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Abstract: Plant—virus interactions involve complex biochemical processes that determine the outcome of
infection, resistance, or susceptibility in host plants. This review highlights key molecular mechanisms
underlying these interactions, with emphasis on RNA silencing pathways, host protein manipulation, and
biotechnology-driven resistance strategies. RNA silencing serves as a primary antiviral defense in plants
through siRNAs, miRNAs, and RDR-mediated amplification, while viruses counter this system using viral
suppressors (VSRs) that disrupt Dicer activity, AGO function, or small RNA stability. Additionally, viruses
exploit host proteins including heat-shock proteins, transcription factors, and post-translational modification
machinery to enhance replication and evade immunity. Advances in biotechnology, particularly RNA
interference, CRISPR/Cas genome editing, and synthetic biology, offer promising strategies for engineering
durable, broad-spectrum virus resistance in crops. Omics technologies further facilitate the discovery of
host susceptibility factors, stress-responsive genes, and metabolic shifts associated with viral infection.
Together, these molecular insights support the development of innovative and sustainable approaches for
plant virus management and improved global crop resilience.
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1. Introduction

There are many reasons why studying the biochemistry of plant-virus interactions is
important. First of all, plant viruses are a serious threat to crop production all over the world. By
understanding the complex molecular interactions that occur between plants and viruses, it is
possible to elucidate efficient molecular strategies that can boost the resistance of plants (Ray &
Casteel, 2022; Zanardo et al., 2019). Wang (2015) state that these interactions modify the
physiological cell processes of the plant so that protein synthesis, nutrient allocation, and immune
responses are altered by the virus and by the plant as well in order to help with survival and
replication (Osterbaan & Fuchs, 2019). By investigating these interactions at a biochemical scale,
we can uncover mechanisms underlying virus-host co-evolutionary dynamics. Both mutualistic
and antagonistic interactions can take place in it. Viruses and their vectors use effectors to alter
plant physiology which helps the virus or trigger phytovirus immunity (Ray Casteel, 2022).
Studying the biochemistry of plant-virus interactions also involves understanding how viruses
interfere with plant hormone pathways that regulate growth and defenses. Viruses typically change

hormones in plants.

This helps the behaviour of plants. Also, this provides support to the reproduction and
dispersal of viruses (Islam et al., 2019). By manipulating this hormone, we can learn how to
enhance defenses in plants against viruses. Recent technological advancements in transcriptomics
and proteomics offer advanced and effective tools to identify new virus-associated functional
components. This dynamic development facilitates a molecular characterization of plant
responses. These help to recognize host factors that viruses use for replication and movement,
which could lead to genetic interventions such as gene editing for virus-resistant crops (Gomaa et
al., 2024; Souza et al., 2019; A. Wang, 2015). Plant virus interactions with host plant are different
from the other plant pathogen systems. This is because of a number of peculiar features. Unlike
the fungi and bacteria that secrete effector proteins to manipulate plant processes, viruses mainly
modulate host cellular mechanisms, such as RNA silencing. When viruses infect plants, the plants
mount a complex resistance response that includes RNA silencing and systemic resistance.
Furthermore, it can trigger hypersensitive responses the contain the virus to cells that are already
infected (Henry et al., 2013; S. Zhang et al., 2022)
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Many viruses’ pathogens transmission is assisted by insect vectory involvement. The plant,
virus and vector interaction is very complex. Usually, there are mutualistic interactions. In these,
the virus and the vector manipulate plant immunity for their own benefit. On the contrary, some
pathogens such as fungi party involve the plant tissue or get into it through environmental means,
usually with the involvement of soil fauna (Ray & Casteel, 2022). Although viral effectors are
present, their action is different from the other effectors from bacterial or fungal pathogens.
Paraphrased (40 words): Transcription factors and plant protein degradation pathways are frequent
targets of these viruses. However, unlike fungal or bacterial effectors, which interfere with plant
physiological activities in the cell, these viruses manipulate them differently (Jameson, 2000; Ray
& Casteel, 2022). In many cases, virus infects a plant and causes a complex impact from stunting
to chlorosis. They cause changes in the levels of hormones such as cytokinins and auxins causing
the seeds to act in a way that benefits the virus (Jameson, 2000).

2. RNA Silencing Mechanisms

Plants possess a naturally occurring defense mechanism against viruses known as RNA
silencing. This antiviral response aims for specific destruction of viral RNA, effectively blocking
virus replication. This defense uses short interfering RNAs (sSiRNAS) to direct Argonaute proteins
to the viral RNA, leading to its cleavage and suppression (Lopez-Gomollon & Baulcombe, 2022;
Vance & Vaucheret, 2001). RNA silencing has the amazing ability to target both RNA and DNA
viruses. RNA degradation pathways are another strategy often mediated by RNA-dependent RNA
polymerases (RDRs) (Vaistij & Jones, 2009; M.-B. Wang et al., 2012). DNA viruses can also be
inhibited by RNA-directed DNA methylation pathways which will prevent their transcription and
therefore their replication (M.-B. Wang et al., 2012). In addition to degrading viral RNAs, RNA
silencing in plants can interfere with viral replication and promote antiviral defense through

reprogramming epigenetic modifications upon infection by viruses (C. Wang et al. 2019).

United States Navy, Italian Navy and Royal Navy, through permits and control in the
government, and access to payment channels, much to some competition and government
interference and all. VSRs can interfere with various steps of the RNA silencing pathway. They
often do this binding with the RNA silencing proteins or the siRNA. Thus, the plant defence gets
neutralized (Kontra et al., 2016; M.-B. Wang et al., 2012). Studies have shown the strong
effectiveness of RNA silencing as a defence mechanism against viruses. The existence of
specialized RNA silencing pathways that involve the functions of proteins such as Dicer-like 2

(DCL2), Argonaute 2 (AGO2) and other essential proteins activation that strongly enhances virus
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replication but protects plants from lethal viral infection ( X. Zhang e al., 2012). Moreover, RDR6
and others generate secondary siRNAs. This amplifies silencing and increases viral resistance. The

deficiency of these genes makes the host susceptible to viral infections (F. Li et al., 2014).

The Small interfering RNA, micro-RNA and RNA dependent RNA polymerase proteins
are important for antiviral defenses in various organisms but especially the plants. Here is an
overview of their roles in viral resistance. SIRNA refers to a molecule that is essential for the
antiviral response by means of RNA interference (RNAI). Dicer-like enzymes are responsible for
the formation of double-stranded RNA. Post-processing, siRNAs are merged with Argonaute
proteins which form the RISC or RNA-induced silencing complex that inhibits the amplification
of viruses by degrading the complementary parts of the viral RNA (roughly 32 words). miRNAs
can also participate in antiviral immunity but their action differs somewhat from that of sSiRNAs.
miRNAs don't need to match the base pairs perfectly. Thus, they can control many virus-fighting
genes. Viruses benefit from antagonizing host factors (like proteins involved in the interferon
pathway) to boost their own survival. Certain miRNAs of plants modulate the antiviral pathways
by repressing the expression of RDR proteins, that enhances resistance against the viruses (like
miR444 in rice; H. Wang et al., 2016). RDR Proteins RDRs are helpful in amplifying the RNA
silencing signal. In antiviral defense, RDRs help make double-stranded RNA from the RNA
genome or transcripts of viruses. This double-stranded RNA is processed into siRNAs. The
amplification process strengthens the RNA1 response and increases the plants’ capacity to resist
viral infections (Xie et al., 2004). In rice, RDR1 is upregulated by miR444 after viral infection to
increase the antiviral RNA silencing of the plant’s signaling cascade (H. Wang et al. 2016). A
wide range of viral suppressor proteins impede RNA silencing through numerous mechanisms that
disrupt the host’s antiviral defenses. The effect seems particularly pronounced in plant viruses.
These proteins (viral suppressors of RNA silencing, or VSRs) use different approaches to suppress
the RNA interference (RNA1) pathway. It is the organism’s main defence mechanism against virus

infections.

Various VSRs such as p19 from tombusviruses bind specifically to small interfering RNAs
(siRNAs). The binding of the siRNA by the virus prevents the incorporation of siRNA into the
RNA-induced silencing complex (RISC), and the degradation of the viral RNA target (Ye et al.,
2003). Some viral suppressors interfere with Argonaute proteins, the core parts of the RISC, by
acting through direct interactions. For instance, the P1 protein of sweet potato mild mottle virus
binds to AGO1 and AGO2 but rather specifically inhibits AGO1 by blocking its access to target
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RNAs. This stops the RISC's silencing function from taking place (Kenesi et al., 2017). Some
VSRs act on any molecules in the RNA silencing pathway upstream of Dicing activities. The P38
protein of the turnip crinkle virus can bind to long double-stranded RNAs and inhibit Dicer
processing of those double-stranded RNAs into siRNAs, which are involved in the initiation of
RNA silencing (Iki et al., 2017). Some VSRs like the p126 protein from Tobacco mosaic virus,
are modular in that they have other domains, each of which can independently suppress RNA
silencing. Different components of the protein can affect different steps of the RNA silencing
pathway thanks to the modular nature of this protein. This makes the virus more resistant (L.-Y.
Wang et al., 201211). Some viral suppressors rely on the presence of host transcription factors to
function. According to Endres et al. (2010), the suffocation processes of the potyvirus HC-Pro and
carmovirus P38 require the host transcription factor RAV2, inducible by ethylene to block primary
siRNAs. VSRs usually have more than one function in viruses. These include moving from one
cell to another and assisting in genome replication, alongside silencing host RNA. Due to their
multifunctionality, they can meet the demands of both viral infectivity and host defense

suppression (Atabekova et al., 2023).
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Figure 2.1 Mechanisms of Antiviral RNA Silencing in Plants: Post-Transcriptional, Mobile,

and Transcriptional Pathways
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3. Host Proteins and Viral Manipulation

The Viruses use host proteins to replicate and evade immune responses. They do this by
strategically selecting proteins in the host. Viruses normally attack several key proteins and
processes. Viral and host proteins undergo a variety of post-translational modifications such as
acetylation, that alter chromatin structure, transcription as well as signal transduction. According
to Xue et al. (2022), these changes are involved in virus attachment, entry, replication, assembly,
and release. Viruses affect cell proliferation and metabolism by using host proteins for their own
biological purposes, driving (directing) Protein-Protein Interactions. It is important for viruses to
contact these structures to replicate and disseminate throughout the host (Gerold et al., 2017).
Heterogeneous Nuclear Ribonucleoproteins (hnnRNPs) may pose a therapeutic potential against the
virus as they are being targeted. DNA viruses are designed to take control of both the cellular and
metabolic processes, while RNA viruses target certain cellular tasks and intracellular transport
(Durmus & Ulgen, 2017).

Viruses targeting host ribosomes and translation factors for viral protein synthesis suggests role of
ribosomal proteins in viral life cycle. These proteins are also post-translationally modified, which
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subsequently affects the viral RNA translation and the cellular response of a host. Proteins that
bind RNA, such as G3BP1, are often targeted to moderate, stability, translation and immune
response to mMRNA. Viruses can alter G3BP1 function by degrading, sequestering or redistributing
it to complete their lifecycle. Viruses take over the host's PTM process to help them survive. Host
PTMs can inhibit virus replication by activation of immune responses and inhibition of viral
protein synthesis. these also correlate with the activation of antiviral actions (R. Kumar et al.,
2020).

These different mechanisms show how a virus and its host cells interact. The virus takes
advantage of the host’s cellular machinery and processes to successfully infect and propagate itself
(Durmus & Ulgen, 2017; Gerold et al., 2017; Jayabalan et al., 2023; R. Kumar et al., 2020; Miller
et al., 2020; Xue et al., 2022). Heat-shock proteins (HSPs), chaperones, and transcription factors
facilitate viral replication by playing an important role in essential interactions and modifications.
Heat-shock proteins and chaperones are usually involved with the folding, stabilization and
degradation of proteins under stressful cellular conditions. Proteins exploited by viruses for
replication; for example, tombusviruses were reported to use host heat-shock proteins and
chaperones during viral replication process. The proteins form viral replication compartments and
can stabilize viral proteins in complexes which are required for replication (Nagy, 2016; Noueiry
& Abhlquist, 2003). Further, eukaryotic translation elongation factor 1A (eEF1A), a protein
chaperone, is used by different viruses, including HIV and the West Nile virus, for various viral

processes, such as transcription, translation, and assembly (D. Li et al, 2013).

The transcription factors play an essential role in regulating viral and host gene expression
during infection. Some viruses can take over their host’s transcription factors to boost the
expression of viral genes needed for replication. Certain pathogenic viruses such as herpes simplex
virus and Epstein-Barr virus that employ cellular transcription factors for switching from latent to
replicative cycle. The switch is mediated by transcription factors that activate the transcription of
viral genes, which begins the viral replication cycle (Garcia-Blanco & Cullen, 1991). Further,
viruses target transcription factors to modulate the immune pathways of the host. Thereby helping
in immune evasion and viral replication (Giraldo et al., 2020). Viruses have developed many ways
for their benefits. They manipulate different biochemical pathways of their host to benefit. In
general, these cells employ strategies to hijack and subvert critical cellular processes and signaling
pathways important for host cells. Viruses use ncRNAs to regulate genes of the host and evade

immune surveillance. In order to survive and promote cellular transformation, viral non-coding
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RNASs may regulate viral replication; target gene expression in the host and avert host immune
responses. Viruses hijack the signaling molecules that control many cellular processes. Adjusting
G-protein signaling and MAPK pathways, for example, helps manage host cell survival and
cytoskeletal dynamics (Alto & Orth, 2012). Some viruses can manipulate Wnt signalling involved
in the regulation of the cell cycle and oncogenesis. Viral tactics include changes to epigenetics,
targeting of miRNAs, and alteration of Wnt pathway members, which occasionally results in Wnt
signalling activation (Van Zuylen et al., 2016). Viruses, particularly RNA viruses, have the ability
to use host post-translational modification machinery to their advantage. This includes changing
the viral proteins so they are soluble and antigenic and evade immune detection. HIV-1 takes
advantage of the host proteasomal degradation mechanisms in order to evade immune attacks and
promote its own replication within the host. The system is manipulated by them to degrade the
nondestructive host proteins of the virus (Lata et al., 2018). DNA viruses have developed ways to
inhibit the initial defenses of the host. They alter the levels of host defense proteins by changing
the transcription of the respective genes and through protein degradation. Further they also exploit
cellular pathways to block defensive mechanisms (Crow et al., 2016). Many viruses have exploited
the host sumoylation system, which is involved in transcriptional regulation, apoptosis, and cell
cycle control. According to Wilson (2017), this could improve viral protein function and support

viral infection.

TABLE 3.1 — Viral Suppressors of RNA Silencing (VSRs) and Their Targets

Virus VSR Target Inhibition Strategy

Tombusvirus p19 SiIRNAs Sequesters SiRNAs

Potyvirus HC-Pro AGO1 Blocks RISC function

TCV P38 DCL Binds dsRNA
processing
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TMV p126 Multiple  Blocks local & systemic RNAI

4. Biotechnological Resistance Strategies

RNA interference in plants is a powerful tool that engineers viral resistance. In this method,
double-stranded RNA (dsRNA) is supplied to plants. This sets off a sequence-dependent gene-
silencing mechanism that leads to the destruction of the target mMRNA (Ali et al., 2010). One
successful strategy is to produce transgenic plants that express hairpin loop dsRNA of coding
sequences for the viral coat protein. This method was applied to potatoes targeting the coat protein
genes of the Potato virus X (PVX), Potato virus Y (PVY) and Potato virus S (PVS). The expression
constructs are used to produce small interfering RNAs which target the viral RNA for destruction
before any infection. This provides immunity that is pre-programmed. Transgenic potatoes
produced with this method showed the remarkable ability to resist the three viruses up to nearly
100% over years of cropping. RNA interference also uses the trans-acting small interfering RNAs
or tasiRNAs, or an artificial microRNA or amiRNA. They can specifically silence virus RNA or
virus RNAI suppressors. One example of RNAI application is the use of tasiRNA targeting RNAI
suppressors such as AC2 and AC4 of Tomato leaf curl New Delhi virus (TOLCNDV), which
confers robust resistance in transgenic plants (Singh et al., 2015).

The RNAI technology is also useful for non-transgenic plant applications. Economic crises
can be avoided with strategic intermediate measures (He & Zhang, 2023). Through environmental
monitoring, on-site assessments, and continuous observations, early warning systems help manage
potential crises (He & Zhang, 2023). RNA-guided CRISPR-Cas systems have been combined with
RNAI for the specific editing of viral genomes or host susceptibility genes: a potential way to
develop plant virus resistance (Taliansky et al., 2021). RNA interference (RNAI) provides a
powerful means for engineering plants that resist viruses. However, the success of these
methodologies requires accurate identification of target viral genes and effective silencing without
adverse effects on the plant. Researchers are constantly looking to improve these processes. They
also want to overcome issues that stem from different resistances and issues related to regulation.
CRISPR/Cas and genome editing technology are very helpful for fighting viral infections. The
CRISPR/Cas9 system was originally identified as a bacterial adaptive immune mechanism. Now,
it can be used for targeted genome editing applications. The CRISPR/Cas9 system can be used in
virology research and antiviral therapies (Bayat et al., 2018; Chen et al., 2018). CRISPR/Cas is
applied in virology primarily to directly manipulate and disrupt viral genomes. Scientists have
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used this technique successfully to investigate and change herpesviruses, HIV, hepatitis B and
other viruses of interest. CRISPR/Cas9 system allows targeted, precise mutagenesis, which can
help eliminate proviral DNA and viral replication. These strategies can ultimately facilitate the
development of treatments for chronic virus infections where conventional means do not work, as
noted by C. Lee, 2019; Okoli et al., 2018.

The CRISPR/Cas technology contributes to pathogenic understanding of the viruses and
their vaccines’ development. Teng et al. (2021) suggested the improvement of vaccine vectors and
recombinant vaccines through editing orthopoxvirus genomes. The use of CRISPR/Cas systems
is also being investigated for their suitability for diagnostics and monitoring the outbreak of disease
as they provide efficient tools for rapid detection and planning response to viruses (Bayat et al,
2018). The development of CRISPR/Cas technology is further aided by the advancements of
delivery systems that allow CRISPR components to be delivered safely and precisely to target
cells. Different non-viral delivery systems are being explored for efficient genome editing.
Guaranteed biosafety is a prerequisite (Fang et al., 2022). Nonetheless, the technology has off-
target effect issues and ethical implications. Thus, it should not be permitted unless evaluated by
appropriate controls (Ju et al., 2017). Creating genetically modified organisms that has traits of
native plants helps them defend themselves from pathogens and replicate natural resistance. It is
hoped that host-derived resistance genes and trans-genic approaches can confer durable resistance

against pests or pathogens in the organisms of concern.

Transgenic approaches, involving the incorporation of new resistance genes into crop
plants, have shown considerable potential for enhancing resistance to pests and diseases.
Pyramiding the genes in a variety/ hybrid can produce a better result. For example, insecticidal
protein-expressing genetically engineered crops possess enhanced resistance against pests from
varying orders such as Lepidoptera, Homoptera, and Coleoptera originating from different plant
species. Pyramiding, or stacking different resistance genes into one plant, has been suggested to
enhance the efficacy and durability of this form of protection (Gatehouse & Gatehouse, 1998).
Genes for Host-Derived Resistance. Plant resistance genes have been frequently used for disease
control. But the resistance offered by many of these genes is not durable as pathogens quickly
adapt to overcome them. The toughness of these resistance genes that impose a fitness cost on

pathogens for adaptation can be predicted (Leach et al., 2001).

The introgression of these resistance genes, have been done in a susceptible genetic

background. The use of polygenic (quantitative) resistance also seems to influence durability
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positively. Itis likely that polygenic resistance, which combines the effect of several genes giving
partial resistance, is more durable than zonogenic resistance (Palloix et al., 2009; Pilet-Nayel et
al., 2017). Non-host resistance is known to be durable as it has a broad spectrum of effectiveness
against a large number of pathogens. While transgenic technologies have been used to introduce
non-host resistance, it is difficult to develop these traits via conventional breeding (S. Lee et al.,
2016). A deployment strategy ensures longevity of resistance. Gene pyramiding, sequential use
and mixing strategies have been modeled to test their efficacy in the durability of resistance genes.
Pyramiding genes combining multiple different genes into a variety—has been identified as the
most durable strategy. This is especially the case if the pathogen must mutate to overcome the
resistance (Elisabeth Lof et al., 2017). For instance, the transgenic tomato plants that express the
NPR1 gene from Arabidopsis have shown a high resistance to many fungal and bacterial diseases.
These transgenic lines have been stabling over several generations and show the potential of

transgenic methods for sustainable crop protection (Lin et al., 2004).

Figure 4.1 Applications of RNA Interference (RNAI) in Plant-Virus and Plant-Insect
Interactions
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5. Applications and Future Directions

Biotechnology-based resistance strategies include the use of genes that enhance resistance
to pests, diseases and environmental stresses. One application in this area is the creation of
genetically modified (GM) crops that are herbicide-resistant and pest-resistant. Paraphrase this (40
words): Since the commercialization of first biotechnologically derived tomato in 1994, the global
area under genetically modified crops enhanced tremendously whereby traits like insect resistance
and herbicide tolerance played an essential role in enhancing agricultural productivity and food
security (Mall et al., 2018).

Crop resilience can be improved by various plant breeding technologies including genetic
engineering and genome editing technologies. CRISPR-Cas technology is an example of an
innovation that has created crop varieties with resistance to diseases and harsh environments,
further increasing yields and sustainability. (Matinvafa et al., 2023) Modern biotechnology
techniques have been developed that allow for accurate genetic engineering. The use of CRISPR
technology can offer promise to produce stress-resilient and high-yield crop varieties (Khan,
2024). Biotechnology has used rapid and precise genetic engineering techniques to enhance
diseases resistance in cereals and other crops with clear benefits. These methods help the immune
system of crops, providing a rapid and sustainable way to avert disease loss of yields. Agricultural
biotechnology has changed the scenario in the case of India by increasing its productivity and
socio-economics. According to experts, adoption of GM crops like Bt cotton increased vyield,
reduced the use of pesticide and improved income. R.K. Kumar et al. (2024) further mention that
advancements in gene editing technologies, notably CRISPR, help improve crop traits and
resilience sustainably. Genetic engineering and genome editing technologies are very important
for Africa to tackle its food security challenges and enhance the resilience of crops to various
stresses. Efforts such as Nigeria's National Biotechnology Policy have led to the
commercialization of biotechnologically enhanced crops and improved agricultural productivity
and resilience (Adegbaju et al., 2024). The wide application of RNA interference (RNAI) and
CRISPR-based technologies in the field has some significant limitations.

TABLE 5.1. Omics Technologies Contributing to Plant-Virus Research

Section: Applications and Future Directions (Omics + Synthetic Biology)

Omics Tool What it Reveals Application in Viruses  Benefit
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Genomics Viral/host genes Host susceptibility genes Target discovery

Transcriptomics Gene expression Viral stress responses Pathway mapping
Proteomics Protein interactions Viral movement proteins Mechanism insights
Metabolomics Metabolic shifts Stress metabolites Biomarker identification

6. Challenges with RNAIi. And CRISPR. Technology

RNAI technologies often face problems with efficiency and specificity. Making sure that
the RNAI elements only work on the specified targets without affecting other genes is a global
challenge. It is difficult to send RNAi components into the target cell (organism). Researchers are
still looking for ways to improve delivery and uptake, as well as stability for use, especially
agricultural use (Touzdjian Pinheiro Kohlrausch Tavora et al 2022). Concerns from the Public and
Regulatory Frameworks Like any other biotechnology, the RNAI area is not free of public
perception and regulatory issues, especially in terms of guaranteeing public and environmental

safety. (Touzdjian Pinheiro Kohlrausch Tavora et al., 2022)

The ability of CRISPR technology to edit unintended sections of the genome is one of its
biggest challenges, popularly called off-target effects. Precision is essential for both plant and
human purposes. It is a major concern and has been reported by Hryhorowicz et al. in 2023. Like
RNAI, the delivery of the CRISPR editing machinery to the cells or organisms to be edited is
neither effective nor efficient. The choice of delivery mechanisms and CRISPR systems can affect
transformation efficiency (Prado et al., 2024). CRISPR technology is subject to intense regulation
due to ethical concerns and risk factor related to genome editing mostly with respect to agriculture
and human gene therapy (Macarron Palacios et al., 2024; Touzdjian Pinheiro Kohlrausch Tavora
et al., 2022). Species-specific Challenges: The different genome complexities of woody plants can
further complicate CRISPR-based solutions to agriculture (Min et al., 2022). Omics and synthetic
biology have greatly advanced our knowledge of plant-virus biochemical interactions in recent
years. They have provided invaluable insights into the complex world of virus attack mechanisms,
virus-induced cell changes, and host recognition of virus invasion. Various omics technologies
have improved our understanding of molecular mechanisms through which plants respond to

viruses and stresses. These technologies include genomics, transcriptomics, proteomics, and
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metabolomics (M. Wang et al., 2024; Yan et al., 2022). The functional analysis of stress-related
genes and exploration of metabolic and signalling pathways shall enable a more holistic

understanding of plant defence strategies (Murmu et al., 2024; Razzaq et al., 2021).

The flux of metabolites shows which biochemical pathways change through analysis of
metabolite levels, and this analysis gives us accurate estimates of the activities of the population
of metabolic pathways. Researchers have identified stress metabolites by observing small
molecule profile from plant tissues in response to viral infection (Manickam et al., 2023)
Combining omics data with synthetic biology has further revolutionized plant virology. Modern
technology aids in creation of novel tools for assembling viral infectious clones to aid in
functionality characterization of plant viruses, both knew and unknown. With these tools, we can
systemically study viruses in relation to their roles in the plant phytobiome and use modified
viruses as vectors for gene therapy, leading to engineered crops with enhanced traits (Pasin et al.,
2019). The study of omics-driven systems biology in synthetic biology may facilitate the
development of gene and protein function characterisetion studies for understanding how viruses
and plants interact and how this interaction can be modified to enhance plant resistance (Amer &
Baidoo, 2021).

7. Conclusion

Merging biochemical expertise with biotechnology is essential for bio-security of viral
diseases for following reasons. The merging of Artificial Intelligence Technology and Virology
Technology helps in better diagnosis, prevention and treatment of virus. First, biotechnologies
help to make new kinds of devices. For example, optical biosensors can help quickly detect viruses
that are hard to find. This equipment is necessary for early diagnosis, timely intervention, and
prevention of the spread of infectious diseases (Sharma et al., 2021). Moreover, next-generation
sequencing (NGS) offers the possibility to detect pathogens comprehensively, even in the absence
of knowledge of their genome. Thus, it comes as a robust platform for identifying an emerging
virus (Gauthier et al., 2023).

Besides, vaccine development is improved by biotechnological activities. Progress in
genetic engineering along with development of immunostimulants can improve vaccine efficacy
and stability against existing and emerging infectious diseases (Abdelaziz et al., 2024). Viruses
currently affect the global market which is why the development of vaccines is essential. more
manufacturing processes can be adapted for the production of biological products owing to
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biotechnology. The use of continuous processing models of viral testing and clearance will ensure
safety and efficacy of large-scale products. It is essential for the sustainable management of
diseases. Understanding how different pathogens interact with each other and host environment
can help in developing new antiviral drugs. Nanotechnology combined with biochemistry has
resulted in the creation of nanocrystals capable of facilitating targeted drug delivery with improved
pharmacokinetics to redress the limitations of available antiviral drugs (Chaturvedi et al., 2024).
Likewise, knowledge of genetic and molecular basis of viral infection through integrative
approaches in bioinformatics and multi-omics can help effective management of these diseases
(Elrashedy et al, 2025).
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