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Introduction
Since centuries ago, medicinal plants have been involved 
in disease treatment and human health to some extent 
and nowadays, in many cultures, they still are recognized 
as a part of traditional or complementary medicine.1 
The knowledge about the use of these plants is based on 
traditional medicine and has been developed over the 
years through experimenting and watching the healing 
effects.2 The use of medicinal plants in various ethnic 
groups and cultures shows how plant knowledge has been 
considered worldwide and each region has cultivated a 
collection of indigenous species or collected them from 
nature for the treatment and prevention of diseases, 
depending on its environmental and climatic conditions.3 
Many of the effective compounds in today’s chemical 
drugs were also first identified and extracted from plants, 
and modern scientific research has attempted to develop 
more effective drugs for the treatment of diseases by 
analyzing the structure of these compounds. In addition, 
direct consumption of some plants without the need for 
complex chemical processes can have a positive effect on 
health and reduce the risk of side effects of chemical drugs.4  

Today, advances in biotechnologies and medicine have 
enabled researchers to identify effective compounds in 
medicinal plants, and to achieve higher quality and better 
therapeutic performance by making genetic modifications 
or improving cultivation and harvesting methods. These 
plants contain active compounds that can be effective in 
a wide range of diseases.5 One of the most significant uses 
is the extraction of medicinal plants and the production 
of essential oils, which serve as the primary sources for 
the manufacture of drugs, dietary supplements, and 
cosmetics.6

For the last few years, the combination of healing 
herbs with standard cancer therapies (chemotherapy, 
radiotherapy, and surgery) has gained considerable interest 
from the scientific community.7 Many of the effective 
compounds in anticancer drugs were first discovered from 
plant sources and then produced and supplied by industrial 
or semi-industrial methods.8 Among the topmost examples 
in this area are paclitaxel (Taxol) from the yew tree (Taxus 
brevifolia) and vincristine and vinblastine from the 
Catharanthus roseus.9 Many medicinal plants are known 
to contain phenolic compounds, terpenoids, and alkaloids 
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that can show different types of anticancer activities. Such 
activities may include cancer cell proliferation inhibition, 
apoptosis induction, angiogenesis prevention, and 
inflammation reduction.10 For instance, curcumin from 
turmeric, catechin from green tea, and resveratrol from 
grapes and berries are some of the naturally occurring 
compounds that scientific research has indicated may 
possess anticancer effects.11,12 Furthermore, some of these 
compounds are capable of lowering the chemotherapy 
and radiotherapy side effects by activating protective 
mechanisms in the healthy cells, thus making the patients 
more tolerant of the conventional treatments.13

While medicinal plants offer attractive options, it is 
important to note that the effects of these compounds 
can vary with dosage, extract type, extraction method, 
and individual patient characteristics. Thus, it will be 
very necessary to conduct proper preclinical and clinical 
research and evaluation on every herbal compound or 
extract before it can be recommended for use. Also, the 
arbitrary use of medicinal plants can, in some cases, 
cause drug interactions or reduce the effectiveness of 
conventional cancer treatment methods.14 For this 
reason, it is recommended that patients with cancer 
consult their medical team before starting any herbal 
or complementary treatment to make the best decision 
by examining their physical condition and the type of 
treatment being implemented.3 Although the primary 
source of herbal medicinal compounds is plants found in 
natural environments or cultivated plants, the preparation 
of the aforementioned compounds from such sources is 
associated with limitations, some of which are:
1.	 The concentration of many of these compounds in 

plants found in nature or cultivated plants is very 
low; For example, the concentration of the taxol 
metabolite is equivalent to one hundredth of a 
percent of the dry weight of the yew plant, while the 
concentration of some other plant metabolites is even 
lower than this amount.1

2.	  Sometimes, there are many compounds similar to 
the desired compound in the plant, whose presence 
makes the process of separating and purifying the 
main compounds complicated and costly.15

3.	 Production is highly variable, and factors such as 
environmental conditions have a great impact on 
the rate of metabolite production, so the production 
efficiency in this method is associated with large 
fluctuations.16 

4.	 The process of producing pharmaceutical 
Compounds from traditional sources is sometimes 
very long and may require several years.

5.	 Some plants producing these compounds are rare 
and slow-growing, and in such circumstances, 
collecting them from nature causes damage to the 
environment.17

Genome editing in medicinal plants is one of the 
most recent advances in biotechnology, allowing for 
the improvement and enhancement of their medicinal 
properties. This process involves making precise changes 

to the DNA of plants to create desirable characteristics, 
such as increased disease resistance, improved production 
of active compounds, higher yields, and optimized 
growth conditions. One of the key tools in this field is the 
CRISPR-Cas9 technology, which is widely used due to its 
high precision and high efficiency in gene editing.18,19 This 
review article utilized reliable sources and keywords such 
as CRISPR/Cas9 technology, medicinal plants, as well as 
their advantages and disadvantages. The articles reviewed 
met the necessary inclusion and exclusion criteria, and 
their results were thoroughly analyzed.

Overview of CRISPR/Cas9 Technology
CRISPR (clustered regular interspersed short palindromic 
repeats) is a type of adaptive immune system in bacteria 
and archaea.20 It helps microorganisms defend themselves 
against viruses and other foreign agents. The mechanism 
of this system involves storing segments of invading DNA 
in specific regions of the host genome called CRISPR 
arrays.17 These stored sequences are used as a memory 
to recognize future attacks. During re-invasion, RNAs 
called crRNAs, transcribed from CRISPR arrays, match 
the sequence of the invading DNA.21 These RNAs, in 
collaboration with CRISPR-associated proteins, such 
as Cas9 or Cas12, act as guides and direct the CRISPR 
enzymes to the target DNA (Figure 1). Once recognized, 
the Cas protein cuts the invading DNA and inactivates it. 

The system allows researchers to edit the genomes of 
living organisms with high precision. With CRISPR, 
it is possible to delete, insert, or modify particular gene 
sequences.22 The innovation has been used in many 
different areas, such as curing hereditary disorders, 
improving crops, and manufacturing drugs for humans23 

CRISPR has several advantages over other technologies, 
such as TALENs and zinc finger nucleases (ZFNs), 
including easier design, lower cost, and superior 
performance. However, it also has drawbacks, such as 
the risk of unintended mutations in the genome and 
ethical concerns surrounding its use.24 Overall, CRISPR 
is recognized as a revolutionary tool in biology and 
medicine, and much research is underway to further 

Figure 1. Schematic representation of the CRISPR–Cas system.
Guide RNA (gRNA), in association with CRISPR-associated proteins such 
as Cas9, directs the enzyme to the target double-stranded DNA (dsDNA) 
sequence, enabling precise recognition and cleavage of the genetic 
material.
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understand its capabilities and limitations.18

Mechanism of Action of Cas9
Mechanism of Action CRISPR naturally functions in 
bacteria and archaea as an adaptive immune system that 
can recognize and destroy invading genetic material, such 
as viral DNA or RNA.25 This system consists of three 
main steps: adaptation, expression, and intervention. In 
the adaptation phase, when a virus or another invading 
agent infects a bacterium, small fragments of the invading 
DNA, known as protospacer sequences, are recognized 
and inserted into CRISPR arrays within the bacterial 
genome.26 These arrays consist of repetitive sequences 
and distinct spacers, each spacer containing a sequence 
of the invading genetic material. This process causes the 
CRISPR arrays to become a type of immune memory. In 
the expression phase, the CRISPR arrays are transcribed 
and converted into RNA. These RNAs are known as 
CRISPR pre-RNAs, or pre-crRNAs. This pre-RNA is 
then processed into smaller fragments called crRNAs, 
each containing a guide sequence from the invading 
genetic material and a portion of the repetitive sequence.27 
These crRNAs combine with Cas proteins (such as Cas9, 
Cas12, or Cas13, depending on the system) to form an 
active complex. In the intervention phase, the crRNA-
Cas complex functions by searching for specific target 
sequences in the invading genetic material.28 The binding 
of crRNA to the target sequence specifically depends 
on the presence of a PAM (protospacer-adjacent motif) 
sequence near the target. The PAM acts as a marker 
and ensures that the Cas protein does not attack its own 
bacterial genetic material. Once the target sequence is 
recognized, the Cas protein cuts it. In the Cas9 system, 
this cutting typically occurs on both strands of DNA, 
resulting in a double-strand break. In systems like Cas12, 
in addition to cutting DNA, off-target RNA degradation 
is sometimes observed.29,30 This process of destroying 
invading genetic material prevents infection and ensures 
the survival of the host cell.

Applications and Challenges of CRISPR/Cas9 
Technology in Medicinal Plant Development
Researchers are using CRISPR to discover new ways 
to improve crop disease resistance and environmental 
stress tolerance in plants, which could lead to the 
development of new products to help feed and treat 
the global population.19,31 CRISPR/Cas9 has many 
advantages over other Genome editing technologies, 
including multiplexing, high precision, cost-effectiveness, 
and simplicity. It can be applied directly to the plant 
and reduces the time required to modify target Genes 
compared to gene-targeting technologies.21 It also has 
higher specificity and versatility than other mutagenic 
techniques, such as ZFN and TALEN.31 One of the 
major advantages of genome editing in medicinal plants 
is the increased production of active pharmaceutical 

ingredients. The production of medicinal plants can be 
boosted and their quality improved by altering the genes 
that are responsible for metabolic pathways that generate 
medicinal compounds. To illustrate, in the case of 
turmeric, which has curcumin as its active ingredient, the 
editing of the genome can not only boost the production 
of curcumin but also its anti-inflammatory and anti-
cancer properties.32 Moreover, the gene editing technique 
can not only lead to creating higher amounts of medicinal 
compounds but also be used to strengthen their resistance 
to diseases and extreme climates. With the help of pest-
resistance, drought-resistance, soil salinity-resistance, 
or temperature changes, one can alter the genes of 
medicinal plants for their growth in the desired direction. 
This will not only unlock the full agricultural potential 
of these areas but also reduce the use of pesticides and 
chemical fertilizers, making it a more environmentally 
friendly practice. However, along with its numerous 
advantages, genome editing in medicinal plants poses 
challenges.17 One such challenge is the ethical and legal 
problems connected with the use of genetically modified 
plants. Several nations have very stringent regulations 
regarding the cultivation and marketing of genetically 
modified plants, which can further complicate research 
and development. Additionally, concerns about the 
environmental and human health impacts of genome 
editing persist and require thorough and ongoing 
research. On the other hand, maintaining the therapeutic 
potential of the plant after genome editing remains a 
challenge. The genetic changes may lead to unforeseen 
results on the active plant molecules; thus, there is a need 
for careful and extensive evaluations to ensure the safety 
and efficacy of the drugs produced. Also, genome editing 
processes must be carried out with high precision and 
quality controls to avoid introducing unwanted changes 
to the plant genome.6 The application of CRISPR/Cas9 in 
gene editing has several drawbacks, including unintended 
gene alterations, immune responses, and potential 
disruptions to ecosystems.33

Nevertheless, the medical use of selected plants becomes 
more likely than ever, thanks to soon-to-be-considered 
new methods of genome editing, the development of 
new CRISPR systems that are exact and can perform 
more changes with little to no side effects. These methods 
enable scientists to affect the medicinal characteristics of 
plants in a very specific and targeted manner, and thus 
produce plants that are more suitable for medical and 
pharmaceutical purposes. In the long run, the genetic 
alteration of the selected plants will lead to new drugs and 
better health care. The plants with enhanced medicinal 
qualities will be the result of the collaboration between 
genetics, biochemistry, and technology, and eventually, 
more patients will be given access to effective treatments 
while the cost of production of herbal medicines is made 
lower. In addition, this technology can also help preserve 
biodiversity and sustainably use natural resources, which 
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is especially important in the era of climate change and 
the need for sustainable solutions.28

Discussion
Plant breeding will undoubtedly benefit from genetic 
tools, precision breeding methods, and climate-resilient 
crops to address global food challenges effectively.34,35 
Technical elements such as genetic markers, reference 
genomes, databases, transcriptomes, and gene expression 
profiles are key genomic resources in this context. 
Advanced methods greatly aid in identifying genes linked 
to desirable traits, understanding genetic variation in 
crops, and accelerating the development of new varieties. 
Selecting such indicators enables faster and more precise 
work by focusing only on high-quality plants, with the 
selection of disease-resistant, drought-tolerant, and high-
yielding varieties carried out in advance.36 The process 
of critical traits being obtained in a crop variety will be 
significantly shortened, and the proportion of breeders’ 
preferred traits becoming common in the population 
will be raised remarkably.37 Among breeding techniques, 
genome editing shows the highest precision through 
CRISPR-Cas9, for instance, in yield improvement. A 
specific gene modification can be performed on a plant 
that already possesses the desired trait, or it can be 
engineered to acquire it, in such a way that no unintended 
changes occur. CRISPR/Cas-9 and its relatives (such as 
CRISPR/Cas-12 and CRISPR/Cas-13) are considered 
revolutionary tools for genome editing due to their 
precision, efficiency, cost-effectiveness, and simplicity. 
These gene-editing techniques enable highly accurate 
modifications within cell nuclei. However, a major 
limitation remains: the risk of unintended mutations, 
which may manifest as undesired phenotypes, potentially 
restricting the application of this technology to only a 
few genetic loci. To address this issue, newer versions of 
CRISPR/Cas are being developed and existing systems 
are being improved to minimize off-target effects. This is 
accomplished by selecting single guide RNAs (sgRNAs) 
predicted to have the fewest potential binding sites, based 
on a comprehensive analysis of the reference genome.

The future of plant breeding promises advances 
through genetic tools, precision breeding techniques, 
and climate-resilient crops to address global food 
security. Key genomic resources include genetic markers, 
reference genomes, databases, transcriptomes, and gene 
expression profiles. These tools are critical for identifying 
genes associated with desirable traits, understanding 
genetic diversity, and accelerating breeding programs. 
Molecular markers lead to faster and more accurate crop 
enhancement and development by enabling the selection 
of disease-resistant, drought-tolerant, and high-yielding 
plants. This allows breeders to select and propagate plants 
with the highest genetic potential, significantly shortening 
breeding cycles and increasing the efficiency of trait 
improvement.38 CRISPR/Cas-9 and related systems (such 
as CRISPR/Cas-12 and CRISPR/Cas-13) are recognized 
as groundbreaking tools for genome editing due to their 

precision, efficiency, cost-effectiveness, and simplicity.39 
These technologies facilitate highly precise modifications 
of nuclear genomes. However, a significant challenge is 
the potential for off-target mutations, which can lead to 
deleterious phenotypes and limit the broader application 
of genome editing. The potential of genome editing is huge 
when it comes to generating plants with better nutritional 
value, animals with disease resistance, and even being 
more resilient to environmental stresses. By using these 
methods together, it will be possible to have a whole range 
of plant species that can cope with the problems of a larger 
world population, a changing climate, and eco-friendly 
farming.

Conclusion
Plant breeding is entering a new era, driven by advancements 
in genetic tools, precision breeding techniques, and the 
development of climate-resilient crops. Essential genomic 
resources, including genetic markers, reference genomes, 
databases, transcriptomes, and gene expression profiles, 
empower breeders to identify desirable traits, understand 
genetic diversity, and speed up the creation of improved 
plant varieties. Molecular markers and genome editing 
technologies, especially CRISPR/Cas systems, enable 
precise modifications, helping to select and propagate 
plants that are disease-resistant, drought-tolerant, high-
yielding, and nutritionally enhanced. Although off-
target effects pose a challenge, ongoing improvements in 
CRISPR technology are working to minimize these risks. 
By integrating these innovative approaches, the future of 
plant breeding holds the promise of producing crops that 
can meet the demands of a growing global population, 
adapt to climate change, and support sustainable, eco-
friendly agriculture.
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