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ABSTRACT: Cannabis sativa is highly valued for its use in fiber production, medicine, and recreational products.
Its secondary metabolites (SM) are renowned for their wide range of health benefits and psychoactive properties.
While much of the existing research has focused on cannabinoid production in the plant’s aerial parts, particularly
the leaves and flowers, the root system remains understudied in terms of its SM profile. One promising in vitro
approach for metabolite production involves the use of ‘hairy roots (HRs)’. These roots mimic the phytochemical
profile of native roots but grow more efficiently and yield higher quantities of metabolites. HRs are genetically altered
root tissues that develop at the site of infection when Agrobacterium rhizogenes is introduced into wounded plant
tissues. HRs cultures in Cannabis represent a breakthrough in plant metabolic engineering, offering potential for the
controlled biosynthesis of cannabinoids and terpenoids. By utilising genome editing (GE) tools such as CRISPR-based
tools, these cultures can produce novel bioactive compounds at an industrial scale. The use of elicitors enhances
the production of SM by activating their biosynthetic pathways, further boosting yields. This system provides a
sustainable alternative to conventional farming and chemical synthesis, addressing challenges such as pharmaceutical
shortages, enhancing climate resilience, and promoting more resource-efficient biomanufacturing. Few studies have
explored elicitor-induced HR cultures in Cannabis to enhance terpenoid production. This review highlights research
on HRs for SM synthesis and introduces a platform that positions Cannabis as a leader in biomanufacturing and
sustainable biotechnology, promoting advancements across the agricultural and pharmaceutical industries globally.

KEYWORDS: Cannabis; hairy root culture; artificial intelligence; Agrobacterium rhizogenes; elicitors; secondary
metabolites

1 Introduction

Industrial hemp (Cannabis sativa L.) is a dioecious, annual herbaceous plant species in the Cannabaceae
family. Globally, hemp serves multiple purposes, ranging from food additives and animal feed to textile
fibers and traditional medicine applications [1,2]. The therapeutic potential of C. sativa has been explored
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for its anti-inflammatory, analgesic, anticancer, antioxidant, neuroprotective, and gastrointestinal benefits,
as well as its use in epilepsy management [3]. These effects are largely attributed to the plant’s rich
and diverse chemical composition, which includes ‘cannabinoids, alkaloids, terpenes, flavonoids, lignans,
and steroids’ [4]. To date, over 500 metabolites have been identified in C. sativa, including more than
100 distinct cannabinoids [5]. The main bioactive compounds include ‘Δ9-tetrahydrocannabinol (THC),
cannabidiol (CBD), and cannabinolic acid (CBNA)’, with additional contributions from cannabigerolic acid
(CBGA), cannabichromenic acid (CBCA), and cannabidiolic acid (CBDA) [6,7]. Remarkably, the highest
concentrations of these phytochemicals are typically found in the plant’s aerial parts [1,8,9]. Hemp’s
widespread use is due to its versatility, with inflorescence, leaves, stems, and seeds being commonly utilised,
while roots are less frequently used [1]. Cannabis is legally permissible for both medical and nonmedical
purposes on a global scale. The use of Cannabis and its derivatives have been legalised in the United States,
the United Kingdom, Canada, and several European Union (EU) countries [10–12]. As comprehension
of Cannabis phytochemistry has advanced, different countries have started reassessing their regulatory
frameworks. Uruguay was the first nation to legalise Cannabis for both medical and recreational use in
2013. Several countries have emulated this action. Medical Cannabis is now legalised in over 50 countries,
including China, Australia, Germany, Israel, Canada and most of the United States. The production of hemp
has distinct advantages, and there is an expanding market for hemp-derived goods [10–12]. The global
Cannabis market is projected to reach US$102 billion by 2026, with cannabinoid demand expected to hit
$9.69 billion by 2025 [1,8,9].

While research has primarily focused on glandular trichome metabolites for their therapeutic
properties [9,13], other parts of the hemp plant are also valuable sources of specialised metabolites [14].
Monoterpenes and diterpenes are found in inflorescences, sesquiterpenes, triterpenes, alkaloids, and
phytosterols in roots, and flavonoids in leaves [9]. Hemp’s root contains a significant amount of pentacyclic
triterpenoids [8]. The phytochemical content is responsible for their biological activity [15]. Scientific
studies have identified various specialised metabolites in hemp roots, including monoterpenes like carvone
and dihydrocarvone; triterpenes like friedelin and epifriedelanol; sterols like “β-sitosterol, campesterol,
and sigmasterol; alkaloids like pyrrolidine, piperidine, cannabisativine, and anhydrocannabisativine; and
lignanamides like p-coumaroyltyramine” [9,16]. Pre-clinical studies have demonstrated the potential
pharmacological properties of C. sativa root extracts, including hepatoprotective, anti-inflammatory,
anticancer, antidiabetic, anti-ulcer, antisenescence, anti-diarrheal, analgesic, antipyretic, and antimicrobial
effects [1,8]. However, some limitations exist: root growth is slow, harvesting is challenging, and roots may
absorb pollutants, including heavy metals [9], which restricts their use [1,8,9].

In vitro cultures have created opportunities to produce phyto-molecules through elicitation strategies,
such as hairy root (HRs) cultures [9,17–19]. This involves plant transfection with Rhizobium rhizogenes,
which induces “hairy root syndrome” in infected hosts [9,19]. When R. rhizogenes transfect a plant, its
T-DNA (Transfer DNA) region integrates into the plant genome, leading to the proliferation of rapidly
growing root tissues [9,20]. HRs are stable, can grow without added phytohormones in media, develop
quickly and can produce higher quantities of metabolites than the roots of the mother plant [8,20–22].
Through metabolic engineering, hemp HRs can potentially accumulate novel metabolites that are not found
in the parent plants [9,21]. However, the full extent of their chemical diversity has yet to be comprehensively
characterised [9,23,24]. This review examines the potential of HRs for the biosynthesis of high-value SMs
and biotechnology tools for enhancing SM production in C. sativa. Additionally, it focuses on advancing
hemp’s SM production by optimising nutrient media, incorporating precursor feeding, employing elicitation
techniques, and utilising molecular strategies. This includes prospects of metabolic engineering through
the manipulation of genes (Fig. 1) and different molecular factors.
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Figure 1: The biosynthesis pathways of specialised metabolites in C. sativa are depicted, focusing on key
compounds of medical importance. Cannabinoids, terpenes, and flavonoids are shown as distinct pathways derived
from primary metabolism, leading to their respective precursors. The pathways involved in the biosynthesis of
these metabolites—specifically the Methylerythritol Phosphate (MEP) pathway, the Mevalonate (MVA) pathway,
and the phenylpropanoid pathway. The Calvin cycle and glycolysis/gluconeogenesis pathways are simplified
into two circular arrows to represent their involvement in the central metabolism. Abbreviation: “AACT:
acetoacetyl-coenzyme A thiolase; MCS: malonyl-CoA synthetase; DMS: 1-deoxy-d-xylulose 5-phosphate synthase; DXR:
1-deoxy-D-xylulose 5-phosphate reductoisomerase; MCT: 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase;
HDS: 4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HDR: (E)-4-hydroxy-3-methylbut-2-enyl diphosphate
reductase; HMGS: hydroxymethylglutaryl-CoA synthase; HMGR: 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase;
MK: mevalonate kinase; PMK: phosphomevalonate kinase; MPDC: mevalonate pyrophosphate decarboxylase; IPPI:
isopentenyl diphosphate isomerase; GPPS: geranyl diphosphate synthase; AAE1: acyl activating enzyme 1; TKS:
3,5,7-Trioxododecanoyl-CoA synthase (polyketide synthase); OAC: olivetolic acid cyclase; FPPS: farnesyl pyrophosphate
synthase; PAL: phenylalanine ammonia-lyase; C4H: cinnamate 4-hydroxylase; 4CL: 4-coumaroyl CoA-ligase; CHS:
chalcone synthase; CHI: chalcone isomerase; SQS: squalene synthase; PT4: olivetolate geranyl transferase; THCAS: THCA
synthase; CBDAS: CBDA synthase; CBCAS: CBCA synthase; sesquiTPS: all sesquiterpene synthases grouped under a
single appellation; monoTPS: all monoterpene synthases grouped under a single appellation; FNS: flavone synthase; F3′H:
flavonoid 3′-hydroxylase; OMT21: O-methyltransferase 21; PT3: prenyl transferase 3”; OSC: Oxidosqualene cyclase;
CCC:-chair–chair–chair.
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2 Mechanistic Background of Hairy Root Culture: A Biotechnological Revolution in Plant
Secondary Metabolism

In vitro culture methods are crucial in plant propagation, reforestation, conservation, and SMs
production [25,26]. Different in vitro culture tactics can be applied to Cannabis to enhance its potential [27].
Compared to the traditional methods, in vitro culture for metabolite production offers several advantages,
including stability independent of environmental variables, elimination of pesticide usage, consistent
yields and quality, shorter growth cycles, and the capacity to manipulate metabolite pathways through
bioengineering approaches [28–30].

The engineered production of SMs has been achieved using synthetic biology in in vitro HR
culture [29,30]. HRs are root-like structures formed by plants following infection by Agrobacterium
rhizogenes [31,32]. These HRs are advantageous due to their robust metabolic synthesis, rapid growth,
hormone autotrophy, and genetic stability, making them a popular platform for the biosynthesis of plant
SMs [32,33]. The process by which the gram-negative bacterium A. rhizogenes triggers the formation of
HRs is akin to how Agrobacterium tumefaciens leads to crown gall disease [34]. The bacterium infects the
roots through wounds or natural openings [35]. Four key events initiate this bacterial infection and the
development of disease symptoms [18]: (i) chemotactic movement of bacteria toward wounded root cells,
followed by attachment, triggered by the release of phenolic compounds like acetosyringone; (ii) T-DNA
(which harbors genes involved in phytohormone biosynthesis, includes 18 open reading frames. Among
these, the ‘rol’ (rooting locus) genes such as rolA, rolB, rolC, and rolD, are most important for the induction
and development of HR formation, processing and T-complex translocation to the plant genome; (iii) T-DNA
incorporation and expression; and (iv) development of branched, neoplastic, and ageotropic HRs at infection
sites [32,36,37]. The bacterium is attracted to plant cells by “chemotaxis”, a process initiated by phenolic
compounds and reducing sugars released from wounded tissue, activating the expression of bacterial
virulence genes [38]. The chromosomal virulence genes chvA, chvB, and pscA facilitate bacterial attachment
by synthesising and exporting phenolic compounds [18–20,32]. The VirA protein detects chemotactic
agents, phosphorylating the VirG protein, which binds to the vir regulatory sequence to produce virulence
proteins VirA-G, responsible for T-DNA delivery and integration [18–20,32] (Fig. 2).

A. rhizogenes-induced HRs can be generated in vitro and in planta [20,39,40]. The in vitro techniques
encompass two ways: (1) Direct inoculation of plants with bacterial cultures and (2) Co-cultivation of plant
explants with bacterial suspensions. Effective methodologies, such as vacuum infiltration and sonication,
can enhance transformation efficiency [20,41–43]. For the biosynthesis of SMs, HRs are initially cultivated
in shake flasks and subsequently scaled up in bioreactors [20,43–45]. The process involves the translocation
of T-DNA and virulence proteins into plant cells, establishing a connection between the bacterial envelope
and the host plant cell’s plasma membrane [46–48]. Within the plant cell cytoplasm, T-DNA is enveloped
by Vir proteins to form a mature T-DNA complex, which subsequently enters the nucleus. Agrobacterium
flagellin interacts with leucine-rich repeat (LRR) receptors in plant cells, initiating the MAPK cascade that
culminates in the production of phosphorylated VIP proteins [19,32,49,50]. The intracellular transport and
nuclear localisation of the T-DNA complex are facilitated by an integrated system involving cytoskeletal
elements, the mature T-DNA complex itself, phosphorylated VIPs proteins, and plant importins. Inside the
nucleus, Vir proteins, along with the plant’s ubiquitin-proteasome system, strip away bacterial virulence
factors and specific host proteins from the T-DNA complex, enabling its efficient integration into the plant
genome [19,32,49,50]. However, the integration of T-DNA into the plant genome is not site-specific, and the
precise mechanisms governing its incorporation remain incompletely understood [51]. Once integrated, the
T-DNA prompts the transformed plant tissue to synthesise cytokinin and auxin, resulting in uncontrolled
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cell proliferation and the formation of tumours or HRs [52]. Additionally, the transformed tissue produces
opine, a nitrogen and carbon source for Agrobacterium [53].

 

Figure 2: Sterile Cannabis leaf explants are exposed to R. rhizogenes culture for the transfer and integration of T-DNA
from the bacterium Ri-plasmid to the plant genome. This process involves ten distinct steps: (1) Agrobacterium
attaches to wounded plant cells. (2) The VirA/VirG two-component system detects phenolic signals from the plant
and activates the response regulator VirG through phosphorylation. (3) Activated VirG upregulates the expression
of other virulence (Vir) genes. (4) The VirD1 and VirD2 proteins process the T-DNA border sequences, producing
a single-stranded T-DNA molecule and forming the immature T-DNA complex. (5) This T-DNA, associated with
VirD2 and coated by VirE2 proteins, is transported into the plant cell via the Type IV Secretion System (T4SS).
(6) Bacterial flagellin triggers a mitogen-activated protein kinase (MAPK) cascade, leading to the phosphorylation
of VirE-interacting proteins (VIPs). (7) The T-DNA complex, along with VIPs and importin α, facilitates nuclear
import. (8) Once inside the nucleus, VirF and the host ubiquitin-proteasome system remove associated proteins,
freeing the T-DNA. (9) The T-DNA is then integrated into the plant genome. (10) Expression of the transferred genes,
including those encoding cytokinin and auxin biosynthesis (rol genes), induces uncontrolled cell division and leads to
HR formation. Simultaneously, elicitor signals—such as chitin, salicylic acid, and methyl jasmonate—are perceived by
membrane-bound receptors and transmitted via secondary messengers including calcium ions (Ca2+), reactive oxygen
species (ROS), nitric oxide (NO), cyclic GMP (cGMP), and various phytohormones. These messengers activate protein
kinases and MAPK cascades, phosphorylating downstream proteins and transcription factors. This orchestrated
signalling network redirects primary metabolism toward the enhanced biosynthesis of secondary metabolites, making
HR cultures a powerful platform for phytochemical production.
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For plants that are challenging to regenerate and have lengthy transformation cycles, Agrobacterium
rhizogenes can generate composite plants with transgenic roots and wild-type stems [54]. These composite
plants enable the examination of gene functions in root interactions, stress responses, growth, and SMs
biosynthesis [55]. HRs are widely employed in plant genetic transformation through several mechanisms:
(A) Composite plant generation involves the use of A. rhizogenes, applied via techniques such as stem
injection, stem acupuncture, wound coating, and immersion [32,36,56]. (B) In root-suckering species,
the cut-dip-budding (CDB) system induces HRs and the subsequent development of transgenic plants
under non-sterile conditions. (C) Alternatively, in vitro transformation under sterile conditions can be
achieved by either regenerating whole plants from HRs using phytohormones or inducing callus formation
from HRs, followed by the generation of transgenic shoots [18,32,36,57]. Composite plants serve as
valuable models for investigating the interactions between aerial and root systems and can be cultivated
in non-sterile environments, thereby reducing costs [32,36,58,59]. These plants have been developed
across over 50 species, including woody, herbaceous, tuberous, and vine types. The induction of HRs
is influenced by various factors, such as plant species, explant type, strain type, bacterial components,
culture conditions, and hormones [32,60]. For practical applications, it is crucial to select appropriate
A. rhizogenes strains and optimise transformation parameters for the target plants [32,61]. SMs are
synthesised in plant tissues in response to pathogens or stress. Even in minimal quantities, elicitors can
simulate these responses, promoting metabolite accumulation. Elicitors are classified into two categories:
abiotic and biotic [62]. Abiotic elicitors originate from non-biological sources, including physical factors
(such as temperature, drought, salinity, light, and pH) and chemical stressors (such as metal ions and
toxins) [63,64]. In contrast, biotic elicitors originate from biological sources, including microorganisms
such as rhizobacteria and fungi, as well as components derived from pathogens or plants following
pathogen attacks, such as chitin, chitosan, oligogalacturonides, cellulose, flagellin, and lignin. Additionally,
phytohormones and signalling molecules can also act as elicitors by modulating defence responses and
secondary metabolism [65,66]. The plant’s response begins with the recognition of elicitors by plasma
membrane receptors, initiating signal transduction and leading to the production of intracellular messengers
(such as reactive oxygen species, calcium, nitrogen oxide, cGMP, phytohormones) [18,20,23,32,66–69]. This
process activates signalling pathways, including the mitogen-activated protein kinase cascade, which
triggers phosphorylation events [18,20,32,69]. Phosphorylated TFs initiate the transcription of defence
genes, including those encoding enzymes involved in SMs biosynthesis. Posttranslational phosphorylation
may directly activate biosynthetic enzymes [18,20,32,69,70]. Phytohormone signalling pathways interact
to regulate plant defence through hormone-responsive transcription factors [68,71–73]. Plant hormones
and growth regulators enhance immunity against environmental stress, while SMs aid plants in adapting
to environmental challenges [20,32,74–76]. Throughout their lifespan, plants produce both primary and
secondary metabolites [77]. Plant growth regulators, encompassing hormones and signalling molecules,
detect stress-induced cellular changes and act as transmitters, facilitating stress-responsive communication
between plants and their environment through signalling transductions [78–80] in vitro HR culture.

3 Recent Advances of Hairy Root Culture in C. sativa

The experimental settings were optimised to infect hemp, a difficult-to-transform plant, with either
Ri or Ti plasmid-bearing agrobacteria strain AR10GUS and create stably transformed tissues [81]. The
hypocotyl of intact seedlings was most sensitive, depending on bacterial strain, rol gene types, and plant
variety. Nodes and internodes, host tissues with actively proliferating cells, may be attractive targets for
Agrobacterium transformation. Since T-DNA impairs auxin response, undamaged seedlings with shoot tips
and early leaves are expected to have higher transformation rates. This is the first reported protocol for
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establishing C. sativa HR cultures [81]. Another research focused on the developmental patterns of HRs in
shaking flasks and how various exogenous auxins induced them in callus cultures. A 35-day growth cycle
was conducted in darkness at 25◦C. HR development grew at regular intervals on solid MS B5 medium
supplemented with 4 mg/L naphthalene acetic acid (NAA). The amount of cannabinoids produced by this
culture was minimal and persisted below 2.0 µg/g dry weight in this culture [82].

Nevertheless, the conventional in vitro method remains labour-intensive, slow, and challenging to
scale up. A new, very effective ex vitro transformation technology has emerged as a solution to these issues,
and it has optimised the Cannabis production process [83]. Despite this progress, a major obstacle still
stands in the way of a low-cost, quick, simple, efficient and high-throughput HR transformation. Recent
groundbreaking research optimised a two-step ex vitro HR transformation process, comparing it to current
methods and employing the real mother plant in conjunction with the RUBY system. The real plant achieved
a transformation efficiency of 90% using the two-step ex vitro procedure, which was more effective than
both the one-step ex vitro and in vitro methods. Reducing the time to produce significant transgenic HR
formation by 9–29 days compared to previous approaches, this technology also reveals a quicker and less
challenging approach [83].

The primary biotic elicitors that stimulate the production of secondary metabolites include methyl
jasmonate (MeJA), jasmonic acid (JA), acetylsalicylic acid, chitosan (CHI), coronatine, pectin, salicylic acid
(SA), and yeast extract (YE)’ [80]. These substances enhance terpene accumulation in HRs [1,80]. Given that
wild-type C. sativa takes a minimum of three months to mature. Its roots are challenging to separate from
the soil. Recent research has explored the application of four elicitors (SA, MeJA, CHI, and YE) to enhance
the production of friedelin and epifriedelanol in HR culture as an alternative biosynthetic approach [1].
Friedelin and epifriedelanol are pentacyclic triterpenoids that naturally accumulate in hemp roots [1,8,84].

The highest levels of epifriedelanol (3.79-fold increase) and friedelin (3.25-fold increase) were recorded at
the end of the exponential growth phase. After 28 days of cultivation, the maximum substance accumulation
occurred when using 3% sucrose in HRs. SA at 100 µM generated the highest epifriedelanol production,
and SA at 50 µM produced the maximum friedelin content, which increased production levels by 5.22-fold
and 2.88-fold compared to the control after 96 h. Friedelin content and epifriedelanol increased by 2.44 and
3.73 times, respectively, versus control conditions after 24 h of 100 µM MJ treatment [8]. The examination
proves that C. sativa plants transformed with rhizogenes wounded roots significantly boost their capability
to produce commercial-grade friedelin and epifriedelanol. Multiple aspects influence the development and
modification of HRs, including explant type and levels of Rhizobium rhizogenes strain and bacterial density,
growth phase duration, infection technique, chemical inducers, and co-cultivation period. According to
PCR analysis, the C. sativa HR genome contained proven integration of rolB and rolC genes [8]. A different
research study examined triterpenoid production after roots received MeJA, SA, CHI, and YE as elicitors
for three and six days. High-Performance Thin-Layer Chromatography (HPTLC) served as a method to
screen both triterpenoids before GC-FID measured root tissue levels and verified their identities [1]. The
triterpenoid production levels in HRs surpassed natural roots, where salicylic acid at 75 µM promoted
1.95-fold increases in friedelin and 1.4-fold increases in epifriedelanol compared to untreated HRs. The
herbal medicine industry could potentially utilise C. sativaHRs instead of natural roots, as these transplanted
roots produce higher triterpenoid content while requiring minimal time for growth in a pest-free, heavy
metal-tested medium [1].

Bioreactors provide sterile, controlled environments for high-density culture using either liquid
nutrient media or liquid/air systems, with key parameters such as agitation, aeration, temperature, and
pH precisely regulated to optimise growth and metabolite production [85]. They are broadly categorised
into liquid-phase, gas-phase, temporary immersion, and modified types [85]. Liquid-phase bioreactors can
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be further divided into mechanically and pneumatically agitated types [85]. Metabolite profiling using
NMR (Nuclear Magnetic Resonance) and LC/MS of hemp HRs grown in L-type bioreactors, compared with
hemp aeroponic roots (HARs), revealed a substantial increase in bioactive compounds. Notably, hemp HRs
exhibited a 12-fold increase in cannabisins and a 6-fold increase in acidic triterpenes, along with elevated
levels of sterols, phenolic acids, fatty acids, nucleosides, and tyramine derivatives [6,24]. These findings
highlight the potential of hemp HRs as a source of specialised metabolites.

Plants initiate diverse immune responses to restrict pathogen infection during Agrobacterium–plant
interactions [86]. Phytohormones, vital for plant growth and development, also play a crucial role in
regulating immunity [87]. Thus, Agrobacterium virulence is intrinsically influenced by phytohormones
and plant-derived metabolites [88]. Despite these insights, the transformation of recalcitrant crops, such
as C. sativa, remains challenging due to technical constraints. Enhancing transformation efficiency can
be achieved by employing Agrobacterium that overexpresses specific Virulence (Vir) genes [88]. Recent
progress in adopting the ternary vector (Tv) system enriched with additional Vir genes has markedly
improved both genetic transformation and CRISPR/Cas9-mediated gene editing in hemp [89,90]. The
development of this super-infective Tv system represents a significant advancement in overcoming the
barriers associated with Agrobacterium-mediated transformation, particularly for recalcitrant crops like
Cannabis, and holds promise for future applications in hemp HR cultures [88].

4 Hairy Root Culture Mediated Genetic Transformation: Untapped Potential of Secondary
Metabolism in C. sativa

HRs serve as a platform for generating valuable pharmaceuticals, complex SMs, recombinant
proteins, and innovative drugs derived from medicinal plants, acting as “green cell factories” [20,91,92].
Recombinant proteins generated by HRs are often secreted extracellularly, allowing purification in a
medium lacking protein [91]. HRs play a vital role in areas such as metabolic engineering, bioreactor
design, biotransformation research, phytoremediation, and interactions between plants and microbes [93].
These characteristics have unveiled numerous applications, facilitating the industrial-scale production of
high-value molecules [20,92,94–96].

Combining GE and hairy root transformation provides a practical approach for investigating gene
function [97]. Since 1983, interest in gene manipulation has surged following reports of transgenic
plant creation [98,99]. DNA modification techniques such as ‘meganucleases, gene/transcription factor
overexpression, virus-induced gene silencing (VIGS), RNA interference (RNAi), zinc finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENs), and CRISPR-Cas nucleases’ are prevalent in plant
functional genomics [30,36,97,100,101]. Before the advent of CRISPR/Cas, researchers primarily relied on
meganucleases, ZFNs, and TALENs [100]. CRISPR/Cas GE was first demonstrated in plant protoplasts and
whole plants in 2013, integrating into HR transformation a year later [97]. CRISPR/Cas multiplexing for
gene/promoter modifications, chromosomal dissection, CRISPR activation (CRISPRa), CRISPR interference
(CRISPRi), CRISPR/Cas13a, and dCas13a for RNA manipulation, activation of cryptic genes, base editing,
epigenome engineering, and the development of supervirulent Ag rhizogenes strains can characterize and
manipulate cannabinoid biosynthesis in HR culture using various promoters and markers to enhance
enzyme efficiency and develop novel Cannabis traits in future [30,36,100–102].

Among GE tools, the CRISPR/Cas system has shown advantages in terms of specificity, simplicity, and
flexibility compared to earlier GE systems. The emergence of Cas9 mutants like dCas9, which have lost
endonuclease activity but retain DNA recognition with guide RNA, offers powerful genetic manipulation
tools to knock out, edit, knock in, and downregulate target genes [30,97,102,103]. The CRISPR/Cas system
employs nucleases to target specific genome sites, creating double-strand breaks (DSBs) with the help of
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guide RNAs, which then trigger DNA repair through either the HDR (Homology-Directed Repair) or NHEJ
(Non-Homologous End Joining) pathways [104]. Beyond gene deletion or integration, precise control over
gene expression is crucial in metabolic engineering [105]. Although siRNA regulation has been applied in
plants, dCas9-based CRISPRi is a silencing tool for prokaryotes [30,105,106]. The dCas9 variant, which is
catalytically inactive, attaches to genome sites using sgRNA [106]. Upon binding to a genomic location,
dCas9 obstructs RNA polymerase from progressing to downstream genes. This interference mechanism
can suppress the expression of the target gene by cleaving foreign DNA or RNA, thereby providing precise
control of metabolic processes in hemp HR culture [30,106].

Epigenetic modifications are crucial for chromatin remodelling and include mechanisms such as
histone posttranslational modifications, DNA methylation, and RNA interference [100,107]. In plants, the
biosynthetic gene cluster (BGCs) responsible for secondary metabolite production is typically located in
heterochromatin regions, where epigenetic factors regulate their transcription tightly. Small-molecule
epigenetic modifiers can alter chromatin architecture, potentially activating these silent gene clusters. This
strategy presents a promising avenue for uncovering novel biosynthetic pathways and identifying previously
unexpressed bioactive compounds [100,107]. The epigenome comprises sequence-independent biological
molecules that influence chromatin structure and gene expression patterns. Epigenomic regulation is
achieved through interactions between DNA-binding proteins, biochemical modifications to DNA and
histones, and structural changes that affect DNA accessibility. By simply altering the protospacer sequence
within guide RNAs (gRNAs), dCas-based effectors have advanced epigenome editing and enhanced the
understanding of epigenetic regulation in the secondary metabolism of C. sativa [100,107].

Before the advent of CRISPR-Cas13a, the primary methods for reducing gene expression were RNA
interference (RNAi) and CRISPR-Cas9 [108,109]. RNAi suppresses gene expression in mammalian cells,
targeting the cytoplasm where the RNA-induced silencing complex resides [109–111]. However, RNAi’s
effectiveness is limited as it does not interact with nuclear mRNA and necessitates the design of specific
siRNA that matches the mRNA sequence, restricting its use [109]. CRISPR-Cas9, on the other hand, can
cause DNA off-target effects, and the toxicity of Cas9 may harm essential cellular genes, thus limiting its
clinical applications [109]. The CRISPR-Cas13a system, which includes programmable RNA guides, includes
two HEPN domains linked to RNases, suggesting its RNA-targeting capability [109,112,113]. Modulating
gene expression within cells’ RNA level offers a crucial regulatory mechanism [113]. Editing transcripts
provides a novel method for examining gene function, enhancing genetic techniques, and offering insights
into RNA-level regulation. CRISPR-Cas13a specifically targets RNA for gene editing [113,114]. Base editing
allows for precise genome modifications through single-base conversion without the need for donor
templates or double-stranded breaks [113,115].

Chromosomal rearrangements, such as inversions, deletions, and duplications facilitated by Cas9 with
paired sgRNAs, are crucial for studying genome variations and regulation, though the mechanisms remain
unclear in C. sativa [113,116]. While CRISPR-Cas9 has been at the forefront of GE, the use of CRISPR-Cas12a
is on the rise for plant genome engineering [30,103,117]. The growing popularity of CRISPR-Cas12a is
due to its versatility and simplified features. Among CRISPR systems, Cas9 and Cas12a, with short guide
RNA (42–44 nucleotides of crRNA), are more effective in regulating multiple genes. Although CRISPR-Cas9
remains the most widely used tool for plant GE, CRISPR-Cas12a is being increasingly adopted in metabolic
engineering [30,117–120].

A significant limitation of CRISPR-Cas9 is its restriction to regions with high GC content due to the “G”
rich PAM sequence requirements. Despite ongoing efforts to develop nearly “PAM-less” Cas9 variants, their
application in plant systems is limited [30,103,117,121]. Cas12a can edit “T” rich PAM regions and create
staggered ends that may facilitate site-directed integration [121]. Although Cas12a’s PAM sequence (TTTV)
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is longer than Cas9′s (NGG), variants with modified PAM specificities have been engineered [30,103,117].
This GE technology could be further expanded by incorporating Cas12a, allowing for more target sites and
potentially higher gene integration efficiency in C. sativa HR culture [36,122]. As promoters and introns are
AT-rich, Cas12a offers additional engineering flexibility. Although Cas12a exhibits temperature sensitivity,
which limits its utility in plant GE, variants with enhanced activities have been developed [30,103,117].

Transcription factors (TFs) regulate gene expression by binding to DNA regulatory sequences, such as
enhancers and silencers, thereby either promoting or inhibiting transcription [123,124]. The expression of
native or foreign TFs can modify product flow by changing the functions of pathway genes [125]. Various
TFs are involved in the transcription of SMs biosynthetic pathways [18,36,97,126,127]. The combination of
the dCas9 protein with a transcriptional activator for targeted gene regulation has advanced biotechnology
in both medicine and agriculture [128,129]. TFs induced by hormones or elicitors, such as AP2/ERF, WRKY,
bHLH, bZIP, MYB, and NAC, facilitate the accumulation of SMs by modulating gene expression through
signalling pathways in C. sativa [69,125,130]. CRISPR/dCas9 activation enhances the transcription of
endogenous genes by directing TFs to specific promoters [30,103].

The identification of crucial rate-limiting enzymes has enabled metabolic engineering in HRs [131,132].
The synthesis of plant SM involves intermediates and precursors [133]. Genetic manipulation of key
genes and TFs can boost the levels of target products. Techniques include gene overexpression and
silencing [36,126,127,134,135]. Overexpressing upstream genes increases the supply of precursors, thereby
promoting the accumulation of target products, while overexpressing key enzyme genes directly boosts
metabolite accumulation [136,137]. To enhance recombinant protein yield in HR cultures, researchers
employ several strategies: (1) design efficient expression vectors; (2) incorporate protein stabilizers;
(3) develop suitable bioreactors. Various DNA elements, such as constitutive promoters, root-specific
promoters, inducible promoters, 5′UTRs, and terminators, regulate gene expression in hemp HR
cultures [36,126,127,138,139].

Overall, to fulfil the growing industrial demand for therapeutic plant specialized metabolites (PSMs),
advanced approaches such as systems biology, omics technologies, synthetic biology, and GE have become
essential tools for unraveling the key molecular components, rate-limiting steps, and regulatory networks
governing PSM biosynthesis [105]. Among these, the CRISPR/Cas system has emerged as the most widely
adopted GE technology in plants, owing to its simplicity, high precision, adaptability, and capacity for
multiplexed gene editing [140]. The application of CRISPR-based strategies in metabolic engineering (ME)
holds significant promise for generating Cannabis plants with customized metabolic profiles ranging from
nutraceutical to therapeutic compounds through sustainable and eco-friendly approaches, such as HR
culture, in the future [30,140].

The plant system offers benefits such as humanised expression, host engineering, growth
maintenance, protein design, glycosylation, sialylation, epitope prediction, antibody optimisation, regulatory
element prediction, protein stability, reduced risk of pathogenic contamination, and cost-effective
production [141,142]. However, expressing recombinant proteins presents challenges like non-human
post-translational modifications, protein misfolding, and instability [142,143]. Artificial intelligence (AI)
plays a crucial role in biotechnology and plant molecular pharming, enabling increased yield and stability
through AI-based strategies to overcome these limitations [30,142,144,145]. Plant-based recombinant protein
production can be enhanced using synthetic biology tools andMachine Learning (ML) algorithms for protein
folding, stability, and organelle targeting [146]. AI models, including neural networks, support vector
machines, linear regression, Gaussian process, and regressor ensembles, predict training data to optimise
protein structures, thermostability, catalytic activity, and folding [30,142,144,145,147]. They assist biologists
in identifying gene expression patterns by understanding the combinations of factors [148]. Deep Learning
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(DL) is a supervised learning method that uses multiple layers for high-throughput computing and mapping
datasets in plant metabolomics. AI/ML applications include protein engineering, protein interactions,
stability, localisation, functional prediction, and catalytic activity [149]. Currently, AI has significantly
increased yield and stability in plant molecular pharming [30,142,144,145,147] (Fig. 3). Artificial intelligence
(AI) models and optimisation algorithms (OAs) are widely employed in various fields of technology and
science, and have recently been applied to enhance different stages of plant in vitro culture [150,151]. The
usefulness of AI-OA has been demonstrated in the prediction and optimisation of biomass in plant cell
cultures or HR cultures, as well as the optimisation of environmental conditions to achieve maximum
productivity from Cannabis HR cultures in the future.

Figure 3: Different CRISPR-based genome and epigenome editing methods for characterising and manipulating
the cannabinoid biosynthesis pathway in HR culture. After HR induction, individual lines are established, and
high-producing, fast-growing clones are selected. Root cultures exhibiting enhanced production capacity during the
shake-flask stage are then transferred to bioreactors with designs optimised for large-scale production. This scaling
process can eventually lead to the patenting of the production method. Throughout the shake-flask and bioreactor
stages, multiple strategies are applied to enhance secondary metabolite (SM) biosynthesis and optimise process
parameters. Additionally, integrating various omics datasets—including genomics, transcriptomics, epigenomics,
microRNAomics, proteomics, and metabolomics—facilitates a comprehensive analysis of the cannabinoid biosynthesis
pathway in HR cultures. Artificial Intelligence (AI) can be leveraged to model, predict, and optimise HR systems across
various stages (development, growth, and production), advancing system biology-based knowledge and enabling
more efficient production processes.

5 Bioreactor Technology for HRs Cultivation in C. sativa: Prospects for Small-Scale Cultures to
Global Industrial Biomanufacturing

The industrial production of SMs for sectors like health, cosmetics, and food often depends on
harvesting non-cultivated endemic species, which threatens genetic resources [152–155]. Even when
these metabolites are present in cultivated species, the extraction rates are frequently too low to be
economically feasible [153–156]. Therefore, developing alternative methods to produce these substances in
large quantities is strategically crucial [153–155,157,158]. With the rising demand for the health benefits
of plant-derived secondary metabolites, large-scale production using bioreactor technology becomes
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essential [159]. Temporary immersion systems (TIS) are widely used bioreactors that improve plant
performance by providing optimal aeration and periodic feeding [153–155,160,161]. TISs are effective for
both micropropagation and the production of secondary metabolites, especially in HR culture [153–155,161].

When transitioning from shake flasks to industrial bioreactors, the environment undergoes changes
in both hydrodynamic forces and rheological characteristics [85,161,162]. These alterations impact shear
stress, the availability of oxygen, and the composition of gases, which can decrease biomass and secondary
metabolite productivity [163]. The complex morphology and uneven growth of HRs pose significant
challenges for industrial applications [164]. Their tangled, fibrous structure forms interwoven networks
and boundary layers, resulting in non-uniform conditions that hinder the delivery of nutrients and
oxygen [85,161]. Oxygen deficiency is a major limitation in HR bioreactors [20,154]. While intense mixing
can improve mass transfer, it concurrently raises hydrodynamic shear stress, which adversely affects HRs
health and reduces productivity by inducing callus formation [164,165].

Given the specific challenges of HR cultivation, bioreactor design should focus on ensuring adequate
mixing with minimal shear stress, improving mass transfer, and lowering hydrodynamic pressure [166].
For successful scale-up, a HR bioreactor must maintain consistent geometry and flow dynamics, supply
sufficient nutrients and oxygen, and use scalable parameters that can be reliably applied to larger
systems [20,154,167–169]. Key issues in bioreactor operation include structure, type of biological entity,
CFD simulation, sterilization, parameter configuration, and integration with other bioreactors to control
biochemical processes for maximum SM productivity in C. sativa HR culture [20,154,168,169].

The application of HR cultures in C. sativa is not limited to laboratory settings but extends to
industrial biomanufacturing [170]. Advanced bioreactors equipped with automated nutrient cycling,
environmental management, and real-time metabolite extraction facilitate the continuous production of
secondary metabolites [91]. Scaling up to industrial levels is feasible through bioreactor technologies that
enhance growth while reducing expenses. Biosensors and AI-driven systems boost production efficiency.
Biosensors provide real-time monitoring of metabolite levels [126], while AI systems forecast optimal
conditions and extraction timings, elevating terpenoid production to pharmaceutical-grade standards [126].
This precision is crucial for ensuring consistency in large-scale manufacturing, which is vital for adhering
to regulatory standards in the pharmaceutical sector [32,126]. The future of HR culture is poised to become
the cornerstone of a new bio-industry [171,172]. Plants like Cannabis act as biofactories for producing rare,
valuable compounds that are challenging to synthesise chemically [126]. HR cultures provide a sustainable
method for generating next-generation pharmaceuticals and bioactive compounds [126,172,173]. This shift
from research to global biomanufacturing heralds a new era in industrial biotechnology [172], transforming
the production of plant-derived medicines. A significant hurdle in the large-scale production of SMs via
HRs cultivation is the lack of comprehensive knowledge about metabolic pathways and their regulation,
which diminishes their economic viability in C. sativa [30].

To address this, future strategies should leverage omics technologies, such as genomics, transcriptomics,
proteomics, and metabolomics, to gain insights into metabolite synthesis pathways [174,175]. This can be
achieved by identifying missing enzymes in these pathways or discovering enzyme variants with enhanced
activity, ultimately boosting SM productivity in Cannabis HR culture [176,177]. Initial investments during
cultivation are linked to bioreactor design and process parameters [30,142,144]. Disposable bioreactors
are favoured for cost reduction, while mathematical models and real-time monitoring can optimise cell
cultivation and boost productivity on a commercial scale [178]. Neural network-based ML models with
systems engineering could enhance biologics manufacturing across production stages in the Cannabis
plant [179]. Omics data is crucial in optimising SMs associated recombinant protein production by providing
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comprehensive insights into cellular processes. However, further omics-driven studies are essential to fully
leverage machine learning tools for predictive modelling and process enhancement [30,142,144].

6 Conclusions

The research on HRs cultivation in C. sativa has just begun. The effectiveness across other Cannabis
cultivars requires validation due to genetic variability. Scaling for commercial purposes may require
the use of automation or high-throughput strategies to maintain reproducibility. However, recalcitrant
crops such as C. Sativa and prevailing technical challenges continue to serve as significant drawbacks. A
promising approach to improving transformation efficiencies involves employing Agrobacterium strains
that overexpress specific Vir genes and fine-tuning the protocols to optimize individual cultivars. The
potential of HR culture in biotechnology for producing ‘high value, low volume’ SMs is widely acknowledged.
Such cultures can be established in various plant species, including those that are endangered or have
medicinal values. Through metabolic engineering, HRs clones with high yields of bioactive pharmaceuticals
can be developed, which requires a comprehensive understanding of metabolic pathways, regulatory
mechanisms, enzymes, genes, and their products. Multipoint metabolic engineering is more effective
than single-point approaches in altering metabolic flux. Many SMs’ biosynthetic pathways remain
incompletely understood. Current molecular research, utilizing genomics, transcriptomics, proteomics, and
next-generation sequencing (NGS) techniques, helps identify genes for metabolic engineering. Functional
genomics has identified key genes in cannabinoid biosynthesis, demonstrating that interdisciplinary
approaches enable the production of rare cannabinoids, such as cannabigerol (CBG), cannabinol (CBN),
cannabichromene (CBC), and tetrahydrocannabivarin (THCV), which have therapeutic potential. Elicitors
such as MeJA or salicylic acid SA can boost metabolite production. Introducing multiple genes is
challenging due to the unsynchronized expression of these genes. Single-cell omics can explore cellular
conditions, revealing interactions within pathways. Systems metabolic engineering combines systems
biology, synthetic biology, and traditional methods to identify pathways and mechanisms. HRCs require
interdisciplinary strategies for improved production. HRs technology is poised to benefit from advancements
in CRISPR/Cas9 technology. Industrial hemp can help with phytoremediation and the hyperaccumulation
of organic pollutants. The use of engineered HRs systems in phytoremediation allows the removal
of contaminants [180]. They also offer potential for developing stress-resistant Cannabis strains and
maintaining production under adverse conditions. While progress has been made in utilizing HRs
for valuable products, production remains at the laboratory scale. Bioreactors need optimization for
commercial production. Integrating biosensors and artificial intelligence (AI) can improve output by
monitoring metabolites.
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