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Abstract

Industrial Cannabis sativa (Hemp) is a multipurpose revolutionary crop widely cultivated for its seeds, which are rich
in oil, CBD content, proteins, carbohydrates, fibers, as well as vitamins and minerals. Genome editing, CRISPR/Cas9 acts
as highly precise "genetic scissors" that accelerate traditional plant and animal breeding by modifying specific DNA
sequences without introducing foreign (transgenic) DNA. The world's first genome-edited rice varieties are DRR Dhan
100 (Kamala) and Pusa DST Rice 1 developed by the Indian Council of Agricultural Research (ICAR),New Delhi, India.
Genome editing, CRISPR/Cas9 revolutionizes Cannabis sativa (hemp) breeding by enabling precise, targeted
modifications in a crop traditionally hampered by dioecy and high heterozygosity. CRISPR/Cas9 technology allows for
sequence specific editing of the target genome, thereby allowing for precise control over gene modifications and
associated traits, in a low cost and straightforward manner. Gene editing has been successfully used to generate climate-
resilient crops for various climatic conditions. However, several limitations are descending its overall potential remains
limited. The biological functions of most candidate genes are poorly characterized. For practical crop improvement in
Cannabis sativa, functional validation serves as a bridge between genomic discovery and breeding applications. The
Cannabis sativa genome has long been challenging to genetically manipulate due to recalcitrance in tissue culture and
transformation, limiting functional validation of genes and targeted trait improvement. The major drawback of gene-
editing technologies is off-target, which can cause unwanted editing of other genes, which hinders their wide
applicability for crop trait improvement. Despite these advances, transformation and regeneration remain the major
bottlenecks limiting widespread genome editing in Cannabis. Another disadvantage is the lack of efficient tissue culture
methods for regeneration, transformation and regeneration of gene edited hemp crops. There are studies highlighting
successful Cannabis sativa organogenesis but the commercial scale production is still a problem. However, in vitro
regeneration of different varieties of hemp is very slow and found recalcitrant. This is another major disadvantage for
the application of genome editing, CRISPR/Cas9 in the crop improvement of Industrial Cannabis sativa, hemp. Further
limitations are caused by the regulatory uncertainty surrounding genetically edited cannabis.
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1. Introduction

Cannabis sativa L. belongs to the family Cannabaceae was used as a medicine before the Christian era in Asia, mainly in
India, China, Bhutan, Nepal, Afghanistan, Pakistan, Egypt, Africa, Iran, Persians and Latin America [176-231-235]. Many
historians believed that Indian Himalayan Region was the centre of origin of Cannabis sativa L. and Cannabis indica L
[176-189-231]. Cannabis has a long history in India, recorded in legends and religion. It was found in various habitats
ranging from sea level to the temperate and alpine foothills of the Indian Himalaya Region from where it was probably
spread over the last 10,000 years [176-190-196-231]. Now a days Cannabis sativa is a globally domesticated, cultivated
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and introduced species occurring in North and South America, Europe, Africa, Australia, Asia and other parts of world
[175-231].

Cannabis sativa L., is classified into two types as Industrial Cannabis sativa, hemp or fibre type and Medical Cannabis
sativa L. (drug or marijuana) based on its THC content [176-189-231]. Medical Cannabis sativa (drug or marijuana)
contains a very high levels of THC (above 0.3 to 38% of dry weight) [175-235]. On the other hand, Industrial Cannabis
sativa L. (Hemp) contains very low levels of THC (0 to 0.3% of dry weight[1-55]. Plants are generally classified and
regulated as industrial hemp if they contain less than 0.3% THC in the dried flower (this level varies by country) or as a
drug type with more than this threshold[176-231]. The U.S. Farm Bills describe hemp as “Cannabis sativa L. and any
part of that plant, whether growing or not, with a A-9 tetrahydrocannabinol (THC) concentration of not more than 0.3
percent on a dry weight basis [176-189-231]. Hemp is a genetically modified plant with less content of A-9
tetrahydrocannabinol (THC) concentration [176-189-197-231]. The Industrial Cannabis sativa L. (Hemp) contains very
low levels of A9-tetrahydrocannabinol (THC) (0 to 0.3% of dry weight) grown outside in a large agriculture farms for
the production of fibre, seeds and oil [176-231]. The Industrial Cannabis sativa L. (Hemp) is a short-season crop with
many applications which is used as a functional food, fibre, 3D printed building material hempcrete, biochar, bioplastic,
paper, textile, biofuel, oil, cosmetics, skincare, animal bedding, ropes, medicine and as a replacement for graphene in
supercapacitors [176-231 ].

Industrial Cannabis sativa L. ( fiber or Hemp) is legalized by FOOD SAFETY AND STANDARDS AUTHORITY OF INDIA
(FSSAI), Government of India, New Delhi since 2021 grown for seed, fibre, medicine, as the functional food, fiber and
hempcrete in Uttarakhand, and Himachal Pradesh States in India [176-189-231]. The hemp plant will continue to find
new applications due to its unique properties for sporting goods, musical instruments, portable and wearable energy
storage devices, semiconductors, nanomaterials, active packaging, bio-composite orthotic devices, and medical
applications [176-189-235]. Because of its variegate phytochemistry, C. sativa has been used in many sectors, although
the discovery of the presence in the plant of several psychotropic substances (e.g., A9 -tetrahydrocannabinol, THC)
caused a drastic reduction of its cultivation and use together with its official ban from pharmacopeias[176-231].
Fortunately, the discovery of new Cannabis sativa varieties with low content of THC as well as the biotechnological
development of new clones rich in many phytochemical components is another milestone in the Cannabis research [176-
189-235]. Concerning its content of secondary metabolites, Cannabis sativa has been well studied and as of today about
750 compounds have been reported in this plant[1-56]. A range of applications for hemp has emerged, with over 25,000
hemp or hemp-based products and uses reported in the literature [176-189-231-235].

2. Genome Editing by CRISPR/Cas9

Malabadi and Chalannavar (2026) [350], Sharma et al,, (2025) [5], Kaur et al., (2020) [37], and Singh et al.,, (2024) [154]
are of the opinion that the recent advent of genome editing tools to produce non-transgenic genome-edited crops with
no trace of foreign genetic material has the potential to overcome regulatory hurdles faced by genetically modified crops
[1-170]. Kumar et al,, (2021) [4], Sharma et al., (2025) [5], Bhattacharya et al., (2021) [6], and Kumar et al., (2019) [39]
reviewed that the advanced genome editing techniques and the CRISPR/Cas9 technology can be applied to enhance the
tolerance of the main cereal crops (wheat, rice, and maize) against any harsh climates[1-170]. The world's first genome-
edited rice varieties are DRR Dhan 100 (Kamala) and Pusa DST Rice 1 developed by the Indian Council of Agricultural
Research (ICAR),New Delhi, India (Figure-1) [4-6, 19,20, 23-27, 35, 37, 39, 40, 48, 49, 52, 58, 60, 62, 64, 66, 82, 83, 85,
105, 109, 110, 122, 127, 128]. Kaur et al,, (2025) [130], Jyoti et al., (2019) [35], and Mohr et al., (2016) [17] indicated
that these climate-smart crops use CRISPR/Cas9 technology to enhance yield, shorten maturity time, and reduce
greenhouse gas emissions without utilizing foreign DNA[1-170]. Kaur et al., (2025) [130] reviewed that the current
scenario indicates that crop production in tropical areas will be most affected by high temperatures and droughts [1-5-
15-68-99-126-163]. Kaur et al., (2025) [130], and Singh et al,, (2024) [154] are also of the opinion that climate change
is a global concern for agriculture, food security, and human health[1-163]. It affects several crops and causes drastic
losses inyield, leading to severe disturbances in the global economy, environment, and community[1-23-46-79-91-110-
146-163]. Kaur et al,, (2025) [130], and Singh et al., (2024) [154] reported that the most crops with this economic
importance, biotechnological tools (i.e., genetic engineering methods including transcription activator-like effector
nucleases (TALENSs), zinc-finger nucleases (ZFNs), and clustered regularly interspaced short palindromic repeats
(CRISPR/Cas9) are well developed and have been implemented into breeding programs for decades[1-5-15-68-99-126-
163, 350].
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Figure 1 Worlds first genome edited rice varieties developed by Indian Council of Agricultural Research (ICAR), India

3. Hemp: Genome Editing by CRISPR/Cas9

Daundasekara et al., (2026) [235] reviewed that despite its long history of use, genetics and breeding research,
industrial hemp has lagged behind that of other major crops [235]. For most of the past century, legal restrictions on
cannabis in many regions curtailed scientific research and limited the exchange of genetic resources across borders
[166-233-235]. As a result, assessments of genetic variation were historically confined to phenotypic selection, with
little to no molecular data being generated [235]. The reclassification and legalization of industrial hemp in several
regions, such as under the 2018 U.S. Farm Bill, have transformed the research landscape[235]. Daundasekara et al.,
(2026) [235] also mentioned that advances in next-generation sequencing, coupled with international efforts to develop
reference genomes, have provided unprecedented insights into the biology and evolution of industrial hemp, making it
possible to dissect complex trait variations at very small scales, analyze genome-wide diversity, and accelerate the use
of marker-assisted and genomic selection methods[235]. Shiels et al,, (2022) [166] and Singh et al,, (2024) [154]
reviewed that developing new cultivars through traditional breeding can often take a lot of time and labour [166]. Singh
etal, (2024) [154] and Shiels et al., (2022) [166] reviewed that, molecular breeding strategies such as marker assisted
selection have refined the process of breeding, but these strategies are not well developed in this species. Shiels et al.,
(2022) [166] indicated that the recent development and adoption of genome editing technologies such as CRISPR
(clustered regularly interspaced short palindromic repeats) offers a means to improve hemp varieties in a more precise
and less time-consuming way[166]. Many hemp varieties do not self-pollinate, and this prevents using this strategy to
obtain homozygous plants. Acharya et al,, (2019) [19] and Singh et al,, (2024) [154] reviewed that gene-editing
technology allows breeders to modify genes on both alleles to achieve homozygous lines in one generation[166].
Daundasekara etal., (2026) [235] and Shiels etal., (2022) [166] are of the opinion that potential targets for gene-editing
in hemp include genes controlling cannabinoid production and accumulation, fibre deposition, disease susceptibility
and seed oil quality[166]. However, genome editing technology, CRISPR/Cas9 to improve the beneficial properties of
hemp have not yet been deployed [166-170, 235]. This is mainly due to the long history of the prohibition of
recreational/drug type cannabis, along with the strict regulation and lower market value of hemp, these tools are
rudimentary, and many common techniques used in other crops have yet to be applied to cannabis [166-170-231, 235].
Recent availability of high-quality Cannabis genome sequences from several strains (cannabidiol and
tetrahydrocannabinol balanced and CBD/THC rich strains) have paved the way for improving the production of valuable
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bioactive molecules for the welfare of humankind and the environment[166-170, 235]. With recent shifts towards the
legalization of cannabis for medicinal and recreational purposes in many jurisdictions and the establishment of a legal
market for cannabinoids, cannabis production is becoming a large-scale enterprise similar to other major crops [166-
170, 235]. Along with the emergence of legal commercial producers, the need for modern technologies for genetic
improvement is steadily increasing[166-170, 235]. While biotechnology of cannabis is still relatively new and unrefined,
with the advent of affordable large-scale sequencing technologies (i.e.,, next-generation sequencing (NGS) and the
increasing body of candidate genes for traits of interest, we argue that it is time for a paradigm shift toward improving
cannabis genetics through genetic engineering [166-170, 235].

CRISPR/Cas9 genome editing revolutionizes Cannabis sativa (hemp) breeding by enabling precise, targeted
modifications in a crop traditionally hampered by dioecy and high heterozygosity[1-166-170, 235]. It accelerates the
development of elite, homozygous lines in a single generation, overcoming reproductive barriers that typically delay
conventional breeding[166-170, 235]. Scientists and agricultural biotechnology companies are leveraging CRISPR/Cas9
to address specific bottlenecks in industrial hemp production [166-170, 235]. Researchers successfully target and knock
out genes like CBDAS (cannabidiolic acid synthase) to create cannabinoid-free hemp lines[166-170]. This trait is critical
for farmers to ensure crops consistently test well below strict legal THC thresholds. Conversely, it is used to elevate or
isolate novel cannabinoids (e.g, CBG) for pharmaceutical or industrial use [166-170]. Cannabis crops are highly
susceptible to pathogens like powdery mildew and Hop Latent Viroid (HLVd) [166-170]. Gene-editing is utilized to
engineer targeted resistance against these devastating agricultural diseases[166-170, 235]. For industrial applications
(e.g., textiles, biocomposites, paper), CRISPR is being researched to optimize cellulose and lignin deposition pathways,
creating hemp stalks with superior fiber strength and fineness [166-170]. Scientists are working to introduce traits that
allow hemp plants to withstand severe heat, drought, and varying environmental conditions[166-170]. Despite its vast
potential, applying CRISPR/Cas9 to Cannabis sativa presents notable biological challenges. Hemp is highly recalcitrant
to standard plant tissue culture [237-350] and transformation techniques [166-170-231, 235, 237-253]. Protocols rely
on Agrobacterium tumefaciens-mediated transformation utilizing meristem explants to avoid issues with callus
formation. However, transformation frequencies in hemp remain lower than in heavily studied commodity crops like
corn or soybeans[166-170, 235]. Furthermore, optimizing in vitro regeneration systems and exploring base-editing
technologies (such as CBE and ABE) to bypass traditional, lengthy transgenesis pipelines are key areas of current
research [166-170]. Leading institutions—such as the University of Wisconsin-Madison, USA are pioneering these
precise editing approaches, which promise to transform hemp from an unpredictable cash crop into a highly uniform,
resilient, and standardized industrial resource[166-170-231, 235, 236].

Shiels et al., (2022) [166] reviewed that a knockout of the THC acid synthase gene via genome editing is a way to derive
THC-free, high-CBD plants which would have huge value in countries with strict laws on THC levels. A patent filed by
Canopy Growth Corporation details overexpression of genes regulating trichome development (e.g. GLABROUS
INFLORESCENCE STEMS (GIS)) produced trichomes in greater density and abundance, and had a ten-fold increase in
THC production over unmodified plants [166]. Using non-transgenic genome editing technology, the target gene(s) can
be overexpressed by editing the respective regulatory (enhancer/ promoter) elements upstream of a gene. Fibre quality
of cultivated hemp plants can be improved by upregulating the expression of genes involved in the formation of bast
fibres (phloem fibres). Several well-known transcription factors including NST1, MYB46 and WILM1 control secondary
cell wall deposition and bast fibre development in hemp hypocotyls. The genes SND2, VND1 and NST1 are master
regulators of secondary cell wall development. Hemp is susceptible to a range of diseases that can lead to loss in yield
and decrease the overall value of the crop[166]. Common pathogens of hemp include fungi, oomycetes, viruses,
nematodes, and bacteria. Genome editing technologies offer a way to generate disease resistant varieties with greater
precision and in a faster time frame than traditional breeding methods[166]. Targeting resistance (R) and susceptibility
(S) genes are one way to increase a plant’s resistance. A recent study has identified a powdery mildew resistance (R)
gene in a Cannabis sativa cultivar, designated PM1, that confers resistance to the pathogen Golovinomyces ambrosiae
[166]. Improving food quality of seed and seed oil is also possible. Targeting FAD2 genes which are involved in
converting oleic acid to linoleic acid and linolenic acid offer a reliable target to upregulate oleic acid production.
Mutagenesis studies on the hemp cultivar Finola have shown increased oil quality (high oleic content) and shelf life
through targeted mutations of fatty desaturase genes CsFAD2 and CsFAD3[166].

CRISPR/Cas-mediated genome editing has exceptionally improved plant biotechnology [1-175, 235]. This system is
robust and offers relatively high target programmability and specificity that can allow accurate genetic modification[1-
175]. The CRISPR/Cas system provides a unique opportunity to improve cannabis varieties with desired traits in a
sustainable fashion[1-175]. Recently, Zhang et al.,, 2021 [170] employed the CRISPR/Cas9 system to knock out the
phytoene desaturase gene and they reported that four edited cannabis plantlets with albino phenotype have been
successfully generated[1-175, 235]. However, the numerous new biotechnological methods such as base editing and
prime editing based on CRISPR/Cas platforms would expand cannabis synthetic biology and the toolbox of fundamental
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research[1-175, 235]. Zhang et al. (2021) [170] found that cannabis embryo hypocotyls of immature grains collected
15 days after anthesis exhibited the greatest regeneration rate and were also more amenable to agrobacterium
transformation[170, 235]. The authors used G41sg vector to deliver sgRNA targeting phytoene desaturase gene
(CsPDS1) generating albino plants[170]. This method therefore can play an important role in functional genomics of
cannabis genes and release the real potential of gene editing in the production of improved cannabis varieties. This is
the first published report of successful gene editing in Cannabis sativa, which paves the way for further developments
in non-transgenic genome editing technology[170]. Regenerating transfected protoplast cells into complete plants is
also challenging. The first report of DNA-free (or non-transgenic) genome editing described the successful regeneration
of genome edited lettuce protoplasts into complete plants [170, 215]. The authors incubated preassembled complexes
of purified Cas9 protein and guide RNA with plant protoplasts in the presence of polyethylene glycol (PEG), a standard
and widely used transfection method [170, 215, 235]. Interestingly, RNA-guided mutations were detected as early as
24 h, suggesting the quick Cas9 activity even before the cell cycle was completed[170, 215]. The transfected protoplasts
were mixed with a 1:1 solution of 50% B5 medium and 2.4% agarose to make agarose embeddings plated on 6-well
plates [170, 215]. For regenerating plants from genome edited grapevine protoplasts the authors embedded the
protoplasts in alginate disks and stimulated the formation of mini-calli in NN-based cultivation medium [170, 215].
Another study demonstrated PEG mediated transient transformation of Cannabis sativa protoplasts with a p35S:GFP
expression cassette and achieved a transformation efficiency of up to 31%, thus demonstrating the viability of
protoplast transformation in this species[170, 215]. Effective protoplast culture protocols provide a platform for whole
plant regeneration, and a platform to test sgRNAs in optimizing CRISPR protocols[170, 215]. Shiels et al., (2022) [166]
reviewed that cannabis, co-transformation of native homologs of developmental regulators in combinations increased
shoot regeneration efficiency up to 1.7-fold with CsGRF3-CsGIF1 chimera and all chimeras containing CsWUS4[166].
Shiels et al., (2022) [166] are of the opinion that even though hemp has large genetic diversity and traditional breeding
still offers utility to improve varieties, application of these new plant breeding technologies allows highly specific
changes in markedly shorter timeframes[166]. In producing new allelic variation in crop species, CRISPR is the most
powerful tool available to breeders, and should be exploited for its full potential[1-166, 235, 350].

A successful CRISPR/Cas system experiment requires designing target-specific guide RNAs (gRNAs) and an efficient
regeneration protocol for developing transgenic/edited plantlets [1-175]. The gRNA is categorized as a chimeric RNA
including a CRISPR RNA (crRNA) and a trans-activating crRNA (tracrRNA). The crRNA consists of a guide (spacer)
sequence that accurately navigates the Cas9 protein to the targeted gene. Then, the targeted DNA is cleaved by the RNA-
guided DNA endonuclease Cas9[235]. Another key part of CRISPR/Cas-mediated genome editing is the protospacer
adjacent motif (PAM), which is a conserved and CRISPR-dependent DNA sequence motif adjacent to the target site
(protospacer) and is utilized by the endogenous CRISPR in archaea and bacteria to discriminate invading and self-DNAs.
Generally, the application of an effective and precise CRISPR/Cas system is strongly dependent on the selection of the
best guide sequence (gRNA target site) [1-175]. The prediction of the presence of off-target sites (i.e., unintended
mutations) is one of the most important steps in designing gRNA for CRISPR/Cas-mediated genome editing. The design
of the candidate gRNAs starts with the screening of the organism’s whole-genome sequence. Therefore, the availability
and accessibility of a high-quality reference genome is required, which is the case in cannabis [252]. The genome of
cannabis has been de novo assembled nearly a decade ago [253]; however, there are still some major challenges to using
the cannabis reference genome. Currently, 12 different genomes (assembled and annotated) are available for cannabis
[252]. Having multiple reference genomes can be considered a bonus, but, contradictorily, there are significant
differences in reported genome size, chromosome order, and gene annotations among cannabis genome assemblies
[166-176]. Therefore, designing a precise and accurate gRNA is an important starting point for highquality CRISPR/Cas-
mediated genome editing in cannabis with the minimum off-target activities.

On the basis of literature survey, most of the tissue culture studies on Cannabis sativa has reported as recalcitrant [176-
231]. Plant tissue culture plays an important role in the modern breeding methods and enhance sustainable agriculture
[237-350]. The good news is that the literature on tissue culture studies of Cannabis sativa is slowly warming up [118-
152]. There are studies highlighting successful Cannabis sativa organogenesis but the commercial scale production is
still a problem [176-231]. Till today there are no reports on the induction of somatic embryogenesis in Cannabis sativa.
Direct de-novo organogenesis often appears to yield good results, while indirect regeneration via callus formation
generally has regeneration rates that are absent or relatively low [118-152]. The failures of the last 20 years and the
challenges faced by the scientists, therefore, prompted the researchers to classify Cannabis sativa as a recalcitrant
species to plant regeneration and DH induction [175-231].

Daundasekara et al., (2026) [235] reviewed that several candidate genes in Cannabis sativa associated with traits such
as cannabinoid biosynthesis, sex determination, fiber development, seed quality, disease resistance, and abiotic stress
tolerance have been identified through expanding genomic resources[235]. However, the biological functions of most
candidate genes are poorly characterized [235]. For practical crop improvement in Cannabis sativa, functional
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validation serves as a bridge between genomic discovery and breeding applications[235]. Over the past decade,
research into the genetic editing and targeted engineering of Cannabis sativa has accelerated considerably but remains
in its early stages relative to major crops such as rice or maize[235]. The Cannabis sativa genome has long been
challenging to genetically manipulate due to recalcitrance in tissue culture and transformation, limiting functional
validation of genes and targeted trait improvement [235]. However, recent studies have begun to unlock both transient
and stable gene manipulation systems that lay the groundwork for future breeding and trait engineering in industrial
hemp[235]. The development of CRISPR-based genome editing, together with speed breeding systems that accelerate
generation turnover, is opening new possibilities for rapid trait validation and genotype development[235]. Future
genome-editing approaches may extend beyond CRISPR/Cas9 systems to include multiplex editing, base editing, prime
editing, and transgene-free editing strategies[235]. These emerging technologies offer the potential to precisely modify
cannabinoid biosynthetic pathways, improve stress resilience, alter flowering behavior, and enhance seed and fiber
quality while minimizing unintended genomic changes [235].

The ultimate goal of functional genomics is the generation of stable and heritable genetic modifications[235]. This was
advanced by the first successful stable gene editing in industrial hemp using Agrobacterium-mediated transformation
combined with CRISPR/Cas9[235]. By optimizing explant choice and culture conditions, including the use of a
developmental regulator chimera to enhance regeneration, the study generated transgenic C. sativa plants with targeted
knockout of the phytoene desaturase gene (CsPDS1) [235]. Edited seedlings exhibited the expected albino phenotype,
and T-DNA integration was confirmed in the Cannabis genome, validating both transformation and editing in a stable
context[235]. The work represents the first proof of concept for CRISPR/Cas9-based editing in industrial hemp and
provides a foundation for future functional genomics and trait improvement [235]. Beyond gene knockouts, CRISPR-
based technologies offer opportunities for engineering cannabinoid biosynthesis, modifying flowering behaviors,
manipulating sex expression, improving disease resistance, and enhancing stress tolerance[235]. Despite these
advances, transformation and regeneration remain the major bottlenecks limiting widespread genome editing in
Cannabis [235].

Daundasekaraetal,, (2026) [235] are of the opinion that transformation efficiencies remain highly genotype-dependent,
and many elite cultivars exhibit poor regeneration responses[235]. An improved transformation protocol using a rapid
Agrobacterium-mediated transformation method has been described: it produced stably transformed C. sativa plants
from various explants (hypocotyls, cotyledons, and meristems) and achieved higher regeneration and transformation
rates than earlier attempts[235]. This methodology not only provides a route for transgene insertion but also enhances
the potential for targeted editing using CRISPR/Cas systems by increasing the pool of transformable tissues [235]. In
parallel, genotype-independent de novo regeneration systems are emerging, enhancing shoot organogenesis from
explants across diverse industrial hemp cultivars without genotype limitations [235]. Scalable regeneration is arguably
the rate-limiting step in industrial hemp transformation, and progress here has system-wide implications for how
reliably genome editing can be applied across breeding germplasm [235].

However, despite rapid advances in both transient and stable gene manipulation systems, Cannabis sativa still lags
behind major model and crop species in the implementation of advanced genome engineering technologies[235]. This
gap is primarily due to a combination of biological and technical constraints[235]. A key limitation is the strong
genotype-dependent recalcitrance to tissue culture and regeneration [237-350], where many elite industrial hemp
cultivars show poor callus induction and low shoot regeneration efficiency[235]. These limitations directly reduce the
recovery of stable edited lines and hinder scalable genome-editing applications[235]. In addition, low and inconsistent
transformation efficiency, particularly in Agrobacterium-mediated systems[237-350], further restricts reproducibility
across genotypes and laboratories, preventing the establishment of standardized editing pipelines comparable to those
in model crops[235].

Another limiting factor is the incomplete functional annotation of Cannabis genomes and the lack of well-resolved gene
regulatory networks for complex traits such as cannabinoid biosynthesis, sex determination, and stress
adaptation[235]. Most candidate genes identified through these approaches remain experimentally unvalidated,
creating a significant gap between genomic prediction and functional application [235]. Current gene editing primarily
relies on first-generation CRISPR/Cas9 approaches, while advanced technologies such as multiplex genome editing,
base editing, prime editing, and transgene-free editing have not yet been widely implemented in Cannabis [162-164,
235]. This limited implementation is largely constrained by regeneration inefficiency and transformation bottlenecks,
as well as the absence of genotype-independent delivery systems[235]. Further limitations are caused by the regulatory
uncertainty surrounding genetically edited Cannabis. Collectively, the development of VIGS, viral silencing systems,
agroinfiltration platforms, transient over-expression tools, and CRISPR/Cas9-based genome editing represents a rapid
evolution of functional genomics in C. sativa [235]. Through these advances, Cannabis research has been shifting from
descriptive genomics toward mechanistic gene function analysis and targeted metabolic engineering [235]. Together,
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they mark a transition from simple observing genomic patterns to functional and engineering-based biology[235]. This
opens new opportunities for the improvement in cannabinoid content, disease resistance, seed quality, and stress
tolerance [235]. Similarly, base editing and prime editing technologies offer the ability to introduce precise nucleotide
changes without double-strand breaks[235]. This is highly valuable for fine-tuning enzyme activity within cannabinoid
and terpene pathways[235]. These approaches would allow for allele-level engineering rather than complete gene
disruption, enabling more predictable metabolic outcomes[235].

In another major development, The USDA's Animal and Plant Health Inspection Service (APHIS) recently issued
regulatory status review responses for two new varieties of gene-edited hemp, determining they are not subject to
federal regulation under 7 CFR part 340 [236]. Developed by researchers at the University of Wisconsin-Madison, these
gene-edited plants were found to pose no increased plant pest risk compared to conventional hemp[236]. This federal
clearance marks a significant milestone in streamlining the path from the laboratory to commercial cultivation for
precision-bred industrial crops[236]. Badger PMR (powdery mildew resistant) has full resistance to powdery mildew,
while Badger Zero (cannabinoid-free) is cannabinoid-free[236]. The primary innovation involves the creation of hemp
varieties that are genetically incapable of producing THC (tetrahydrocannabinol), the psychoactive compound found in
cannabis[236]. By using CRISPR/Cas9 gene editing technology to switch off the specific genes responsible for THC
production, the UW-Madison team has solved a major hurdle for the industry[236]. This genetic certainty prevents
crops from "going hot"—a term used when THC levels unexpectedly exceed the legal limit of 0.3%—which previously
forced farmers to destroy entire fields to comply with federal law [236]. Beyond the removal of THC, the researchers
have also engineered varieties with increased concentrations of CBG (cannabigerol), a non-psychoactive cannabinoid
valued for its potential therapeutic benefits [236]. These advancements are expected to stabilize the hemp market by
providing growers with reliable, high-value, legally compliant varieties[236]. With the USDA's regulatory green light,
these precision-bred hemp lines are now poised to revitalize the industry, offering a more secure and profitable future
for farmers across the United States[236].

4. Bioinformatic tools for CRISPR/Cas9 system

Hesami et al., (2021)[168], Malabadi and Chalannavar (2026) [350], Sharma et al., (2025) [5], Kaur et al,, (2020) [37],
and Singh et al,, (2024) [154] reviewed that over the past few years, several bioinformatics tools have been developed
to design gRNAs and predict, in silico, the off-targets. Generally, these tools exploit a similar algorithm to design gRNA
[1-175]. However, some characteristics related to the gRNA spacer region (e.g., number and type of mismatch, GC-
content, length, and indels) and the selection of specific Cas-nucleases vary between these tools [1-175]. In general,
these tools provide multiple sequences for designing gRNA, which are appropriate for editing similar genome
conservative motives of various evolutionarily related genotypes)[168]. These tools require the sequence of the
targeted gene and the Cas-nucleases type[1-168]. Then they search the genome and provide information related to
candidate gRNAs such as the potential protospacers, both non-ranked and ranked with respect to their fitness, and off-
target sites [168]. Generally, considering variations in the nucleotide sequences and the increase in individual gene copy
number, it is necessary to design multiple gRNAs for each target for an efficient genome editing[168].

Hesami et al., (2021)[168] discussed and reviewed that CRISPR RGEN is a web-based tool that also includes BE-
Designer, Cas-OFFinder, Cas-Designer, Microhomology-Predictor, and some other tools that can be employed for post-
editing analysis)[168]. Implementation of multiple tools increases the flexibility of CRISPR RGEN Tools that can be
illustrated by the following examples: The Cas-Designer can detect potential protospacers in the analyzed sequence. It
also provides a broad range of nucleases containing mutant forms with various PAM-sequences: SpCas9 (NRG for the
off-target sites and NGG for the target sites), SaCas9 (NNGRRT), StCas9 (NNAGAAW), VRER SpCas9 (NGCG), wtSpCas9
(NNGTGA), NmCas9 (NNNNGMTT), VQR SpCas9 (NGA), CjCas9 (NNNNRYAC), CjCas9 (NNNVRYAC), BhCas12b (TTN),
FnCpf1 (KYTV), FnCpf1 (TTN), AsCpfl (TTTV), AsCpfl (TTTN), etc[168]. In the protospacer searches, one may specify
if it is essential to find the probability of single nucleotide indels. In this case, the tool notifies about enhancing the time
of the search)[168] . However, if this option is not applied, the results of the search returns immediately. Other
parameters are chosen by default. Cannabis genome should be selected from the list to run the search)[168]. Further
changes to other options of the Cas-Designer can be applied when it is locally installed on a computer )[168]. Hesami et
al,, (2021)[168] also indicated that the Microhomology-Predictor facilitates the forecast of the type of microhomology-
mediated end-joining (MME]) and nonhomologous end-joining (NHE]) by analyzing the microhomology of nucleotide
sequences in the sites of double-strand breaks )[168]. The Cas-OFFinder tool can be used to screen possible off-target
sites in the genome. Furthermore, this tool can be independently applied for previously selected gRNAs to find off-target
sites[1-168]. For analysis, it is essential to insert the selected gRNAs sequences, specify the number of indels (both in
RNA and DNA) and the adequate number of mismatched nucleotides, similarly Cas-Designer [168]. The BE-Designer
tool can be applied for designing gRNAs to edit individual nitrogenous bases. Although Cas-Designer works similarly to
BE-Designer, there are some differences. For instance, the selection of the corresponding nucleases and the PAM-
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regions is slightly limited in the BE-Designer, and the “window” size should be chosen for searching the targeted
substitution of nucleotides (A—G or C—T) and the editing sites[168]. The results would be provided in a table, in which
the substituted nucleotides are shown with a specific color [168]. The CRISPOR is another user-friendly tool with a
detailed user manual. Selecting optimal protospacers in this tool can be performed in three steps)[168]. In the first step,
the sequence of the targeted gene should be provided by the user. In the second step, the genome (e.g., cannabis) should
be selected. In the third step, the Cas9 nuclease must be selected out of 33 options[168]. The results of the search are
provided in both table and graphic formats. The analyzed sequence is represented, and the potential edited sites are
highlighted with various colors, relating to low, medium, and high specificity)[168]. Moreover, the table of the results
includes information regarding the “Cloning/PCR primers”, protospacers sequences, their positions with indicated DNA
chains, expression of a specific gRNA, and cloning[168]. Two algorithms are used to assess the efficiency of the proposed
gRNAs and, also, specificity is used to rank the proposed gRNAs. In addition to predicting the types of microhomology,
it foresees the off-target sites with the number of mismatches [168]. The CRISPR/Cas9 Target online predictor (CCTop)
tool is applied to design and screen gRNAs for on-target and off-target sites. It can use a wide range of Cas-9 nucleases
from various bacterial strains (e.g., Campylobacter jejuni, Streptococcus pyogenes, Treponema denticola, Staphylococcus
aureus, Streptococcus thermophilus, and Neisseria meningitidis), their mutant forms, as well as Cpfl from Francisella
novicida and Lachnospiraceae/Acadaminoccus)[168]. The most intriguing feature of this tool is its ability to add
nucleotides in the form of one or two guanines at the 50 -end of the spacer region to improve in vitro transcription.
Additionally, two favorable nucleotides adjacent to the PAM region can be considered in order to prevent them from
being with the gRNA)[168]. This tool exploits the CRISPRater prognosis algorithm to rank predicted gRNAs. gRNAs in
intergenic, introns, and exons spacers are presented in various colors. This tool shows information in both table and
graphic formats [168].

Hesamietal.,, (2021)[168] reported that the CHOPCHOP tool can be used to design and screen gRNAs with the capability
to work in complex with the Cpfl nuclease and Cas9-nuclease and its nickase forms[168]. The search for gRNA can be
run either in all 50 - or 30 -non-coding regions, splicing sites, exons, and in the promoter sequence or in a specified
coding region, the length of which would be chosen individually[168]. Moreover, the restriction sites in the edited region
can be screened by the corresponding enzymes with the manufacturer’s name. After finishing the search, an adjustable
color graphic and an interactive table with ranked gRNA target sequences, consisting of DNA chains, the GC-
composition, and other information are provided [168].

The Breaking Cas tool can be applied for designing gRNAs and screening the off-target sites) [168]. It is essential to
select the form of nuclease from the three types of Cpf1 and the four types of Cas9 with mismatch number and the length
of pre-set spacers[168]. It is also possible to select a “Custom” nuclease, which is followed by providing the
corresponding lengths of the spacer sequence of gRNA, PAM-sequences, and an acceptable number of mismatche[168].

5. Genome Editing by CRISPR/Cas9

Kaur et al,, (2025) [130], Bhoomika et al., (2024) [109], Kumara et al., (2025) [164] Shiels et al., (2022) [166], Santosh
Kumar et al, (2020) [110] reviewed that genome editing by CRISPR/Cas9 is revolutionizing plant biology and
agriculture in developing improved crops with novel traits[1-130-175]. CRISPR/Cas9 technology allows for sequence
specific editing of the target genome, thereby allowing for precise control over gene modifications and associated traits,
in a low cost and straightforward manner [1-166-175]. This level of control over DNA sequence change is
unprecedented. It is a vast improvement over previous genome modification tools and opens new doors for exciting
developments in the fields of medicine and agriculture [1-166-175]. Agrobacterium-mediated CRISPR transformation
is being widely used for targeted crop improvement to develop gene knockouts, knock-ins, transcriptional regulation,
and epigenetic changes in the genome to achieve novel traits[1-166-175]. However, Agrobacterium-mediated
transformation may pose a bottleneck for regulatory approval because of the introduction of external plasmid DNA into
the plant genome[1-166-175].

The newest next-generation genome editing technology encompasses modifying/editing the DNA bases by direct
delivery of CRISPR/Cas ribonucleoprotein (RNP) complexes into plant tissue, such as protoplasts, embryos or in-
vitro grown calli [1-166-175]. The transformed plant tissue is grown in a suitable media to regenerate entire plants
followed by screening for the genome edited plant lines[1-166-175]. This approach eliminates the opportunity for
plasmid encoded DNA elements to integrate into the plant genome, thereby mimicking natural mutations[1-166-175].
In addition to introducing mutations and deleting entire fragments of DNA elements, CRISPR/Cas technology is also
being used to introduce a specific DNA fragment to a precise location in the genome[1-166-175]. A specific donor DNA
is included together with Cas9 and sgRNA which spans the flanking regions of the target site with the donor DNA
element in between[1-166-175]. The presence of this single-stranded DNA triggers the Homology Directed Repair
(HDR) mechanism wherein the donor DNA is used as a template by the DNA repair machinery to repair the cut target
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site, and consequently the target DNA sequence gets introduced to the target genome [1-166-175]. This new generation
of precision methods has several applications in hemp breeding such as gene knockout/knock-in, base editing, gene-
and genome-wide screening, modifying gene regulation, and developing virus resistant plants, as demonstrated in
different recalcitrant species such as wheat, maize and grape [1-166-175].

In vitro tissue culture techniques (e.g., callus and cell culture, de novo regeneration, hairy root culture) are the basis of
micropropagation [237-350] and breeding in cannabis [166-175-231]. In vitro culture methods coupled with genetic
engineering techniques (e.g., Agrobacterium-mediated gene transformation and genome editing) as well as polyploidy
induction offer opportunities for producing new genotypes and manipulating secondary metabolite production in
cannabis [166-175-231]. Although conventional genetic engineering tools (e.g., Agrobacterium-mediated gene
transformation and A. rhizogenes-mediated hairy root cultures) can alter the production of some secondary
metabolites, it seems that the CRISPR/Cas9 system has more potential than these tools to introduce new germplasms
and enhance secondary metabolite production in cannabis in a faster manner [1-166-175-231]. Therefore,
biotechnologcal methods can be employed in order to develop improved genetics to help satisfy the demands of
producers and consumers[166-175-231].

Efficient and reliable in vitro culture procedures[237-350] can be considered as an important prerequisite for successful
gene transformation, genome editing, micropropagation, and conservation of cannabis[166-175-231].
Micropropagation is a powerful tool that can develop and propagate new varieties. Polyploidy induction is also a method
that can influence secondary metabolites. Although current shoot proliferation-based protocols are relatively developed
for mass propagation of cannabis, it is necessary to develop somatic embryogenesis, organogenesis, and haploid
production protocols especially for gene transformation and genome editing studies[166-175-231]. Agrobacterium-
mediated gene transformation has been described in cannabis. Recently, transgenic plant regeneration has been
successfully obtained. It seems that using morphogenic genes can help overcome challenges in transgenic plant
regeneration. The production of secondary metabolites is another important aspect of in vitro culture of cannabis.
Although several studies have attempted to manipulate secondary metabolite production in cell suspension culture and
hairy root culture of cannabis, small amounts of cannabinoids have been produced[166-175-231]. Therefore, it is
necessary to apply new methods such as CRISPR/Cas-equipped A. rhizogenes-mediated hairy root culture for increasing
or changing secondary metabolite profiles[166-175-231]. Machine learning algorithms can also be considered as robust
computational biology for a comprehensive study of secondary metabolites and, also, modeling and optimizing hairy
root culture or cell sus pension culture for improving its yield[166-175-231]. Generally, cannabis plants still provide
the most efficient natural sources of secondary metabolites, and, in particular, cannabinoids and modern
biotechnologies will play an important role in further genetic improvement[166-175-231].

6. Conclusion

Cannabis sativa L. is an economically significant multi-use crop valued for fiber, seed, and phytochemical production.
Compared with other crops, advancement in Cannabis sativa has been slow due to regulatory constraints and genetic
resource limitations. Recent advances in technology have transformed the research landscape, supporting a deeper
understanding of the genetic architecture underlying key agronomic traits. Tissue culture protocols plays an important
role in the application of genome editing. Efficient and reliable in vitro culture procedures can be considered as an
important prerequisite for successful gene transformation, genome editing, micropropagation, and conservation of
cannabis. Genome editing tools to produce non-transgenic genome-edited crops with no trace of foreign genetic
material has the potential to overcome regulatory hurdles faced by genetically modified crops. A successful CRISPR/Cas
system experiment requires designing target-specific guide RNAs (gRNAs) and an efficient regeneration protocol for
developing transgenic/edited plantlets. The adoption of genome editing technologies such as CRISPR (clustered
regularly interspaced short palindromic repeats) offers a means to improve hemp varieties in a more precise and less
time-consuming way. However, genome editing technology, CRISPR/Cas9 to improve the beneficial properties of hemp
have notyet been deployed. This is mainly due to the long history of the prohibition of recreational /drug type cannabis,
along with the strict regulation and lower market value of hemp, these tools are rudimentary, and many common
techniques used in other crops have yet to be applied to cannabis. The major drawback of gene-editing technologies is
off-target, which can cause unwanted editing of other genes, which hinders their wide applicability for crop trait
improvement. Another disadvantage is the lack of efficient tissue culture methods for regeneration, transformation and
generation of gene edited crops due to recalcitrant nature of Industrial Cannabis sativa, hemp.

323



World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Compliance with ethical standards

Disclosure of conflict of interest

No conflict of interest to be disclosed.

References

[1]

Anzalone AV, Koblan LW, Liu DR. Genome editing with CRISPR-Cas nucleases, base editors, transposases and
prime editors. Nat Biotechnol. 2020; 38:824-844.

Gostimskaya I. CRISPR-Cas9: A History of Its Discovery and Ethical Considerations of Its Use in Genome Editing.
Biochemistry (Mosc). 2022;87(8):777-788.

Ishino Y, Shinagawa H, Makino K, Amemura M, Nakatura, A. Nucleotide sequence of the iap gene, responsible for
alkaline phosphatase isoenzyme conversion in Escherichia coli, and identification of the gene product,
J. Bacteriol. 1987; 169, 5429-5433, doi: 10.1128/ jb.169.12.5429-5433.1987

Kumar D, Yadav A, Ahmad R, Dwivedi UN and Yadav K. CRISPR-Based Genome Editing for Nutrient Enrichment
in Crops: A Promising Approach Toward Global Food Security. Front. Genet. 2022; 13:932859. doi:
10.3389/fgene.2022.932859.

Sharma N, Thakur K, Zinta R, Mangal V, Dalamu, Tiwari JK, Sood S, Dutt S, Kumar V, Singh B, Thakur AK. Genome
editing research initiatives and regulatory landscape of genome edited crops in India. Transgenic Res. 2025;
34:13.

Bhattacharya A, Parkhi V, Char B. Genome editing for crop improvement: A perspective from India. In Vitro Cell
Dev Biol Plant. 2021;57(4):565-573.

Ahmad A, Jamil A, Munawar N. GMOs or non-GMOs? The CRISPR Conundrum. Front Plant Sci. 2023;14:1232938.
Doench ]JG. Am I ready for CRISPR? A user’s guide to genetic screens. Nat Rev Genet. 2017; 19:67-80.
Hanna RE, Doench ]G Design and analysis of CRISPR-Cas experiments. Nat Biotechnol. 2020; 38:813-823.

Radzisheuskaya A, Shlyueva D, Miiller I, Helin K. Optimizing sgRNA position markedly improves the efficiency of
CRISPR/dCas9-mediated transcriptional repression. Nucleic Acids Res. 2016; 44:e141-e141.

Genome Editing: The Next Big Revolution in Indian Agriculture - TCI (cornell.edu)
How to Design CRISPR Guide RNAs For Highest Editing Efficiencies (synthego.com).
CRISPR Design Tools - Synthego.

Shravanti S. Beginner’s guide to CRISPR-Cas9-based gene editing. PhD candidate in the Department of
Biochemistry, Biophysics and Molecular Biology at [owa State University. Biochem (Lond). 2021; 43 (4): 36-40.

Anzalone AV, Koblan LW, Liu DR. Genome editing with CRISPR-Cas nucleases, base editors, transposases and
prime editors. Nat. Biotechnol. 2020;38: 824-844.

CRISPR-Cas9 guide RNA design checker | IDT (idtdna.com).

Mohr SE, Hu Y, Ewen-Campen B, Housden BE, Viswanatha R, Perrimon N. CRISPR guide RNA design for research
applications. FEBS J. 2016;283(17):3232-8.

Abdallah NA, Prakash CS, McHughen AG. Genome editing for crop improvement: challenges and opportunities.
GM Cr Food. 2015; 6: 183-205.

Acharya S, Mishra A, Paul D, Hussain A, Azhar M. Kumar M, Rauthan R, Sharma N, Aich M, Sinha D, Sharma S, Jain
S, Ray A, Jain S, Ramalingam S, Maiti S, Chakraborty D. Francisella novicida Cas9 interrogates genomic DNA with
very high specificity and can be used for mammalian genome editing. ProcNatl Acad Sci. 2019; 116: 20959-20968

Barman A, Deb B, Chakraborty. A glance at genome editing with CRISPR-Cas9 technology. Curr Genet. 2020;
66:447-462

Barrangou R, Marraffini LA. CRISPR-Cas systems: prokaryotes upgrade to adaptive immunity. Mol Cell. 2014;
54:234-244

Bharat SS, Li S, Li ], Yan L, Xia L. Base editing in plants: current status and challenges. Crop J. 2019; 8:384-39.

324



World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Bhattacharya A, Parkhi V, Char B (eds). CRISPR/Cas genome editing: strategies and potential for crop
improvement. Springer. 2020; https://doi.org/10.1007/978-3-030-42022-2

Bisht DS, Bhatia V, Bhattacharya R. Improving plant-resistance to insect-pests and pathogens: The new
opportunities through targeted genome editing. Semin Cell Dev Biol. 2019; 96:65-76.

Chib S, Thangaraj A, Kaul S, Dhar MK, Kaul T. Development of a system for efficient callus production, somatic
embryogenesis and gene editing using CRISPR/Cas9 in Saffron (Crocus sativus L.). Pl Meth. 2020;16:47

Das A, Sharma N, Prasad M. CRISPR/Cas9: A novel weapon in the arsenal to combat plant diseases. Front PI Sci.
2019; 9:2008

Debbarma ], Sarki YN, Saikia B, Boruah HPD, Singha DL, Chikkaputtaiah C. Ethylene response factor (ERF) family
proteins in abiotic stresses and CRISPR-Cas9 genome editing of ERFs for multiple abiotic stress tolerance in crop
plants. Mol Biotechnol. 2019; 61:153-172

Ding Y, Li H, Chen L-L, Xie K. Recent advances in genome editing using CRISPR/Cas9. Front P Sci. 2016; 7:703

Farhat §, Jain N, Singh N, Sreevathsa R, Dash PK, Raj R, Yadav §, Ananda PK, Sarkar AK, Jain A, Singh NK, Rai V.
CRISPR-Cas9 directed genome engineering for enhancing salt stress tolerance in rice. Semin Cell Dev Biol. 2019;
96:91-99.

Gaj T, Gersbach CA, Barbas CF. ZFN, TALEN, and CRISPR/ Cas-based methods for genome engineering. Trends
Biotechnol. 2013; 31: 397-405.

Gaj T, Sirk SJ, Shui S-1, Liu ]. Genome-editing technologies: principles and applications. Cold Spring Harb Perspect
Biol. 2016; 8: a023754.

Gao. The future of CRISPR technologies in agriculture. Nat Rev Mol Cell Biol. 2018;19:275-276.

Gatica-Arias A, Valdez-Melara M, Arrieta-Espinoza G, Albertazzi- Castro F], Madrigal-Pana J. Consumer attitudes
towards food crops developed by CRISPR/Cas9 in Costa Rica. Plant Cell Tissue Organ Cult. 2019; 139:417-427.

Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE, Stern- Ginossar N, Brandman O, Whitehead EH,
Doudna JA, Lim WA, Weissman JS, Qi LS. CRISPR-mediated modular RNA- guided regulation of transcription in
eukaryotes. Cell. 2013; 154:442-451.

Jyoti A, Kaushik S, Srivastava VK, Datta M, Kumar S, Yugandhar P, Kothari SL, Rai V, Jain A. The potential
application of genome editing by using CRISPR/Cas9, and its engineered and ortholog variants for studying the
transcription factors involved in the maintenance of phosphate homeostasis in model plants. Sem Cell Develop
Biol. 2019; 96:77-90.

Kato-Nitta N, Maeda T, Inagaki Y, Tachikawa M (2019) Expert and public perceptions of gene-edited crops:
attitude changes in relation to scientific knowledge. Palgrave Comm. 2019; 5:137.

Kaur N, Shivani AA, Kumar P, Kaur N, Awasthi P, Chaturvedi S, Pandey P, Pandey A, Pandey AK, Tiwari S.
CRISPR/Cas9 directed editing of lycopene epsilon-cyclase modulates metabolic flux for B-carotene biosynthesis
in banana fruit. Metabolic Eng. 2020; 59:76-86

Kelliher T, Starr D, Su X, Tang G, Chen Z, Carter ], Wittich PE, Dong S, Green ], Burch E, McCuiston |, Gu W, Sun Y,
Strebe T, Roberts ], Bate NJ, Que Q. One-step genome editing of elite crop germplasm during haploid induction.
Nat Biotechnol. 2019; 37:287-292.

Kumar R, Kaur A, Pandey A, Mamrutha HM, Singh GP. CRISPR- based genome editing in wheat: A comprehensive
review and future prospects. Mol Biol Rep. 2019; 46:3557-3569.

Kumar VVS, Verma RK, Yadav SK, Yadav P, Watts A, Rao MV, Chinnusamy V. CRISPR-Cas9 mediated genome
editing of drought and salt tolerance (OsDST) gene in indica mega rice cultivar MTU1010. Physiol Mol Biol Plants.
2020; 26:1099-1110.

Lander ES. The heroes of CRISPR. 2016; Cell 164:18-28.

Lassoued R, Macall DM, Hesseln H, Phillips PWB, Smyth S]. Benefits of genome-edited crops: expert opinion.
Transgenic Res. 2019; 28:247-256.

LiC,ZongY, Wang, Jin S, Zhang D, Song Q, Zhang R, Gao C. Expanded base editing in rice and wheat using a Cas9-
adenosine deaminase fusion. Genome Biol. 2018; 19:59.

325



World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Limera C, Sabbadini S, Sweet ]B, Mezzetti B. New biotechnological tools for the genetic improvement of major
woody fruit species. Front PI Sci. 2017; 8:1418

LiuY, Zou RS, He S, Nihongaki Y, Li X, Razari S, Wu B, Ha T. Very fast CRISPR on demand. Science. 2020; 368:1265-
1269.

Lowe K, Wu E, Wang N, Hoerster et al,, Morphogenic regulators Baby Boom and Wuschel improve monocot
transformation. Plant Cell. 2016; 28:1998-2015.

Maher MF, Nasti RA, Vollbrecht M, Starker CG, Clark MD, Voytas DF. Plant gene editing through de novo induction
of meristems. Nat Biotechnol. 2019; 38:84-89.

Mishra R, Joshi RK, Zhao K. Base editing in crops: current advances, limitations and future implications. Plant
Biotechnol J. 2019; 18:20-31.

Monsur MB, Shao M, Ahmad S, Wei X, Hu P, Tang S. Base editing: the ever expanding clustered regularly
interspaced short palindromic repeats (CRISPR) tool kit for precise genome editing in plants. Genes. 2020;
11:466.

Moon SB, Kim DY, Ko J-H, Kim Y-S. Recent advances in the CRISPR genome editing tool set. Exp Mol Med. 2019;
51:130.

Mout R, Ray M, Lee Y-W, Scaletti F, Rotello VM. In vivo delivery of CRISPR/Cas9 for therapeutic gene editing:
progress and chal lenges. Bioconjug Chem. 2017; 28:880-884.

Nagaraj H, Kumar KK, Sudhakar D, Amudha K, Meenakshi SP, Kokiladevi E. Genome engineering for thermo-
sensitive genic male sterilty (TGMS) in rice using CRISPR/Cas9 editing system. Madras Agril ] Special issue. 2019;
106:150-154.

Wei T, Cheng Q, Min YL, Oslon EN, Siegwart D]. Systemic nanoparticle delivery of CRISPR-Cas9
ribonucleoproteins for effective tissue specific genome editing. Nat Commun. 2020; 11:3232.

Whelan Al, Gutti P, Lema M. Gene editing regulation and innovation economics. Front Bioengg Biotech. 2020; 8
https://doi.org/10. 3389 /fbioe.2020.00303.

Wu X, Kriz A, Shart PA. Target specificity of the CRISPR-Cas9 system. Quant Biol. 2014; 2:59-70.

Xie K, Minkenberg B, Yang Y. Boosting CRISPR/Cas9 multiplex editing capability with the endogenous tRNA-
processing system. Proc Natl Acad Sci U S A. 2015; 112:3570-3575.

Xu ], Hua K, Lang Z. Genome editing for horticultural crop improvement. Hort Res. 2019; 6:113.

Rajyaguru RH, Tomar RS. Use of CRISPR-CAS9 system in groundnut (Arachis hypogaea) transformation targeting
ahFAD?2 gene. ] Oilseed Res. 2020; 37:45.

Parisi C, Tillie P, Rodriguez-Cerezo E. The global pipeline of GM crops out to 2020. Nat Biotechnol. 2016; 34:31-
36.

Parkhi V, Bhattacharya A, Choudhary S, Pathak R, Gawade V, Palan B, Alamalakala L, Mikkilineni V, Char B.
Demonstration of CRISPR-cas9-mediated pds gene editing in a tomato hybrid parental line. Ind ] Genet Plant
Breed. 2018; 78:132-13

Rees HA, Liu DR. Base editing: precision chemistry on the genome and transcriptome ofliving cells. Nat Rev Genet.
2018; 19:770-788.

Saikia B, Singh S, Debbarma ], Velmurugan N, Dekaboruah H, Arunkumar KP, Chikkaputtaia C.Multigene
CRISPR/Cas9 genome editing of hybrid proline rich proteins (HyPRPs) for sustainable multi-stress tolerance in
crops: The review of a promising approach. Phys Mol Biology. 2020; 26:857-869.

Schmidt SM, Belisle M, Frommer WF. The evolving landscape around genome editing in agriculture. EMBO Rep.
2020; 21:e50680.

Shrestha A, Khan A, Dey N. CRISPR-Cas9-mediated editing of the CYP82E4-nicotine N-demethylase (nnd) gene in
tobacco protoplasts. ] P Biochem Physio. 2019; 7:230.

Standage-Beier K, Tekel S], Brookhouser N, Schwarz NT, Wang X, Brafman DA. A transient reporter for editing
enrichment (TREE) in human cells. Nucleic Acids Res. 2019; 47:e120.

326



[70]

[71]

[72]

[73]

[86]

[87]

[88]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Thakare SS, Bansal N, Vanchinathan S, Prashat GR, Krishnan V, Sachdev A, Praveen S, Vinutha T. GFP tagging
based method to analyze the genome editing efficiency of CRISPR/Cas9-gRNAs through transient expression in
N. Benthamiana. ] Plant Biochem Biotechnol. 2020; 29:183-192.

Voss-Fels KP, Stahl A, Hickey LT. Q&A: modern crop breeding for future food security. BMC Biol. 2019; 17:18

Wada N, Ueta R, Osakabe Y, Osakabe K. Precision genome editing in plants: state-of-the-artin CRISPR/Cas9-based
genome engineering. BMC Plant Biol. 2020; 20:234.

Zimny T, Sowa S, Tyczewska A, Twardowski T. Certain new plant breeding techniques and their marketability in
the context of EU GMO legislation - recent developments. New Biotechnol. 2019; 51: 49-56.

Haider S, Singh AP, Panthi B, Sindhu SR, Safa NT, Malik S, Rahimi M. Advances in CRISPR/Cas9 genome editing
for crop improvement and global food security. Current Plant Biology. 2026; 46: 100593.

Deres D, Terefe M. Beyond CRISPR/Cas9: Emerging genome editing technologies for next-generation crop
improvement. Mol Biol Rep. 2026; 29;53(1):695. doi: 10.1007/s11033-026-11879-8.

Mansi M, Danai P. The emerging impact of CRISPR and gene editing on global crop improvement. Transgenic Res.
2026; 14;35(1):8. doi: 10.1007/s11248-026-00484-x.

Yildirim K, Kavas M. The role of CRISPR in modern plant breeding: overcoming breeding barriers and legislative
challenges through transgene-free genome editing. Genome. 2026; 69: 1-17. dx.doi.org/10.1139/gen-2025-
0063.

Rasheed A, Gill RA, Hassan MU, et al. A critical review: recent advancements in the use of CRISPR/Cas9 technology
to enhance crops and alleviate global food crises. Curr Issues Mol Biol. 2021;43(3):1950- 1976.

Bekalu ZE, Panting M, Holme IB, et al. Opportunities and challenges of in vitro tissue culture systems in the era of
crop genome editing. Int ] Mol Sci. 2023;24(15):11920.

Koti P, Bill T. Plant tissue culture and genetic transformation in crop improvement. J. Bacteriol Mycol Open
Access. 2025;13(1):61-69.

Tang X, Lowder LG. et al., A CRISPR-Cpf1 system for efficient genome editing and transcriptional repression in
plants. Nat. Plants. 2017; 3: 17018.

Tariq A. et al,, 2023. Putting CRISPR-Cas system in action: a golden window for efficient and precise genome
editing for crop improvement. GM Crops & Food. 2023; 14(1): 1-27.

Tran M. et al,, CRISPR/Cas9-based precise excision of SIHyPRP1 domain(s) to obtain salt stress-tolerant tomato.
Plant Cell Rep. 2021; 40(6): 999-1011.

Svitashev S. et al.,, 2016. Genome editing in maize directed by CRISPR-Cas9 ribonucleoprotein complexes. Nat.
Commun. 2016; 7: 13274.

ZhongY, Liu C, Ma L, Zhang L, Xu C, Li H, Chen Z. CRISPR/dCas-mediated gene activation toolkit development and
its application for parthenogenesis induction in maize. Plant Biotechnol. J. 2024; 22(1): 162-174.

Kumar N, Singh A, Priyansha Sarkar PR, Sharma B, Kumar S, Aggarwal N, Arya A. India biotech revolution: the
approval of genome-edited rice. The Bioscan. 2025; 20(3): 893-897.

Kumar R, Das SP. et al,, Advances in genomic tools for plant breeding: harness- ing DNA molecular markers,
genomic selection, and genome editing. Biol. Res. 2024;57(1): 80. d0i:10.1186/s40659-024-00562-6.

Karlsson M. et al.,, CRISPR/Cas9 genome editing of potato StDMR6-1 results in plants less affected by different
stress conditions. Hortic. Res. 2024; 11(7): uhae130. doi:10.1093 /hr/uhae130.

Kaul T, Thangaraj A. et al.,, CRISPR/Cas9-mediated homology donor repair base editing system to confer herbicide
resistance in maize (Zea -mays L.). Plant Physiol. Biochem. 2024; 207: 108374.
doi:10.1016/j.plaphy.2024.108374.

Kravchik M, Shnaider Y. et al., Knockout of SITOM1 and SITOM3 results in differential resistance to tobamovirus
in tomato. Mol. Plant Pathol. 2022; 23(9): 1278- 1289.

Liang Z. et al, Efficient DNA-free genome editing of bread wheat using CRISPR/Cas9 ribonucleoprotein
complexes. Nat. Commun. 2017; 8: 14261. doi:10.1038/ ncomms14261.

Gil-Humanes J. et al. High-efficiency gene targeting in hexaploid wheat using DNA replicons and CRISPR /Cas9.
Plant].2017; 89: 1251-1262.

327



[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Miladinovic D, Antunes D, Yildirim K, Bakhsh A, Jeromela AM, Hilioti Z. et al., Targeted plant improvement through
genome edit- ing: from laboratory to field. Plant Cell Rep. 2021; 40: 935-951.

Okada A, Arndell T. et al., CRISPR/Cas9-mediated knockout of Ms1 enables the rapid generation of male-sterile
hexaploid wheat lines for use in hybrid seed production. Plant Biotechnol. ]J. 2019; 17: 1905-1913.

Ray DK, Mueller ND, West PC, Foley JA. Yield trends are insufficient to double global crop production by 2050.
PLoS One. 2013; 8(6): e66428. doi:10.1371/journal.pone.0066428.

Yildirnim K. et al., Genome editing for healthy crops: traits, tools and impacts. Front. Plant Sci. 2023; 14: 1231013.

Yu D, Zhou T, Xu N, Sun X, Song S, Liu H. et al., Novel CRISPR /Cas9 system assisted by fluorescence marker and
pollen Kkiller for high-efficiency isolation of transgene-free edited plants in rice. Plant Biotechnol. ]. 2024; 22:
1649-1651.

Yu Q. et al., CRISPR/Cas9-induced targeted mutagenesis and gene replacement to generate long-shelf life tomato
lines. Sci. Rep. 2017; 7.d0i:10.1038/ s41598-017-12262-1

Ishii T. Consumer choices regarding genome-edited food crops: lessons from Japan. Front Genome Ed. 2025; 7:
1672358. doi:10.3389/fgeed. 2025.1672358.

Jinek M, et al., Structures of Cas9 endonucleases reveal RNA-mediated con- formational activation. Science. 2014;
343(6176): 1247997. doi:10.1126/ science.1247997

Maher MF. et al,, Plant gene editing through de novo in- duction of meristems. Nat. Biotechnol. 2020; 38: 84-89.

Malnoy M. et al, DNA-free genetically edited grapevine and apple protoplast us- ing CRISPR/Cas9
ribonucleoproteins. Front. Plant Sci. 2016; 7: 1904. doi:10. 3389/fpls.2016.01904.

Aksoy E, Yildinnm K, Kavas M. General guidelines for CRISPR /Cas-based genome editing in plants. Mol. Biol. Rep.
2022;49(12): 12151- 12164.

Alam M. et al,, CRISPR/Cas9 mediated knockout of the OsbHLH024 transcrip- tion factor improves salt stress
resistance in rice (Oryza sativa L.). Plants (Basel). 2022; 11(9): 1184.

Andersson M. et al, Genome editing in potato via CRISPR-Cas9 ribonucleoprotein delivery. Physiol. Plant,.
2018;164: 378-384.

Ali Z, Eid A, Ali S, Mahfouz MM. Pea early-browning virus- mediated genome editing via the CRISPR/Cas9 system
in Nicotiana benthamiana and Arabidopsis.VirusRes. 2018;244: 333-337.

Enciso-Rodriguez F. et al., Overcoming self- incompatibility in diploid potato using CRISPR-Cas9. Front. Plant Sci.
2019; 10.d0i:10.3389/fpls.2019.00376.

Cody WB, Scholthof HB, Mirkov TE. Multiplexed gene edit- ing and protein over expression using a tobacco mosaic
virus viral vector. Plant Physiol. 2017; 175: 23-35.

Singh M, Kumar M, Albertsen MC, Young JK, Cigan AM. Concurrent modifications in the three homeologs of Ms45
gene with CRISPR-Cas9 lead to rapid generation of male sterile bread wheat (Triticum aestivum L.). Plant Mol.
Biol. 2018;97: 371-383.

Yildirim K. et al., Development of highly efficient resistance to beet curly top Iran virus (Becurtovirus) in sugar
beet (B. vulgaris) via CRISPR/Cas9 system. Int. J. Mol. Sci. 2023; 24: 6515

Hamdan MF. et al., Green revolution to gene revolution: technological advances in agriculture to feed the world.
Plants (Basel). 2022; 12(10): 1297.

Liu H. et al,, Efficient induction of haploid plants in wheat by editing of TaMTL using an optimized agrobacterium-
mediated CRISPR system. ]. Exp. Bot. 2020; 71: 1337-1349.

Bhoomika S, Salunkhe SR, Sakthi AR, Saraswathi T, Manonmani S, Raveendran M. et al., CRISPR-Cas9: Unraveling
genetic secrets to enhance floral and fruit traits in tomato. Mol. Biotechnol. 2024;67(10): 3786-3799.

Santosh Kumar VV. et al., CRISPR-Cas9 mediated genome editing of drought and salt tolerance (OsDST) gene in
indica mega rice cultivar MTU1010. Physiol. Mol. Biol. Plants. 2020; 26(6): 1099-1110.

Yerlikaya BA. et al., Innovations in plant genome editing and biotechnology: ad- dressing global agricultural
challenges. Turk. ]. Bot. 2024; 48(SI-1): 351-375.

328



[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Zhu M. et al,, Transgene-Killer- RISPR version 2 (TKC2) eliminates occasional transgene escape by coupling with
a RUBY reporter. Plant Biotechnol. ]. 2025; Adv. Online Publ. doi:10.1111/pbi.70257

Xie E, Li Y, Tang D, Lv Y, Shen Y, Cheng Z.A strategy for generating rice apomixis by gene editing. ]. Integr. Plant
Biol. 2019; 61: 911. doi:10.1111/jipb.12785.

LiuF, Jiang T, Tanwir SE. et al.. CRISPR/Cas9-mediated DFR disruption suggests coordinated changes in flavonoid
flux and development in Petunia x hybrida. Plant Cell Rep. 2026; 45: 216. https://doi.org/10.1007 /s00299-026-
03903-9.

Abdulla MF, Mostafa K, Kavas M. CRISPR/Cas9-mediated mutagenesis of FT/TFL1 in petunia improves plant
architecture and early flowering. Plant Mol Biol 2024; 114:69. https://doi.org/10.1007/s11103-024-01454-9.

Szabados L, Kant K, Rabilu S. et al, Crops exposed to extreme conditions: perspectives of gene editing to improve
stress tolerance. Plant Cell Rep. 2026; 45: 207 https://doi.org/10.1007/s00299-026-03891.

Mostafa K, Scarano A, Abdulla MF. et al, A rapid Agrobacterium rhizogenes-mediated transient expression for
assessing sgRNA efficiency in CRISPR-Act3.0 in tomato.Plant Cell Rep. 2026,45: 118.
https://doi.org/10.1007/s00299-026-03792-y.

Zhao R, Chen |, Li Y. et al, CRISPR/Cas9-mediated a-prolamin gene (Seita.8G190200) mutagenesis increases the
content of functional amino acids in foxtail millet (Setaria italica).Plant Cell Rep. 2026;45: 65.
https://doi.org/10.1007/s00299-026-03751-7.

Rocha DC, Omoregbee MO, Luo W. et al,, Transgene-free genome editing in citrus and poplar meristem tissues via
biolistic ribonucleoprotein delivery of CRISPR-Cas9. Plant Cell Rep. 2026; 45:58.
https://doi.org/10.1007 /s00299-026-03741-9.

Wang Z, Zhang Y, Xu N. et al, Improving soybean fatty acid profiles by CRISPR/Cas12a-mediated gene editing
of GmFADZ2 and GmFAD3. Plant Cell Rep. 2025; 44: 282. https://doi.org/10.1007/s00299-025-03672-x.

Botelho FBS, Nandy S, Srivastava V. CRISPR/Cas9-based modulation of V-PPase expression in rice improves grain
quality and yield wunder high nighttime temperature.Plant Cell Rep. 2025;44: 119.
https://doi.org/10.1007/s00299-025-03504-y.

Kaniganti S, Palakolanu SR, Thiombiano B. et al, Developing Striga resistance in sorghum by modulating host
cues through CRISPR/Cas9 gene editing. Plant Cell Rep. 2025; 44: 90. https://doi.org/10.1007/s00299-025-
03474-1.

Kang B, Venkatesh ], Lee JH.et al, CRISPR/Cas9-mediated editing of eukaryotic elongation factor 1B
gamma (eEF1By) reduces Tobacco etch virus accumulation in Nicotiana benthamiana. Plant Cell Rep. 2025; 44:
62. https://doi.org/10.1007 /s00299-025-03440-x.

Asa H, Kuwabara C, Matsumoto K. et al, Simultaneous site-directed mutagenesis for soybean f3-amyrin synthase
genes via DNA-free CRISPR/Cas9 system using a single gRNA.Plant Cell Rep. 2025;44: 40.
https://doi.org/10.1007 /s00299-025-03433-w.

Hao Y, Feng ], Li Y. et al, Construction of a Cas9-targeted mutagenesis mini-library in the upland cotton genetic
standard line (TM-1). Plant Cell Rep. 2025, 44: 28. https://doi.org/10.1007/s00299-024-03416-3.

Kang GH, Ko Y, Lee JM. Enhancing virus-mediated genome editing for cultivated tomato through low
temperature. Plant Cell Rep. 2025, 44: 22. https://doi.org/10.1007/s00299-024-03392-8.

Nareshkumar V, Harish Chandar S, D'Orso F. et al,, Genome editing for trait optimization: The role of CRISPR, base
editing and prime editing in modern era of plant science. ]. Plant Biochem. Biotechnol. 2026;35;119-144.

Sreekanth D, Pawar DV, Sahadeo IK. et al, Advancements in CRISPR/Cas technology for generating herbicide
tolerant crops: a comprehensive review.]. Plant Biochem. Biotechnol. 2025;34, 835-850.
https://doi.org/10.1007/s13562-025-00984-7.

Brock N, Kaur N, Halford NG. Advances in genome editing in plants within an evolving regulatory landscape, with
a focus on its application in wheat breeding.]. Plant Biochem. Biotechnol. 2025;34: 599-614.
https://doi.org/10.1007 /s13562-025-00981-w.

Kaur N, Qadir M, Francis DV, Alok A, Tiwari S, Ahmed ZFR. CRISPR/Cas9: A sustainable technology to enhance
climate resilience in major Staple Crops. Front Genome Ed. 2025 18;7:1533197. doi:
10.3389/fgeed.2025.1533197.

329



[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Kaur N, Alok A, Kumar P, Kaur N, Awasthi P, Chaturvedi S. et al,, CRISPR/Cas9 directed editing of lycopene
epsilon-cyclase modulates metabolic flux for $-carotene biosynthesis in banana fruit. Metab. Eng. 2020; 59: 76-
86.

Van VT, Das S, Hensel G, Kim JY. Genome editing and beyond: what does it mean for the future of plant breeding?
Planta. 2022; 255: 130. d0i:10.1007 /s00425- 022-03906-2

Sharma S, Kumar A, Kumari N, Walia A. RNAi as a tool to enhance crop yield and biotic stress management in the
plants. PCTOC. 2023; 152: 437-454.

Zheng S, Ye C, Lu ], Liufu |, Lin L, Dong Z. et al., Improving the rice photosynthetic efficiency and yield by editing
OsHXK1 via CRISPR/Cas9 system. Int. ]. Mol. Sci. 2021; 22: 9554. d0i:10.3390/ijms22179554

Zhou ], Zhang R, Jia X, Tang X, Guo Y, Yang H. et al., CRISPR-Cas9 mediated OsMIR168a knockout reveals its
pleiotropy in rice. Plant Biotechnol. ]. 2024;20: 310-322.

Zhou Y, Xu §, Jiang N, Zhao X, Bai Z, Liu . et al,, Engineering of rice varieties with enhanced resistances to both
blast and bacterial blight diseases via CRISPR/Cas9. Plant Biotechnol. J. 2022; 20: 876-885.

Usman B, Nawaz G, Zhao N, Liao S, Qin B, Liu F. et al,, Programmed editing of rice (Oryza sativa L.) OsSPL16 gene
using CRISPR/Cas9 improves grain yield by modulating the expression of pyruvate enzymes and cell cycle
proteins. Int. J. Mol. Sci. 2021; 22: 249. doi:10.3390/ijms22010249.

Usman B, Nawaz G, Zhao N, Liu Y, Li R. Generation of high yielding and fragrant rice (Oryza sativa L.) lines by
CRISPR/Cas9 targeted mutagenesis of three homoeologs of cytochrome P450 gene family and OsBADH2 and
transcriptome and proteome profiling of revealed changes triggered by mutations. Plants. 2020; 9: 788. doi:10.
3390/plants9060788

Sony SK, Kaul T, Motelb KFA, Thangaraj A, Bharti ], Kaul R. et al., CRISPR/Cas9-mediated homology donor repair
base editing confers glyphosate resistance to rice (Oryza sativa L.). Front. Plant Sci. 2023; 14: 1122926.
doi:10.3389/fpls. 2023.1122926.

Shah PR, Varanavasiappan S, Kokiladevi E, Ramanathan A, Kumar KK. Genome editing of rice PFT1 gene to study
its role in rice sheath blight disease resistance. Int. J. Curr. Microbiol. Appl. Sci. 2019; 8: 2356-2364.

Alam MS, Kong ], Tao R, Ahmed T, Alamin M, Alotaibi SS. et al, CRISPR/Cas9 mediated knockout of the
0OsbHLHO024 transcription factor improves salt stress resistance in rice (Oryza sativa L.). Plants. 2022; 11: 1184.
doi:10.3390/plants11091184.

Anjala K, Augustine R. Designing of guide RNA constructs for CRISPR/ Cas9-mediated editing of rice transcription
factor osmads26 for enhancing drought tolerance. ]. Appl. Biol. Biotechnol. 2022; 11: 176.
doi:10.7324/jabb.2023.110124

Biswas S, Ibarra O, Shaphek M, Molina-Risco M, Faion-Molina M, Bellinatti Della Gracia M. et al., Increasing the
level of resistant starch in ‘Presidio’ rice through multiplex CRISPR-Cas9 gene editing of starch branching enzyme
genes. TPG. 2023; 16, €20225. doi:10.1002 /tpg2.20225.

Huang ], Gao L, Luo S, Liu K, Qing D, Pan Y. et al,, The genetic editing of GS3 via CRISPR/Cas9 accelerates the
breeding of three-line hybrid rice with superior yield and grain quality. Mol. Breed. 2022; 42: 22.
doi:10.1007/s11032-022-01290-z

Huang Q. et al., CRISPR/ Cas9-mediated mutagenesis of the susceptibility gene OsHPP04 in rice confers enhanced
resistance to rice root-knot nematode. Front. Plant Sci. 2023;14: 1134653. d0i:10.3389/fpls.2023.1134653.

Jameel MR. et al., CRISPR/Cas9-Mediated genome editing of soluble starch synthesis enzyme in rice for low
glycemic index. Agronomy. 2022; 2: 2206. doi:10.3390/agronomy12092206

Biswal AK, Hernandez LRB, Castillo AIR, Debernardi JM, Dhugga KS. An efficient transformation method for
genome editing of elite bread wheat cultivars. Front. Plant Sci. 2023;14, 1135047.

Hyde L, Osman K, Winfield M, Sanchez-Moran E, Higgins JD, Henderson IR. et al., Identification, characterization,
and rescue of CRISPR/Cas9 generated wheat SPO11-1 mutants. Plant Biotechnol. J. 2023; 21:405-418.

Ibrahim S, Saleem B, Rehman N, Zafar SA, Naeem MK, Khan MR. CRISPR/Cas9 mediated disruption of Inositol
Pentakisphosphate 2-Kinase 1 (TalPK1) reduces phytic acid and improves iron and zinc accumulation in wheat
grains. J. Adv. Res. 2022; 37: 33-41.

330



[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]
[166]

[167]

[168]

[169]

[170]

[171]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Gupta A, Hua L, Zhang Z, Yang B, Li W. CRISPR-induced miRNA156-recognition element mutations in TaSPL13
improve multiple agronomic traits in wheat. Plant Biotechnol. J. 2023; 21: 536-548.

Zhang Z, Hua L, Gupta A, Tricoli D, Edwards K], Yang B. et al,, Development of an Agrobacterium-delivered
CRISPR/Cas9 system for wheat genome editing. Plant Biotechnol. J. 2019; 17:1623-1635

Thakur N, Lakhani H, Tiwari S.“Detailed insight into various classes of the CRISPR/Cas system to develop future
crops,” in Gene editing in plants. Editors A. Kumar, S. Arora, S. Ogita, Y. Y. Yau, and K. Mukherjee (Singapore:
Springer). 2024;doi:10. 1007/978-981-99-8529-6_9

Singh S, Chaudhary R, Chaturvedi S, Tiwari, S. “Deciphering the role of CRISPR/Cas9 in the amelioration of abiotic
and biotic stress conditions,” in Gene editing in plants. Editors A. Kumar, S. Arora, S. Ogita, Y. Y. Yau, and K.
Mukherjee (Singapore: Springer). 2024; doi:10.1007/978-981-99-8529-6_8

Singh S, Chaudhary R, Lokya V, Tiwari S. Genome editing based trait improvement in crops: Current perspective,

challenges and opportunities. Nucleus. 2024; 67: 97-126.

Ahmar S, Gruszka D. CRISPR/Cas9 boosts wheat yield by reducing brassinosteroid signaling. Trends. biochem.
Sci. 2023; 48: 917-9109.

Alfatih A. et al,, Loss of rice PARAQUAT TOLERANCE 3 confers enhanced resistance to abiotic stresses and
increases grain yield in field. Plant Cell Environ. 2020; 43: 2743-2754.

An X, Zhang S, Jiang Y, Liu X, Fang C, Wang]. et al., CRISPR/Cas9- based genome editing of 14 lipid metabolic genes
reveals a sporopollenin metabolon ZmPKSB-ZmTKPR1-1/-2 required for pollen exine formation in maize. Plant
Biotechnol. J. 2024; 22: 216-232.

Doll NM, Gilles LM, Gérentes MF, Richard C, Just ], Fierlej Y. et al., Single and multiple gene knockouts by CRISPR-
Cas9 in maize. Plant Cell. Rep. 2019; 38: 487-501.

Anzalone AV, Koblan LW, Liu DR. Genome editing with CRISPR-Cas nucleases, base editors, transposases and
prime editors. Nat. Biotechnol. 2020; 38: 824-844.

Chennakesavulu K, Singh H, Trivedi PK, Jain M, Yadav SR. State-of-the-art in CRISPR technology and engineering
drought, salinity, and thermo-tolerant crop plants. Plant Cell Rep. 2021; 41, 815-831.

Bhattacharjee P, Warang O, Das S, Das S. Impact of climate change on fruit crops- A review. CWE. 2022; 17: 319-
330.

CaiY, Chen L. etal,, CRISPR/Cas9- mediated targeted mutagenesis of GmFT2a delays flowering time in Soya Bean.
Plant Biotechnol. ]. 2018; 16: 176-185.

Chandra AK, Joshi A, Tripathi A, Kumar A, Pandey S, Singh A. et al., Climate-resilience maize: heat stress, signaling,
and molecular interventions. J. Plant Growth Regul. 2023;42; 6349-6366.

Kumara N, Singhb A, Priyansha, Sarkarc PR, Sharmad B, Kumare S, Aggarwal NK, Aryab A. India Biotech
Revolution: The Approval of Genome-Edited Rice. The Bioscan. 2025; 20(3): 893-897.

CRISPR Gene Editing Workflow: A Step-by-Step Guide | CD Genomics Blog (cd-genomics.com).

Shiels D, Prestwich BD, Koo O, Kanchiswamy CN, O’Halloran R and Badmi R Hemp Genome Editing—Challenges
and Opportunities. Front. Genome Ed. 2022; 4:823486. doi: 10.3389 /fgeed.2022.823486.

Hesami M, Yoosefzadeh Najafabadi M, Adamek K, Torkamaneh D, Jones AMP. Synergizing Off-Target Predictions
for In Silico Insights of CENH3 Knockout in Cannabis through CRISPR/CAS. Molecules. 2021; 26 (7): 2053.
10.3390/molecules26072053.

Hesami M, Baiton A, Alizadeh M, Pepe M, Torkamaneh D, Jones AMP. Advances and Perspectives in Tissue Culture
and Genetic Engineering of Cannabis. [jms. 2021; 22 (11), 5671. 10.3390/ijms22115671.

Zhu H, Li C, Gao C. Applications of CRISPR-Cas in agriculture and plant biotechnology. Nat. Rev. Mol. Cell Biol.
2020; 21: 661-677.

Zhang X, Xu G, Cheng C, Lei L, Sun ], Xu Y, Deng C, Dai Z, Yang Z , Chen X, Liu C, Tang Q, Su J. Establishment of
an Agrobacterium-mediated genetic transformation and CRISPR/Cas9-mediated targeted mutagenesis in Hemp
(Cannabis Sativa L.). Plant Biotechnol ], 2021;10.1111/pbi.13611.

Cheng C, Zang G, Zhao L, Gao C, Tang Q, Chen ], Guo X. et al,, A rapid shoot regeneration protocol from the
cotyledons of hemp (Cannabis sativa L.). Ind. Crops Prod. 2016;83: 61-65.

331



[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Deguchi M. et al., Establishment and optimization of a hemp (Cannabis sativa L.) agroinfiltration system for gene
expression and silencing studies. Sci. Rep. 2020; 10, 1-11.

Galan-Avila A, Garcia-Fortea E, Prohens ], Herraiz FJ. Development of a direct in vitro plant regeneration protocol
from Cannabis sativa L. seedling explants: developmental morphology of shoot regeneration and ploidy level of
regenerated plants. Front. Plant Sci. 2020; 11, 645.

Sorokin A, Yadav NS, Gaudet D, Kovalchuk I. Transient expression of the -glucuronidase gene in Cannabis
sativa varieties. Plant Signal Behav. 2020; 15:1780037.

Wahby I, Caba JM, Ligero, F. Agrobacterium infection of hemp (Cannabis sativa L.): establishment of hairy root
cultures. ]. Plant Interact. 2013; 8, 312-320.

Malabadi RB, Kolkar KP, Chalannavar RK. Cannabis sativa: Ethnobotany and Phytochemistry. International
Journal of Innovation Scientific Research and Review. 2023; 5(2): 3990-3998.

Malabadi RB, Kolkar KP, Chalannavar RK. Cannabis sativa: Industrial hemp (fiber type)- An Ayurvedic traditional
herbal medicine. International Journal of Innovation Scientific Research and Review 2023; 5 (2): 4040-4046.

Malabadi RB, Kolkar KP, Achary M, Chalannavar RK. Cannabis sativa: Medicinal plant with 1000 Molecules of
Pharmaceutical Interest. International Journal of Innovation Scientific Research and Review. 2023; 5(2): 3999-
4005.

Malabadi RB, Kolkar KP, Chalannavar RK. Medical Cannabis sativa (Marijuana or Drug type); The story of
discovery of A9-Tetrahydrocannabinol (THC). International Journal of Innovation Scientific Research and
Review. 2023; 5 (3):4134-4143.

Malabadi RB, Kolkar KP, Chalannavar RK. A9-Tetrahydrocannabinol (THC): The major Psychoactive Component
is of Botanical origin. International Journal of Innovation Scientific Research and Review. 2023; 5(3): 4177-4184.

Malabadi RB, Kolkar KP, Chalannavar RK, Lavanya L, Abdi G. Cannabis sativa: Botany, Cross Pollination and Plant
Breeding Problems. International Journal of Research and Innovations in Applied Science (IJRIAS). 2023; 8 (4):
174-190.

Malabadi RB, Kolkar KP, Chalannavar RK. Cannabis sativa: Industrial Hemp (fibre-type)- An emerging
opportunity for India. International Journal of Research and Scientific Innovations (IJRSI). 2023; X (3):01-9.

Malabadi RB, Kolkar KP, Chalannavar RK. Industrial Cannabis sativa (Hemp fiber type): Hempcrete-A plant based
eco-friendly building construction material. International Journal of Research and Innovations in Applied
Sciences (IJRIAS). 2023; 8(3): 67-78.

Malabadi RB, Kolkar KP, Chalannavar RK, Lavanya L, Abdi G. Cannabis sativa: The difference between A8-THC
and A9-Tetrahydrocannabinol (THC). International Journal of Innovation Scientific Research and Review. 2023;
5(4): 4315-4318.

Malabadi RB, Kolkar KP, Chalannavar RK, Lavanya L, Abdi G. Hemp Helps Human Health: Role of
phytocannabinoids. International Journal of Innovation Scientific Research and Review. 2023; 5 (4): 4340-4349.

Malabadi RB, Kolkar KP, Chalannavar RK, Lavanya L, Abdi G, Baijnath H. Cannabis products contamination
problem: A major quality issue. International Journal of Innovation Scientific Research and Review. 2023;5(4):
4402-4405.

Malabadi RB, Kolkar KP, Chalannavar RK, Lavanya L, Abdi G. Medical Cannabis sativa (Marijuana or drug type):
Psychoactive molecule, A9-Tetrahydrocannabinol (A9-THC). International Journal of Research and Innovations
in Applied Science. 2023; 8(4): 236-249.

Malabadi RB, Kolkar KP, Chalannavar RK, Mondal M, Lavanya L, Abdi G, Baijnath H. Cannabis sativa: Release of
volatile organic compounds (VOCs) affecting air quality. International Journal of Research and Innovations in
Applied Science (IJRIAS). 2023; 8(5): 23-35.

Malabadi RB, Nethravathi TL, Kolkar KP, Chalannavar RK, Mudigoudra BS, Lavanya L, Abdi G, Baijnath H.
Cannabis sativa: Applications of Artificial Intelligence and Plant Tissue Culture for Micropropagation.
International Journal of Research and Innovations in Applied Science (IJRIAS). 2023; 8(6): 117-142.

Malabadi RB, Nethravathi TL, Kolkar KP, Chalannavar RK, Mudigoudra BS, Abdi G, Baijnath H. Cannabis sativa:
Applications of Artificial intelligence (Al) in Cannabis industries: In Vitro plant tissue culture. International
Journal of Research and Innovations in Applied Science (IJRIAS). 2023; 8 (7): 21-40. International Journal of
Science and Research Archive. 2023; 10(02): 860-873.

332



[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Malabadi RB, Kolkar KP, Brindha C, Chalannavar RK, Abdi G, Baijnath H, Munhoz ANR, Mudigoudra BS. Cannabis
sativa: Autoflowering and Hybrid Strains. International Journal of Innovation Scientific Research and Review.
2023; 5(7): 4874-4877.

Malabadi RB, Kolkar KP, Chalannavar RK, Munhoz ANR, Abdi G, Baijnath H. Cannabis sativa: Dioecious into
Monoecious Plants influencing Sex Determination. International Journal of Research and Innovations in Applied
Science (IJRIAS). 2023; 8(7): 82-91.

Malabadi RB, Kolkar KP, Chalannavar RK, Baijnath H. Cannabis sativa: Difference between Medical Cannabis
(marijuana or drug) and Industrial hemp. GSC Biological and Pharmaceutical Sciences. 2023; 24(03):377-81.

Malabadi RB, Kolkar KP, Chalannavar RK, Abdi G, Munhoz ANR, Baijnath H Cannabis sativa: Dengue viral disease-
Vector control measures. International Journal of Innovation Scientific Research and Review. 2023; 5(8): 5013-
5016.

Malabadi RB, Nethravathi TL, Kolkar KP, Chalannavar RK, Mudigoudra BS, Abdi G, Munhoz ANR, Baijnath H.
Cannabis sativa: One-Plant-One-Medicine for many diseases-Therapeutic Applications. International Journal of
Research and Innovations in Applied Science (IJRIAS). 2023; 8(8): 132-174.

Malabadi RB, Nethravathi TL, Kolkar KP, Chalannavar RK, Mudigoudra BS, Abdi G, Munhoz ANR, Baijnath H.
Fungal Infection Diseases- Nightmare for Cannabis Industries: Artificial Intelligence Applications International
Journal of Research and Innovations in Applied Science (IJRIAS). 2023; 8(8):111-131.

Malabadi RB, Kolkar KP, Chalannavar RK, Acharya M, Mudigoudra BS. Cannabis sativa: 2023-Outbreak and Re-
emergence of Nipah virus (NiV) in India: Role of Hemp oil. GSC Biological and Pharmaceutical Sciences. 2023;
25(01):063-077.

Malabadi RB, Kolkar KP, Chalannavar RK, Acharya M, Mudigoudra BS. Industrial Cannabis sativa: Hemp-Biochar-
Applications and Disadvantages. World Journal of Advanced Research and Reviews. 2023; 20(01): 371-383.

Malabadi RB, Kolkar KP, Chalannavar RK, Vassanthini R, Mudigoudra BS. Industrial Cannabis sativa: Hemp
plastic-Updates. World Journal of Advanced Research and Reviews. 2023; 20 (01): 715-725.

Malabadi RB, Sadiya MR, Kolkar KP, Lavanya L, Chalannavar RK. Quantification of THC levels in different
varieties of Cannabis sativa. International Journal of Science and Research Archive. 2023; 10(02): 860-873.

Malabadi RB, Sadiya MR, Kolkar KP, Chalannavar RK. Biodiesel production via transesterification reaction. Open
Access Research Journal of Science and Technology. 2023; 09(02): 010-021.

Malabadi RB, Sadiya MR, Kolkar KP, Chalannavar RK. Biodiesel production: An updated review of evidence.
International Journal of Biological and Pharmaceutical Sciences Archive. 2023; 06(02): 110-133.

Malabadi RB, Kolkar KP, Chalannavar RK. Industrial Cannabis sativa: Hemp oil for biodiesel production. Magna
Scientia Advanced Research and Reviews. 2023; 09(02): 022-035.

Malabadi RB, Kolkar KP, Chalannavar RK Industrial Cannabis sativa: Role of hemp (fiber type) in textile
industries. World Journal of Biology, Pharmacy and Health Sciences. 2023; 16(02): 001-014.

Malabadi RB, Mammadova SS, Kolkar KP, Sadiya MR, Chalannavar RK, Castafio Coronado KV. Cannabis sativa: A
therapeutic medicinal plant-global marketing updates. World Journal of Biology, Pharmacy and Health Sciences.
2024;17(02):170-183.

Malabadi RB, Kolkar KP, Sadiya MR, Veena Sharada B, Mammodova SS, Chalannavar RK, Baijnath H, Nalini S,
Nandini S, Munhoz ANR. Triple Negative Breast Cancer (TNBC): Cannabis sativa-Role of Phytocannabinoids.
World Journal of Biology, Pharmacy and Health Sciences. 2024; 17(03): 140-179.

Malabadi RB, Sadiya MR, Kolkar KP, Mammadova SS, Chalannavar RK, Baijnath H. Role of Plant derived-medicine
for controlling Cancer. International Journal of Science and Research Archive. 2024; 11(01): 2502-2539.

Malabadi RB, Sadiya MR, Kolkar KP, Mammadova SS, Chalannavar RK, Baijnath H, Lavanya L, Munhoz ANR.
Triple Negative Breast Cancer (TNBC): Signalling pathways-Role of plant-based inhibitors. Open Access Research
Journal of Biology and Pharmacy, 2024; 10(02), 028-071.

Fernando de C, Lambert C, Barbosa Filh, EV, Castafio Coronado KV, Malabadi RB. Exploring the potentialities of

industrial hemp for sustainable rural development. World Journal of Biology Pharmacy and Health Sciences.
2024; 18(01): 305-320.

333



[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Malabadi RB, Sadiya MR, Prathima TC, Kolkar KP, Mammadova SS, Chalannavar RK. Cannabis sativa: Cervical
cancer treatment- Role of phytocannabinoids-A story of concern. World Journal of Biology, Pharmacy and Health
Sciences. 2024; 17(02): 253-296.

Malabadi RB, Kolkar KP, Chalannavar RK, Baijnath H. Cannabis sativa: Monoecious species and
Hermaphroditism: Feminized seed production- A breeding effort. World Journal of Biology Pharmacy and Health
Sciences. 2024; 20(03): 169-183.

Malabadi RB, Kolkar KP, Chalannavar RK, Baijnath H. Cannabis sativa: Extraction Methods for
Phytocannabinoids -An Update. World Journal of Biology Pharmacy and Health Sciences. 2024; 20(03): 018-058.

Malabadi RB, Kolkar KP, Chalannavar RK, Baijnath H. Cannabis sativa: Polyploidization-Triploid and Tetraploid
Production. World Journal of Biology Pharmacy and Health Sciences. 2024; 20(03), 567-587.

Malabadi RB, Kolkar KP, Chalannavar RK, Baijnath H. Plant Based Leather Production-An update. World Journal
of Advanced Engineering Technology and Sciences. 2025;14(01): 031-059.

Malabadi RB, Kolkar KP, Castafio Coronado KV, Chalannavar RK. Cannabis sativa: Quality control testing
measures and guidelines: An update. World Journal of Advanced Engineering Technology and Sciences.
2025;14(01): 110-129.

Malabadi RB, Kolkar KP, Chalannavar RK, Munhoz ANR. In vitro Anther culture and Production of Haploids in
Cannabis sativa. Open Access Research Journal of Science and Technology. 2025; 13(01): 001-020.
(https://doi.org/10.53022/oarjst.2025.13.1.0150).

Malabadi RB, Chalannavar RK, Divakar MS, Swathi B, Komalakshi KV, Kamble AA, Karamchand KS, Kolkar KP,
Nethravathi TL, Castafio Coronado KV, Munhoz ANR. Industrial Cannabis sativa (Fiber or Hemp): 3D printing-
Hempcrete-A sustainable building material. World Journal of Advanced Engineering Technology and Sciences.
2025; 14(02): 253-282.

Chalannavar RK, Malabadi RB, Divakar MS, Swathi B, Komalakshi KV, Kamble AA, Karamchand KS, Kolkar KP,
Castafio Coronado KV, Munhoz ANR. Industrial Cannabis sativa (Fiber or Hemp): Hemp made Leather. World
Journal of Advanced Research and Reviews. 2025; 25(02),:2207-2218.

Kolkar KP, Malabadi RB, Chalannavar RK, Divakar MS, Swathi, Kamble AA, Karamchand KS, Castafio-Coronado
KV, Munhoz ANR, Mammadova SS. Industrial Cannabis sativa (Fiber or Hemp): Hemp Cottonization-Advantages
and Current Challenges. International Journal of Science and Research Archive. 2025;14(03): 1233-1267.

Kolkar KP, Malabadi RB, Chalannavar RK. Role of Cannabis sativa on wound healing: An update. GSC Biological
and Pharmaceutical Sciences. 2025; 32(03): 088-102.

Chalannavar RK, Hosmani PA, Divakar MS, Malabadi RB, Kolkar KP. Industrial Cannabis sativa (hemp or fibre):
Hemp Cellulose Based Bioplastic Production. Magna Scientia Advanced Biology and Pharmacy. 2025; 16(01):
055-065.

Kolkar KP, Malabadi RB, Chalannavar RK. Industrial Cannabis sativa (Hemp) seeds used as Probiotic Energy
Milk Drink-An Update. GSC Advanced Research and Reviews. 2025; 25(01): 074-086.

Malabadi RB, Chalannavar RK, Kolkar KP. Plant cell totipotency: Plant tissue culture applications-An updated
review. World Journal of Advanced Engineering Technology and Sciences. 2025; 16(02): 112-135.

Chalannavar RK, Malabadi RB, Divakar MS , Swathi Komalakshi KV, Angitha B, Kamble AA, Karamchand KS,
Kolkar KP, Castafio-Coronado KV, Munhoz ANR. Biodegradable plastics-advantages and challenges: An update.
Open Access Research Journal of Science and Technology. 2025; 13(02): 042-056.

Kolkar KP, Malabadi RB, Chalannavar RK, Divakar MS, Moramazi S. Probiotic hemp milk-market growth: An
updated review. World Journal of Biology, Pharmacy and Health Sciences. 2025; 23(02): 133-143.

Chalannavar RK, Divakar MS, Malabadi RB, Kamble AA, Swathi, Karamchand KS, Kolkar KP, Castafio- Coronado
KV, Munhoz ANR, Mammadova SS. Plant derived Starch for the Production of Biodegradable Plastic. Global
Journal of Engineering and Technology Advances. 2025; 22(03): 202-215.

Chalannavar RK, Hosmani PA, Divakar MS, Malabadi RB. Industrial Cannabis sativa (Hemp of fiber type):
Antiviral Activities-An updated Review. GSC Advanced Research and Reviews (GSCARR). 2025; 25 (2): 471-479.

Chalannavar RK, Hosmani PA, Malabadi RB Industrial Cannabis sativa (Hemp or fiber type): Cannabidiol (CBD)
Prevents Heart Failure-An Updated Review. GSC Biological and Pharmaceutical Sciences. 2025; 33 (3):396-406.

334



[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Malabadi RB, Raju K. Chalannavar RK, Saini I, Hosamani PA. Industrial Cannabis sativa (fiber or hemp): Retting,
Hemp Cellulose Extraction and Composite Thin Films for Food Packaging. World Journal of Advanced
Engineering Technology and Science. 2026; 18(01): 248-266. DOI:
https://doi.org/10.30574 /wjaets.2026.18.1.0039.

Chalannavar RK, Hosamani PA, Gunagi VU, Divakar MS, Malabadi RB. Cannabis sativa: Phytochemistry-An
updated Review. International Journal of Biological and Pharmaceutical Sciences Archive. 2026; 11(01): 020-
027.DOLI: https://doi.org/10.53771/ijbpsa.2026.11.1.0012.

Chalannavar RK, Hosamani PA, Malabadi RB. Industrial Cannabis sativa (Hemp): A multipurpose Revolutionary
Crop for Sustainable Agriculture. World Journal of Advanced Engineering Technology and Sciences. 2026;
19(03): 154-164.

Chen K, Wang Y, Zhang R, Zhang H, Gao C. CRISPR/Cas Genome Editing and Precision Plant Breeding in
Agriculture. Annu. Rev. Plant Biol. 2019; 70: 667-697. 10.1146/annurev-arplant-050718-100049.

Woo JW, Kim ], Kwon SI, Corvalan C, Cho SW, Kim H. et al., DNA-free Genome Editing in Plants with Preassembled
CRISPR-Cas9 Ribonucleoproteins. Nat.Biotechnol. 2015; 33 (11): 1162-1164. 10.1038/nbt.3389.

Zager ]], Lange I, Srividya N, Smith A, Lange BM. Gene Networks Underlying Cannabinoid and Terpenoid
Accumulation in Cannabis. Plant Physiol. 2019; 180 (4), 1877-1897.10.1104/pp.18.01506.

Daundasekara KC. et al,, Genetic Advances in Cannabis sativa L.: A Review of Recent Progress and Future
Directions. Plants. 2026; 15: 2088. https://doi.org/10.3390/plants15132088.

USDA-APHIS Grants Non-Regulated Status to Two Gene-Edited Hemp Varieties- Crop Biotech Update (February
4,2026) | Crop Biotech Update - ISAAA.org.

Malabadi RB, Chalannavar RK, Kolkar KP. Plant cell totipotency: Plant tissue culture applications-An updated
review. World Journal of Advanced Engineering Technology and Sciences. 2025; 16(02): 112-135.

Malabadi RB, Chalannavar RK, Kolkar KP. WUCHEL Gene Family: Transcription Factor-W0X2 As A Early
Genetic Marker of Gene Expression During Induction of Somatic Embryogenesis: An updated Review. World
Journal of Advanced Engineering Technology and Sciences. 2025; 16(03): 552-582. Article DOI:
https://doi.org/10.30574/wjaets.2025.16.3.1354.

Malabadi RB, Nataraja K, Vijaykumar S, Mulgund GS. Evidence of WUSCHEL (WOXZ2) gene expression during
induction of somatic embryogenesis from apical shoot buds of mature trees of P. roxburghii. Research in Plant
Biology. 2011; 1(4):77-85.

Malabadi RB, Mulgund GS, Vijaykumar S Expression of WUSCHEL-gene promoting somatic embryogenesis in
plants. Journal of Phytological Research. 2009; 22 (1): 103-106.

Malabadi RB, Nataraja K. Isolation of cDNA clones of genes differentially expressed during
somatic embryogenesis of Pinus roxburghii. American Journal of Plant Physiology. 2007; 2(6):333-343.

Malabadi RB, Chalannavar RK, Meti NT, Mulgund GS, Nataraja K, Vijayakumar S, Narayanaswamy VK, Odhav
B. Detection of Glutathione S-Transferase gene (GST2 and GST3) during induction of somatic
embryogenesis in grape. Research in Biotechnology. 2013; 4(1):01-11.

Malabadi RB. Protoplastisolation, culture and plant regeneration in Butterfly pea (Clitoria ternatea Linn.). Indian
Journal of Genetics and Plant breeding. 2003; 243-246.

Malabadi RB, Choudhury H, Tandon P. Initiation, maintenance and maturation of somatic embryos from thin
apical dome sections in Pinus kesiya (Royle ex. Gord) promoted by partial desiccation and gellan gum. Scientia
Horticulturae. 2004; 102: 449-459.

Malabadi RB, Saxena PK. Establishment of in vitro cultures of Sugar Maple (Acer saccharum) at the Department
of Agriculture, University of Guelph, Guelph, Ontario, Canada. 2012 (Unpublished work).

Malabadi RB, Saxena PK. In Vitro Cloning of Sugar maple (Acer saccharum Marshall): Research Report. 2012.
Department of Plant Agriculture, University of Guelph, Guelph, Ontario, Canada. pp:1-39.

Malabadi RB, Saini I, Chalannavar RK. Role of Nanoparticles in Plant Tissue Culture. Magna Scientia Advanced
Biology and Pharmacy. 2026; 17:2:52-68.

335



[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Kolkar KP, Malabadi RB, Nethravathi TL, Chalannavar RK. Application of Nanotechnology, Artificial Intelligence
(AI) and use of Yeast extract in Plant Tissue Culture: An Updated Review. International Journal of Science and
Research Archive. 2025; 17(02); 230-247.

Park SY, Klimaszewska KK, Malabadi RB, Mansfield SD. Embryogenic cultures of Lodgepole pine originating from
mature trees and from immature seed explants. IUFRO Tree Biotechnology Conference, June 28th- July 2nd
2009,Whistler, BC, Canada, p 60 (abstract). 2009.

Malabadi RB, van Staden . Somatic embryogenesis from vegetative shoot apices of mature trees of Pinus patula.
Tree Physiology. 2005; 25: 11-16.

Teixeira da Silva JA, Malabadi RB. Factors affecting somatic embryogenesis in conifers. Journal of Forestry
Research. 2012; 23(4):503-515.

Malabadi RB, Teixeira da Silva JA. Thin cell layers: Application to forestry biotechnology. Tree and Forestry
Science and Biotechnology. 2011; 5(1): 14-18.

Malabadi RB, Mulgund GS, Nataraja K. Micropropagation of Dendrobium nobile from shoot tip sections. Journal of
Plant Physiology. 2005; 162 (4) 473-478.

Malabadi RB, Vijayakumar S, Nataraja K, Mulgund GS. Induction of somatic embryogenesis and plant
regeneration in Grapes (Vitis vinifera L.). Botany Research International. 2010; 3 (2):48-55.

Ramarosandratana AV, Malabadi RB, Van Staden ]. Gain and loss of embryogenic competence in Norway spruce
(Picea abies) embryo segments. South African Journal of Botany. 2004; 70(2):365.

Malabadi RB, Van Staden ]. Plant regeneration from in vitro cultured cotyledon in Clitoria ternatea (Linn.).
Abstract and Poster presented in the Global Summit on Medicinal Plants, Mauritius Island, 25-30th September
2003; Page 117 (Abstract).

Malabadi RB, Kolkar KP, Chalannavar RK. Munhoz ANR. In vitro Anther culture and Production of Haploids
in Cannabis sativa. Open Access Research Journal of Science and Technology. 2025; 13(01): 001-020.
(https://doi.org/10.53022/oarjst.2025.13.1.0150).

Malabadi RB, Mulgund GS, Nataraja K, Vijayakumar S. Induction of somatic embryogenesis and plant
regeneration in different varieties of Sugarcane (Saccharam officinarum L.). Research in Plant Biology. 2011;
1(4):39- 41.

Malabadi RB, Mulgund GS, Nataraja K, Vijayakumar S. Induction of somatic embryogenesis in Papaya (Carica
papaya L.). Research in Biotechnology. 2011; 2(5):40-55.

Malabadi RB, Teixeira da Silva JA, Nataraja K, Vijayakumar S, Mulgund GS Induction of somatic embryogenesis
in Mango (Mangifera indica). International Journal of Biological Technology. 2011; 2(2):12-18.

Ramarosandratana AV, Malabadi RB, Van Staden ]. Triiodobenzoic-acid mimics the effect of supraoptimal dose
of auxin by inhibiting somatic embryo initiation in Norway spruce. South African Journal of Botany. 2004; 70
(2):365.

Malabadi RB, Mulgund GS, Nataraja K. Plant regeneration via somatic embryogenesis in Pinus kesiya (Royle ex.
Gord.) influenced by triacontanol. Acta Physiologiae Plantarum. 2005; 27 (4A): 531-537.

Malabadi RB, van Staden J. Cold-enhanced somatic embryogenesis in Pinus patula is mediated by calcium. South
African Journal of Botany. 2006; 72(4): 613-618.

Malabadi RB, van Staden ]. Somatic embryogenesis from vegetative shoot apices of mature trees of Pinus patula.
Tree Physiology. 2005; 25: 11-16.

Malabadi RB, Mulgund GS, Vijaykumar S. How somatic cells follows embryogenic pathway during cloning
mature trees of conifers? Journal of Phytological Research. 2009; 22 (1): 53-56.

Malabadi RB, Nataraja K. 24-epibrassinolide induces somatic embryogenesis in Pinus wallichiana A. B. Jacks.
Journal of Plant Sciences. 2007; 2(2):171-178.

Malabadi RB, Nataraja K. Plant regeneration via somatic embryogenesis using secondary needles of mature
trees of Pinus roxburghii Sarg. International Journal of Botany. 2007; 3(1):40-47.

Malabadi RB, Teixeira da Silva JA, Nataraja K, Vijayakumar S, Mulgund GS. Induction of somatic embryogenesis
in mature coniferous forest trees. Research in Biotechnology. 2011; 2(5):08-33.

336



[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

[289]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Malabadi RB, van Staden ]. Breakthrough in Forest Biotechnology . University of KwaZulu Natal ,
Pietermaritzburg, South Africa, News paper. Vol-2 (3) March 2005 page no-3.

Malabadi RB, Choudhary H, Tandon P. Effect of gelling agent, carbon sources and sterilization methods on
initiation and establishment of embryogenic cultures in Khasi pine (Pinus kesiya Royle ex. Gord). Applied
Biological Research. 2003; 8(1&2): 1-8.

Malabadi RB, Mulgund GS, Vijaykumar S. How somatic cells follows embryogenic pathway during cloning
mature trees of conifers? Journal of Phytological Research. 2009; 22 (1): 53-56.

Malabadi RB, Nataraja K. 24-epibrassinolide induces somatic embryogenesis in Pinus wallichiana A. B. Jacks.
Journal of Plant Sciences. 2007; 2(2):171-178.

Malabadi RB, Nataraja K. Plant regeneration via somatic embryogenesis using secondary needles of mature
trees of Pinus roxburghii Sarg. International Journal of Botany. 2007; 3(1):40-47.

Malabadi RB, Teixeira da Silva JA, Nataraja K, Vijayakumar S, Mulgund GS. Induction of somatic embryogenesis
in mature coniferous forest trees. Research in Biotechnology. 2011; 2(5):08-33.

Malabadi RB et al,, Induction of Somatic Embryogenesis using shoot apex in Maritime Pine (Pinus pinaster):
2007.ITQB-Progress Report-Page No-96. Portugal. 2007.

Aronen T, Pehkonen T, Malabadi RB, Ryynédnen L. Somatic embryogenesis of Scots pine ~Advances in pine tissue
culture at Metla. Vegetative propagation of conifers for enhancing landscaping and tree breeding Proceedings of
the Nordic meeting held in September 10th-11th 2008 at Punkaharju, Finland.

Malabadi RB. Tissue culture studies on some commercially important species. Ph. D thesis,
Department of Botany, Karnatak University, Dharwad-580003, Karnataka State, India. 2000. pages. 1-
190.

Malabadi RB, Nataraja K. Brassinosteroids influences in vitro regeneration of Cymbidium elegans, Lindl, an
endangered orchid using shoot tip sections. Asian Journal of Plant Sciences. 2007; 6 (2):308-313.

Aronen TS, Ryynanen L, Malabadi RB. Somatic embryogenesis of Scots pine: Initiation of cultures from mature
tree explants and enhancement of culture system [Abstract]. In: IUFRO Tree Biotechnology Conference, June 3-
8,2007, Ponta Delgada, Azores, Portugal, No.SIX. 2. 2007.

Malabadi RB, Mulgund GS, Nataraja K. Triacontanol induced somatic embryogenesis and plantlet regeneration
in Catharanthus roseus. Journal of Medicinal and Aromatic Plant Sciences. 2009; 31: 147-151.

Teixeira da Silva JA, Malabadi RB. Factors affecting somatic embryogenesis in conifers. Journal of Forestry
Research. 2012; 23(4):503-515.

Malabadi RB, Mulgund GS, Meti NT, Nataraja K, Vijayakumar S. Influence of bud break and apical meristematic
tissue competence during cloning mature trees of conifers. Research in Plant Biology. 2012; 2(2): 43-47.

Malabadi RB, Mulgund GS, Vijaykumar S. Smoke induced seed germination and somatic embryogenesis. Journal
of Phytological Research. 2009; 22 (2):205-209.

Malabadi RB, Meti NT, Vijayakumar S, Mulgund GS, Nataraja K. Activation of cambial layer influences cloning of
mature trees of conifers. Research in Biotechnology. 2012; 3(2): 78-82.

Mulgund GS, Meti NT, Malabadi RB, Nataraja K, Vijayakumar S. Factors influencing cloning mature trees of
conifers. Research in Plant Biology. 2012; 2(2): 38-42.

Malabadi RB, van Staden ]. Somatic embryos can be induced from the vegetative shoot apex of mature Pinus
patula trees. South African Journal of Botany. 2003; :450-451.

Malabadi RB, Teixeira da Silva JA, Nataraja K. Salicylic acid induces somatic embryogenesis from mature trees
of Pinus roxburghii (Chir pine) using TCL Technology. Tree and Forestry Science and Biotechnology. 2008; 2(1):
34- 39.

Mulgund GS, Meti NT, Malabadi RB, Nataraja K, Vijayakumar S. Role of salicyclic acid on conifer somatic
embryogenesis. Research in Biotechnology. 2012; 3(2): 57-61.

Malabadi RB. Effect of glutathione on maturation of somatic embryos derived from vegetative shoot apices of
mature trees of Pinus roxburghii. Journal of Phytological Research. 2006; 19 (1): 35-38.

337



[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Malabadi RB, Choudhary H, Tandon P. Plant regeneration via somatic embryogenesis in Pinus kesiya (Royle ex.
Gord). Applied Biological Research. 2002; 4: 1-10.

Malabadi RB, Nataraja K. Putrescine influences somatic embryogenesis and plant regeneration in Pinus
gerardiana Wall. American Journal of Plant Physiology. 2007; 2(2):107-114.

Malabadi RB, Nataraja K. Smoke-saturated water influences somatic embryogenesis using vegetative shoot
apices of mature trees of Pinus wallichiana A. B. Jacks. Journal of Plant Sciences. 2007; 2 (1): 45- 53.

Malabadi RB, Teixeira da Silva JA, Nataraja K. A new approach involving salicyclic acid and thin cell layers for
cloning mature trees of Pinus roxburghii (Chir Pine). The Americas Journal of Plant Science and Biotechnology.
2008; 2(2):56-59.

Malabadi RB, van Staden |. Optimized somatic embryogenesis in Pinus patula. Sixth Annual Meeting Conference
of the Research Centre for Plant Growth and Development, Department of Botany, University of Natal,
Pietermaritzburg, South Africa. 2004; Pp-20.

Malabadi RB, Nataraja K. Somatic embryogenesis and biochemical analysis of in vitro derived plants in
mothbean (Vigna aconitifolia Jacq.). Plant Cell Biotechnology and Molecular Biology. 2003; 4: 69- 74.

Malabadi RB, Teixeira da Silva JA. Thin cell layers: Application to forestry biotechnology. Tree and Forestry
Science and Biotechnology. 2011; 5(1): 14-18.[299]

Malabadi RB, Teixeira da Silva JA, Mulgund GS. Induction of somatic embryogenesis in Pinus caribaea. Tree and
Forestry Science and Biotechnology. 2011; 5(1): 27-32.

Malabadi RB, Nataraja K. Influence of triacontanol on somatic embryogenesis of Pinus roxburghii Sarg. Baltic
Forestry. 2007; 13(1): 39-44.

Malabadi RB, van Staden ]. Recent developments of clonal forestry in South Africa. Seventh Annual Meeting
Conference of the Research Centre for Plant Growth and Development, Department of Botany, University of
KwaZulu- Natal, Pietermaritzburg, South Africa. 2005; 2.

Malabadi RB, Nataraja K, Vijayakumar S, Mulgund GS. Journey of a single cell to a plantlet via in vitro cloning
mature trees of conifers. Research in Biotechnology. 2011; 2(6):01-07.

Malabadi RB, van Staden ]. Storability and germination of sodium alginate encapsulated somatic embryos
derived from the vegetative shoot apices of mature Pinus patula trees. Plant Cell Tissue and Organ Culture. 2005;
82:259-265.

Malabadi RB, Nataraja K. Large scale production and storability of encapsulated somatic embryos of Mothbean
(Vigna aconitifolia Jacq.). Journal of Plant Biochemistry and Biotechnology. 2002; 11:61-64.

Malabadi RB, Nataraja K. In vitro storage of synthetic seeds in Clitoria ternatea (Linn.). Phytomorphology. 2002;
52 (2&3): 231-237.

Malabadi RB, Nataraja K. Cryopreservation and plant regeneration via somatic embryogenesis in Clitoria
ternatea. Phytomorphology. 2004; 54 (1&2):7-17.

Malabadi RB, Nataraja K. Cryopreservation and plant regeneration via somatic embryogenesis using shoot
apical domes of mature Pinus roxburghii Sarg. Trees. In vitro Cellular and Developmental Biology-Plant. 2006; 42
(2): 152-159.

Malabadi RB, Lokare-Naik S, Meti NT, Mulgund GS, Nataraja K, Vijayakumar S. Synthesis of silver nanoparticles
from in vitro derived plants and callus cultures of Clitoria ternatea; Evaluation of antimicrobial activity. Research
in Biotechnology. 2012; 3(5): 26-38.

Malabadi RB, Chalannavar RK, Meti NT, Mulgund GS, Nataraja K, Vijayakumar S. Synthesis of antimicrobial silver
nanoparticles by callus cultures and in vitro derived plants of Catharanthus roseus. Research in Pharmacy. 2012;
2(6):18- 31.

Malabadi RB, Meti NT, Mulgund GS, Nataraja K, Vijayakumar S. Synthesis of silver nanoparticles from in vitro
derived plants and callus cultures of Costus speciosus (Koen.): Assessment of antibacterial activity. Research in
Plant Biology. 2012; 2(4): 32-42.

Malabadi RB, Meti NT, Mulgund GS, Nataraja K, Vijayakumar S. Smoke saturated water romoted in vitro seed
germination of an epiphytic orchid Oberonia ensiformis (Rees) Lindl. Research in Plant Biology. 2012; 2(5): 32-
40.

338



[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Mulgund GS, Meti NT, Malabadi RB, Nataraja K, Vijayakumar S. Smoke promoted in vitro seed germination of
Pholidota pallida. Research in Plant Biology. 2012; 2(2): 24-29.

Mulgund GS, Nataraja K, Malabadi RB, Vijayakumar S. TDZ induced in vitro propagation of an epiphytic orchid
Xenikophyton smeeanum (Reichb. f.). Research in Plant Biology. 2011; 1(4):07-15.

Malabadi RB, Teixeira da Silva JA, Nataraja K, Vijayakumar S, Mulgund GS. In vitro seed germination of an
epiphytic orchid Xenikophyton smeeanum (Reichb. f.) by using smoke-saturated-water as a natural growth
promoter. International Journal of Biological Technology. 2011; 2(2):35-41.

Malabadi RB, Teixeira da Silva JA, Mulgund GS. In vitro shoot regeneration by culture of Liparis elliptica (Rees)
Lindl, shoot tip-derived transverse thin cell layers induced by 24-epi Brassinolide. International Journal of Plant
Developmental Biology. 2009; 3(1): 47-51.

Malabadi RB, Teixeira da Silva JA, Mulgund GS. TDZ induced in vitro shoot regeneration of Aerides maculosum
Lindl, from shoot tip thin cell layers. Floriculture and Ornamental Biotechnology. 2009; 3(1): 35-39.

Malabadi RB, Teixeira da Silva JA, Mulgund GS. Micropropagation of Eria dalzelli (Dalz.) Lindl. through TCL in
vitro culture. Floriculture and Ornamental Biotechnology. 2008; 2(2):77-80.

Malabadi RB, Teixeira da Silva JA, Nataraja K, Mulgund GS. Shoot tip transverse thin cell layers and 24-
epibrassinolide in the micropropagation of Cymbidium bicolor Lindl. Floriculture and Ornamental Biotechnology.
2008; 2(2): 44-48.

Malabadi RB, Teixeira da Silva JA, Mulgund GS. Smoke-saturated water influences in vitro seed germination of
Vanda parviflora Lindl. Seed Science and Biotechnology. 2008; 2(2):65-69.

Malabadi RB, Mulgund GS, Nataraja K. Efficient regeneration of Vanda coerulea, an endangered orchid using
thidiazuron. Plant Cell Tissue and Organ Culture. 2004; 76: 289-293.

Malabadi RB, Mulgund GS, Vijaykumar S. Expression of WUSCHEL-gene promoting somatic embryogenesis in
plants. Journal of Phytological Research. 2009; 22 (1): 103-106.

Malabadi RB, Teixeira da Silva JA, Nataraja K. Stable and consistent Agrobacterium-mediated genetic
transformation in Pinus roxburghi (Chir Pine). Tree and Forestry Science and Biotechnology. 2008; 2(1):7-13.

Malabadi RB, Nataraja K. Alkaloid biosynthesis influenced by Agrobacterium- rhizogenesis mediated genetic
transformation and bioreactor in Clitoria ternatea (Linn.). Plant Cell Biotechnology and Molecular Biology. 2003;
4:169-178.

Malabadi RB, Mulgund GS, Vijaykmar S. Tree biotechnology: Recent updates on genetic transformation of
conifers. Journal of Phytological Research. 2009; 22 (2):177-181.

Malabadi RB. Production of edible vaccines for oral immunization in transgenic plants: Current and future
prospective. Journal of Phytological Research. 2008; 21(1):1-10.

Malabadi RB, Nataraja K. A biolistic approach for the production of transgenic plants using embryogenic tissue
in Pinus kesiya Royle Ex. Gord (Khasi pine). Biotechnology. 2007; 6(1): 87-93.

Malabadi RB, Nataraja K. Genetic transformation of Vanilla planifolia by Agrobacterium tumefaciens using shoot
tip sections. Research Journal of Botany. 2007; 2(2): 86-94.

Malabadi RB, Vijaykmar S. Role of transgenic plants in phytoremediation: Applications, present status and
future prospectives. Journal of Phytological Research. 2009; 22 (1):1-12.

Malabadi RB. Agrobacterium-mediated genetic transformation of Vigna unguiculata. Journal of Phytological
Research. 2006; 19 (1): 1-4.

Malabadi RB, Teixeira da Silva JA, Nataraja K. Agrobacterium-mediated genetic transformation of Pinus kesiya
Royle ex Gord (Khasi Pine). The Asian and Australasian Journal of Plant Science and Biotechnology. 2008; 2(1):
7-14.

Malabadi RB, Teixeira da Silva JA, Nataraja K. Green fluorescent protein in the genetic transformation of plants.
Transgenic Plant Journal. 2008; 2(2):86-109.

Malabadi RB, Nataraja K. Genetic transformation of conifers: Applications in and impacts on commercial
forestry. Transgenic Plant Journal. 2007; 1(2): 289-313.

339



[331]

[332]

[333]

[334]

[335]

[336]

[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

World Journal of Advanced Engineering Technology and Sciences, 2026, 20(01), 315-340

Malabadi RB, Nataraja K. Stable transformation and recovery of transgenic plants by particle bombardment in
Pinus wallichiana A. B. Jacks (Himalayan blue pine). Biotechnology. 2007; 6(1): 105-111.

Malabadi RB, Nataraja K. Production of transgenic plants via Agrobacterium- tumefaciens mediated genetic
transformation in Pinus wallichiana (Himalayan blue pine). Transgenic Plant Journal. 2007;1(2): 376- 383.

Malabadi RB, Nataraja K. Gene transfer by particle bombardment of embryogenic tissue derived from the shoot
apices of mature trees of Pinus roxburghii (Chir pine). American Journal of Plant Physiology. 2007; 2(2):90-98.

Malabadi RB, Nataraja K. Agrobacterium tumefaciens mediated genetic transformation in Vigna aconitifolia and
stable transmission of genes to somatic seedlings. International Journal of Agricultural Research. 2007; 2(5): 450-
458.

Malabadi RB, Parashar A, Ganguly A, Mavanur SR. Expression of Dengue virus envelope protein in a different
plant system. Faculty Research and Development day, Faculty of Pharmacy and Pharmaceutical Sciences,
University of Alberta, Edmonton, Canada, 19th November 2010. Abstract No-69, page no-31. (Poster
presentation).

Malabadi RB, Nataraja K. RAPD detect no somaclonal variation in cryopreserved cultures of Pinus roxburghii.
SARG. Propagation of Ornamental Plants. 2006; 6(3): 114-120.

Malabadi RB, Hills PN, van Staden ]J. RAPD assessment of clonal identity of somatic seedlings derived from
vegetative shoot apices of mature Pinus patula trees. South African Journal of Botany. 2006; 72:181-183.

Malabadi RB, Van Staden J. Role of antioxidants and amino acids on somatic embryogenesis of Pinus patula. In
Vitro Cellular and Developmental Biology-Plant. 2005; 41 (2):181-186.

Malabadi RB, Mulgund GS, Nataraja K. Effect of triacontanol on the micropropagation of Costus speciosus (Koen.)
Sm. Using rhizome thin sections. In Vitro Cellular and Developmental Biology-Plant. 2005; 41 (2): 129- 132.

Malabadi RB. In vitro plant regeneration of Cowpea (Vigna unguiculata (L.) Walp. Using distal half of cotyledon.
Journal of Phytological Research. 2005; 18 (1):71-75.

Malabadi RB, Mulgund GS, Nataraja K. Thidiazuron induced shoot regeneration of Costus speciosus (Koen.) Sm
using thin rhizome sections. South African Journal of Botany. 2004; 70(2):255-258.

Malabadi RB, van Staden ]. Regeneration of Ornithogalum in vitro. South African Journal of Botany. 2004; 70
(4):618-621.

Malabadi RB. Histological changes associated with shoot regeneration in the leaf explants of Clitoria ternatea
(Linn) cultured in vitro. Journal of Phytological Research. 2002; 15(2):169-172.

Malabadi RB, Nataraja K. Shoot regeneration in leaf explants of Clitoria ternatea L. cultured in vitro.
Phytomorphology. 2001; 51 (2):169-171.

Malabadi RB, Nataraja K. Peroxidase activity as a marker of xylogenesis in the cultured cells of Guava (Psidium
guajava L.). Indian Journal of Forestry. 2002; 25(2): 196-200.

Malabadi RB, Mulgund GS, Nataraja K, Vijayakumar S. Induction of somatic embryogenesis and plant
regeneration in different varieties of Sugarcane (Saccharam officinarum L.). Research in Plant Biology. 2011;
1(4):39- 41.

Malabadi RB. In vitro propagation of spiral ginger (Costus speciosus) (Koen.) Sm. Indian Journal of Genetics and
Plant breeding. 2002; 62(3): 277-278.

Malabadi RB. Plant regeneration from in vitro cultured leaf in mothbean. Journal of Phytological Research. 2002;
15(2): 137-140.

Malabadi RB, Nataraja K. In vitro plant regeneration in Clitoria ternatea. Journal of Medicinal and Aromatic Plant
Sciences. 2002; 24: 733-737.

Malabadi RB, Chalannavar RK. Application of Genome editing-CRISPR/Cas9 for the Crop Improvement. World
Journal of Advanced Research and Reviews. 2026; 31(01): 1004-1027.

340



