin 1 in Lactuca sativa [38]. In A. thaliana, this compound interacts with the aux1
protein, regulating the root gravitropic response [39].

Regarding the hairy root morphological traits, the strongest positive correlation be-
tween the different growth values with metabolite composition was observed in the control
lines (Figure 5a). Conversely, the traits of LS lines exhibited an opposing trend (Figure 5b),
which implies that the accumulation of squalene and subsequent elevation in centelloside
content functions as a trigger for secondary metabolism, marked by the cessation of cell
division and growth [40]. Curiously, in the LST and LT lines, the negative correlation
observed in the LS lines disappears (Figure 5c). This remarkable fact finds its origins in the
insertion of TSAR2, which directly affects the HMGR gene and, quite possibly, genes of the
sterol biosynthetic pathway, resulting in a higher phytosterol content. These effects of the
transcription factor contrast with the findings of Hey et al. [14], who observed a 2.44-fold
increase in sterol production in transformed A. thaliana compared with the control.

Our findings further highlight the regulatory interplay between the phytosterol and
triterpene production pathways, along with their impacts on hairy root morphological
traits. Future research should focus on refining the modulation of the transgenes to achieve
a harmonious equilibrium between production levels and morphological attributes.

4. Materials and Methods
4.1. Establishment and Selection of C. asiatica Hairy Roots

The protocol followed in this study was based on Alcalde et al. [41] with slight modi-
fications. In vitro cultures of C. asiatica plants were maintained on Murashige and Skoog
(MS) medium supplemented with vitamins, 30% (w/v) sucrose, and 2.7% (w/v) gelrite in
a controlled growth chamber. The growth chamber provided a constant temperature of
25 °C and a long-day photoperiod of 16 h of light followed by 8 h of darkness.

To initiate the hairy root induction process, leaf segments from the plantlets were
wounded and infected with two distinct strains of R. rhizogenes A4. The first strain carried
the binary plasmid pBI121_A#-SQS, which encodes squalene synthase 1 from A. thaliana [42].
The second strain carried the plasmid pK7WG2D,1_TSAR2, encoding a transcription fac-
tor [43]. To achieve a double mutation, a simultaneous infection involving both strains was
performed. Prior to infection, these bacterial strains were cultured at 25 °C on solid YEB
medium for 48 h, supplemented with 100 mg/L of kanamycin and 50 mg/L of rifampicin.

After the infection, the wounded leaf segments were placed on solid MS medium
enriched with 50 mg/L of acetosyringone. Up to four leaf segments were placed per plate,
and the plates were then incubated in darkness at 25 °C for 2 days. Subsequently, the
explants were transferred to fresh plates with solid MS medium containing 500 mg/L of
cefotaxime and incubated at 25 °C for 4 weeks.

Following this incubation period, the roots that developed on the leaf segments were
carefully isolated and transferred to new solid MS medium supplemented with 500 mg/L
of cefotaxime and 0.1 mg/L of kanamycin. This step was repeated every 2 weeks over
a period of about 2 months to eliminate any residual presence of R. rhizogenes. Robustly
growing transgenic roots were identified by excising the top 5-7 cm of the root apex along
with its lateral branches. These selected root lines were then cultured on fresh solid MS
medium at a temperature of 25 °C in darkness, and subculturing of the transgenic root
lines was carried out under the same conditions every 2 weeks.

4.2. DNA Isolation and Transgenic Confirmation by PCR Analysis

The DNA isolation protocol, adapted from Alcalde et al. [41], involved several steps.
Initially, 200 mg of hairy root tissue was pulverized with liquid nitrogen and combined
with 0.75 mL of extraction buffer (containing 50 mM EDTA pH 8.0, 100 mM Tris pH 8.0,
and 500 mM NaCl), 0.6 YL of B-mercaptoethanol, and 50 YL of 20% sodium dodecyl sulfate
(SDS). This mixture was incubated at 65 °C for 10 min, followed by the addition of 250 pL
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of 5 M potassium acetate. After an ice incubation for 20 min and centrifugation at 4 °C
for 20 min at 9000 g, the supernatant was collected, mixed with 1 mL of isopropanol, and
incubated at 20 °C for 1 h. The resulting pellet was centrifuged at 8000 g for 15 min
and air-dried, then resuspended in 140 pL of T10E1 buffer (Tris 10 mM, EDTA 1 mM) and
centrifuged for 10 min at 14,000 g. To the retained supernatant, 15 pL of 3 M sodium acetate
and 100 pL of isopropanol were added. The resulting supernatant was again retained and
centrifuged at 15,000 g for 10 min. The genomic DNA within the pellet was air-dried at
37 °C for 10 min and then resuspended in 30 YL of T10E1 buffer. Subsequently, 1 pL of
RNAse (10 mg/mL) was added, and the purity of the DNA was assessed using a NanoDrop
2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

For the purpose of transgenic confirmation, transgenes from R. rhizogenes strains,
including rolC, At-SQS, TSAR2, and virD genes, were amplified by PCR within 0.5 mL
tubes. To each tube, 12.5 YL of Green taq polymerase, 1 pL of forward primer, 1 pL of
reverse primer, 2 YL of DNA, and 8.5 pL of Milli-Q water were added. The specific primers
used are detailed in Table S1. The PCR protocol comprised an initial cycle at 94 °C for
5 min, followed by 35 cycles at 94 °C for 1 min, 60 °C for 30 s, and 72 °C for 1 min, with a
final extension step at 72 °C for 5 min. The size of the PCR products was determined using
agarose gel electrophoresis (1%).

4.3. Analysis of Morphological Traits

To initiate the cultures, an inoculum of 10 mg of fresh weight (FW) was introduced
for each hairy root line onto solid MS medium plates. These cultures were consistently
maintained through two consecutive subcultures, with intervals of 2 weeks, at a tempera-
ture of 25 °C in a dark environment. This approach is in accordance with our established
methodology from previous investigations [44].

Following this cultivation period, the assessment of growth parameters was carried
out, with three replicates conducted for each distinct line. The evaluated growth parameters
included the branching rate, quantified as the number of lateral roots per centimeter of
the initial stem root (number of lateral roots/cm). Additionally, the growth rate was
calculated by measuring the average length of the lateral roots (mm/day). Finally, biomass
productivity was determined by dividing the difference between the final FW and the
initial FW by the number of days the growth occurred (mg/day).

4.4. Quantification of Centelloside Production

The determination of centelloside production was conducted in accordance with
the method outlined by Alcalde et al. [41]. Initially, 0.5 g of freeze-dried hairy root ma-
terial (DW) was carefully weighed, followed by the addition of a 10 mL suspension of
methanol:H20 (9:1). This suspension was then subjected to sonication for 1 h at room
temperature to facilitate extraction. Subsequently, the suspension underwent centrifugation
at 2000 g for 10 min to separate the solid and liquid phases. The supernatant obtained from
this process was carefully separated, and the centrifugation step was repeated once more
to ensure thorough extraction. The supernatants collected from the various samples were
placed into porcelain mortars and evaporated at 38 °C for approximately 24 h. Following
this, the resulting material was redissolved in 1 mL of methanol.

The methanolic extracts were subsequently filtered using a 0.22 pm filter for HPLC
quantification of centellosides. The HPLC system consisted of a Waters 600 Controller
pump, a Waters 717 Autosampler automatic injector, a Jasco variable-length (UV) 1570 de-
tector, and Borwin data analysis software version 1.5. A Lichrospher 100 RP18 5 pm column
(250%.4 mm) was employed for gradient chromatography at room temperature following
the method described by Alcalde et al. [41]. The mobile phase consisted of acetonitrile
and ammonium phosphate (10 mM), acidified to a pH of 2.5 with orthophosphoric acid to
enhance the definition of compound peaks. The flow rate was maintained at 1 mL/min,
with an injection volume of 10 pL. The detector wavelength was set at 214 nm, 1.00 au/v,
and the total run time was 45 min.
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For the quantification of centellosides, namely asiatic acid, madecassic acid, asiatico-
side, and madecassoside, calibration curves were established using standards of these four
compounds. Calibration concentrations ranged from 10 to 500 ppm, with specific points at
10, 25, 50, 100, 250, and 500 ppm.

4.5. Expression Analysis of Centelloside Pathway Genes by RT-qPCR

Total RNA extraction was performed as in Alcalde et al. [41]. Trizol reagent was
added to an Eppendorf tube with 200 mg of FW material and incubated for 20 min at room
temperature. After shaking to mix the contents, the tubes were centrifuged at 7500 g for
10 min at 4 °C. The RNA pellet obtained was subjected to a single wash with 1 mL of 75%
ethanol. After gentle shaking to mix the contents, the tubes were centrifuged at 7500 g
for 5 min at 4 °C. Following removal of the supernatant, vacuum drying was employed
for 10 min to desiccate the tubes. To dissolve the RNA samples, 20 pL of DEPC-treated
water was utilized. Subsequent to extraction, RNA samples were assessed for purity
and concentration using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

The treatment with DNAse was administered using the total RNA as a template,
employing a fixed concentration (2 pg of RNA). Additionally, the RNA integrity was
confirmed via agarose gel electrophoresis. The synthesis of the first-strand cDNA was
performed using the SuperScriptTM IV First-Strand Synthesis System (Invitrogen from
Thermo Fisher Scientific, Waltham, MA, USA) with 2 pg of RNA, precisely following the
manufacturer’s protocols.

After the design of primers via Primer3Plus software (version: 3.3.0) (Table S2), RT-
qPCR assays were performed utilizing the QuantStudio3 System (Thermo Fisher Scientific,
Waltham, MA, USA). These amplifications were conducted in 10 pL reaction volumes,
consisting of 1 YL of first-strand cDNA (25 ng/pL), 2 UL of DEPC-treated water, 5 pL
of iTaq Universal SYBR Green Supermix (Biorad, Hercules, CA, USA), and 1 pL of each
specific primer at a concentration of 10 pM. The PCR conditions involved an initial phase
at 95 °C for 30 s, followed by 40 cycles of 95 °C for 15 s and 60 °C for 30 s. To confirm the
specificity of each primer pair, a melting curve analysis was performed, starting at 95 °C
for 15 s, followed by a gradual increase from 60 to 95 °C at a rate of 0.1 °C/s, and ending
with another step at 95 °C for 15 s.

4.6. Determination of Squalene Content

The quantification of squalene content was conducted following the methodologies of
Shen et al. [45] and Rothblat et al. [46], with minor adjustments. In brief, the hairy roots
were subjected to overnight drying in an oven set at 60 °C. For the subsequent steps, 200 mg
of the dried sample was employed. Extraction was carried out within glass test tubes,
utilizing 2 mL of n-hexane, and conducted in a supersonic water bath maintained at 40 °C
for a duration of 30 min. The supernatants thus obtained were collected, and the extraction
process was repeated once more to ensure thorough extraction. The pooled fractions were
subjected to evaporation at 40 °C. Subsequently, 1 mL of concentrated sulfuric acid was
added, and the mixture was subjected to a 5 min incubation in a water bath set at 70 °C.
Then, 0.5 mL of 37% formaldehyde solution was gradually added, with the tubes being
shaken for comprehensive mixing, and the mixture was placed in a water bath setat 95 °C
for a 5 min period. Finally, to reach a final volume of 4 mL, 2.5 mL of glacial acetic acid
was added promptly, and the mixture was meticulously mixed. After an incubation of
5 min, the absorbance at 400 nm was gauged using a UV2310 spectrophotometer (DINKO
instruments, Barcelona Spain).
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4.7. Determination of Phytosterol Content

The quantification of phytosterol content was conducted as in Aratujo et al. [47], with
minor modifications. For the preparation of the Liebermann-Burchard (LB) reagent, 50 mL
of acetic anhydride was added to an amber glass bottle, which was maintained at a chilled
temperature over ice. After a 30 min period, 5 mL of concentrated sulfuric acid was
cautiously added to the bottle.

To establish the phytosterol reference curve, B-sitosterol was employed as the standard.
Specifically, 10 mg of B-sitosterol was dissolved within 1 mL of chloroform, yielding a
concentration of 10 mg/mL. Gradient concentrations spanning from 0.02 to 0.1 mg/mL
of B-sitosterol were generated by diluting the stock solution with chloroform. Within
the context of this reference curve, 0.5 mL of each concentration from the gradient was
combined with 0.5 mL of LB reagent. Additionally, a blank solution comprising 0.5 mL of
chloroform and 0.5 mL of LB reagent was prepared.

To determine the phytosterol content, 0.1 g of the dried sample material was mixed
with 5 mL of chloroform within a glass tube. Subsequently, sonication was carried out
for 30 min at room temperature. The supernatants thus obtained were collected, and
the extraction process was repeated once more. The pooled fractions were subjected
to evaporation at 40 °C, and the resulting residues were resuspended within 2 mL of
chloroform. A mixture comprising 0.5 mL of the resuspension and 0.5 mL of LB reagent
was prepared. The absorbance was measured at 625 nm, ensuring that this measurement
was taken within a maximum of 5 min after the addition of LB reagent. For the purpose of
comparison, a blank solution was generated, comprising 0.5 mL of chloroform and 0.5 mL
of LB reagent.

4.8. Statistical Analysis and Machine Learning Models

Statistical analysis was performed using GraphPad Prism version 6.04 for Windows,
developed by GraphPad Software in La Jolla, CA, USA. The data are presented as mean val-
ues with standard deviations. To conduct statistical comparisons, a multifactorial ANOVA
analysis was employed, followed by Tukey’s multiple comparison tests. A significance
level of p 8.05 was used to indicate statistical significance.

Machine learning models and Pearson correlation analysis were carried out using R
Statistical Software (version 4.3.1) [48]. The randomForestSRC package [49] was employed
to implement multivariate regression models. The coefficient of determination (R-squared)
was used as a metric to evaluate the fitting of each model. The corrplot package [50] was
utilized to compute the Pearson correlation coefficient (r). The reduced accuracy values
of the multivariate multiple regression model were employed for hierarchical clustering
analysis and were visually represented through a heatmap.

5. Conclusions

In this study, we explored the effects of At-SQS and TSAR2 transgenes on the centel-
loside biosynthetic pathway, revealing distinct impacts on gene expression profiles. TSAR2
overexpression notably elevated HMGR and endogenous SQS expression, demonstrating a
strong positive correlation with these two genes. The transcription factor exhibited limited
influence on other pathway genes, although its overexpression enhanced sterol production.
Overexpression of At-SQS alone had minimal effects on endogenous genes but significantly
increased the squalene content. Further investigation of pRi plasmid-derived rol and aux
transgenes revealed a significant positive impact of aux2 and rolC genes on centelloside
pathway genes, whereas the influence of aux1 and rolA was more restricted. The over-
arching theme from the findings of this study is the intricate interplay between genetic
modulation and gene expression, shedding light on the complex mechanisms governing
centelloside biosynthesis. Additionally, a comprehensive phytochemical analysis unveiled
the interactions between A#-SQS and TSAR?2 transgenes and centelloside, sterol, and squa-
lene content. In general, the accumulation of squalene in the absence of TSAR2 had a
detrimental effect on the sterol content. Moreover, by measuring the branching rate, growth
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rate, and biomass productivity of the hairy roots, we revealed that these morphological
traits of biotechnological importance are negatively correlated with squalene, whereas their
improvement was strongly positively associated with sterol.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12193363/s1, Figure S1: PCR analysis: detection of SQS,
TSAR2, rolC, and VirD genes in different C. asiatic transgenic root lines, Figure S2: statistical differences
between different types of lines, Figure S3: morphology of different transformed root lines of C. asiatica
on day 14 of their growth, Table S1: quantitative data for gene expression and metabolite profiling,
Table S2: primers used for confirmation of transformed roots, Table S3: primers used for gene
expression analysis.
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The primary aim of this thesis was to shed light on the effects of randomly integrated
genes, especially the so-called rol genes, following infection of Centella asiatica with
Rhizobium rhizogenes. In the studies carried out, we sought to determine the
significance of morphological differences and changes in the expression levels of
triterpene biosynthetic genes in the obtained hairy root lines in view of enhancing the
production of centellosides, the most important bioactive compounds of C. asiatica.
Gaining deeper understanding of how these plant biofactories function will facilitate the
development of new approaches to the production of various compounds of great
pharmacological and cosmetic interest.

Other goals of this work involve sustainable development, above all protecting terrestrial
ecosystems and promoting their sustainable use. Given that the commercial importance
of C. asiatica has led to its overexploitation in nature, hairy roots are envisaged as a
viable long-term alternative production system that can protect this plant species from
extinction. Additionally, achieving higher centelloside production levels will reduce their
cost, rendering this valuable bioactive ingredient more accessible for the global

population, and thereby promoting well-being and a healthier life.

To achieve our main goal of optimizing centelloside production in hairy roots of C.
asiatica, we employed various biotechnological tools, namely genetic transformation,
proteomics, transcriptomics, elicitation, machine learning, metabolomics, and metabolic

engineering.

C. asiatica is known for its wide range of health and cosmetic benefits associated with
its triterpenic components, centellosides, which are mainly concentrated in the leaves of
the plant. Due to the scarcity of many geographical varieties of this species
(Sabaragamuwa, 2018), adventitious roots from leaf-derived calli have been developed
to produce asiaticoside, a predominant centelloside (Mercy et al., 2012). Although this
approach proved viable for this component, its feasibility has not been demonstrated for

the other key centellosides: madecassoside, madecassic acid, and asiatic acid.

Similarly, little success has been achieved in the production of these four triterpenic
compounds in C. asiatica callus cultures, the values being lower than in the plant itself
(Mangas et al., 2008). Nevertheless, the production of centellosides in cell cultures was
shown to increase after elicitation with coronatine (Hidalgo et al., 2017), similar to the

results obtained in the present study with hairy roots (Chapter 3).

Hairy roots have become a widely used biotechnological platform over the past decade

in response to the need to create eco-sustainable long-term production systems of
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compounds scarce in nature. The overexploitation of the producing plants is frequently
driven by a low content and/or high medical-cosmetic interest of the target compound
(Bensaddek et al., 2008). Hairy root cultures of various plants with these characteristics
have been successfully established, including Salvia miltiorrhiza (diterpenoid
tanshinones), Ocimum basilicum (rosmarinic acid), Artemisia dubia and A. indica
(artemisinin), Taxus cuspidata (taxol), Panax ginseng (ginsenosides), among others
(Pistelli et al., 2010; Ono and Tian, 2011; Trémouillaux-Guiller, 2013).

The widespread development of plant biofactories based on hairy roots is also due to
their primary advantages, above all genetic stability, high biomass productivity, and
efficient biosynthetic capacity (Gutierrez-Valdes et al., 2020). In this study, these benefits
were evident in the acquisition and confirmation of various hairy root lines of C. asiatica,
which were established to determine their morphological parameters and centelloside
content (Chapter 1). These traits and production values remained constant over the
following years when the hairy roots were studied for their proteomic profile and
elicitation effects (Chapters 2 and 3). The experiments were generally developed over a

28-day period, throughout which growth and production rates remained constant.

Despite the aforementioned studies that have genetically transformed C. asiatica
through infection with various strains of R. rhizogenes, the impact and underlying
mechanisms of T-DNA genes, especially the rol and aux genes, once integrated in the
plant genetic material are still not entirely clear. It has been suggested that the random
insertion of these genes could lead to morphological and/or metabolic variations among
different rhizoclones. This phenomenon was observed in our work with C. asiatica lines
transformed by R. rhizogenes A4 (Chapter 1), TSARZ2, and At-SQS (Chapter 4).

To study how these T-DNA genes affect and relate to morphological traits, hormonal
profiles, and centelloside contents, various machine learning models were employed,
both supervised and unsupervised. These computational and mathematical models are
gaining traction in the field of plant biotechnology (Somvanshi and Mishra, 2015) and
have also been utilized with hairy root cultures (Goswami et al., 2018). For example, an
artificial neural network-based model demonstrated the effect of different reactor
parameters on Artemisia annua hairy root biomass (Osama et al., 2013), and agent-
based modeling approaches were employed to enhance total root length, branching point
distribution, segment distribution, and secondary metabolite content in Beta vulgaris

hairy root cultures (Lenk et al., 2014).

The use of principal component analysis (PCA), an unsupervised machine learning
model, revealed that the high expression of genes integrated via R. rhizogenes,
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specifically the rol and aux genes, was associated with C. asiatica hairy root lines
producing higher levels of centellosides, labeled "HIGH" (Chapter 1). It was also
observed that these T-DNA genes had a favorable impact on the expression of
centelloside biosynthetic genes, especially CYP and UGT genes (Chapter 4). We can
therefore infer that the rol and aux genes, directly or indirectly, generated a positive effect
on the centelloside content in various transformed lines of this plant by increasing the
expression levels of metabolic genes, especially those involved at the end of the
pathway. The new insights and most interesting results about rol genes obtained in this
PhD thesis are summarized in Table 3.

Table 3. Key insights and intriguing discoveries regarding rol genes obtained in this PhD
thesis.

S Enhanced expression of T-DNA genes, especially rolA and aux1,
apter
P correlates with improved morphological traits and centelloside content.

The rolD gene appears to impact secondary metabolite production of

specialized metabolites, specifically centellosides.
Chapter 2
The copy number of rol genes appears to have no influence on

morphological and metabolic differences.

Across various lines of R. rhizogenes-transformed hairy roots (A4, At-
SQS, and TSAR2):

rolA gene expression influences HMGR gene expression.

Chapter 4 L :
rolC gene expression influences CYP and UGT gene expression.

aux2 gene expression affects p-AS, CYP, and UGT gene expression.

rol and aux1 gene expression influences CYP716C11 gene expression.

To determine if gene expression levels or hormonal profiles could be used to classify the
different lines of hairy roots according to their centelloside production, four different
machine learning classification algorithms were employed: support vector machine
(SVM), random forest (RF), artificial neural network (ANN), and linear discriminant
analysis (LDA) (Chapter 1). Our results classified the lines as HIGH, MEDIUM, and LOW
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producers, showing that the best algorithm for categorization based on gene expression
was random forest, whereas for hormonal profiles, RF and SVM algorithms were optimal.
These algorithms have already been employed in biotechnological platforms; for
example, in callus cultures of Cannabis sativa, the effect of various plant growth
regulators was evaluated using RF and SVM in combination with a genetic algorithm
(Hesami and Jones, 2021). To determine the segmentation of individual cells in
Arabidopsis thaliana, the SVM classifier algorithm was used, based on a cell descriptor
constructed from the shape and edge strength of the cell contours (Marcuzzo et al.,
2009).

PCA also allowed us to determine which phytohormone was positively related to
increased growth and centelloside production in the C. asiatica hairy root lines and which
had the opposite effect (Chapter 1). The results showed that isopentenyladenosine (IPA)
was positively associated with hairy root lines that produced more centellosides, while
abscisic acid (ABA) was more closely related to those with lower production. In other
words, high levels of IPA can lead to increased growth and centelloside contents, while
high levels of ABA would produce the opposite effect. This result was confirmed through
a feeding experiment for low- and high-producing lines, supplementing the media with
IPA and ABA, respectively. The relationship between these two hormones has been
observed previously, with higher levels of IPA reported in rolC-transgenic tobacco plants
compared to wild plants (Nilsson et al., 1993), whereas ABA decreased in transgenic
plants of the same species (Estruch et al., 1991a). In our study, ABA was most influenced
by the rol genes, especially rolB.

Despite being able to classify the transformed lines based on various parameters using
the “ladder” of machine learning, and avoiding the "snake" of rhizoclone variation, we still
did not have a clear idea of how the rol and aux genes influence the centelloside
production process, including at what molecular level the changes are initiated and what

genes are involved.

To address this, and climb further toward our objectives, we decided to employ the tool
of proteomics. Thus, we determined which differential proteins were associated with the
different centelloside production levels in the three groups of transformed lines, in

addition to the adventitious roots used as a control (Chapter 2).

Orthogonal partial least squares-discriminant analysis (OPLS-DA), a multivariate
statistical method similar to PCA, was used to identify biomarkers that could differentiate
the groups of hairy root lines. Standing out among them were the Tr-type G domain-

containing protein, classified as a translation factor within the elongation factor (EF-
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G/EF-2) subfamily related to the protein synthesis process, an alcohol dehydrogenase
(ADH) protein, and Bet v I/Major latex protein (MLP). The most interesting findings
regarding centelloside content obtained in this PhD thesis are summarized in Table 4.

Table 4. Comprehensive insights and intriguing findings about centelloside content
obtained in this PhD Thesis.

In R. rhizogenes A4-transformed lines, a correlation between
centelloside content and morphological parameters was observed.

Machine learning models were used to group different hairy root lines

Chapter 1  based on their centelloside production levels: high, medium, and low.

High centelloside content was associated with elevated levels of the
phytohormone IPA, while low centelloside content was linked to

elevated levels of the phytohormone ABA.

High centelloside content was associated with various proteins,

including the rolD protein with ornithin cyclase desaminase activity, as

Chapter 2 : . :
well as the Tr-type G domain-containing protein and an alcohol
dehydrogenase protein.
C. asiatica hairy roots elicited with CORO and CORO+MeJa showed
the highest total centelloside production values after 14 days.
The predominant centelloside was madecassoside, regardless of the
Chapter 3

elicitor used.

Centelloside patterns varied depending on the elicitor and time of
elicitation, but madecassoside and asiaticoside predominated.
Hairy root lines harboring the At-SQS gene (LS) exhibited the highest
centelloside contents (from the HIGH group).

Chapter 4 | 5 |ines showed a negative correlation between centelloside content
and morphological traits. In contrast, in LST and LT lines, this effect
seemed to be balanced by the TSAR2 transcription factor.
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High levels of alcohol dehydrogenase (ADH) expression in A. thaliana have been
associated with increased tolerance to anoxia and improved root growth (Shiao et al.,
2002). Bet v I/Major latex proteins (MLPs) are linked to enhanced stress tolerance
through intricate plant hormone signaling pathways. It is plausible that MLPs interact with
indole-3-acetic acid (IAA) and participate in the auxin signaling pathway, influencing IAA
levels in hairy roots. This is significant due to the crucial role that this plant hormone
plays in root induction and development, a fact that could be related to the high levels of
auxl gene expression observed in the HIGH hairy root lines (Chapter 1). This gene is
reported to cause differences in root growth and morphology (Ozyigit et al., 2013)
because it mediates the transport/flow of the aforementioned phytohormone (Yu et al.,
2015).

Lastly, the most intriguing finding yielded by OPLS-DA algorithm was the detection of
the ornithin cyclase desaminase (OCD) biomarker, which suggests a potential link
between Rhizobium-mediated genetic alteration and the proteome composition of hairy
roots. This is of interest because the rolD gene induces an enzymatic transformation of
ornithine into proline through an OCD-like function, which may offer a credible rationale

for its involvement in the generation of hairy roots (Trovato et al., 2001, 2018).

It is worth noting that previous studies have reported a significant increase in proline
levels in the growth region of primary maize roots under conditions of limited water
availability, indicating that proline synthesis plays a crucial role in maintaining root growth
(Verslues and Sharp, 1999). An elevated concentration of proline has the potential to
influence the synthesis of hydroxyproline-rich glycoproteins (HRGPSs), including
extensins and arabinogalactan proteins, which serve as integral structural components
of the plant cell wall (Kishor et al., 2015). HRGPs are believed to oversee essential
processes such as cell division, the self-assembly of the cell wall, and cell elongation, all
of which could contribute to the observed effects of rolD on root growth (Trovato et al.,
2001). Alternatively, the promotion of root growth by rolD could also be associated with
the reduction of ornithine, thus impacting the polyamine reservoir, where ornithine serves
as a precursor. The overexpression of arginine decarboxylase, another polyamine
precursor, has been shown to increase putrescine levels and hinder root growth in

tobacco plants (Masgrau et al., 1997).

This result contradicts the hypothesis that the rolD gene of R. rhizogenes T-DNA is of
low importance in hairy root induction (Trovato et al., 1997; Bulgakov, 2008). In some
cases, this gene has not even been found in rol gene detection analyses (Trovato et al.,
2018).
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Among the rol genes, as mentioned, the rolB gene is the most significant for the
production and accumulation of various compounds and can promote root growth in
different plant species on its own. For instance, in Artemisia carvifolia hairy roots, it is
responsible for the production of terpenoids such as artemisinin and its derivatives
(Dilshad et al., 2015). The same gene also plays a role in the production of alkaloids
such as anthraquinones in Rubia cordifolia callus cultures (Shkryl et al., 2008).
Additionally, this gene is involved in the production of phenolic compounds like
resveratrol in rolB-transgenic Vitis amurensis cells (Kiselev et al., 2007) and
isoflavonoids in transgenic Maackia amurensis cells (Grishchenko et al., 2016).

The rolB oncogene also affects hairy root growth because it increases the level of
endogenous IAA through the hydrolysis of bound auxins. Auxins accumulate at the top
of the root and stimulate the production of H* ions in the cells of the root elongation zone.
This lowers the pH in the cell walls, which activates enzymes that loosen the cell walls
and allow cell elongation. The result is rapid downward root growth (Grieneisen et al.,
2007).

Similarly, the rolC gene has pB—glucosidase activity, promoting the release of free active
cytokinins from their active conjugates (Estruch et al., 1991a). It is responsible for the
production of different specialized metabolites such as tropane alkaloids in rolC-
transformed Atropa belladonna roots (Bonhomme et al., 2000). In rolC-transgenic
Catharanthus roseus cell cultures, it produces indole alkaloids (Palazon et al., 1998).
Another alkaloid modified by this oncogene is nicotine in Nicotiana tabacum (Palazon et
al., 1997). Additionally, the gene is involved in increased production of phenolic
compounds such as ginsenosides in Panax ginseng hairy roots (Bulgakov et al., 1998),
and resveratrol in transgenic Vitis amurensis cell cultures (Dubrovina et al., 2010),
compared to non-transformed roots and callus cultures, respectively. Other phenolic
compounds increased by the rolC oncogene include caffeoylquinic acid in transformed
Cynara cardunculus cells (Vereshchagina et al., 2014), and rutin, quercetin,
isoquercetin, and caffeic acid in rolC-transgenic Artemisia annua plants (Dilshad et al.,
2016).

The least studied T-DNA gene is rolD, so to assess its importance, as well as the impact
of all the R. rhizogenes oncogenes on the proteomic profiles of the hairy root lines, we
analyzed and compared the rol gene copy numbers and expression levels. The copy
numbers were consistent (2 copies) for all the genes in all the transformed root lines.

However, the expression level of the rolD gene increased significantly in the HIGH lines,
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correlating with the proteomic observations, being approximately 5 to 8-fold higher than

in the other hairy root groups.

In many plants, it is commonly observed that one or two integration events often result
in a higher level of expression of the exogenous gene, but additional copies may lead to
gene silencing (Yang et al., 2005). However, according to our findings, the expression
and accumulation of the rolD gene appear to play a determinant role. Little is known
about the rolD gene's effect on hairy roots, but this result led us to hypothesize that each
rol gene is crucial for the growth and metabolism of hairy roots, the effect depending on
the location of its insertion into the plant genetic material. As the insertion of the
oncogenes occurs randomly, this hypothesis could be challenging to demonstrate,
although rol genes can be targeted with techniques such as CRISPR-CAS9, as reported

recently in Soybean hairy roots (Niazian et al., 2022).

Unexpectedly, in our study, proteomics analysis did not identify other proteins associated
with the T-DNA. This could be attributed to the specific techniques and parameters used,
which may not have captured the full spectrum of proteins, especially those present in

low abundance.

Considering the above, other "ladders" or biotechnological tools were required to
increase centelloside yields in the hairy root lines showing optimal growth and basal
production levels. Therefore, based on the machine learning classification (Chapter 1),
we selected the transformed C. asiatica line (L1) from the HIGH group with the best
growth and the highest endogenous levels of these triterpenoid saponins. L1 was treated
with various elicitors to study their impact on growth, the expression of centelloside

metabolic genes, and the production of the target compounds (Chapter 3).

Elicitation is a mechanism that activates specialized metabolism by simulating stress
conditions through the addition of various compounds known as elicitors, which can be
either abiotic or biotic. In this study, biotic elicitors were employed because they often
exhibit specificity, meaning they can activate specific defense responses that redirect
resources towards particular threats such as pathogens and insects, inducing secondary
metabolism (Yoshikawa et al., 1993; Thakur et al., 2019).

The elicitors used were salicylic acid (SA), methyl jasmonate (MeJa), coronatine (Coro),
and MeJa/Coro. The initial effect of elicitation in all cases was a reduction in growth in
the transformed root lines after 14 days of supplementation, a result previously observed
in Glycine max hairy roots following treatment with MeJa (Theboral et al., 2014). Mangas
et al. (2006) and Hidalgo et al. (2017) found that all tested elicitors inhibited the growth
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of C. asiatica cell and plant cultures, measured as fresh weight (FW) and dry weight
(DW). SA was the elicitor that caused the least reduction in growth, similar to
observations in Tripterygium wilfordii and G. max hairy root cultures (Theboral et al.,
2014; Zhu et al., 2014).

Regarding the total centelloside yields, SA-elicited hairy roots exhibited the lowest
contents at day 7 post-elicitation (10 mg/g DW), possibly because this elicitor did not
create sufficient stress, as indicated by its minimal impact on growth. CORO and
CORO+MeJa resulted in the highest total centelloside content at day 14 post-elicitation
(116 and 125 mg/g DW, respectively.)

In recent years, various studies on C. asiatica have improved centelloside production
using 100 uM MeJa. For example, (Kim et al., 2007) achieved 7.12 mg/g DW of
asiaticoside in C. asiatica hairy roots after 3 weeks of elicitation, a 5-fold increase
compared to the control, and (Ruslan et al., 2012) reported a very similar 4.9-fold
increase in asiaticoside in cell suspension cultures. Yoo et al. (2011) described an
enhanced production of both asiaticoside and madecassoside but a reduction in
madecassic acid, an effect also observed here, with the amount decreasing from 0.32
mg/g to 0.09 mg/g of DW. Similarly, 100 uM MedJa increased asiaticoside and asiatic acid
content in shoot, callus, and cell suspension cultures of C. asiatica (Krishnan et al.,
2019).

The other elicitor employed, CORO, is a bacterial toxin that has garnered interest in
recent years as it mimics the activity of the isoleucine-conjugated form of jasmonic acid
but is effective at lower concentrations (Ramirez-Estrada et al., 2016). Its effectivity was
confirmed in the present study, the production of all centellosides being enhanced by
CORO treatment, especially at day 14 after elicitation. Similar results have been
described by Hidalgo et al. (2017) in cell suspensions of C. asiatica and Onrubia et al.
)2013) in cell cultures of Taxus media, in which CORO induced higher taxane production
than MeJa.

The synergistic effect between CORO and MeJa yielded the best results, although only
a slight increase was observed compared to elicitation with CORO alone. We

hypothesize that the latter is the primary driver of enhanced centelloside production.

Regarding the centelloside pattern, we observed slight variations depending on the
duration of elicitation and the elicitor used, but madecassoside always predominated.
This could be due to the fact that asiaticoside and madecassoside are more stable in

intracellular spaces than their acid forms, and the elicitors favored the glycosidation of

143



these compounds. A comparison of centelloside contents between different plant

biotechnological platforms is presented in Table 5.

Table 5. Centelloside content in elicited and non-elicited cell suspensions and hairy roots
of C. asiatica.

Cell

A+ M: 1.1 mg/g

Bonfill et
_ MeJa (100 puM)
suspensions DW al. (2011)
Loc and
Cell _
: SA (100 puM) A: 102.6 mg/g DW Giang,
suspensions
(2012)
M: 10.6 pg/g FW
Cell A: 20.9 pg/lg WW  james et
_ MeJa (200 puMm)
suspensions MA: 8 ug/g WW al. (2013)
AA: 4.9 ng/g WW
Cell Loc et al.
: SA (100 pMm) M: 114.2 mg/g DW
suspensions (2017)
Hairy roots Kim et al.
. MeJa (100 pMm) A: 7.1 mg/g DW
(wild type) (2007)
Hairy roots M: 0.7% DW Kim et al.
(PgFPS MeJa (100 puMm)
A: 0.38% DW (2010)
gene)
Hairy root Hidalgo et
_ CORO (1 uM) TC: 7.3 mg/g DW
(wild type) al. (2017)
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No elicitation TC: 5.2 mg/g DW

Hairy root
_ CORO (1 uMm) TC: 116 mg/g DW  Chapter 3
(wild type)
CORO (1 pM) +MeJa (100 uM) TC: 125 mg/g DW
Hairy root
At-SQS (no elicitation TC: 6.5 mg/g DW
(AL-SQS, QS ( ) 9/g
TSAR2 and TSAR2 (no elicitation) TC:5.4mg/g DW  Chapter 4
At- At-SQS+TSAR?2 (no elicitation) ~ TC: 5.7 mg/lg DW
SQS+TSAR2)

WW:Wet Weight, DW:Dry Weight, M: Madecassoside, A:Asiaticoside, MA: Madecasic
acid, AA: Asiatic acid and TC:Total Centelloside.

We also analyzed how elicitation affected the expression of genes in the centelloside
metabolic pathway. We observed that after elicitation, gene expression increased in the
first 8 to 12 hours and then gradually decreased over time. The defense response and
activation of related genes are generally rapid after elicitation process (Angelova et al.,
2014). However, it was shown that the effect of elicitation can persist in the medium to
long term, as the values obtained with Coro and Coro+MeJa treatment after 7 days were
similar to those at 24-36 hours after elicitation, especially for the cytochrome P450-

dependent monooxygenase (CYPSs) genes.

CYPs are a class of enzymes classified as oxidoreductases, constituting one of the
largest enzyme families. CYPs play a significant role in generating diverse metabolites
through a wide range of chemical transformations (Pandian et al., 2020). They are
responsible for catalyzing hydroxylation reactions in primary and secondary metabolism
across various organisms. They are involved in end pathway steps, modifying products
with oxidation, hydroxylation, and glycosylation in the centelloside biosynthetic pathway
(Augustin et al., 2011).

The new findings and most interesting results regarding centelloside biosynthetic gene

expression obtained in this PhD thesis are summarized in Table 6.

Table 6. Novel insights and findings regarding gene expression in the biosynthetic

pathway of centellosides: A PhD thesis overview.
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Gene expression in the centelloside biosynthetic pathway increased in
the initial hours following elicitation, gradually diminishing after 36
hours.

Chapter 3 CYP and B-AS genes were the most highly overexpressed after
elicitation, particularly with CORO and CORO+MeJa treatments.

The overexpression of the CYPs and UGT genes post-elicitation

showed an enhancement of madecassoside and asiaticoside contents.

The genes HMGR and SQS are influenced by the overexpression of the
transcription factor TSAR2.

Chapter 4 Gene expression in the final steps of centelloside biosynthesis,
involving CYP and UGT genes, were influenced by the rol and aux

genes.

Similarly, the CYP genes were the most overexpressed genes compared to the non-
elicited transformed root line (300 to 3000-fold higher), particularly CYP714E19,

highlighting its important role in the elicitation process, above all in response to CORO.

The UGT gene, which plays a key role in glycosylating sapogenins (acids) to yield the
corresponding saponins (Kim et al., 2017), showed an increase in expression after
elicitation but not to the extent of the CYP genes (only 100-fold higher than the control
values). Hence, the overexpression of these genes was correlated with the elevated

contents of madecasoside and asiaticoside.

Considering the roles of CYP and UGT genes, the establishment of C. asiatica hairy
roots elicited with biotic factors could achieve similar results to a metabolic engineering
approach directed specifically at centelloside production. More information about the
CYP and UGT genes responsible for the final steps of the metabolic pathway would be

useful, as they are are favorably affected by the rol and aux genes (Chapter 4).

The B-AS gene was also overexpressed after elicitation. This gene is involved in a key
step of triterpenoid biosynthesis, catalyzing the formation of a and -amyrin, the initial
precursors of centellosides (Kim et al., 2007). Finally, the SQS gene, which is involved
in the formation of the universal precursor of triterpenoid saponins and phytosterols
(Azerad, 2016), was overexpressed in all treatments. The subsequent decrease in

expression is likely because SQS activity is not limited to centelloside biosynthesis. As it
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is involved in the upregulation of triterpene production (Lee et al., 2004), modulating its

expression could prevent high accumulations of saponins and phytosterols.

Based on the findings described in Chapter 3, it was determined that excessive flux in
the centelloside metabolic pathway could be a pitfall that should be addressed to
optimize the biotechnological system of C. asiatica hairy roots. Therefore, to further
improve production in C. asiatica hairy roots and our understanding of the process, the
“ladder” of metabolic engineering was employed to introduce one or more genes involved
in the triterpenoid metabolic pathway. The engineered root cultures were studied for
changes in the expression levels of triterpenoid pathway genes, morphological
parameters, and the content of key bioactive compounds such as squalene, sterols, and
centellosides.

The first transgene introduced into the plant genetic material was the transcription factor
known as triterpenoid saponin activating regulator 2 (TSAR2), which promotes
triterpenoid production by increasing the expression of the 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGR) gene. The second transgene was the SQS gene from
A. thaliana, which is a key enzyme in triterpenoid biosynthesis. Three types of
transformed lines were obtained, transformed with the TSAR2 transgene (LT lines), the
At-SQS transgene (LS lines), and both transgenes (LST lines). The highly productive
"HIGH" transformed line, derived from wild-type R. rhizogenes A4 (Chapter 2), was used
as the control.

In general, the LT and LST lines overexpressed the HMGR and SQS genes compared
to the control line, demonstrating that the transcription factor directly affects these two
key genes of the triterpenoid metabolic pathway. Similarly, overexpression of the
transcription factor TSAR2 in Medicago truncatula hairy roots increased the transcript
levels of the 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) gene, which is
responsible for catalyzing the conversion of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
to MVA via two successive hydride transfers, using two molecules of NADPH (Mertens
et al., 2015).

It is interesting to note that in the root lines transformed with the transcription factor
TSAR2, a natural increase in the expression of two key genes in the pathway was
observed. Moreover, in the LST lines, which also exhibited exogenous overexpression
of At-SQS, we may conclude that these two effects together could address the issue of
the relatively low level of SQS overexpression after elicitation in hairy roots transformed
by wild-type R. rhizogenes A4 strain (Chapter 2). Thus, employing LST lines in

combination with an elicitation process could constitute a holistic approach to increase
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the expression levels of genes involved in the centelloside biosynthetic pathway and

therefore the production of these compounds.

The utility of pairing elicitation with metabolic engineering was reinforced by the
observation that the LT and LST lines (especially the latter) did not exhibit significant
overexpression of the CYP and UGT genes compared to the control, a characteristic that
could be reversed with elicitation, specifically with CORO and CORO+MeJa (Chapter 2).

We then applied a regression analysis model to analyze the impact of the rol and aux
transgenes from the R. rhizogenes plasmid on various genes in the centelloside
biosynthetic pathway. This model revealed that the rol and aux1l genes affected the
expression of the CYP716C11 (CYP11) gene, precisely the CYP gene that maintained
high medium- to long-term expression levels with CORO+MeJa elicitation (Chapter 3).
This could suggest that the action of these elicitors somehow affects the rol and auxl

genes with a consequent increase in the CYP11 gene expression levels.

The aux2 gene affected the expression of B-AS, CYPs, and UGT genes, whereas the
rolC gene only impacted the CYP and UGT genes. This demonstrates that the rol and
aux genes are primarily involved in the overexpression of genes responsible for the final

steps in the centelloside biosynthetic pathway.

The rolA gene was the only T-DNA gene found to influence the expression of the HGMR
gene. Considering that, according to the PCA, the rolA gene was among the genes with
the greatest influence on transformed root growth and centelloside production (Chapter
1), we can infer that it has a strong impact on the metabolic pathway to ultimately

increase triterpene production, unlike the other rol genes.

The importance of the rolA gene was observed in Artemisia dubia hairy roots, where it
directly increased the production of terpenoids such as artemisinin (Amanullah et al.,
2016). In transgenic roots of Nicotiana tabacum, the rolA gene was found to enhance
alkaloid production, specifically nicotine (Palazon et al., 1997). Similarly, in transgenic
Rubia cordifolia callus cultures, rolA has been demonstrated to increase the production

of anthraquinones (Veremeichik et al., 2019).

Subsequently, we determined how the TSAR2 and At-SQS transgenes affected the
profiles of sterols, squalene, and centellosides. As mentioned, squalene serves as the
universal precursor for triterpenoid saponins and phytosterols (Azerad, 2016),
isoprenoid-derived compounds that play crucial roles in plant growth and development.

Sterols are integral components of biological membranes and act as precursors for the
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synthesis of essential steroid hormones such as brassinosteroids in plants (Boutté and
Grebe, 2009).

The LST and LT lines exhibited significantly higher levels of phytosterols compared to
the control line, suggesting a clear effect of the transcription factor on the production of
these metabolites. This effect has already been observed with other transcription factors
such as WRKY or MYC2 (WsWRKY1 and WsMYC2), which influenced phytosterol
biosynthesis in Withania somnifera (Singh et al., 2017; Sharma et al., 2019).

The LS lines did not show higher levels of phytosterols compared to the LST and LT
lines, but their contents of squalene and centellosides were higher, indicating that At-
SQS affected centelloside accumulation. A possible explanation is that triterpene
biosynthesis occurs once enough phytosterol has been synthesized, signaling the end
of growth (Rogowska and Szakiel, 2021; Kunjumon et al., 2022). Supporting this
observation, inhibiting the phytosterol biosynthetic pathway by antisense cycloartenol
synthase led to a notable increase in ginsenosides (triterpenes) in Panax Ginseng hairy
roots (Liang et al., 2009). A similar antagonistic interaction between the triterpene and
sterol pathways has been observed in transgenic Bupleurum falcatum roots (Kim et al.,
2011). Also, similar results were observed in C. asiatica plants under MeJa elicitation, in
which free sterol decreased while centellosides increased (Mangas et al., 2006).

To complete the analysis, we determined how the content of squalene, sterols, and
centellosides influences morphological traits in different hairy root lines. In the control
lines, robust positive correlations were observed between morphological growth factors
and the contents of squalene and phytosterol, a relationship previously observed with
centellosides (Chapter 1).

In the LS lines, the morphological values were negatively correlated with centelloside
and squalene contents. Conversely, in the LST and LT lines, this negative effect on
morphological traits appeared to be counteracted by the presence of the transcription
factor TSAR2, which directly affects the HMGR gene and quite possibly genes from the
sterol biosynthetic pathway, resulting in a higher phytosterol content. These effects are
akin to those induced by this transcription factor and contrast with the findings
documented by (Hey et al., 2006), who observed a 2.44-fold increase in sterol production
compared to the control in A. thaliana. These findings further emphasize the regulatory
interplay between the phytosterol and triterpene production pathways, along with their

impacts on the morphological traits of C. asiatica hairy roots.
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Based on the results described in the chapters of this PhD thesis, whose primary
goal was to determine the significance of randomly integrated genes following
Rhizobium rhizogenes infection, particularly the so-called rol genes, and their
impact on the formation of hairy roots in Centella asiatica, ultimately to increase

centelloside production, we can conclude that:

1. Machine learning models demonstrated that changes in the expression
levels of aux1 and rol genes are associated with variations in the hormonal
profile, morphological traits and centelloside production in C. asiatica hairy
roots.

2. Determining the degree of influence of each target gene on the profile of
individual hormones allowed us to establish connections between elevated
centelloside levels and isopentenyladenosine (IPA), as well as between
reduced centelloside content and acid abscisic (ABA). These correlations
were confirmed in feeding experiments, which reversed the effects on the

growth and metabolite production of the hairy root lines.

3. Alterations in morphology and centelloside production cannot be attributed
to the copy number of T-DNA integrated in the plant genome. Proteomic
analysis indicates that the primary factor behind these changes is the

ornithine cyclodeaminase (OCD) protein encoded by the rolD gene.

4. After elicitation, a selected hairy root line exhibited increased expression
of genes in the final stages of the centelloside biosynthetic pathway,

heading towards a greater centelloside production.

5. The application of metabolic engineering, through the introduction of the
transcription factor TSAR2 and the At-SQS gene, resulted in enhanced
expression of genes in the initial steps of the centelloside metabolic

pathway, boosting precursor availability for centelloside production.
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6. Some of the increased precursors were driven to the biosynthesis of
phytosterols and caused morphological alterations in the hairy root
phenotype, showing the competition between centelloside and phytosterol

pathways.
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Figure 1. Ri plasmid from Agrobacterium rhizogenes A4 and photograph of hairy root
induction from infected explants. Red circles are remarking genes in study. The Image of

plasmid was modified from Ozyigit et al. (2013).
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Table 1. Primers used for confirmation of transformed roots

Temperature Amplicon
Gene Primer sequence Reference — Accession number
melting (°C) size (pb)
Forward 5’-TTCGAAGGAAGCTTGTCAGAA-3’ KX986281.1
auxl 60 350
Reverse 5'-CTTAAATCCGTGTGACCATAG-3’ (A. rhizogenes A4)
Forward 5"-TGGAATTAGCCGGACTAAAC-3’ KX986281.1
rolA 60 660
Reverse 5'-GCGTACGTTGTAATGTGTTG-3’ (A. rhizogenes A4)
Forward 5’-AGTTCAAGTCGGCTTTAGGC-3’ KX986281.1
rolB 60 770
Reverse 5'-TCCACGATTTCAACCAGTAG-3’ (A. rhizogenes A4)
Forward 5'-TAACATGGCTGAAGACGACC-3’ KX986281.1
rolC 60 534
Reverse 5’-AAACTTGCACTCGCCATGCC-3’ (A. rhizogenes A4)
5.8s Forward 5°-CGGCAACGGATATCTCGGCTCT-3’ 0K440405.1 — Mangas et al.,
66 201
rRNA Reverse 5-TCCGCCCCGACCCCTTTC-3" 2008 [7] (Arabidopsis thaliana)
Table 2. Gradient used for HPLC separation of the centellosides
Time (min) Flow (mL/min) Aqueous solvent (%)  Organic solvent (%)
0 1 80 20
15 1 62 38
30 1 30 70
35 1 30 70
37 1 80 20
45 1 80 20
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Table 3. Dataset for prediction of production degree based on gene expression.

Class Line Day PDW PL Branching Growth rate BioMP RolA RolB RolC Auxl
HIGH L1 14 0.983 12 2.1 3.6 8.6 12373 10609 7093 9827
HIGH L1 14 0.975 12.2 2.5 4.3 10 11208 10441 7639 9727
HIGH L1 14 0.926 11.6 2.7 3.8 10.7 12374 8242 7099 11404
HIGH L2 14 0544 6.9 1.5 4.2 43 8618 9347 5112 288

HIGH L2 14 0.564 7.1 1.3 3.5 5.7 1471 1938 2379 368

HIGH L2 14 0.55 7 1.6 3.6 43 1472 1932 2370 368

LOW L3 14 0.173 1.8 0.7 1.4 2.1 633 1930 4736 1156
LOW L3 14 0.191 21 0.9 1.6 21 603 1939 4835 1107
LOW L3 14 0.153 1.9 1.1 1.1 29 630 1923 4631 1138
LOW L4 14 0.138 1.7 1.1 1.1 1.4 632 1837 4777 1096
LOW L4 14 0.163 1.7 13 13 1.4 1472 1936 2379 368

LOW L4 14 0.118 1.3 1.4 1.3 3.6 2354 2769 3184 818

LOW L6 14 0.286 3.6 1.1 1.4 5 2748 2350 3199 792

LOW L6 14 0.276 34 0.9 1.9 43 1071 1556 3506 732

LOW L6 14 0.264 3.4 1.1 1.6 5 7081 7248 5441 678

LOW L7 14 0.372 4.7 14 2.2 5 7603 8104 5375 294

LOW L7 14 0.382 4.7 1.4 2.5 3.6 1518 1998 2391 377

LOW L7 14 0.378 4.8 1.2 2.3 4.3 1472 1931 2379 368

HIGH L8 14 0.36 4.5 1.8 2.4 3.6 7359 8259 5522 2733
HIGH L8 14 0.358 4.3 1.2 2.3 2.9 1472 1933 2379 1638
HIGH L8 14 0.368 4.6 1.5 2.1 3.6 3981 5077 3763 1463
MID L10 14 0.853 10.6 1.8 1.6 2.9 4446 9504 11512 1520
MID L10 14 0.822 10.5 1.6 2 71 8999 9059 10834 1940
MID L10 14 0.857 10.5 1.6 1.7 5 4447 9506 11712 1441
MID L12 14 0.78 9.8 2.2 1.8 2.1 3962 8266 9050 1515
MID L12 14 0.681 8.6 2.2 1.3 29 3979 7690 9460 1857
MID L12 14 0.639 8 1.9 1.8 3.6 3149 8242 9351 1156
MID L14 14 0.5 6.4 1.7 1.1 2.9 4826 8245 10244 1257
MID L14 14  0.486 6 1.7 1.3 2.1 4824 8243 10535 1196
MID L14 14 0.511 6.4 1.6 1 3.6 4837 8291 10630 1520
HIGH L1 28 5.25 64.7 34 4.7 41.4 12219 8441 7123 11404
HIGH L1 28 5.64 70.8 31 4.9 37.5 10296 11686 7795 8656
HIGH L1 28 5.57 70.7 2.9 4.4 28.6 12374 10831 7459 9720
HIGH L2 28 4.42 54.2 2.1 4.7 23.6 9362 7378 5210 2224
HIGH L2 28 4.37 54.4 2.2 43 25.4 8324 11175 4877 2611
HIGH L2 28 4.48 57.4 2.5 3.9 18.2 8950 9034 5044 2289
LOwW L3 28 0.56 7 1 2.9 6.8 667 1169 4766 1267
LOW L3 28 0.63 8.1 1 2.3 4.3 777 1144 4443 1641
LOW L3 28 0.56 7 1.2 2.2 2.9 633 1634 4605 1472
LOwW L4 28 0.43 5.2 1.5 2.6 2.1 7633 5527 4471 1616
LOW L4 28 0.47 5.5 1.6 2.6 11 5943 6171 4587 1775
LOW L4 28 0.42 5.1 1.7 2.7 2.5 7038 5643 4529 1715
LOW L6 28 0.54 6.9 1.6 2.5 6.4 2777 2375 3576 914

LOwW L6 28 0.54 6.7 2 2.2 8.9 3506 3262 3355 836

LOW L6 28 0.48 6 2.2 2.1 7.1 2816 3349 3466 901

LOW L7 28 0.65 8 1.5 29 7.1 1738 1769 2379 454

LOW L7 28 0.6 7.3 1.7 2.8 6.4 2219 1718 2691 368

LOW L7 28 0.58 7.3 1.6 2.5 3.9 1713 1594 2535 663

HIGH L8 28 0.53 6.8 1.7 3 10.7 7506 7346 5663 2998
HIGH L8 28 0.54 6.8 2.2 2.8 14.3 8098 8693 5458 2634
HIGH L8 28 0.5 6.4 2.2 3.1 12.1 7293 7985 5561 2754
MID L10 28 251 324 24 21 15.7 5980 10560 13379 1374
MID L10 28 2.55 31.9 2 2.6 18.2 5550 12186 12665 1314
MID L10 28 2.49 31.3 2.1 2.2 12.5 5710 11962 13022 1206
MID L12 28 2.52 31.6 2.9 1.9 8.2 3916 7582 9312 1899
MID L12 28 2.5 31.7 2.6 1.7 3.9 4560 8720 9483 1495
MID L12 28 2.57 32.7 2.6 2.4 6.1 3543 8242 9397 1501
MID L1428 2.44 30.6 2 1.1 5.4 5117 6837 11080 2037
MID L1428 2.45 30.7 2 1.6 3.9 5211 8091 10573 1546
MID L14 28 2.34 30 1.8 1.5 3.2 4724 7942 10827 1811
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Table 4. Dataset for prediction of production degree based on hormone profiles.

Class  Day ABA SA JA OPDA lle-JA 2-iP IPA tz t-ZR IAA GA4

HIGH 14 5.88 215.04  27.62 157.46 0.53 0.92 7.30 1.04 0.47 0.00 81.90
HIGH 14 5.91 23697  27.76 186.40 0.52 0.70 6.27 1.61 0.45 0.00 86.58
HIGH 14 5.59 20118  24.58 150.12 0.63 0.76 6.97 1.19 0.32 0.00 61.04
LOW 14 8.16 21128  22.26 28.22 0.28 0.82 1.56 1.04 1.07 21360  173.86
LOW 14 9.00 183.05  15.11 38.95 0.38 0.78 1.93 0.68 0.29 26223 217.65
LOW 14 10.25  290.80  25.19 20.56 0.84 0.78 1.66 0.47 0.19 21543  242.90
MID 14 5.26 197.92  25.11 178.33 0.52 1.86 438 1.50 0.00 43.46 290.38
MID 14 5.67 12171 30.03 145.89 0.57 1.38 4.54 1.67 0.00 15.67 86.40
MID 14 5.90 165.78  40.04 164.91 0.38 1.65 4.54 2.06 0.00 37.05 407.67
HIGH 28 6.20 18.50 29.95 42.65 3.16 0.82 3.07 0.00 0.00 7.23 101.40
HIGH 28 7.06 14.34 33.72 40.42 7.83 0.69 3.11 0.00 0.00 5.06 140.81
HIGH 28 6.17 15.65 4421 32.81 8.32 0.72 2.83 0.00 0.00 5.30 130.00
LOW 28 25.77 43446  37.21 126.34 10.74 0.65 2.60 1.25 0.00 4.92 238.72
LOW 28 23.66 35431  34.90 101.45 10.17 0.56 2.04 1.49 0.00 4.34 210.99
LOW 28 30.09  367.40  30.69 150.44 12.96 0.62 1.82 1.46 0.00 7.39 309.17
MID 28 5.24 152.46  28.88 122.97 2.16 1.19 0.94 0.40 0.00 0.00 262.27
MID 28 5.13 12930  32.19 137.81 2.96 1.02 0.90 0.34 0.00 0.00 161.13
MID 28 4.48 122.92  33.49 135.20 2.70 1.08 1.16 0.34 0.00 0.00 200.94

Table 5. Data distribution.

. 14 days 28 days
Variable 3 , , -
Shapiro-Wilk (W)  p(normal) Shapiro-Wilk (W)  p(normal)
ABA 0.7885 1.51E-02 0.7304 3.21E-03
SA 0.9694 8.90E-01 0.8535 8.15E-02
JA 0.9228 4.16E-01 0.8855 1.79E-01
OPDA 0.7884 1.51E-02 0.8308 4.56E-02
lle-JA 0.9443 6.28E-01 0.8806 1.59E-01
2-ip 0.7896 1.55E-02 0.8997 2.50E-01
IPA 0.8883 1.92E-01 0.8873 1.87E-01
t-Z 0.9751 9.34E-01 0.802 2.15E-02
t-ZR 0.8436 6.33E-02 0.3898 3.22E-07
IAA 0.7595 6.99E-03 0.8323 4.73E-02
GA4 0.8979 2.40E-01 0.9734 9.22E-01
PDW 0.931 5.21E-02 0.8026 7.32E-05
PL 0.9324 5.69E-02 0.8065 8.63E-05
Branching 0.9653 4.19E-01 0.9743 6.61E-01
Growth rate 0.8583 9.31E-04 0.9081 1.34E-02
BioMP 0.8507 6.41E-04 0.8218 1.68E-04
RolA 0.8746 2.12E-03 0.9668 4.57E-01
RolB 0.7973 5.85E-05 0.9201 2.70E-02
RolC 0.8921 5.41E-03 0.8998 8.32E-03
Auxl 0.537 1.35E-08 0.5983 6.96E-08
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Figure S1. Protein network constructed using the STRING web interface, illustrating the network formed by 184 proteins

found in the STRING database. Network nodes depict proteins, and edges symbolize protein-protein associations. The
accompanying legend displays the UniProt accession numbers.
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Figure S2. Normalized gene expression values from the transgenic lines: HIGH, MID, and LOW. Asterisks indicate
statistical differences among the lines solely for the rolD gene (o = 0.05). Data represent the mean + SD of three

replicates.
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Table S1

Biological process (Gene Ontology)

o observed background _false
GO-term Description gene strength | discovery
count gene count rate

G0:1990547 Mitochondrial phosphate ion transmembrane transport 2 5 1,84 0,0335
GO0:0097167 Circadian regulation of translation 3 10 1,71 0,0045
G0:0046294 Formaldehyde catabolic process 3 12 1,64 0,006
G0:0009768 Photosynthesis, light harvesting in photosystem | 4 23 1,48 0,0019
G0:0032922 Circadian regulation of gene expression 3 18 1,46 0,014
G0:0015977 Carbon fixation 4 32 1,33 0,0047
GO0:0042744 Hydrogen peroxide catabolic process 10 100 1,24 2,40E-07
G0:0045037 Protein import into chloroplast stroma 3 31 1,22 0,0449
G0:0045454 Cell redox homeostasis 3 32 1,21 0,047
GO0:0072593 Reactive oxygen species metabolic process 11 128 1,17 1,73E-07
G0:1990748 Cellular detoxification 18 219 1,15 1,34E-11
G0:0098869 Cellular oxidant detoxification 15 198 1,12 1,77E-09
GO:0006099 Tricarboxylic acid cycle 4 63 1,04 0,0314
G0:0042026 Protein refolding 5 84 1,01 0,0111
G0:0006096 Glycolytic process 5 86 1 0,0122
G0:1990542 Mitochondrial transmembrane transport 4 70 0,99 0,0413
G0:0009060 Aerobic respiration 7 127 0,98 0,0016
GO0:0046034 ATP metabolic process 7 130 0,97 0,0018
G0:0015979 Photosynthesis 13 250 0,95 1,11E-06
G0:0019684 Photosynthesis, light reaction 5 126 0,84 0,0449
GO0:0006979 Response to oxidative stress 15 389 0,82 2,92E-06
G0:0006412 Translation 23 613 0,81 2,07E-09
G0:0043604 Amide biosynthetic process 25 692 0,8 9,66E-10
GO0:0006457 Protein folding 12 332 0,8 0,00013
GO:0006091 Generation of precursor metabolites and energy 17 478 0,79 1,11E-06
G0:0009150 Purine ribonucleotide metabolic process 9 269 0,76 0,0034
G0:0043603 Cellular amide metabolic process 26 859 0,72 5,00E-09
G0:0016052 Carbohydrate catabolic process 10 332 0,72 0,0031
G0:1901605 Alpha-amino acid metabolic process 9 299 0,72 0,006
G0:0098656 Anion transmembrane transport 7 249 0,69 0,035
GO0:0009117 Nucleotide metabolic process 10 376 0,66 0,0062
G0:0044282 Small molecule catabolic process 8 305 0,66 0,0256
G0:0055086 Nucleobase-containing small molecule metabolic process 12 468 0,65 0,0026
GO0:0006417 Regulation of translation 9 365 0,63 0,0185
G0:0044271 Cellular nitrogen compound biosynthetic process 32 1421 0,59 2,29E-08
G0:1901566 Organonitrogen compound biosynthetic process 34 1556 0,58 1,39E-08
G0:0019752 Carboxylic acid metabolic process 20 1058 0,51 0,00061
G0:0044281 Small molecule metabolic process 35 1928 0,5 4,92E-07
G0:0009056 Catabolic process 34 1957 0,48 2,19E-06
GO0:0070887 Cellular response to chemical stimulus 25 1494 0,46  0,00034
G0:0044248 Cellular catabolic process 22 1349 0,45 0,0017
G0:1901575 Organic substance catabolic process 24 1742 0,38 0,006
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GO0:0005975 Carbohydrate metabolic process 17 1237 0,38 0,0449
G0:1901576 Organic substance biosynthetic process 44 3279 0,36 1,92E-05
G0:0044249 Cellular biosynthetic process 41 3093 0,36 6,90E-05
G0:0042221 Response to chemical 33 2512 0,36 0,0011
G0:0010467 Gene expression 25 2141 0,3 0,0336
GO0:0034641 Cellular nitrogen compound metabolic process 41 3822 0,27 0,0058
G0:0044237 Cellular metabolic process 91 9779 0,21 1,92E-05
G0:1901564 Organonitrogen compound metabolic process 57 6024 0,21 0,0056
G0:0008152 Metabolic process 116 12879 0,19 2,01E-07
G0:0009987 Cellular process 142 17087 0,16 1,83E-08
GO0:0071704 Organic substance metabolic process 91 11799 0,12 0,0237
KEGG Pathway
o observed background _false
Pathway Description gene strength | discovery
count gene count rate

dcr00196 Photosynthesis - antenna proteins 3 19 1,44 0,0033
dcr00195 Photosynthesis 5 42 1,31 0,00014
dcr00220 Arginine biosynthesis 3 28 1,27 0,0072
dcr03010 Ribosome 20 227 1,18 1,62E-15
dcr00710 Carbon fixation in photosynthetic organisms 5 59 1,17 0,00052
dcr00620 Pyruvate metabolism 6 79 1,12 0,00017
dcr00940 Phenylpropanoid biosynthesis 11 155 1,09 9,95E-08
dcr00260 Glycine, serine and threonine metabolism 4 56 1,09 0,0045
dcr03050 Proteasome 3 42 1,09 0,0166
dcr00010 Glycolysis / Gluconeogenesis 7 107 1,05 0,0001
dcr00592 alpha-Linolenic acid metabolism 3 47 1,04 0,0213
dcr01200 Carbon metabolism 14 225 1,03 4,48E-09
dcr00630 Glyoxylate and dicarboxylate metabolism 4 67 1,01 0,0072
dcr04146 Peroxisome 4 80 0,94 0,0113
dcr00190 Oxidative phosphorylation 5 123 0,85 0,0075
dcr03018 RNA degradation 4 100 0,84 0,0213
dcr01230 Biosynthesis of amino acids 7 182 0,82 0,0016
dcr04141 Protein processing in endoplasmic reticulum 6 172 0,78 0,0062
dcr01110 Biosynthesis of secondary metabolites 30 1124 0,66 2,18E-10
dcr01100 Metabolic pathways 53 2108 0,64 6,86E-18
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Table S2

LOW vs HIGH
Adjust | . ... more
UNIPROT . I Significa
ID Accession Protein description ed p- nce abu_nd_
value antin:
AOA175Y
2 MY6 Alcohol dehydrogenase 0.0015 *x HIGH
AO0A162AG
6 M9 Alcohol dehydrogenase 0.0149 * HIGH
AOABM3W
48 " 1G9 ATP synthase subunit beta, chloroplastic 0.0002  wxx  LOW
AO0A166H6 <0.000
50 F9 Superoxide dismutase [Cu-Zn] 1 falekaled LOW
AOA175YL
57 78 Cysteine protease 0.0184 * LOW
AOA175Y <0.000
60 M37 Thiamine thiazole synthase, chloroplastic 1 falakaied LOW
AO0A165A8
66 Q5 Uncharacterized protein 0.0004 il LOW
AOA161Y6
82 94 dihydrolipoyllysine-residue succinyltransferase 0.0031 *x LOW
AOA164VU
83 G6 Beta-glucosidase 0.0308 * LOW
87 AOAL165A3I <0.000 LOW
8 FAD-binding PCMH-type domain-containing protein 1 Fhxk
89 A0A166D <0.000 LOW
wD1 FAD-binding PCMH-type domain-containing protein 1 falakaled
90 AOA161Y6 <0.000 LOW
81 FAD-binding PCMH-type domain-containing protein 1 falakaled
10 AOA161IWT <0.000 LOW
2 36 Peroxidase 1 folaielal
10 A0A164SJ LOW
4 Q1 Fibronectin type Il1-like domain-containing protein 0.0329 *
10 A0A166CN <0.000 LOW
5 30 Uncharacterized protein 1 falakaled
10 AOA162AH Glyceraldehyde 3-phosphate dehydrogenase NAD(P) binding LOW
7 B3 domain-containing protein 0.0026 bl
10 AOA165A3 <0.000 LOW
8 GO FAD-binding PCMH-type domain-containing protein 1 falakaled
11 AO0A175YE <0.000 LOW
0 59 Eukaryotic translation initiation factor 3 subunit B 1 falakalel
11 AO0A161Y3 <0.000 LOW
6 K4 FAD-binding PCMH-type domain-containing protein 1 falakaled
12 AOA1BOY <0.000
6  YHO  Peroxidase 1 s LOW
12 AO0Al64Y7 <0.000
9 13 Peroxidase 1 Fkkx LOW
13 AOA165YE <0.000 LOW
1 B7 FAD-binding PCMH-type domain-containing protein 1 falakalel
13 A0A162AC LOW
6 N9 Uncharacterized protein 0.0389 *
13 AO0A166BY LOW
7 23 Uncharacterized protein 0.0326 *
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18

18

20

20

20

22

24

24

25

25

27

28
9

AO0A166BS
56
AOA161ZM
K3
AOA166A8
R9

QB6F6A3

QB6F6A5
AOAGL5B7
72
AOAL66CK
V7
AOA166FA
16
AOAL75YH
NO
AOA166HR
us
AOAL66GV
P9
AO0A165YU
M9
AOAL66GT
V5
AOAL64VP
84
AOA162A1
B6
A0A165Z3
Qo0
AOAL64YK
B9
AOAGL5BB
43
AOA169W
MT6
AOAL6IW
XX1

UDP-arabinopyranose mutase

Clp R domain-containing protein

Tr-type G domain-containing protein

Cysteine protease

Cysteine protease

Plant heme peroxidase family profile domain-containing protein
Tropinone reductase-like 3

Uncharacterized protein

Cysteine synthase

Uncharacterized protein

ADP/ATP translocase

FAD/NAD(P)-binding domain-containing protein
Peroxidase

D-3-phosphoglycerate dehydrogenase

Histone H2A

Ketol-acid reductoisomerase

30S ribosomal protein S8, chloroplastic

Tr-type G domain-containing protein

Enoyl reductase (ER) domain-containing protein

ADP-ribosylation factor
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Table S3

Biological process (Gene Ontology)
false
GO-term Description observed | background strength discovery
gene count | gene count rate
G0:0046294 Formaldehyde catabolic process 2 12 2,14 0,0489
G0:1990748 Cellular detoxification 7 219 1,43 0,0000374
Reactive oxygen species metabolic
GO0:0072593 process 4 128 1,42 0,0089
G0:0098869 Cellular oxidant detoxification 5 198 1,32 0,0026
GO0:0006979 Response to oxidative stress 6 389 1,11 0,0037
G0:0044281 Small molecule metabolic process 10 1928 0,64 0,0289
KEGG Pathway
false
Pathway Description observed | background strength discovery
gene count | gene count rate
dcr00770 Pantothenate and CoA biosynthesis 2 35 1,68 0,0302
dcr00940 Phenylpropanoid biosynthesis 5 155 1,43 0,0000742
dcr01230 Biosynthesis of amino acids 3 182 1,14 0,0377
dcr01110 Biosynthesis of secondary metabolites 10 1124 0,87 0,0000742
dcr01100 Metabolic pathways 13 2108 0,71 0,0000742
Table S4
Reliabili
Mod | I [ UNIPROT | Magnitu ty. Protein descrintion Biomar
el | D | Accession | de. p[1] | p(corr)[ b ker to:
1]
25 AOA6L5BB
9 43 0,133426  0,84764 Tr-type G domain-containing protein HIGH
AOA175YM
2 Y6 0,107198 0,972109 Alcohol dehydrogenase HIGH
AOA161Y1 Ribulose bisphosphate carboxylase/oxygenase
31 E5 -0,225166 -0,994278 activase, chloroplastic Advs
AOABM3W
T - -
O 48 1G9 0,222258 -0,902116 ATP synthase subunit beta, chloroplastic Advs
T AO0A164W2
f 29 NO -0,218023 -0,851047 ) haracterized protein Advs
5 AOA6M3W
< 27 3P4 0204972 -0,9502 prp synthase subunit alpha, chloroplastic Advs
AOABM3W
41 1B1 -0,194244 -0,899031 pipy 1ose bisphosphate carboxylase large chain Advs
AOA162AQ
30 53 -0,174538 -0,836359 Chlorophyll a-b binding protein, chloroplastic Advs
AOAGM3W
24 1RO -0,170415 -0,876275 Photosystem Il CP47 reaction center protein Advs
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Adv vs MID

Adv vs LOW

54

66

50

35

23

43

31

48

29

27

41

30

24

66

54

19

50

35

23

90
11

11

13

60

20

16

AOA141CK
52
AOA165A8
Q5
AOA166H6
F9
AOA166AC
Y1
AOABA9IT
E7
AOAGM3W
3D2
AOAL175YM
Y6
AOA161Y1
E5
AOAGM3W
1G9
AOA164W2
NO
AOAGM3W
3P4
AOAGM3W
1B1
AOA162AQ
53
AOAGM3W
1RO
AOA165A8
Q5
AOA141CK
52
AOA162A3
H3
AOA166H6
F9
AOA166AC
Y1l
AOABAQIT
E7
AOA161Y68
1
AOA161Y3
K4
AOA175YE
59
AOA165YE
B7
AOA175YM
37
AOA166GT
V5

QB6F6A5

-0,140342
-0,138187
-0,128709

-0,12439
-0,120288
-0,103038
0,0958309
-0,216865
-0,212829
-0,210303
-0,200677
-0,187932
-0,169269
-0,164781
-0,137168
-0,134585
-0,130667
-0,128992
-0,118609

-0,115888

0,288943
0,261717
0,183437
0,171391
0,157644
0,153533

0,14936

-0,805622

-0,87275
-0,856844
-0,912772

-0,87129

-0,80787

0,935986
-0,994257
-0,899382
-0,849192
-0,951815
-0,898658
-0,838643
-0,876803
-0,883628
-0,802704
-0,875075
-0,870864
-0,910098

-0,869613

0,943453
0,841533
0,902943
0,850351

0,92907
0,874317

0,814818

Photosystem 11 CP43 reaction center protein
Uncharacterized protein

Superoxide dismutase [Cu-Zn]

23 kDa subunit of oxygen evolving system of
photosystem 11

Photosystem | P700 chlorophyll a apoprotein Al
Photosystem | P700 chlorophyll a apoprotein A2
Alcohol dehydrogenase

Ribulose bisphosphate carboxylase/oxygenase
activase, chloroplastic

ATP synthase subunit beta, chloroplastic
Uncharacterized protein

ATP synthase subunit alpha, chloroplastic

Ribulose bisphosphate carboxylase large chain
Chlorophyll a-b binding protein, chloroplastic
Photosystem 11 CP47 reaction center protein
Uncharacterized protein

Photosystem 11 CP43 reaction center protein

Histone H2B

Superoxide dismutase [Cu-Zn]

23 kDa subunit of oxygen evolving system of
photosystem |1

Photosystem | P700 chlorophyll a apoprotein Al
FAD-binding PCMH-type domain-containing protein
FAD-binding PCMH-type domain-containing protein
Eukaryotic translation initiation factor 3 subunit B
FAD-binding PCMH-type domain-containing protein
Thiamine thiazole synthase, chloroplastic

Peroxidase

Cysteine protease
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Advs

Advs

Advs

MID
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Advs
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Advs

Advs

Advs

Advs

Advs

Advs

Advs

Advs

Advs

Advs
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LOW

LOW
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LOW vs HIGH
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15
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90
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18

10

60
16

89

AOA165A3
GO

AOA166CN
30

Q6F6A3
AOA164W?2
NO
AO0A161Y1
ES
AOAGM3W
3P4
AOABM3W
1G9
AOAGM3W
1B1
A0A162AQ
53
AOAGM3W
1RO
A0A141CK
52
AOA166AC
Y1
AOASAIIT
E7
AOABM3W
3D2
AOAGLSBB
43
AOA166A8
R9
AOA161Y3
K4
AOA161Y68
1
AOA165YE
B7
AOALBOYY
HO
AOAL7SYE
59
AOA164Y71
3
AOAL75YH
NO
AOA165A3
GO
AOAL75YM
37

QB6F6A5

AOA166DW
D1

0,148984
0,137822

0,10675
-0,20701

-0,205389
-0,199608
-0,179818
-0,172795
-0,167807
-0,163908
-0,134697
-0,118701
-0,115221
-0,100028

0,139244

0,115929
-0,318132

-0,30325
-0,197024
-0,195764
-0,187379
-0,180432
-0,178691
-0,169706
-0,164818

-0,16324

-0,157289

0,888081
0,93839

0,84086
-0,870135

-0,982586
-0,965169
-0,859137
-0,8605
-0,860586
-0,899508
-0,82957
-0,927738
-0,893216
-0,83764
0,957466
0,938448
-0,96664
-0,966754
-0,953451
-0,931565
-0,933272
-0,944644
-0,88692
-0,987492
-0,956669
-0,897911

-0,909891

FAD-binding PCMH-type domain-containing protein

Uncharacterized protein

Cysteine protease

Uncharacterized protein

Ribulose bisphosphate carboxylase/oxygenase
activase, chloroplastic

ATP synthase subunit alpha, chloroplastic

ATP synthase subunit beta, chloroplastic
Ribulose bisphosphate carboxylase large chain
Chlorophyll a-b binding protein, chloroplastic
Photosystem Il CP47 reaction center protein
Photosystem 1l CP43 reaction center protein

23 kDa subunit of oxygen evolving system of
photosystem |1

Photosystem | P700 chlorophyll a apoprotein Al
Photosystem | P700 chlorophyll a apoprotein A2

Tr-type G domain-containing protein

Tr-type G domain-containing protein

FAD-binding PCMH-type domain-containing protein
FAD-binding PCMH-type domain-containing protein

FAD-binding PCMH-type domain-containing protein

Peroxidase
Eukaryotic translation initiation factor 3 subunit B
Peroxidase

Cysteine synthase

FAD-binding PCMH-type domain-containing protein

Thiamine thiazole synthase, chloroplastic

Cysteine protease

FAD-binding PCMH-type domain-containing protein
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LOW

LOW

LOW

Advs

Advs

Advs

Advs

Advs

Advs

Advs

Advs

Advs

Advs

Advs

HIGH

HIGH

LOW

LOW

LOW

LOW

LOW

LOW

LOW

LOW

LOW

LOW

LOW



MID vs HIGH

MID vs LOW

50
10

20

17

15

10

20

87

19

10

63

23

17

16

26

25

15

11

90

12

13

12

11

18

10

60
16

AOA166H6
F9

AOA16IWT
36

AOA166GT
V5

AOA166CK
V7

QB6F6A3

AOA166CN
30
AOA165YU
M9

AOA165A3I
8
A0A162A3
H3

AOA166CN
30

AOA161WP
H7

AOA164ZN
El

AOA166CK
V7

Q6F6A5

AOA162A65
1
AOAGL5BB
43

AOA166A8
R9

AOA161Y3
K4

AOA161Y68
1

AOA1BOYY
HO

AOA165YE
B7

AOA164Y71
3

AOA175YE
59

AOA175YH
NO

AOA165A3
GO

AOA175YM
37

Q6F6A5

-0,152484
-0,13933
-0,131599
-0,123794
-0,114354
-0,112004
-0,101801
-0,101763
0,315458
0,266209
-0,147028
0,171347
0,161729
0,15231
0,124555
0,110044
0,106355
-0,318903
-0,301064
-0,207903
-0,197045
-0,184618
-0,174848
-0,171134
-0,168863
-0,16844

-0,168281

-0,928006
-0,93381
-0,846206
-0,876318
-0,911217
-0,938319
-0,886908
-0,9343
0,895239
0,950556
-0,881294
0,934605
0,857005
0,824951
0,866691
0,899095
0,944438
-0,971591
-0,970668
-0,954703
-0,956845
-0,951689
-0,926359
-0,883212
-0,976467
-0,959581

-0,91361

Superoxide dismutase [Cu-Zn]

Peroxidase

Peroxidase

Tropinone reductase-like 3

Cysteine protease

Uncharacterized protein

FAD/NAD(P)-binding domain-containing protein
FAD-binding PCMH-type domain-containing protein
Histone H2B

Uncharacterized protein

Bet v I/Major latex protein domain-containing protein
peroxidase

Tropinone reductase-like 3

Cysteine protease

peroxidase

Tr-type G domain-containing protein

Tr-type G domain-containing protein

FAD-binding PCMH-type domain-containing protein
FAD-binding PCMH-type domain-containing protein
Peroxidase

FAD-binding PCMH-type domain-containing protein
Peroxidase

Eukaryotic translation initiation factor 3 subunit B
Cysteine synthase

FAD-binding PCMH-type domain-containing protein
Thiamine thiazole synthase, chloroplastic

FAD-binding PCMH-type domain-containing protein
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LOW

LOW

LOW

LOW

LOW

LOW

LOW

LOW

HIGH

HIGH

MID

HIGH

HIGH

HIGH

HIGH

MID

MID

LOW

LOW

LOW

LOW

LOW

LOW

LOW

LOW

LOW

LOW



AOA166DW

89 D1 -0,158319 -0,922465 FAD-binding PCMH-type domain-containing protein
AOA166H6
50 F9 -0,151607 -0,932725 Superoxide dismutase [Cu-Zn]
10 AOALGIWT
2 36 -0,143393 -0,945007 Peroxidase
10 AOA166CN
5 30 -0,139968 -0,974077 ) characterized protein
17 AO0A166CK
8 V7 -0,133421  -0,90631 Tropinone reductase-like 3
15
9 Q6F6A3 -0,114916 -0,919073 Cysteine protease
19 AOA162A3
> H3 -0,109918 -0,850763 Histone H2B
15 AOAl61ZM
1 K3 -0,104047 -0,818885 Clp R domain-containing protein
Table S5
Line | Gene | Cx Ix Sx Cr Ir Sr XIR | 2(X/R) |
rolA 33,415 41,068 -5144 22,216 26,347 -2,777 1,000 2,001
HIGH rolB 36,063 42,813 -5,158 22,216 26,347 -2,777 0,662 1,325
rolC 33,148 36,422 -2,201 22,216 26,347 -2,777 1,000 2,000
rolD 24,635 28,812 -2,808 22,216 26,347 -2,777 1,000 2,000
rolA 30,717 35,184 -2,903 21,403 25,102 -2,486 1,124 2,248
MID rolB 35295 41,099 -3,901 21,403 25102 -2,486 1,000 1,999
rolC 30,798 33,694 -1,882 21,403 25,102 -2,486 1,124 2,248
rolD 24,345 28,621 -2,875 21,403 25,102 -2,486 0,999 1,997
rolA 32,963 43,992 -7,641 21,345 26,847 -3,454 0,709 1,417
LOW rolB 36,92 43,803 -4,321 21,345 26,847 -3,454 1,000 2,000
rolC 32,536 37,376 -2,948 21,345 26,847 -3,454 1,119 2,238
rolD 24,265 29,565 -3,327 21,345 26,847 -3,454 1,000 2,000
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Figure S1. PCR analysis: detection of SQS, TSAR2, rolC and VirD genes in different C. asiatica transgenic root lines.
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Figure S2. Statistical differences between different types of lines.
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Figure S3. Morphology of different transformed root lines of C. asiatica on day 14 of their growth: (a) Control, (b) LST-1, (c) LST-2,
(d) LST-3, (e) LS-1, (f) LS-2, (g) LS-3, (h) LT-1, (i) LT2 and (j) LT-3. The initial inoculum was a small section of 10 mg of fresh weight.
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Table S1: Quantitative data for gene expression and metabolite profiling.

Gene expression (fold change) Metabolites
. Squalene
Centellosides
T f -
yl?e 0 HMCR 508 AL-5Q8 SQS + At content content  Total Sterols
Line SQS (mg/g DW) (mg/gdry  (mg/g DW)
&/8 weight)
mean SD mean SD mean SD mean SD mean SD mean SD mean SD

Control 1.00 0.00 1.00 0.00 0.00 0.00 1.00 000 514 006 112 0.02 141.12 0.23

LST 1.79 020 137 025 152 015 288 039 498 029 112 0.02 179.17 13.92
LST 073 009 09 008 150 0.04 246 007 656 026 156 010 6620 9.12
LT 1.78 030 148 0.13 000 0.00 148 013 511 008 112 0.05 162.85 2.74
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Table S2. Primers used for confirmation of transformed roots.

. Temperature Amplicon size .
Gene Primer sequence melting (°C) (pb) Accession number
rolC F: TAACATGGCTGAAGACGACC 60 534 KX986281.1
R: AAACTTGCACTCGCCATGCC (R. rhizogenes A4)
4508 F: TGGGGAGCTTGGGGACGATGC s 106 Mlgﬁh ﬁtgilé, (5246] )
R: CGGCGTTACGGAGCTCGGTGTT . )
(Arabidopsis thaliana)
TSAR2 F: CCCCAAATTCATCCCCTACT 60 240 I'<R349466.1
R: CAAGAGCTGCAAGAGCAATG (Medicago truncatula)
VirD F: GGAGTCTTTCAGCATGGAGCAA 56 440 KX986281.1
" R: GGAGTCTTTCAGCATGGAGCAA

(R. rhizogenes A4)
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Table S3. Primers used for gene expression analysis.

Temperature Amplicon size

Gene Primer sequence melting (°C) (pb) Accession number
3-hydroxy-3-
methylglutaryl F: CTCCTTCGTACTCCCTCGAGTC 60 101 KJ939450.2
coenzyme A R: CCCGTCCAGTGACTTTCCAG (Centella asiatica)
reductase (HMGR)
Squalene synthase F: TGAGGAGAATTCGGTCAAGG 60 126 AY787628.1
(5QS) R: GCACAAAACCGGAAGATAGC (Centella asiatica)
beta-amyrin F: TTACGTTTGCTGGGAGAAGG 60 134 AY520818.1
synthase (3-AS) R: TATACCCCAAGAACCGCAAG (Centella asiatica)
F: TAGCTCTGCATGCACTTTCG KU878849.1
YP716 A YP 1
C 6A83 (CYP83) R: CCAGGTCCCTTTGATTTCAC 60 05 (Centella asiatica)
F: AACCACACACACATCCTTGG KU878852.1
YP714E1 YP1 11
c 9 (CYP19) R: TCCTTTGATGAGCCCAAGAC 60 6 (Centella asiatica)
F: CCCGATTCAACGACTCTTTC KU878852.1
YP716C11 (CYP11 104
C 6CIL(C ) R: CCGGTTGTTTGATCGACTTC 60 0 (Centella asiatica)
F: TCTGGAAGCAGTTTGTGAGG KP195716.1
UGI73ADL (UGT) R: CGCCAATCTTCACTACATCG 59 101 (Centella asiatica)
oA F: GAATGGCCCAGACCTTTGGA 60 116 EF433766.1
R: TTGGTCAGGGAGGAAATCGC (R. rhizogenes A4)
volB F: CAACCGGATTTGGCCAGAGA 60 135 EF433766.1
R: ATAGGGTTGCATCGTGGTCG (R. rhizogenes A4)
rolC F: CGCGCTCATCACCAATCTTC 60 135 EF433766.1
R: ACAGAAAGTGCGGCGAAGTA (R. rhizogenes A4)
e F: TTCGAAGGAAGCTTGTCAGAA 60 350 M61151.1
R: CTTAAATCCGTGTGACCATAG (R. rhizogenes A4)
i F: GAACCACAAACCCAAGACGC 60 15 Me61151.1
R: CTGTGGCGAAGTTGTTGCTC (R. rhizogenes A4)
. F: TGACAATGGAACTGGAATGG KF699319.1
p-actin 58 80

R: CAACAATACTGGGGAACACT

(Panax ginseng)

220



Appendixes

221



222



Other ways of disseminating the results:

Garcia-Baeza, A. Alcalde, M. A., Palazon, J. & Ramirez-Estrada, K.
Induction of hairy roots in Centella asiatica (L.) Urban: a preliminary
outcome towards the biotechnological production of anxiolytic natural
compounds. 2nd International Congress of NanoBioengineering -
Autonomous University of Nuevo Ledn, Nuevo Ledn (Mexico); 2020.

Poster.

Garcia-Baeza, A. Alcalde, M. A., Ponce, A., Palazon, J. & Ramirez-
Estrada, K. Obtaining and characterization of hairy roots of Centella
asiatica (L.) Urban: a preliminary result towards the biotechnological
production of natural anxiolytic compounds. VIl National Symposium of
Pharmaceutical Sciences and Biomedicine and the V National Symposium

of Applied Microbiology, Nuevo Leén (Mexico); 2020. Poster.

Alcalde, M. A., Escrich, A., Bonfill, M. & Palazon, J. Plant biofactories:
centelloside production in hairy root cultures of Centella asiatica. XVII
Spanish-Portuguese Congress of Plant Biology, Vigo (Spain); 2021.
Poster.

Alcalde, M. A., Escrich, A., Perez-Matas, E., Hidalgo-Martinez, D. &
Bonfill, M. Effect of different elicitors on metabolic gene expression and
centelloside production in Centella asiatica hairy root cultures. European
Biotechnology Congress, Prague (Czech Republic); 2022. Poster.

Alcalde, M. A. Use of Machine Learning to study the effects of the role
genes of Rhizobium rhizogenes in hairy root cultures of Centella asiatica.
Xl Research Conference of the Faculty of Pharmacy and Food Sciences,

Barcelona (Spain); 2022. Oral communication.

223



Alcalde, M. A., Muller, M., Munné-Bosch, S., Landin, M., Gallego, P.,
Bonfill, M. & Hidalgo-Martinez, D. Enhancing insights into Centella asiatica
Hairy Roots: Unraveling the influence of transferred Agrobacterium
rhizogenes genes on hormone profiles and morphological traits through
Machine Learning. XVIlI Spanish-Portuguese Congress of Plant Biology,
Braga (Portugal); 2023. Poster.

Alcalde, M. A. Perez-Matas, E., Palazon, J., Bonfill, M., Hidaldo, D.
Metabolic engineering of triterpenes in transformed roots of Centella
asiatica through overexpression of squalene synthase and the
transcription factor TSAR2. XV Spanish Society Meeting of Plant Culture
In vitro Culture, Lleida (Spain); 2023. Oral communication-Poster.

Other publications directly related with the PhD thesis:

Alcalde, M. A., Perez-Matas, E., Escrich, A., Cusido, R. M., Palazon, J.,
& Bonfill, M. (2022). (Review). Biotic elicitors in adventitious and hairy root
cultures: A review from 2010 to 2022. Molecules, 27(16), 5253. This is a
review elaborated to describe about elicitation in hairy roots, this research

can amplify knowledge described in Chapter 3.

Alcalde, M. A. Palazon, J., Bonfill, M. & Hidalgo-Martinez, D. (2023).
Exploring the key aspects of rol genes: An overview. Phytochemistry
Reviews. Under review: PHYT-D-23-00286. This is a review to describe
mechanism and importance about rol genes, this research can increase

knowledge depicted in Chapters 1, 2 and 4.

Garcia-Baeza, A., Alcalde, M. A., Grovel, O., Balderas-Renteria, 1., Villa-
Ruano, N., Velazquez-Ponce, M., & Ramirez-Estrada, K. (2023).

224



Metabolic changes in hairy root cultures of Centella asiatica treated with
methyl-jasmonate and coronatine: a 1H-NMR-based metabolomics
approach. In Vitro Cellular & Developmental Biology-Plant, 1-18. This is
an original research article amplying new knowledge of Chapter 3 by

metabolomic analysis.

Other reviews co-authored by the PhD candidate related

with the topic of the thesis:

e Khojasteh, A., Mirjalili, M. H., Alcalde, M. A., Cusido, R. M., Eibl, R., &
Palazon, J. (2020). Powerful Plant Antioxidants: A New Biosustainable
Approach to the Production of Rosmarinic Acid. Antioxidants, 9(12), 1273.

e Perez-Matas, E., Hidalgo-Martinez, D., Escrich, A., Alcalde, M. A.,
Moyano, E., Bonfill, M., & Palazon, J. (2023). Genetic approaches in
improving biotechnological production of taxanes: An update. Frontiers in

Plant Science, 14.

225



226






UNIVERSITATbe
BARCELONA




