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Abstract 

The implementation of plant-based antigen manufacturing methodologies has accelerated vaccine 

research by providing a cost-effective, scalable, and safe alternative to traditional protein production 

systems. This master thesis provides an updated review of recent advances in plant-based protein 

production platforms, with an emphasis on recombinant proteins generated from CRISPR/Cas9 

genome edited Nicotiana benthamiana plants. The first part of this review contains a brief utilization 

of the CRISPR technology in plant genome engineering, focusing on its advancements and 

challenges. The thesis includes an overview of various CRISPR applications in plant biology, a 

detailed assessment of recent advancements in transformation techniques, and an exploration of the 

challenges associated with sequencing in the context of genome editing. 

The second part focuses on the use of Nicotiana benthamiana as a model plant to produce 

recombinant proteins. This review examines the increases in immunogenicity achieved by these 

unique production platforms through a review of the most recent research. The review also covers the 

benefits of plant-based protein production platforms, such as cheaper production costs and faster 

response to emerging risks. The core findings show that plant-based antigen manufacturing 

methodologies can have an impact on existing protein production systems, potentially leading to the 

creation of improved vaccines with increased efficacy, safety, and accessibility. The review seeks to 

offer insights into the current state of research and prospects for using this plant for recombinant 

protein production, as well as discuss its wider impacts, implications, and future directions for vaccine 

development. 

 

Sammendrag 

Implementeringen av plantebaserte antigenproduksjonsmetoder har transformert vaksineforskningen 

ved å tilby et kostnadseffektivt, skalerbart og trygt alternativ til tradisjonelle 

proteinproduksjonssystemer. Denne oppgaven gir en oppdatert oversikt over nyere fremskritt innen 

plantebasert proteinproduksjonsplatformer, med vekt på rekombinante proteiner generert fra 

CRISPR/Cas9 genomforandrede Nicotiana benthamiana-planter. Den første delen av denne 

gjennomgangen tar sikte på å utforske bruken av CRISPR-teknologi i plantegenomteknikk, med fokus 

på fremskritt og utfordringer. Gjennomgangen inkluderer en oversikt over ulike CRISPR-

applikasjoner innen plantebiologi, en detaljert vurdering av nyere fremskritt innen 

transformasjonsteknikker, og en utforskning av utfordringene knyttet til sekvensering i sammenheng 

med genomredigering. 

Den andre delen fokuserer på bruken av Nicotiana benthamiana som en modellplante for å produsere 

rekombinante proteiner. Denne oppgaven undersøker økningen i immunogenisitet oppnådd av disse 

unike produksjonsplattformene ved en gjennomgang av den nyeste forskningen. Oppgaven dekker 

også fordelene med plantebaserte proteinproduksjonsplattformer, som billigere produksjonskostnader 

og raskere respons på nye risikoer. Kjernefunnene viser at plantebaserte antigenproduksjonsmetoder 

kan ha en innvirkning på eksisterende proteinproduksjonssystemer, og potensielt føre til å lage bedre 

vaksiner med økt effektivitet, sikkerhet og tilgjengelighet. Gjennomgangen søker å gi innsikt i den 

nåværende forskningstilstanden og utsiktene for bruk av denne planten til rekombinant 

proteinproduksjon, samt å diskutere dens bredere virkninger, implikasjoner og fremtidige retninger for 

vaksineutvikling. 
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1. Literature Review 

1.1 CRISPR Genome Editing for Plant Biotechnology 

1.1.1 Introduction 

1.1.1.1 The importance of plant biotechnology in agriculture, medicine, and industry 

Plants play crucial roles in agriculture, medicine, and industry. In agriculture, plant biotechnology 

enhances the yield, quantity, and nutrient content of crops. Gene transfer has enabled the creation of 

genetically modified organisms (GMOs) with improved disease and pest resistance as well as 

tolerance to harsh environments. Bt-crops, engineered to express Bacillus thuringiensis toxin, exhibit 

strong pest resistance, greatly enhance sustainability by increasing yield while reducing pesticide 

treatments (Kumar et al., 2020). In a world with a growing population and an unpredictable climate, 

plant biotechnology plays a crucial role in securing our food supply. 

In medicine, plants can serve as bioreactors for producing therapeutic metabolites or proteins. 

CRISPR enables engineering plants for enhanced production of bioactive compounds and/or the 

synthesis of novel biomedically relevant molecules. Plant-made pharmaceuticals (PMPs), like 

antibodies, antigens, and enzymes, can be used to fight diseases such as cancer, autoimmune 

disorders, and infectious diseases. These PMPs are produced efficiently and economically by using 

plant-based protein production systems (Spiegel et al., 2018). 

In industry, plant biotechnology uses plant metabolism to create sustainable alternatives to fossil fuels 

and biodegradable materials. The use of 'bioplastics' made from plant starch and the modification of 

plants to increase cellulose production involve plant biotechnology to improve environmental 

sustainability and increase green technology solutions (Srivastava et al., 2021). 

RNA interference (RNAi) is another technology with similarities to classical GMOs and genome 

editing such as CRISPR/Cas9, but it can also be applied to target whole gene families and used for 

plant protection not regulated as GMOs depending on use (Taning et al., 2020). 

Plant biotechnology profoundly impacts agriculture, medicine, and industry, driving advancements 

with economic and environmental benefits. As technology advances, especially with powerful 

genome editing tools like CRISPR/Cas9, the role of plant biotechnology in promoting a sustainable 

and prosperous future is becoming more relevant than ever before. 

 

1.1.1.2 A brief history of genome editing technologies 

The landscape of biotechnology has been profoundly reshaped by the emergence and evolution of 

genome editing technologies. This shift started in the late 20th century, when researchers developed 

precise tools to alter the genetic fabric of cells. 

Genome editing began with Zinc Finger Nucleases (ZFNs) (Urnov et al., 2010) and Transcription 

Activator-Like Effector Nucleases (TALENs) (Bogdanove & Voytas, 2011). Both methods used the 

concept of engineering endonuclease domains to create double-stranded breaks (DSBs) at specific 

genomic loci. This prompts the cellular machinery to repair the breaks through Non-Homologous End 

Joining (NHEJ) or homology-directed repair (HDR) mechanisms, resulting in targeted modifications 

(Christian et al., 2010; Kim et al., 1996). Despite the impressive achievements of these technologies, 
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their application was limited by the complex protein engineering process, which was labor-intensive 

and constrained by sequence limitations.  

Genome editing was transformed in 2012 with the arrival of the CRISPR/Cas9 system developed by 

Jennifer Doudna and Emmanuelle Charpentier. This system, based on a bacterial immune response, 

enabled gene editing with remarkable simplicity, efficiency, and versatility (Jinek et al., 2012). The 

CRISPR/Cas9 system achieves precise genomic editing through RNA-DNA base pairing, a simpler 

and more flexible approach than ZFNs and TALENs. Moreover, the multiplexing potential of 

CRISPR/Cas9 allows for concurrent edits at multiple genomic loci, adding an extra level of 

sophistication. 

CRISPR/Cas9 is a key technology for plant biotechnology, enabling precise genetic modifications in 

most species, including staple crops and medicinal plants. Its deployment has greatly improved the 

potential for addressing challenges in food security, sustainable agriculture, and medical 

advancements (Adli, 2018). The evolution of genome editing technologies has paved the way for an 

era of remarkable capabilities in plant sciences. The transition from ZFNs and TALENs to 

CRISPR/Cas9 signifies a shift towards enhanced simplicity, efficiency, and flexibility in plant 

biotechnology, unlocking many new possibilities. 

 

1.1.2 The CRISPR/Cas9 System: Mechanism and Components 

1.1.2.1 A general overview 

CRISPR/Cas9 was first discovered in Escherichia coli as a set of repetitive DNA sequences (Ishino et 

al., 1987). It was later found in other bacteria and archaea (Mojica et al., 2005). The repeats were 

separated by spacer sequences derived from foreign genetic elements like bacteriophage genomes or 

plasmids (Bolotin et al., 2005; Pourcel et al., 2005). The “Clustered Regularly Interspaced Short 

Palindromic Repeats” (CRISPR) name points to the arrays of palindromic repeats with unique spacer 

sequences characterizing the function of this genome editing in nature (Jansen et al., 2002). CRISPR 

and Cas proteins have transformed genome editing with their simplicity, versatility, and specificity. 

CRISPR/Cas9 has been used for gene or genome editing in many different organisms, including 

plants (Jinek et al., 2012). CRISPR/Cas9 in bacteria acts as an immune system against foreign 

genome sequences recognized from earlier bacterial exposure to viruses called phages. 

CRISPR arrays can be combined with Cas genes, which encode nuclease proteins for the CRISPR/Cas 

immune response (Makarova et al., 2006). The type II CRISPR/Cas9 system from Streptococcus 

pyogenes is the most used form of genome editing because it is simple and adaptable (Jinek et al., 

2012). The CRISPR/Cas9 system in bacteria function  to protect against foreign genetic elements 

from bacteriophages even though the function of the spacers between previous tags from earlier 

infections are not fully understood (Barrangou et al., 2007). 

 

1.1.2.2 Mechanisms of action: target recognition, DNA cleavage, and repair pathways 

CRISPR/Cas9 relies on a single guide ribonucleic acid (sgRNA) to guide the Cas9 endonuclease to 

the DNA target sequence (Jinek et al., 2012). The sgRNA is a chimeric RNA molecule with a 20-nt 

targeting region that matches the target DNA and a scaffold region that interacts with the Cas9 protein 

(Jinek et al., 2014). Target recognition is secured by sgRNA pairing with the target DNA by classical 

Watson-Crick base pairing. The specificity is increased by a protospacer adjacent motif (PAM) 

sequence, usually 5’-NGG-3’ for SpCas9 (Jiang & Doudna, 2017). PAM is needed for Cas9 to bind 

and cut, ensuring specificity and avoiding off-target effects (Mojica et al., 2009). 
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CRISPR/Cas9 operates in three stages: adaptation, expression, and interference (Marraffini & 

Sontheimer, 2010). 

In the first adaptation stage, Cas1 and Cas2 proteins recognize and cleave foreign DNA fragments 

called protospacers. Protospacers are integrated into the host's CRISPR array as new spacer 

sequences, acting as a molecular record of past infections (Yosef et al., 2012). In response to an 

invasion, the CRISPR array is transcribed into a precursor CRISPR RNA (pre-crRNA). The Cas9 

protein and a trans-activating CRISPR RNA (tracrRNA) are then processed into short, mature 

crRNAs (Deltcheva et al., 2011). Each crRNA has a spacer sequence that matches a target sequence in 

the foreign genetic element. In the interference stage, the crRNA guides the Cas9 protein to the target 

sequence in the foreign DNA using base pairing with the spacer sequence (Jinek et al., 2012). When 

Cas9 recognizes a PAM in the target DNA, it causes a double stranded break (DSB), which destroys 

the foreign genetic element and provides immunity against the invader. 

After Cas9 cuts DNA, the broken ends are fixed using either non-homologous end joining (NHEJ) or 

homology-directed repair (HDR) (Chapman et al., 2012). NHEJ is a repair mechanism that joins any 

broken DNA ends independent of sequence homology, often causing indels at the target site (Lieber, 

2010). Indels cause frameshift mutations and gene knockouts, providing a valuable tool for functional 

gene studies in plants (Sander & Joung, 2014). 

HDR is a targeted repair pathway that relies on a homologous DNA template to accurately repair the 

DSB (Chapman et al., 2012). In CRISPR/Cas9 genome editing, researchers can add a repair template 

with the desired changes. It is then used to fix the target site during repair. (Puchta, 2004). This 

editing capability allows for precise mutations, insertions, or deletions in genes. 

 

1.1.3 CRISPR/Cas9 for Plant Genome Editing 

1.1.3.1 Methods for delivering CRISPR/Cas9 components into plant cells 

(Agrobacterium-mediated transformation, particle bombardment, protoplast 

transfection) 

Agrobacterium-mediated transformation is the most common method for introducing genes into plant 

cells (Gelvin, 2003). Agrobacterium transformation uses Agrobacterium tumefaciens’ natural ability 

to transfer its T-DNA (transfer DNA) into the plant genome. To use this technique in CRISPR/Cas9 

editing, the components are cloned into a vector and introduced into Agrobacterium cells (Altpeter et 

al., 2016). The transformed Agrobacterium then infects plant tissues, like leaf explants or immature 

embryos, integrating CRISPR/Cas9 components into the plant genome. Agrobacterium-mediated 

transformation is efficient, versatile, and cost-effective (Gelvin, 2003). It is still not suitable for all 

plants; some are recalcitrant to Agrobacterium. Additionally, this method like others may randomly 

integrate CRISPR/Cas9 components into the plant genome, possibly causing unintended mutations 

(Puchta, 2017). 

Particle bombardment, also called biolistic or gene gun, delivers CRISPR/Cas9 components into plant 

cells using gold or tungsten particles as carriers for the coated DNA. These particles are accelerated 

into plant tissues with a high-velocity helium pulse (Klein et al., 1987). CRISPR/Cas9 components are 

introduced as a plasmid with the Cas9 gene, guide RNA (gRNA) expression cassette, and selectable 

marker gene. Particle bombardment is advantageous because it can transform many plant species, 

even those recalcitrant to Agrobacterium-mediated transformation. (Altpeter et al., 2016) Particle 

bombardment is fast and can be used for stable and transient gene expression. However, this method 

typically has low efficiency and will often introduce the CRISPR/Cas9 components randomly into the 

plant genome (Liang et al., 2017).  
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Protoplast transfection delivers CRISPR/Cas9 components to plant protoplasts using chemical or 

physical methods like PEG-mediated transfection or electroporation (Yoo et al., 2007). Protoplasts are 

plant cells without cell walls, making them amenable to the uptake of foreign DNA. CRISPR/Cas9 

components can be introduced as plasmids, RNP complexes, or mRNA (Woo et al., 2015). After 

transfection, protoplasts can be cultured to regenerate and recover the edited plants. Protoplast 

transfection has many advantages, such as high transformation efficiency, transient gene expression, 

and a reduced risk of random integration of CRISPR/Cas9 components into the plant genome (Woo et 

al., 2015). Also, RNPs or mRNA can reduce off-target effects by degrading quickly in the cells 

(Zhang et al., 2016). However, protoplast isolation and regeneration are challenging and time-

consuming, adding somaclonal unintended genetic effects during the long time in tissue culture. Not 

all plant species can be efficiently regenerated from protoplasts (Yoo et al., 2007). 

Agrobacterium, particle bombardment, and protoplast transformations are the main ways to deliver 

CRISPR/Cas9 into plant cells. Each method has advantages and limitations. As CRISPR/Cas9 

technology advances, new delivery methods and optimization will undoubtedly improve plant genome 

editing. Some new methods that are being tested use viral vectors for CRISPR/Cas9 delivery. Viruses 

infect cells and use their machinery for replication and gene expression (Liu & Zhang, 2020). 

Researchers are studying modified plant viruses for delivering CRISPR/Cas9 into plant cells, which 

could avoid generating GMOs by instead using RNA and could improve efficiency and be able to 

target specific tissues (Cody & Scholthof, 2019). Other researchers are investigating nanotechnology-

based delivery systems, like lipid nanoparticles or nanocarriers. These nanoparticles could offer 

advantages such as high loading capacity and biocompatibility of CRISPR/Cas9 components (Martin-

Ortigosa et al., 2013). 

 

1.1.3.2 Strategies for achieving precise genome editing (homology-directed repair, base 

editing, prime editing) 

Homology-directed repair (HDR) is a DNA repair mechanism that uses a homologous DNA sequence 

to fix double-stranded breaks (DSBs) caused by e.g. CRISPR/Cas9 (Chen et al., 2019). This method 

allows for accurate nucleotide changes, insertions, or deletions by using a donor DNA template to 

guide the repair process. The low efficiency of HDR in plant cells is a challenge for its practical 

application (Baltes & Voytas, 2015). 

Multiple strategies have been proposed to improve HDR efficiency in plants. One approach involves 

inhibiting the non-homologous end-joining (NHEJ) pathway, responsible for most DSB repair events 

(Puchta, 2004). Another strategy involves using small molecules like trichostatin A to enhance HDR 

efficiency (Shaked et al., 2005). Moreover, improving the efficiency of Cas9 and the donor template 

can enhance HDR-mediated genome editing in plants (Woo et al., 2015). 

Base editing, developed by Komor and his team in 2016, is a CRISPR/Cas9-based method that allows 

for the direct conversion of one DNA base to another without creating double-strand breaks (Komor 

et al., 2016). This method uses a modified version of Cas9 called dCas9 or nCas9, combined with a 

cytidine deaminase or adenine deaminase. This combination converts cytosine to uracil or adenine to 

inosine, respectively. Uracil or inosine is recognized as thymine or guanine during DNA replication or 

repair, resulting in a permanent base change. 

Base editing has advantages over HDR, such as reduced reliance on donor templates and a lower risk 

of off-target effects due to the absence of DSBs (Rees & Liu, 2018). However, base editing is limited 

in its scope, as it can only cause specific base transitions, such as C-to-T or A-to-G. It cannot cause 

transversions like C-to-A or G-to-T or insertions or deletions. 

Prime editing guide RNA (pegRNA), developed in 2019, is a versatile genome editing technique that 

merges the benefits of HDR and base editing (Anzalone et al., 2019). This method employs a nCas9 
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fused to a reverse transcriptase and an engineered pegRNA that contains both the target site and the 

desired edit. nCas9 introduces a nick in the target DNA strand, and the reverse transcriptase uses 

pegRNA as a template to synthesize a new DNA fragment with the desired edit. The synthesized 

DNA strand primes the endogenous DNA repair machinery, integrating the edit into the target locus. 

Prime editing has advantages over traditional CRISPR/Cas9 methods. It enables various modifications 

like insertions, deletions, and base-to-base conversions without DSBs or donor templates (Anzalone et 

al., 2019). Prime editing has demonstrated decreased off-target effects and enhanced editing 

efficiency compared to HDR (Liu et al., 2020). Prime editing, though promising, does pose 

challenges. The prime editing complex's size can hinder efficient delivery into plant cells, so 

optimized delivery methods are needed (Lin et al., 2020). Moreover, prime editing's efficiency is 

impacted by the target sequence and edit type, necessitating meticulous pegRNA design and 

optimization for each unique application (Anzalone et al., 2019). 

 

1.1.4 Genome Sequencing Technologies 

1.1.4.1 High-throughput sequencing 

Advancements in genome sequencing have greatly enhanced plant biotechnology. The rise of high-

throughput sequencing (HTS), also called next-generation sequencing (NGS), has great potential for 

studying and modifying plant genomes (Koboldt et al., 2013). Wel annotated full genome sequences 

are needed to safely use genome editing, to secure specific targeting editions and avoiding unintended 

effects.  

Introduced in 2005, HTS has surpassed Sanger sequencing to become the preferred method for 

genome sequencing (Mardis, 2008). HTS platforms like Illumina sequencing, Roche 454 

pyrosequencing, and Ion Torrent sequencing have greatly contributed to generating genomic data that 

improves the efficiency of CRISPR-based plant genome editing (van Dijk et al., 2018). 

HTS uses parallelized sequencing to analyze millions of DNA fragments from a single sample 

simultaneously, significantly reducing sequencing time compared to traditional methods. Despite the 

distinct operational processes on each HTS platform, they all share a common theme of automated, 

parallel sequencing of amplified or single DNA molecules (Schuster, 2008). 

HTS plays a key role in CRISPR/Cas9 genome editing. It improves editing precision by informed 

experimental design, guiding target selection, and identifying off-target effects (Barrangou & 

Horvath, 2017). HTS data aid in selecting optimal guide RNAs (sgRNAs) by offering detailed and 

comprehensive information on the genetic variability of target sites. HTS aids in measuring genomic 

variations and indels resulting from the genome editing process. HTS is crucial in validating genetic 

edits and detecting off-target effects (Zetsche et al., 2015). 

Although HTS techniques offer improved resolution, there are still significant limitations. High costs, 

data complexity, data quality, and bioinformatic expertise are some concerns for the wider adaptation 

of the technology. As HTS technology evolves, more accurate and cost-effective methods are being 

developed. Nanopore and single-molecule real-time (SMRT) sequencing are third-generation 

technologies with great potential. These methods enable longer read lengths, improving the accurate 

detection of structural variants and aiding in the complete assembly of complex regions (Kumar et al., 

2019). These advancements will enhance CRISPR applications in plant biotechnology. 
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1.1.4.2 Third-generation sequencing technologies 

Third-generation sequencing technologies, like Pacific Biosciences' Single Molecule Real-Time 

(SMRT) sequencing and Oxford Nanopore Technologies' nanopore sequencing, are long-read 

platforms. These technologies can sequence single DNA molecules in real-time without amplification 

(Eid et al., 2009; Kono & Arakawa, 2019). 

Pacific Biosciences employs SMRT sequencing, which utilizes a zero-mode waveguide (ZMW) 

system for detecting the incorporation of fluorescently labeled nucleotides during synthesis (Eid et al., 

2009). ZMWs function as individual sequencing chambers, capturing the actions of a single 

polymerase that detects light signals of various wavelengths during nucleotide incorporation. This 

enables the "single molecule" and "real time" capabilities of SMRT. Despite an initially high error 

rate, recent advancements, like circular consensus sequencing (CCS), have significantly reduced 

errors (Wenger et al., 2019). 

Nanopore sequencing technology employs protein nanopores within an electrically resistant 

membrane. When a voltage is applied across the membrane, an ionic current record the fluctuations, 

informing the passage of nucleotides and sequencing DNA or RNA molecules in real-time (Kono & 

Arakawa, 2019). Nanopore sequencing, despite its high error rate, holds immense potential. It offers 

unlimited read lengths and portability. 

Third-generation sequencing technologies excel in their ability to accurately detect structural 

variations, surpassing the capabilities of short-read technologies. Structural variants are a crucial part 

of genomic diversity and are often linked to genetic diseases (Abel et al., 2020). Studying structural 

variations can be challenging with second-generation sequencing because it cannot fully cover 

repetitive regions. In contrast, third-generation sequencers have the advantage of fully spanning 

repetitious regions (Treangen & Salzberg, 2012). Third-generation sequencing's real-time nature 

speeds up the entire process, from DNA extraction to data analysis. Moreover, third-generation 

sequencing possesses the advantage of identifying base modifications without chemical treatment, 

providing an edge in epigenetic studies. 

Sequencing long reads can quickly advance gene editing research, especially for complex plant 

genomes. Genome assemblies from third-generation sequencing technologies improve guide RNA 

design for CRISPR, enhancing precision and effectiveness in editing (Moon et al., 2019). 

Additionally, these technologies aid in identifying off-target effects in CRISPR-mediated gene editing 

experiments, ensuring the accuracy and safety of the editing process as well as increasing compliance 

with regulatory safety requirements. 

 

1.1.5 Technical Obstacles: Considerations and Challenges in Plant 

Genome Editing 

1.1.5.1 Considerations in transformation: species specificity 

Species specificity in plant transformation protocols has been a long-standing issue, marked by 

differences in the amenability to gene uptake, integration, and subsequent regeneration of genome-

edited cells into plants. For instance, Agrobacterium-mediated transformation is limited due to its 

host-range specificity. Certain species and genotypes are highly recalcitrant or unresponsive to this 

transformation method (Gelvin, 2003). 

The CRISPR/Cas9 system's efficiency varies between species due to multiple biological and genetic 

factors. Some plants exhibit species-specific resistance mechanisms to foreign DNA or disparities in 

endogenous gene repair mechanisms modified in CRISPR/Cas9 editing, altogether affecting the 
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transformation efficiency (Hsu et al., 2014). Another issue is the varying regeneration potential of 

different plant species. Protoplast regeneration into fully functional plants, a critical phase post-

transformation, is not possible in many common crops, posing a barrier to the application of 

CRISPR/Cas9 genome editing (Ikeuchi et al., 2013). 

Overcoming these barriers necessitates customized transformation and regeneration protocols catering 

to individual species' unique biological prerequisites. This, however, will require a lot of work and 

calls for an in-depth understanding of plant tissue culture, genomic attributes, signaling pathways, and 

their interplay with transformation methods (Michno et al., 2015). The CRISPR/Cas9 system in plant 

genome editing necessitates a sophisticated understanding of how species-specific considerations 

influence transformation efficiency. 

 

1.1.5.2 Challenges in transformation: integration of foreign DNA 

One of the technical challenges in plant genome editing is the successful integration of foreign DNA 

into the plant genome. Although increased transformation efficiency in crops has been achieved in the 

last few decades due to the advent of Agrobacterium-mediated transformation and microparticle 

bombardment techniques, transformation remains a significant bottleneck (Altpeter et al., 2016). 

A central issue is the inherent genomic complexity and the variation among different plant species. 

Plant genomes have a wide range of sizes, levels of ploidy, and repetitive sequence content, all of 

which can affect the efficiency and precision of transformation (Bortesi et al., 2016). Furthermore, the 

presence of epigenetic barriers further complicates foreign DNA integration, as these can affect both 

DNA uptake and stable integration into the host genome (Butaye et al., 2005). 

Another challenge in plant transformation is the positioning of the insertion. Random integrations or 

off-target effects of the CRISPR system can lead to undesirable modifications such as gene disruption, 

undesirable phenotypic change, or even lethality (Jiang et al., 2013). Thus, controlling integration site 

specificity represents a crucial aspect of ensuring effective and safe genome editing in plants. 

Delivering CRISPR components is logistically challenging. Developing new and improved techniques 

to deliver RNPs into cellular compartments while minimizing cytotoxic effects is necessary (Woo et 

al., 2015). 

Lastly, the effects of foreign DNA integration on the stability of the plant genome are a critical 

concern. This encompasses not only the behavioral consistency of inserted DNA over generations but 

also how the genome accommodates and responds to the insertion, particularly in terms of genomic 

integrity and stability (Lyznik et al., 2003). 

The challenges in the integration of added DNA into plant genomes require careful consideration for 

the application of CRISPR technology in plant biotechnology. The continued development of 

techniques, including more accurate integration methods and improvements in efficiency, is crucial to 

overcoming these technical challenges. 

 

1.1.5.3 Challenges in transformation: regeneration of plants through tissue culture 

Often regenerating plants from transformed cells is the most challenging step for application of 

genome editing. This has been greatly improved for cereals, by combining knowledge of stem cell 

regulation to the tissue culture part of transformations. Adding a growth regulating factor and a 

cofactor, has been reported to greatly increase regeneration frequencies in wheat, triticale, rice and 

citrus (Debernardi et al., 2020). 
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Another major challenge in tissue culture after getting DNA integrated and plants regenerated is 

genetic mutations caused by somaclonal variation, which affect the resulting genotypes and possibly 

also phenotypes (Fossi et al., 2019). Somaclonal variation, a phenomenon of genetic and epigenetic 

changes during tissue culture, is well documented in different plant species (Bobadilla Landey et al., 

2015). While it can provide new genetic variation for plant breeding, it also poses challenges for 

creating genetically precise crops through CRISPR-Cas9 editing (Miguel & Marum, 2011) since it 

adds many additional DNA changes that often is unknown unless the offspring is fully genome 

sequenced. This is not specific to the type of transformation, but tightly correlated to time in culture. 

The mechanisms behind tissue culture-induced genetic variation are complex and still not fully 

understood. They include spontaneous DNA changes during DNA replication and transcription, 

changes in chromosomal structure, like deletions and duplications, and number (aneuploidy and 

polyploidy), which can be worsened by extended culture periods. Moreover, DNA methylation and 

other epigenetic changes can cause gene silencing, introducing unexpected variability (Fuks, 2005). 

Transformation efficiency can decrease due to somaclonal variation, which hampers the process and 

results in a low success rate for transgenic plants. Additionally, somaclonal variation can complicate 

the differentiation between true sequence-edited lines and those resulting from somaclonal variation 

(Neelakandan & Wang, 2012). In practice positional effects are mostly avoided by generating a 

minimum of 10 independent lines and discarding the ones that might differ from the majority. 

These challenges require better methods and procedures in tissue culture techniques to control 

unwanted variation and maintain successful transformation. Current research is focused on optimizing 

growth conditions, minimizing culture duration, and ensuring chromosomal and gene stability during 

transformation, which may help address these issues. Tissue culture-induced genetic variation poses 

challenges for using CRISPR-Cas9 systems in plant biotechnology. Strategic developments are 

crucial for managing these issues and ensuring the reliable and effective application of CRISPR 

technology in plant genome editing. 

 

1.1.5.4 Considerations in sequencing: complex plant genomes 

Plant genomes are known for their large size and intricate structure, which can make sequencing 

challenging. Plant genomes differ from animal genomes in their extensive polyploidy, repetitive 

sequences, and mobile genetic elements. These attributes can complicate sequence read assembly and 

make it hard to distinguish between homologous chromosomes or paralogous sequences (Harper et 

al., 2012). 

Certain plant genomes have a large physical scope, which worsens these complications. The bread 

wheat genome (Triticum aestivum) is over 16 GBp, making it about five times larger than the human 

genome (Consortium et al., 2018) in addition to being hexaploidy with three similar genomes that can 

be difficult to separate when sequencing similar reads. Handling the vast amount of sequence data 

from large genomes is a significant challenge in terms of reliability, timeliness, and cost-effectiveness 

(Mochida & Shinozaki, 2011). 

Another complication arises from the varying prevalence of heterozygosity in certain plant genomes. 

Genome-wide variants like single nucleotide polymorphisms (SNPs) can add noise to the analysis, 

making it challenging to differentiate genuine CRISPR-induced edits from natural genetic variation 

(Arora & Narula, 2017). Sequencing complex plant genomes is crucial for utilizing CRISPR/Cas9 

technology in plant biotechnology, despite the technical challenges involved. As sequencing 

technologies advance, these obstacles to genome editing in plant sciences should eventually be solved. 

 



9 

 

1.1.5.5 Challenges in sequencing: repetitive sequences and polyploidy 

Repetitive sequences are a key aspect of plant genomes, making up more than 80% of certain cereal 

genomes like maize and wheat (Wicker et al., 2007). Repetitive sequences can hinder genome 

assembly and annotation, leading to ambiguity in sequence alignment. This is because reads from 

similar repeats can be indistinguishable, leading to misassembly or oversights of CRISPR-induced 

modifications. Repetitive sequences can hinder precise off-target detection, which is critical for 

CRISPR/Cas9 editing specificity (Maccaferri et al., 2019). 

Polyploidy, the presence of multiple homologous sets of chromosomes in an organism, poses a 

challenge to genome sequencing. Polyploidy is prevalent in plants and can vary from triploidy (three 

sets of chromosomes) to decaploidy (ten sets). This presents issues for sequencing, as differentiating 

between sequences from homologous chromosomes can be difficult. Polyploidy can complicate 

variant calling, as each chromosome in a set may have different alleles (Comai, 2005). Identifying 

true CRISPR-induced edits among naturally occurring variants can be challenging, which is necessary 

in order to comply with European regulatory safety requirements for genetically modified organisms 

(GMOs). 

Repetitive sequences and polyploidy can interact to complicate plant genome sequencing. Repetitive 

sequences can lead to misalignment of reads, exacerbating the challenges posed by polyploidy in 

accurately assembling and interpreting the genome (Michael & VanBuren, 2020). Advancements in 

sequencing methodologies, specifically long-read sequencing platforms like PacBio or Oxford 

Nanopore, offer promising avenues for addressing these obstacles. Effectively utilizing the 

CRISPR/Cas9 system in plant biotechnology requires addressing the challenges of repetitive 

sequences and polyploidy in sequencing plant genomes. Again, advancements in long-read 

sequencing technologies are especially valuable for plant sequencing and offer optimism for future 

progress in this field. 

 

1.1.6 Applications: Plant Engineering and Crop Improvement 

1.1.6.1 Enhancing abiotic stress tolerance (drought, salinity, temperature) 

Climate change is having a large effect on the stability and output of global agriculture. Abiotic 

stresses like drought, salinity, and extreme temperatures are making it increasingly harder to grow 

crops (Lesk et al., 2016). CRISPR-Cas9 genome editing offers new ways to improve crop resilience. 

This sub-chapter summarizes recent research on using CRISPR-Cas9 to improve abiotic stress 

tolerance in plants. 

Drought greatly limits crop productivity. The predicted increase in global temperatures and more 

unpredictable rainfall makes developing drought-tolerant varieties essential for future food security. 

CRISPR-Cas9 has been utilized to target genes in plant drought response pathways. Modification of 

the ABA (abscisic acid) signaling pathway, a regulator of plant responses to drought stress, has shown 

promising results (Cardoso et al., 2020). Researchers used CRISPR-Cas9 to knock out the OsPP2C 

gene in rice, resulting in increased ABA sensitivity and improved drought tolerance (Miao et al., 

2020). Genome editing of the ERFVII transcription factor family in Arabidopsis has enhanced 

drought tolerance by regulating stomatal aperture and water use efficiency (Vaidya et al., 2019). 

Soil salinity limits crop yield by impeding plant growth and development through osmotic stress and 

ion toxicity. By targeting crucial genes for ion homeostasis and osmoprotectant synthesis, plant 

tolerance to salinity can be enhanced. In a study using CRISPR-Cas9, researchers edited the NHX1 

gene, a Na+/H+ antiporter in tomato plants, enhancing salt tolerance (Fu et al., 2021). Moreover, 

engineering genes related to compatible solute synthesis, like proline, can enhance osmotic 

adjustment and improve salinity tolerance. In rice, researchers used CRISPR-Cas9 to edit the 
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OsSAPK2 gene, resulting in higher proline levels and enhanced resistance to salinity (Lou et al., 

2017). 

Extreme temperatures can harm plant growth. CRISPR-Cas9 has been used to target genes related to 

thermotolerance pathways. Heat shock transcription factors (HSFs) are vital for plant responses to 

heat stress. In tomatoes, knocking out the HsfA1a gene using CRISPR-Cas9 led to increased 

thermotolerance and improved fruit set in high-temperature conditions (Zhu et al., 2018). On the other 

hand, modifying genes linked to cold tolerance, like CBF family transcription factors, can boost plant 

resilience to low temperatures. In rice, overexpressing the OsCBF1 gene using CRISPR-Cas9 

technology enhanced cold tolerance without affecting growth or yield (Zhang et al., 2022) 

 

1.1.6.2 Improving biotic stress resistance (pathogen and pest resistance) 

Biotic stresses, like pathogens and pests, are a big challenge for global food security and sustainable 

agriculture (Savary et al., 2012). Traditional breeding has helped create crop plants that can better 

withstand stress. However, this method is slow and imprecise. CRISPR/Cas9 genome editing is a 

powerful tool for modifying plant genomes. It can be used to engineer biotic stress resistance in crop 

plants quickly and accurately. 

Pathogen resistance can be boosted by targeting susceptibility genes (S-genes), which pathogens use 

to establish infection. By manipulating these genes, the plant's susceptibility to pathogen infection can 

be diminished (Zaidi et al., 2018). One example is the knockout of the MLO gene, which effectively 

confers broad-spectrum resistance to powdery mildew in many important food crops such as wheat 

and tomatoes. 

An alternative method includes incorporating resistance (R) genes that identify pathogen effector 

proteins and trigger defense responses. CRISPR/Cas9 has been used to edit native R-genes or 

introduce new R-genes from related plant species. The gene Pi9 was introduced into the rice genome, 

enhancing resistance against Magnaporthe oryzae, commonly known as rice blast fungus, which is the 

most economically damaging rice disease in the world (LIU et al., 2010). 

CRISPR/Cas9 has been utilized to boost crop resistance against insect pests by targeting genes 

involved in plant-pest interactions. One strategy focuses on genes encoding essential proteins for pest 

feeding or development. Li et al. (2020) used the CRISPR/Cas9 system to edit the Arabidopsis 

thaliana gene that encodes β-1,3-glucanase (Vaghela et al., 2022). This protein is necessary for the 

green peach aphid (Myzus persicae) to feed successfully. The edited plants showed reduced aphid 

infestation and increased resistance. An alternative approach focuses on manipulating plant defense 

genes. In grapevine, VvWRKY52, VvMLO3, and VvPR4b were successfully mutated using 

CRISPR/Cas9, increasing resistance to Botrytis cinerea, downy mildew, and powdery mildew, 

respectively (Tu et al., 2022). 

 

1.1.6.3 Modifying plant architecture and growth characteristics (yield, flowering time, 

plant height) 

In rice, the gene OsGA20ox2 has been modified using CRISPR-Cas9 to create semi-dwarf plants with 

higher grain yield (Han et al., 2019). The authors used two sgRNAs to target the first exon of 

OsGA20ox2 and generated different types of mutations, including large fragment deletions. They then 

analyzed the effects of the mutations on plant height, GA level, agronomic traits, gene expression, cell 

morphology, and protein profiles. They found that the mutant lines had reduced plant height and GA 

level, slightly increased yield per plant, no significant changes in other agronomic traits, suppressed 

expression of OsGA20ox2, decreased cell length and width, increased cell numbers, and altered 
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protein expression. They also showed that the mutant lines could restore their normal height by 

exogenous GA3 treatment. They concluded that CRISPR/Cas9-mediated mutation of OsGA20ox2 is a 

potential strategy to improve plant architecture and yield in rice breeding. 

In another study on rice, researchers edited the OsSPL14 gene which increased panicle branches and 

spikelets per panicle, leading to a higher grain yield (Miura et al., 2010). In tomatoes, the CRISPR-

Cas9 knockout of the SELF PRUNING (SP) and SP5G genes led to a more compact plant structure 

and higher fruit yield (Soyk et al., 2017). 

Flowering timing is crucial for plant reproduction and a key focus for crop improvement. CRISPR-

Cas9 has been used to change genes regulating flowering time, creating early- or late-flowering crop 

varieties adaptable to diverse environments and cultivation practices (Zhao et al., 2023). In 

Arabidopsis, the knockout of FLOWERING LOCUS C (FLC), a key repressor of flowering, led to 

early flowering plants (Sun et al., 2022). In rice, researchers have modified the Ehd1 gene, causing 

changes in flowering times and thus creating varieties for different cultivation seasons (Zhang et al., 

2014). 

Plant height is a key trait that can enhance crop productivity, as seen leading to the “Green 

Revolution” by conventional breeding decades ago. Semi-dwarf wheat and rice varieties lead to an 

increase ratio of seed production compared to total green mass (Hedden, 2003). CRISPR-Cas9 has 

been used to create semi-dwarf rice plants by targeting the SLR1 gene, which plays a crucial role in 

the gibberellin signaling pathway (Cheng et al., 2022). The plants exhibited shorter heights and better 

lodging resistance, boosting crop productivity. 

 

1.1.6.4 Engineering nutritional and quality traits (biofortification, altered starch 

composition, modified oil content) 

Biofortification increases the nutrient content of staple crops to combat micronutrient deficiencies 

affecting billions worldwide (Bouis & Saltzman, 2017). CRISPR/Cas9 has effectively enhanced 

essential micronutrients like iron, zinc, and provitamin A in rice, wheat, and maize, among other 

crops (Koç & Karayiğit, 2022; Kumar et al., 2023). In their study, Dueñas Jr. et al. (2021). employed 

CRISPR/Cas9 to edit three rice genes related to iron and zinc uptake, storage, and homeostasis. This 

approach led to notable enhancements in grain iron and zinc content while maintaining a similar yield. 

Yadav et al. (2021) used CRISPR/Cas9 to boost iron content in wheat grains. They achieved this by 

targeting the VIT-1 gene, which plays a role in iron chelation and vacuolar sequestration. In maize, Da 

Silva Messias et al. (2014) significantly boosted provitamin A levels by up to 20-fold by precisely 

altering the ZmCCD1 gene, responsible for encoding a carotenoid cleavage enzyme. 

Starch, a key carbohydrate in crops, plays vital roles in crop quality and end-uses. Altering starch 

composition enhances crop nutrition, processing quality, and shelf life. CRISPR/Cas9 has been used 

to modify starch in crops like potatoes, rice, and barley (Andersson et al., 2017; Sun et al., 2017). 

Andersson et al. (2017) used CRISPR/Cas9 to disable the granule-bound starch synthase (GBSS) gene 

in potatoes, leading to the production of amylose-free starch with enhanced gelling and textural 

characteristics. This has been achieved before by traditional GMOs, but in this study the authors used 

a transient expression of CRISPR-Cas9, which means that they did not integrate the DNA of the 

editing system into the potato genome. Instead, they delivered the DNA to isolated potato cells 

(protoplasts) using a chemical solution (PEG). The DNA was then expressed in the cells and induced 

mutations in the GBSS gene. The mutated cells were then regenerated into whole plants through tissue 

culture.  

In rice, Sun et al. (2017) effectively altered the starch branching enzyme IIb (BEIIb) gene, resulting in 

a higher amount of slowly digestible starch and resistant starch. Zhang et al. (2018) used 
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CRISPR/Cas9 to create barley lines with lower amylose content and changed granule morphology, 

indicating additional benefits in the brewing and food industries (Garcia-Gimenez & Jobling, 2022). 

Crop oils are a major resource as dietary lipids and industrial raw materials. Modifying the oil content 

and fatty acid composition of crops can further enhance their nutritional value and industrial potential 

(Vanhercke et al., 2019). CRISPR/Cas9 has been used to modify oil content in crops like soybean, 

rapeseed, and camelina (Ku & Ha, 2020). 

Lee et al. (2021) used CRISPR-Cas9 to increase the monounsaturated fatty acid (MUFA) content in 

the seed oil of hexaploid Camelina sativa. They targeted the FAD2 gene, which encodes fatty acid 

desaturase 2, an enzyme responsible for converting oleic acid (a MUFA) into linoleic acid (a 

polyunsaturated fatty acid). Knockout of all three pairs of FAD2 homeologs led to a stunted bushy 

phenotype, but greatly enhanced MUFA levels (by 80%) in the seeds. 

Zhang et al. (2019) used CRISPR-Cas9 to effectively edit the lysophosphatidic acid acyltransferase 

2/5 (LPAT2/5) genes in allotetraploid rapeseed (Brassica napus). LPAT is a key enzyme in the 

Kennedy pathway, which catalyzes the attachment of fatty acid chains to 3-phosphoglycerate and 

promotes further production of oil in the form of triacylglycerol. The authors designed four single-

gRNAs and two multi-gRNAs from the conserved coding regions of BnLPAT2 and BnLPAT5. The 

seeds of the Bnlpat2/Bnlpat5 mutant were wizened and showed enlarged oil bodies, disrupted 

distribution of protein bodies, and increased accumulation of starch in mature seeds. These results 

demonstrate that CRISPR-Cas9-mediated mutation of BnLPAT2/5 is an effective strategy for 

improving oil production in rapeseed. 

 

1.1.6.5 Engineering photosynthesis and carbon fixation pathways for improved 

efficiency 

The conversion of CO₂ into organic compounds through the Calvin-Benson cycle is crucial for plant 

productivity. A key bottleneck in this process is the enzyme Rubisco, which has a slow catalytic rate 

and can undergo oxygenation instead of carboxylation, resulting in energy waste (Parry et al., 2012).  

Donovan et al. (2020) describes the use of CRISPR-Cas9 technology to simultaneously knock out 

multiple rbcS homologs in tobacco. The rbcS gene encodes the small subunit of the key CO2-fixing 

enzyme Rubisco. The researchers designed two multiplexing guide RNAs (gRNAs) to target 

homologous regions in three genes, rbcS_S1a, rbcS_S1b, and rbcS_T1, which account for at least 

80% of total rbcS expression in tobacco. The Rubisco content of three selected mutant lines in the T1 

generation was reduced by ca. 93% and mutant plants accumulated only 10% of the total biomass of 

wild-type plants. Their results show that CRISPR-Cas9 is a viable tool for the targeted mutagenesis of 

rbcS families in polyploid species and will contribute to efforts aimed at improving photosynthetic 

efficiency through expression of superior non-native Rubisco enzymes in plants. 

Moreover, incorporating alternative carbon fixation pathways like the C₄ pathway into C₃ plants using 

CRISPR-Cas systems has demonstrated the increased potential to improve photosynthetic efficiency 

by genome editing (Ermakova et al., 2020). 

Incomplete light absorption by photosynthetic pigments is a factor that limits photosynthesis 

efficiency. Using CRISPR-Cas gene editing, researchers modified gene expression to optimize light 

absorption across various wavelengths (Ort et al., 2015).  

Despite progress in engineering photosynthesis and carbon fixation pathways, there are still many 

challenges with this approach. Off-target effects and unintended consequences of genetic 

modifications must be considered. Moreover, the intricate interactions among various components of 
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photosynthetic machinery require a comprehensive understanding at the system level and a multi-gene 

approach. 

By understanding the intricate regulatory networks of abiotic stress responses and identifying new 

target genes involved in defense, yield, flowering time, and plant height; by altering starch 

composition, modifying oil content, and optimizing key pathways like light absorption, electron 

transport, and carbon fixation, genome editing technology has the potential to greatly boost crop 

productivity and help meet global food security needs. As climate change continues to accelerate, 

genome editing shows possibilities for creating resilient crops that could enhance global food security 

and lead to the development of sustainable and robust agricultural systems. 

 

1.1.7 Ethical, Legal, and Social Implications of CRISPR/Cas9 in Plant 

Biotechnology 

1.1.7.1 Regulatory framework for genome-edited plants 

CRISPR/Cas9 technology has revolutionized plant biotechnology, allowing precise genome editing 

with remarkable ease and efficiency. The fast growth of this technology has surpassed regulations, 

creating a need for updated guidelines on the ethical, legal, and social implications of genome-edited 

plants. This sub-chapter examines the regulatory landscape for genome-edited plants, highlighting 

national and international frameworks, IP protection, technology transfer, and future challenges. 

Regulatory frameworks for genome-edited plants differ worldwide, reflecting cultural, political, and 

social differences (Wolt et al., 2016). The United States has adopted a product-based approach, 

focusing on the resulting organism's characteristics rather than the process developing it (Gould et al., 

2022). The European Union has until now treated genome-edited plants like traditional genetically 

modified organisms (GMOs) (Bruetschy, 2019). The Cartagena Protocol on Biosafety governs the 

global transportation of genetically modified organisms, including genome-edited plants(Crystal 

Turnbull et al., 2021). The Protocol lacks clarity on CRISPR/Cas9, resulting in different 

interpretations and applications among member countries. 

Public perception shapes regulatory frameworks for genome-edited plants. Concerns about GMO-

safety and environmental impacts have also fueled some opposition to genome-edited plants, even 

much less than for traditional GMOs (Frewer et al., 2013) Researchers, policymakers, and industry 

stakeholders must engage in open dialogue with the public to build trust and understanding of 

CRISPR/Cas9 technology. 

Harmonization of international standards for genome-edited plants would promote free trade and 

innovation, while reducing regulatory disparities. Due to the dynamic nature of CRISPR/Cas9 

technology, regulatory frameworks need to be flexible and responsive to new advancements and 

applications. Transparency, as for other matters, is crucial for public trust in genome-edited plants. 

Regulatory frameworks need to prioritize open communication and engagement with all stakeholders. 

CRISPR/Cas9's use in plant biotechnology has sparked ethical, legal, and social concerns. Despite 

some progress in establishing guidelines, challenges persist. Regulatory efforts try to prioritize 

harmonization, adaptability, and transparency for responsible genome-edited plant development and 

application. By tackling these challenges, policymakers, researchers, and industry stakeholders can 

collaborate to leverage CRISPR/Cas9 technology for enhancing global food security, advancing 

sustainable agriculture, and addressing urgent environmental concerns while upholding public trust. 
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1.1.7.2 Intellectual property and technology transfer considerations 

The fast innovation in CRISPR/Cas9 research has surpassed the development of IP frameworks and 

technology transfer mechanisms, resulting in a complex legal landscape (Sherkow, 2015) This 

impacts the fair spread and commercialization of CRISPR/Cas9 plant biotechnologies and the overall 

acceptance of these technologies. The CRISPR/Cas9 system has sparked IP disputes between 

academic institutions and private companies, resulting in patent battles over foundational 

CRISPR/Cas9 technologies (Mali, 2022) This uncertain IP landscape hinders innovation and 

collaboration between researchers and industry partners. 

In plant biotechnology, protecting IP for CRISPR/Cas9-generated plants, as for classical GMOs, is 

complex due to the overlap of different IP rights like patents, plant variety rights (PVRs), and trade 

secrets. Jurisdictions vary in their approaches to granting IP protection for genetically modified 

organisms. Some countries offer patent protection for transgenic plants, while others rely on plant 

variety rights (PVRs) to safeguard plant breeders' rights (Roca et al., 2023). The absence of global 

agreement on IP protection for CRISPR/Cas9-enabled plant biotechnologies add legal complexities 

and uncertainties. Technology transfer is vital for sharing CRISPR/Cas9-enabled plant 

biotechnologies from academia to industry for commercialization. It also results in less development 

and access to new varieties in Europe compared to other parts of the world like the UA and Asia 

affecting European farmers development and European consumers access to new products and higher 

prices on the imported products. The complex IP landscape of CRISPR/Cas9 technologies may hinder 

technology transfer, causing delays in plant biotechnology development and negatively affecting our 

sustainability and environment (Jiang, 2020) 

IP rights and licensing agreements can worsen inequalities in global plant biotechnology distribution, 

potentially limiting access to CRISPR/Cas9-enabled crops also to developing. To address these 

challenges, various strategies have been proposed for the responsible dissemination of CRISPR/Cas9-

enabled plant biotechnologies. 

▪ Open innovation platforms and shared licensing models like PIPRA and OpenMTA promote 

collaboration, resource sharing, and equitable access to CRISPR/Cas9 technologies in plant 

research (Kahl et al., 2018). 

▪ Adoption of humanitarian licensing provisions for CRISPR/Cas9 technologies to support crop 

development for food security and nutrition in developing countries (Montenegro de Wit, 

2020). 

▪ Global patent pools can be created to collectively license CRISPR/Cas9-related patents, 

making it easier to access essential technologies and reducing transaction costs for technology 

transfer (Horn, 2017). 

▪ Global harmonization of IP protection for genetically modified organisms, focusing on 

establishing precise guidelines for patenting CRISPR/Cas9-enabled plants and crops This will 

minimize legal ambiguities and foster international collaboration (C. Turnbull et al., 2021). 

Addressing IP protection and technology transfer challenges is crucial for fostering innovation, 

collaboration, and access to CRISPR/Cas9-enabled plant biotechnologies for global food security and 

sustainable agriculture. This is even more important when wars reduce food production, international 

trade and the international market. 
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1.2 N. benthamiana as a Model Plant for Recombinant 

Protein Production 

1.2.1 Introduction 

1.2.1.1 Importance of recombinant protein production in biotechnology and medicine 

Recombinant protein production plays an important role in modern biotechnology and medicine, 

driving advancements in diverse fields such as pharmaceuticals, diagnostics, agriculture, and 

industrial bioprocessing (Tripathi & Shrivastava, 2019). Recombinant protein technologies are used 

for the development of therapeutic proteins, vaccines, enzymes, and additional bioproducts (Tripathi, 

2016). Nicotiana benthamiana is the most widely used model plant for recombinant protein 

production. It offers advantages in scalability, cost-effectiveness, and safety, especially compared to 

other traditional expression systems such as E. coli, yeast (Saccharomyces cerevisiae), mammalian 

cells (like Chinese Hamster Ovary or CHO cells), and insect cells (like Baculovirus expression 

system) (Shanmugaraj et al., 2020). This chapter explores N. benthamiana as a platform for producing 

recombinant proteins and focuses on recent research, challenges, and development, as well as 

highlighting its importance in biotechnology and medicine. 

Despite many successes, recombinant protein production remains complex and costly, with challenges 

in expression, folding, and purification (Jozala et al., 2016). Recombinant proteins are traditionally 

produced using microbial systems like Escherichia coli and eukaryotic systems such as yeast, insects, 

and mammalian cells (Demain & Vaishnav, 2009). Each platform has limitations: prokaryotic systems 

lack post-translational modifications, and mammalian cell culture is very expensive (Wang et al., 

2017). Additionally, recombinant proteins are vital biocatalysts in industry, facilitating the production 

of various chemical compounds and materials via bioprocessing (Boodhoo et al., 2022). 

Plant-based expression systems have emerged as a promising alternative for recombinant protein 

production, overcoming the limitations associated with traditional platforms. N. benthamiana is 

notable for its versatility, ease of genetic modification, and rapid growth rates (Shanmugaraj et al., 

2020). This sub-chapter presents the advantages of N. benthamiana as a model plant for recombinant 

protein production and its implications for biotechnology and medicine. 

 

1.2.2 Advantages of N. benthamiana as a Model Plant for Recombinant 

Protein Production 

1.2.2.1 Comparison to conventional systems for viral antigen production 

Procaryotic bacterial expression systems, like Escherichia coli, are commonly used for producing 

recombinant proteins. However, these systems have limitations in producing complex eukaryotic 

proteins as they lack the machinery for eucaryotic protein folding, glycosylation, and disulfide bond 

formation, which can affect protein stability, solubility, and biological activity (Rosano & Ceccarelli, 

2014) 

Eukaryotic yeast expression systems, like Saccharomyces cerevisiae and Pichia pastoris, are also 

used for recombinant protein production (Cereghino & Cregg, 2000). Yeasts can perform eukaryotic 

post-translational modifications. However, the glycosylation patterns of recombinant proteins 

produced in yeast often differ from those of mammalian proteins, potentially affecting their 

therapeutic efficacy (Hamilton & Gerngross, 2007) 
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Insect cell expression systems, like the baculovirus-insect cell system, are popular for producing 

eukaryotic recombinant proteins due to their capacity for complex post-translational modifications 

(Demain & Vaishnav, 2009). However, these systems can be costly and time-consuming, and scaling 

up insect cell culture can pose challenges (Carinhas et al., 2009) 

Mammalian cell expression systems, like Chinese hamster ovary (CHO) cells, are the gold standard 

for producing complex eukaryotic proteins with proper folding, post-translational modifications, and 

biological activity (Wurm, 2004). However, these systems have high production costs, long 

production times, and potential risks of viral contamination (Santos et al., 2016) 

N. benthamiana has advantages over conventional systems for recombinant protein production. Plant-

based expression systems are cost-effective because they have lower production costs and require less 

complex culture media and equipment (Pogue et al., 2010). Additionally, N. benthamiana is a rapid 

producer of recombinant proteins, yielding results in just 4-6 weeks, in contrast to mammalian cell 

systems that require several months. Moreover, the likelihood of contamination with human or animal 

pathogens is minimal, thereby enhancing the safety of recombinant proteins produced in N. 

benthamiana. 

N. benthamiana is suitable for transient expression systems like agroinfiltration or viral vectors, 

enabling fast, high-level protein production (Au - Leuzinger et al., 2013). Transient systems facilitate 

efficient gene introduction, bypassing the need for the time-consuming generation of stable transgenic 

lines (Gleba et al., 2005). This feature is advantageous for developing vaccines and diagnostics for 

emerging infectious diseases (Marsian & Lomonossoff, 2016). N. benthamiana performs eukaryotic 

post-translational modifications like glycosylation, which are important for the folding, stability, and 

activity of recombinant proteins (Shin et al., 2011). Glycoengineering advancements have facilitated 

the production of recombinant proteins with human-like glycosylation patterns in N. benthamiana, 

thereby enhancing their therapeutic potential (Castilho et al., 2012). It offers advantages over 

conventional expression systems, such as reduced costs, shorter production times, increased safety, 

and the ability to perform complex post-translational modifications. N. benthamiana is therefore a 

valuable platform for developing biopharmaceuticals, diagnostics, and vaccines. 

 

1.2.2.2 Advantage #1: Rapid growth and ease of cultivation 

The fast growth rate of N. benthamiana is advantageous for producing recombinant proteins. The 

plant matures in just 4-6 weeks, faster than other plants used for protein expression like Arabidopsis 

thaliana and Nicotiana tabacum, which can take 6–8 weeks and 10–12 weeks, respectively 

(Schillberg et al., 2019). The shortened life cycle of N. benthamiana allows researchers to quickly 

screen and select transgenic lines expressing the desired recombinant protein, speeding up the overall 

research and development process. 

N. benthamiana's ease of cultivation is a significant advantage for recombinant protein production. N. 

benthamiana can be grown using standard plant growth conditions and simple cultivation techniques, 

such as soil-based or hydroponic growth. The plant is amenable to Agrobacterium-mediated transient 

expression, allowing for rapid and efficient introduction of the desired recombinant protein-encoding 

gene into its genome. This method is highly successful and applicable to various recombinant 

proteins, ranging from small peptides to complex multimeric proteins (Spiegel et al., 2022). 

 

1.2.2.3 Advantage #2: High biomass yield 

The high biomass yield of N. benthamiana is primarily due to its efficient photosynthesis. The plant 

uses a C3-type photosynthetic mechanism to efficiently fix carbon dioxide, even in low light. N. 



17 

 

benthamiana has a high photosynthetic capacity, enabling rapid growth and elevated biomass 

accumulation. This makes it an excellent candidate for producing large quantities of recombinant 

proteins. 

The rapid growth and high biomass accumulation rates enable large-scale production of recombinant 

proteins in a short time. This is especially beneficial for producing urgently needed proteins like 

vaccines and therapeutic antibodies for emerging infectious diseases (Buyel et al., 2017). Moreover, 

N. benthamiana's high biomass yield allows for cost-effective production of recombinant proteins, 

surpassing traditional expression systems. The plant-based system bypasses expensive fermentation 

equipment and the high costs of producing and purifying recombinant proteins from microbial and 

mammalian cell cultures (Schillberg et al., 2019). 

The high biomass yield of N. benthamiana enables efficient scale-up of recombinant protein 

production. Generating large amounts of biomass quickly enables the production of recombinant 

proteins at a scale that meets research and commercial demand. 

 

1.2.2.4 Advantage #3: Susceptibility to a wide range of plant viruses for transient 

expression 

N. benthamiana's susceptibility to various plant viruses makes it an ideal platform for developing 

transient expression systems using viral vectors. These vectors, derived from plant viruses like 

Tobacco mosaic virus (TMV), Potato virus X (PVX), and Cowpea mosaic virus (CPMV), efficiently 

infect N. benthamiana and aid in expressing recombinant proteins (Gleba et al., 2007). Viral vectors 

have many advantages over stable transformation methods, some of which are rapid protein 

expression, high yield, and a reduced risk of gene silencing (Lico et al., 2008). 

N. benthamiana's susceptibility to plant viruses is due to its unique genetic makeup, including 

mutations in the RNA silencing pathway (Ratcliff et al., 2001). These mutations enhance viral 

replication and the accumulation of viral RNA, thereby boosting recombinant protein expression 

(Lacomme & Chapman, 2008). N. benthamiana's compatibility with viral vectors allows researchers 

to choose the best vector for their application, ensuring efficient production of recombinant proteins. 

Nicotiana benthamiana's susceptibility to various plant viruses has been pivotal in establishing it as a 

model plant for recombinant protein production. N. benthamiana's compatibility with viral vectors 

enables the rapid production of diverse recombinant proteins, such as therapeutic proteins, vaccines, 

and industrial enzymes. 

 

1.2.2.5 Advantage #4: The potential for nuclear and plastid transformation 

Nuclear transformation of N. benthamiana is a widely used technique for introducing DNA to plant 

cells, and what is mostly done to generate GMOs. Agrobacterium-mediated transformation is the 

preferred method to produce genetically engineered plants and is widely used for N. benthamiana. 

This process transfers cloned gene constructs to Agrobacterium tumefaciens bacterium, that further 

transfers it to the nucleus of a plant cell (Gelvin, 2003). The modified plant cells can be regenerated 

into complete plants, expressing the intended recombinant protein. 

N. benthamiana is also compatible with transient expression systems. These systems allow fast 

expression of recombinant proteins in a short time (usually 5-7 days) without the need for stable 

integration of the transgene or the time-consuming process of generating transgenic plants 

(Marillonnet et al., 2005). Viral vectors, like geminivirus-derived vectors, boost protein production 

speed and expression levels (Gleba et al., 2007). 
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Plastid or chloroplast transformation is an additional method for producing recombinant proteins in N. 

benthamiana. This technique introduces the DNA constructs into the plastid genome, leading to stable 

integration and expression (Bock, 2007). Plastid transformation offers advantages over nuclear 

transformation, such as high-level transgene expression due to plastids' polyploid nature, precise 

transgene integration, and the absence of gene silencing (Maliga, 2004). 

Plastid transformation in N. benthamiana offers a key advantage: the ability to produce recombinant 

proteins without the risk of transgene escape through pollen transmission. Plastid genomes in 

angiosperms, like N. benthamiana, are mostly inherited from the mother, which greatly reduces the 

chance of transgene spreading to unintended organisms (Daniell et al., 2016). This feature makes 

plastid transformation an appealing choice for producing recombinant proteins with environmental or 

health concerns, like pharmaceuticals and industrial enzymes. 

 

1.2.3 Challenges and Limitations of N. benthamiana for Recombinant 

Protein Production 

1.2.3.1 Post-translational modifications and potential immunogenicity 

Post-translational modifications are crucial for protein function, stability, and localization (Walsh & 

Jefferis, 2006). Plant-based expression systems, like N. benthamiana, have distinct PTMs compared to 

mammalian systems, which impacts the bioactivity and pharmacokinetics of the recombinant protein 

(Gomord et al., 2010). 

N-glycans are complex carbohydrate chains that are attached to certain amino acids of proteins. They 

play important roles in protein folding, stability, function, and interactions. However, different 

organisms have different N-glycosylation pathways and patterns, which can affect the biological 

activity and immunogenicity of recombinant proteins. 

Plants are valuable platforms to produce biopharmaceuticals, however, one of the major challenges is 

to overcome the differences in N-glycosylation between plants and humans. Plants typically add 

plant-specific sugars, such as xylose and fucose, to the core N-glycan structure, which are absent or 

rare in humans. These sugars can reduce efficacy and increase the immunogenicity of recombinant 

proteins. 

To address this issue, researchers have developed various strategies to modify the plant N-

glycosylation pathway and introduce human-like N-glycan structures. These include knocking out or 

silencing plant-specific glycosyltransferases, expressing human glycosyltransferases and enzymes, 

and introducing synthetic or bacterial genes (Castilho & Steinkellner, 2012). 

Advancements in plant molecular biology and genetic engineering allow tailoring of N. benthamiana's 

PTM machinery for optimal recombinant protein production. Genome editing techniques like 

CRISPR/Cas9 has been used to knock out two plant-specific genes, β1,2-xylosyltransferase (XylT) 

and core α1,3-fucosyltransferase (FucT), leading to the production of proteins with mammalian-like 

glycan structures (Jansing et al., 2019). Moreover, the temporary co-expression of glycosylation 

enzymes in N. benthamiana allows the production of recombinant proteins with intricate, sialylated 

N-glycans resembling mammalian ones (Castilho et al., 2013). Knocking out these genes resulted in 

recombinant proteins with N-glycan structures like those found in human produced proteins. 

So far, glycoengineering in N. benthamiana has mainly focused on producing therapeutic proteins. 

Future research should focus on expanding the range of target metabolites, including small molecules 

and other biologically active compounds, to enhance the potential applications of this technology in 

biopharmaceutical production. 
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Despite challenges in post-translational modifications and immunogenicity in N. benthamiana-based 

protein production, recent advances in genetic engineering and molecular biology offer solutions to 

overcome these limitations. Further research in this area may lead to improvements for N. 

benthamiana as a versatile platform for recombinant protein expression. By tackling these challenges 

and furthering our knowledge of plant glycosylation pathways and CRISPR/Cas9 technology, 

scientists can unlock the full potential of glycoengineered N. benthamiana as a platform for producing 

human-compatible secondary metabolites with therapeutic applications. This approach could 

revolutionize biopharmaceutical production and contribute to novel therapies for many diseases. 

 

1.2.3.2 Variability in protein yield and stability 

The main challenge in N. benthamiana protein production is the variability in yield. Factors affecting 

variability include choice of expression vector, promoter, DNA-codon, and subcellular targeting of 

recombinant proteins (Conley et al., 2009). Moreover, the plant's defense mechanisms can hinder 

protein accumulation by activating degradation or silencing of the transgene. Effective strategies to 

overcome these challenges include utilizing strong promoters, optimizing DNA-codons, and co-

expressing viral silencing suppressors (Peyret & Lomonossoff, 2013). 

Protein degradation and aggregation can lower protein yields and affect recombinant protein 

functionality (Schillberg et al., 2019). Methods to improve protein stability in N. benthamiana involve 

co-expressing molecular chaperones or protease inhibitors, optimizing protein purification techniques 

to reduce aggregation, and utilizing fusion tags to enhance solubility and stability (Conley et al., 

2009) 

 

1.2.3.3 Regulatory and commercialization challenges 

Biosafety and containment are major concerns with N. benthamiana in recombinant protein 

production due to the risk of unintended release of transgenic plants or their products. Stringent 

regulations govern GMO production and handling. Researchers and manufacturers must follow these 

regulations, which can be time-consuming and costly, potentially hindering the widespread use of N. 

benthamiana-based protein production systems. As an example, only the testing of GMOs cost $3.9 

billion in 2021 (Zimny & Sowa, 2021).  

The intellectual property (IP) rights of N. benthamiana-derived recombinant proteins present 

challenges for their commercialization. Patents protect plant genetic engineering and protein 

production processes, posing obstacles for both research and development. Navigating the IP 

landscape demands considerable investments in time and resources, potentially dissuading researchers 

and manufacturers from pursuing N. benthamiana-based protein production. 

The market acceptance of N. benthamiana-produced recombinant proteins, especially for therapeutic 

applications, is uncertain. Public concerns about the safety and effectiveness of plant-based 

biopharmaceuticals, along with skepticism towards GMOs, could restrict the market for N. 

benthamiana-derived products. 

N. benthamiana-based protein production faces competition from bacterial, yeast, and mammalian 

cell cultures. The familiarity, scalability, and regulatory acceptance of these systems make them 

preferred choices for researchers and manufacturers. To conquer this challenge, the benefits of N. 

benthamiana-based protein production must be convincingly showcased, including their cost-

effectiveness, speed, and distinctive protein characteristics. 
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N. benthamiana is a potential platform for recombinant protein production. However, its adoption in 

industrial biotechnology is hindered by regulatory and commercialization challenges. Addressing and 

solving these issues requires collective efforts by researchers, manufacturers, policy makers and 

regulatory agencies to communicate the safety, efficacy, and advantages of N. benthamiana-based 

protein production. Overcoming these hurdles will enable the successful integration of this plant 

system into biotechnology. 

 

1.2.3.4 Intellectual property and technology transfer considerations 

A concern is the patentability of N. benthamiana as a model plant. While plant varieties themselves 

are not patentable under TRIPS, EPC, or the US Patent Act, certain plant-related inventions, like 

methods for producing specific plant varieties or genetic modifications, can be patented (Suresh et al., 

2007). Additionally, N. benthamiana recombinant protein production may require patented 

transformation technologies, expression systems, genetic constructs/DNA sequences and/or gene-

editing tools like CRISPR/Cas9. Researchers must ensure they have the necessary licenses and 

permissions to use these technologies before possible commercialization (H. B. Singh et al., 2016) 

For N. benthamiana-based recombinant protein production, technology transfer is a complex field 

where different patent rights often intersect and make it very difficult to navigate the landscape. It 

involves negotiating IP rights, establishing industry partnerships, and overcoming regulatory hurdles. 

Creating strong academic-industry partnerships is vital for the successful commercialization of N. 

benthamiana-based products. This can be done through mechanisms like licensing agreements, 

research collaborations, and spin-off companies. 

Technology transfer can be hindered by the "Valley of Death," a gap between academic research and 

commercial application. This is mainly due to inadequate funding, a lack of industry interest, and 

regulatory challenges. To bridge this gap, academia and industry should collaborate to identify and 

invest in promising technologies for N. benthamiana-based recombinant protein production. 

In conclusion, N. benthamiana is a promising model plant for recombinant protein production with 

great biotechnological potential. Researchers and industry stakeholders should address intellectual 

property and technology transfer to ensure the successful development and commercialization of N. 

benthamiana-based products. These involve navigating the IP landscape, establishing partnerships, 

and overcoming technology transfer challenges. 

 

1.2.4 Applications of Recombinant Protein Production in N. benthamiana 

1.2.4.1 Application #1: Development of plant-based vaccines 

The efficient production of vaccines is crucial, particularly during pandemics. N. benthamiana has 

been successfully used for viral antigen production in vaccine development. A plant-made influenza 

virus haemagglutinin (HA) protein was expressed in N. benthamiana (D’Aoust et al., 2008). Their 

preclinical studies suggest plant-produced HA protein stimulates immune responses in mice, 

highlighting N. benthamiana's potential for influenza vaccine development. 

During the COVID-19 pandemic, researchers used to N. benthamiana produce a subunit vaccine 

candidate with the RBD of the SARS-CoV-2 spike protein (Tarlan et al., 2020). The RBD antigen 

from plants induced neutralizing antibodies in mice, showing the usefulness of N. benthamiana for 

quickly developing vaccines against new viral threats. 
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Marsian et al. (2017) produced a synthetic polio vaccine candidate using N. benthamiana as the plant-

based expression system. The authors used a mutant version of poliovirus type 3 (PV3 SktSC8) that 

has stabilizing mutations in the capsid proteins, which prevent the conformational change from the 

native, immunogenic D antigen to the non-immunogenic C antigen. They cloned the capsid precursor 

(P1) and the viral protease (3CD) into pEAQ vectors and co-infiltrated them into N benthamiana 

leaves. The plant-expressed PV3 SktSC8 proteins were able to assemble into virus-like particles 

(VLPs) that resembled the native PV3 in morphology and antigenicity. They found that the VLPs 

induced similar levels of neutralizing antibodies and protection against challenge with wild-type PV3 

as the current inactivated polio vaccine (IPV).  

 

1.2.4.2 Application #2: Production of industrial enzymes and other bioproducts 

Enzymes are utilized in diverse industries like food processing, detergent formulation, textile 

manufacturing, and biofuel production (R. Singh et al., 2016). 

In the paper by Hahn et al. (2015) they describe a novel and scalable method for producing cellulases 

and other proteins in plants using Agrobacterium spray-based transient expression. Cellulases are 

enzymes that can break down cellulose, the main component of plant cell walls, into glucose. 

Cellulases are important for various industrial applications, such as biofuel production, paper 

recycling, and textile processing. However, the current methods of producing cellulases by microbial 

fermentation are costly and inefficient. The authors used N. benthamiana to express six different 

cellulases of bacterial and fungal origin. The authors showed that the plant-expressed cellulases were 

active and could degrade various types of cellulosic substrates. The authors estimated that the cost of 

producing cellulases by this method would be much lower than by microbial fermentation and could 

make cellulosic ethanol production more economical and sustainable. 

Another example is laccases, multicopper oxidases with applications in textile dye decolorization, 

pulp bleaching, and bioremediation (Mate & Alcalde, 2017). N. benthamiana has been used as a host 

for fungal laccase expression, yielding successful enzyme activity and (Khlystov et al., 2021) 

N. benthamiana is further used to express enzymes for plant natural product biosynthesis, including 

terpenoids, which are important for pharmaceuticals, cosmetics, and agrochemicals (Reed et al., 2017) 

Scalability is crucial for commercializing N. benthamiana-based bioproducts. Researchers are 

studying hydroponic and aeroponic systems to boost biomass production. They are also working on 

continuous harvesting strategies to ensure a consistent supply of biomass (Buyel, 2019). Moreover, 

combining plant-based production platforms with synthetic biology tools allows for the strategic 

design and enhancement of metabolic pathways to produce intricate bioproducts (Wu et al., 2022). 

N. benthamiana is a promising platform for industrial enzymes and bioproducts, with many 

advantages over conventional systems. 

 

1.2.4.3 Application #3: Research (gene function analysis, protein-protein interactions, 

protein localization) 

Studying protein-protein interactions (PPIs) is essential for uncovering the molecular foundation of 

biological processes. N. benthamiana is a great platform for studying PPIs using techniques like 

BiFC, co-immunoprecipitation, and FRET (Walter et al., 2004) 

BiFC has been widely used to visualize PPIs in vivo in N. benthamiana. This technique uses two 

proteins fused to non-fluorescent fragments of a fluorescent protein, like yellow fluorescent protein 
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(YFP). Protein interaction leads to functional fluorophore reconstitution, enabling direct visualization 

of PPIs in living cells (Kerppola, 2006). 

Protein localization studies are crucial for understanding protein functions. N. benthamiana is a 

versatile system for protein localization studies using transient expression systems and advanced 

imaging techniques like confocal laser scanning microscopy. By fusing proteins to fluorescent tags 

like green fluorescent protein (GFP), researchers can visualize protein localization in live plant cells 

(Chiu et al., 1996) 

N. benthamiana is commonly used for protein localization studies in different contexts, such as 

cellular trafficking, organelle targeting, and protein dynamics in plant-pathogen interactions. N. 

benthamiana was used to study the localization of Arabidopsis thaliana NAC transcription factors, 

revealing their targeting to the endoplasmic reticulum (ER) and Golgi apparatus (Kim et al., 2006). 

Moreover, N. benthamiana has enabled the study of protein dynamics in plant-pathogen interactions, 

including the relocation of immune receptor proteins after pathogen recognition (Padmanabhan et al., 

2013). 

 

1.2.4.4 Application #4: Production of therapeutic proteins (antibodies, enzymes, and 

hormones) 

Monoclonal antibodies (mAbs) are vital in modern medicine, providing targeted treatments for 

diseases like cancer and autoimmune disorders (Kaplon & Reichert, 2018). Plant-based mAb 

production in N. benthamiana has demonstrated promising outcomes, some of which are listed below. 

A notable example is the swift response to the Ebola virus outbreak in 2014. The experimental drug 

ZMapp, consisting of three chimeric mAbs, was produced in N. benthamiana (Qiu et al., 2014). The 

transient expression system enabled rapid production of gram-scale functional mAbs, showcasing the 

potential of plant-based systems for emergency therapeutic production. 

Rattanapisit et al. (2017) used N. benthamiana as a platform to produce recombinant human 

osteopontin (hOPN), a protein that has a role in bone formation and regeneration. The authors used a 

geminiviral vector system to transiently express hOPN in N. benthamiana leaves and purified the 

protein by Ni affinity chromatography. They then compared the structure and function of plant-

produced hOPN with commercial hOPN expressed in human embryonic kidney (HEK) cells. They 

found that plant-produced hOPN had a similar molecular weight, secondary structure, and epitope 

recognition as commercial hOPN, but differed in the tertiary structure and glycosylation pattern. They 

also showed that plant-produced hOPN could support the attachment, proliferation, and osteogenic 

differentiation of human periodontal ligament stem cells in vitro, and even induced higher expression 

of osteogenic genes than commercial hOPN. 

Silberstein et al. (2018) used N. benthamiana to produce recombinant human alpha-1 antitrypsin 

(AAT), a protein that has a role in preventing lung tissue damage caused by excessive protease 

activity. AAT deficiency is a genetic disorder that leads to emphysema and liver disease and is treated 

by infusion of plasma-derived AAT, which is costly and limited in supply. The authors used a plant 

viral vector system called CMViva to transiently express AAT in N. benthamiana leaves and modified 

the protein by replacing a methionine residue with valine in the reactive center loop to make it more 

resistant to oxidation by inflammatory oxidants. They purified the plant-made recombinant AAT 

(prAAT) by immunoaffinity chromatography. They showed that prAAT had comparable anti-elastase 

activity and protective effect on human bronchial epithelial cells as hAAT, and retained its function 

under oxidative conditions that would inactivate hAAT. They concluded that N. benthamiana is a 

suitable host for producing functional and oxidation-resistant AAT for therapeutic use. The 

advantages of plant-based systems, such as cost-effectiveness, scalability, and reduced risk of 
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contamination, make N. benthamiana an attractive alternative to traditional mammalian cell-based 

production systems. 

 

1.2.4.4.1 Influenza virus antigens 

Influenza viruses are a major global health threat, causing an estimated 290,000 to 650,000 deaths 

worldwide each year (Iuliano et al., 2018). The fast evolution of influenza viruses necessitates 

frequent updates to the influenza genome sequences globally to meet efficient vaccine formulations, 

and effective, scalable, and affordable production platforms. 

Hemagglutinin (HA) is a glycoprotein on the influenza virus surface. It is targeted by neutralizing 

antibodies and is important for influenza vaccines (Wiley & Skehel, 1987). Landry et al. (2014) 

demonstrated successful expression of HA from both the A/Indonesia/05/2005 (H5N1) and 

A/California (H1N1) strains in N. benthamiana using an Agrobacterium-mediated transient 

expression system. The plant-derived HA (pHA) was found to be correctly folded, glycosylated, and 

biologically active, stimulating a robust immune response in mice. This study showed that a 

functional influenza virus antigen can be produced in N. benthamiana, opening doors for future 

research and solutions. 

Phan et al. (2013) also describes the production and immunogenicity of recombinant haemagglutinin 

(HA) proteins derived from the avian influenza virus (AIV) strain A/Hatay/2004/(H5N1) in N. 

benthamiana. The authors used N. benthamiana as a host for transient expression of HA proteins by 

vacuum infiltration with Agrobacterium tumefaciens carrying the plant expression vectors. This 

method allowed for rapid and high-level production of recombinant proteins in intact plant leaves 

within 4 days after infiltration. The authors also generated stable transgenic Nicotiana tabacum plants 

expressing HA proteins by Agrobacterium-mediated transformation. The authors compared the 

immunogenicity of different forms of HA proteins (monomers, trimers, ELPylated or not, VLPs) in 

mice using different adjuvants and immunization schedules. They found that trimeric HAs elicited 

higher levels of HA-specific and potentially neutralizing antibodies than monomeric HAs. VLPs were 

also highly immunogenic and induced cross-reactive antibodies against different AIV strains. 

The paper demonstrates that plant derived HAs, especially trimeric and VLP forms, are promising 

candidates for developing subunit vaccines against AIV.  

These case studies highlight N. benthamiana's potential as a platform for influenza virus antigen 

production. Future research should prioritize addressing challenges, investigating N. benthamiana's 

potential for producing viral antigens, and developing new vaccine candidates. The evidence for N. 

benthamiana as a host for protein production shows its potential for vaccine development and fighting 

influenza and other viral diseases. 

 

1.2.4.4.2 Hepatitis B surface antigen 

Hepatitis B virus (HBV) infection is a global public health concern, affecting over 250 million people 

worldwide, with a higher prevalence in developing countries. HBV infection causes liver diseases like 

cirrhosis and hepatocellular carcinoma, resulting in approximately 880,000 deaths per year. 

Recombinant hepatitis B surface antigen production has greatly aided HBV vaccine development. 

A very recent paper utilizing the newly double knockout glycoengineered line of N. benthamiana 

investigated the impact of plant N-glycosylation on the immunogenic properties of a chimeric 

Hepatitis B Virus (HBV) S/L vaccine candidate produced in wild-type, compared to the XylT and 

FucT knockout lines of N. benthamiana (Pantazica et al., 2023). The study found that prevention of b-
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1,2-xylose and a-1,3-fucose attachment to the HBV antigen significantly increased the immune 

response in mice compared to the wild-type. Notably, the antibodies made by the knockout line 

neutralized both wild-type HBV and a clinically relevant vaccine escape mutant more efficiently 

compared to the conventionally produced ones. The study validates the glycoengineered N. 

benthamiana line as a substantially improved host for plant production of glycoprotein vaccines. 

This work provides evidence that glycoengineering of plants can significantly enhance the 

immunogenicity of plant-produced vaccines. Further research is ongoing to explore the potential of 

the CRISPR/Cas9 system for enhancing the immunogenicity of plant-produced antigens for human 

use. Using CRISPR/Cas9 in plant-based vaccine production provides an innovative avenue for 

developing novel, cost-effective vaccines. 
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2. Materials and Methods 

2.1 Molecular transformation and preparation of bacteria 

2.1.1 Vector Construction 

The first step in viral antigen production in transgenic Nicotiana benthamiana plants is to create a 

suitable vector. Choosing the right vector is crucial for successful transgene integration and 

expression in the target plant. Important factors for constructing plant expression vectors include: 

Promoter: The cauliflower mosaic virus (CaMV) 35S promoter is often used for high-level expression 

of transgenes, while tissue-specific or inducible promoters can be used for controlled or localized 

expression of the target gene. 

Optimizing the coding sequence of the target gene for expression in the host plant, can be achieved by 

considering codon usage bias, mRNA stability, and intron presence. Such as changing the GC content 

according to different species variation. Codon optimization enhances protein expression levels. 

Signal peptide: Adding a signal peptide sequence aids in the secretion of the recombinant protein into 

various cellular compartments, enhancing protein stability and simplifying purification. 

Selection marker: A marker gene, like antibiotic or herbicide resistance genes, is needed to identify 

and select transformed plant cells. Reporter genes, such as green fluorescent protein (GFP), can be 

used to visually track transgene expression. 

Termination sequence: A robust transcriptional terminator is necessary for the correct processing and 

stability of the transgene mRNA, like the nopaline synthase (NOS) terminator. 

The following method involves the use of the pHREAC plasmid as a backbone, allowing 

straightforward cloning of target antigen genes and transformation of N. benthamiana. 

Materials: 

• pHREAC plasmid 

• Restriction enzymes: BamHI and NotI 

• Agarose gel electrophoresis system 

• Luria Bertani (LB) media and agar 

• Antibiotics: Kanamycin 

• T4 DNA Ligase and Buffer (10X) 

• Competent E. coli cells (e.g., DH5α) 

• PCR (Polymerase Chain Reaction) reagents 

• Desired viral antigen gene sequence 

• Calcium chloride solution (0.1M) 

• Heat block (42°C and -80°C) 

• Micropipettes and sterile tips 

• Primers flanking the gene of interest 

• Sterile microcentrifuge tubes 

• Plasmid purification kit 

• Nanodrop spectrophotometer or another nucleic acid quantitation method 

• A water bath set to 55°C. 
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Procedure: DNA Amplification 

• Design primers flanking the antigen gene sequence with incorporated BamHI and NotI 

recognition sites at the 5’ ends. 

• Perform PCR for the amplification of the desired gene using the designed primers and DNA 

polymerase. 

• Verify the PCR product on an agarose gel and extract the desired DNA band using a 

commercially available kit. 

Procedure: Plasmid Preparation 

• Grow E. coli cultures harboring pHREAC plasmids overnight on LB media with Kanamycin. 

• Extract the pHREAC plasmid DNA from E. coli culture using the plasmid purification kit, 

following the manufacturer’s instructions. 

Procedure: DNA Digestion 

• Digest both the PCR amplified gene and pHREAC plasmid with BanHI and NotI restriction 

enzymes in separate reactions. 

• Verify digestion of both the plasmid and gene on an agarose gel. 

Procedure: DNA Ligation 

• Using T4 DNA ligase, ligate the digested PCR product into the vector at a molar ratio of 

insert:vector of 3:1. Incubate at room temperature for 1 hour. 

Procedure: Transformation 

• Transform competent E. coli cells with the ligation mixture by the heat shock method: Chill 

cells on ice for 30 minutes, heat shock at 42°C for 90 seconds, then place back on ice for 2 

minutes. Recover cells in SOC medium and incubate at 37°C for 1 hour. 

• Plate the transformation mix onto LB Agar plates with Kanamycin. Incubate the plates 

overnight at 37°C. 

Procedure: Verification 

• Select several colonies and grow them overnight in LB media with Kanamycin. 

• Extract plasmid DNA from overnight cultures using the plasmid purification kit. 

• Confirm the presence of your insert by restriction digestion and/or sequencing. 

 

 

2.1.2 Electroporation of Competent Agrobacterium Tumefaciens Cells 

Electroporation is a method to deliver foreign antigens into plant cells. It uses electrical pulses to 

permeabilize cell membranes. 

Materials: 

• Recombinant plasmid DNA 

• Escherichia coli DH5α 

• Lysogeny broth (LB) medium 
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• Ampicillin 

• Agrobacterium tumefaciens strain GV3101 

• Luria-Bertani (LB) medium 

• Rifampicin 

• Gentamicin 

• Ethanol (70% v/v) 

• Electroporation cuvettes (1 mm path length) 

• Electroporation apparatus 

• SOC (Super Optimal Catabolite Repression) medium 

• Sterile toothpicks 

• Solid LB medium 

Procedure: Preparation of competent Agrobacterium tumefaciens 

• Streak out the Agrobacterium tumefaciens strain from a -80°C glycerol stock onto a LB plate 

containing appropriate antibiotics (Rifampicin 50 mg/L, Gentamicin 25 mg/L) and incubate 

overnight at 28°C. 

• Pick a single colony using a sterile toothpick and inoculate it into 5 ml of LB medium 

containing the same antibiotics. Incubate overnight in a shaking incubator at 28°C and 200 

rpm. 

• Subculture 1 ml of the overnight culture into 100 ml of fresh LB medium with antibiotics and 

grow until an OD600 of 0.6–0.8 is reached. 

• Chill the culture on ice for 10 minutes, followed by centrifugation at 4°C and 4000 rpm for 10 

minutes. 

• Resuspend the cell pellet in 20 ml of ice-cold, sterile 10% glycerol. Repeat the cold 

centrifugation, wash, and resuspension steps twice more. 

• Finally, resuspend the pellet in 1-2 ml of ice-cold 10% glycerol and aliquot into sterile 

microcentrifuge tubes. Flash-freeze in liquid nitrogen and store at -80°C until needed. 

Procedure: Electroporation of Competent Cells 

• Thaw one aliquot of Agrobacterium cells on ice. 

• Add 1–5 μl of the desired plasmid DNA (may vary according to needs; typically use 0.1–1 μg 

DNA) to the cells and mix gently. 

• Transfer the mixture to a pre-chilled electroporation cuvette and electroporate the cells using a 

pulse of 2.5 kV, 25 uF, and 200 Ω. 

• Immediately add 1 ml of SOC medium to the cuvette. Pipette the mixture into a culture tube 

and incubate at 28°C for 2 hours with shaking at 200 rpm to allow expression of the antibiotic 

resistance gene present on the plasmid. 

• Spread the cells onto a LB agar plate that contains appropriate antibiotics for selection and 

incubate at 28°C for 48 hrs. 

• Check the plates for colonies bearing the plasmid of interest. Confirm successful 

transformation through plasmid extraction and sequencing. 

After electroporation and cultivation, visible colonies on the selection plates indicate successful 

transformation. It's essential to confirm the presence and integrity of the plasmid in the transformed 

agrobacterium colonies using standard molecular biology techniques such as colony PCR, restriction 

analysis, and/or sequencing. 
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2.2 Transient Agrobacterium-mediated transformation of 

transgenic N. benthamiana plants 

2.2.1 Vacuum-Based Agroinfiltration 

When conducting the infiltration procedure, avoid excessive or extended exposure to vacuum, as this 

can damage leaf tissues. Also, ensure that the agrobacterium culture is not overly dense, as this can 

lead to reduced infiltration efficiency and could potentially damage the plants. 

This protocol leverages the vacuum-based approach, providing a robust and efficient method for 

introducing foreign genes into a plant system with minimal tissue damage. 

Materials: 

• Agrobacterium tumefaciens strain GV3101 

• Nicotiana benthamiana plants (4-6 weeks old) 

• Murashige and Skoog (MS) medium 

• Sterile, deionized water 

• Syringe (5 ml) without needle 

• 4 mM MgCl2 (magnesium chloride) 

• 100 M acetosyringone 

• Vacuum pump 

• Dessicator with inlet and outlet for vacuum 

• 30% sucrose solution 

• Liquid nitrogen 

Procedure: Preparation of Agrobacteria for Infiltration (Day 1) 

• Inoculate a single colony of the Agrobacterium tumefaciens strain in 50 ml of liquid MS 

medium supplemented with appropriate antibiotics and grow overnight at 28°C with shaking 

(200 rpm). 

Procedure: Agrobacteria Sub-Culturing (Day 2) 

• Centrifuge the bacterial culture at 4000 rpm for 15 minutes. 

• Then, re-suspend the bacterial pellet in 50 ml of sterile infiltration media (4 mM MgCl₂, 100 

µM acetosyringone). 

• Incubate the resuspended agrobacteria at room temperature for two hours. 

Procedure: Agroinfiltration Procedure (Day 3) 

• Submerge the entire plant in the infiltration medium containing agrobacteria. 

• Place the submerged plants in a desiccator connected to a vacuum pump. 

• Apply vacuum (around -1 bar) for 1-2 minutes until the leaves appear saturated (dark green 

color) under the vacuum. 

• Release the vacuum slowly (about 30 seconds) to allow the agrobacteria in the infiltration 

medium to infiltrate the leaf tissues. 

• After infiltration, place the plants upright and allow them to recover overnight under normal 

conditions (24°C, 16 h/8 h light/dark photoperiod). 
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Procedure: Evaluation of Gene Expression (Day 6-8) 

• Test the level of transgene expression by appropriate means (e.g., GUS assay, detection of 

fluorescent proteins, or SDS-PAGE) 3-5 days post-infiltration. 

 

2.3 Extraction and purification of recombinant viral 

antigens 

2.3.1 Protein Analysis (Extraction of Total Soluble Protein) 

At 2–6 days post-infiltration (dpi), proceed with protein extraction according to the following 

protocol: 

Materials: 

• Infiltrated N. benthamiana leaves 

• Protein extraction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM 

EDTA, 1% Triton X-100, 1X protease inhibitor cocktail) 

• Pestle and mortar (pre-cooled) 

• Centrifuge 

• Protein quantitation assay, e.g., BCA Protein Assay Kit 

Procedure: 

• Harvest the infiltrated leaves and immediately freeze them in liquid nitrogen. 

• Grind the frozen leaves to a fine powder using a pre-cooled pestle and mortar. 

• Transfer the powder into a pre-chilled tube and add the extraction buffer in the ratio of 500 μL 

buffer to 100 mg leaf tissue. Mix well by vortexing. 

• Centrifuge homogenates at 16,000 x g for 20 minutes at 4°C. 

• Carefully collect the supernatant (soluble protein fraction) and place it in a new tube. 

• Determine protein concentration using a BCA Protein Assay Kit according to the 

manufacturer's protocol. 

 

2.3.2 SDS-polyacrylamide (SDS-PAGE) gels 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) is a laboratory technique 

used for the separation and analysis of proteins according to their molecular weight. 

Materials: 

• Vertical electrophoresis apparatus 

• Microcentrifuge tubes 

• Heating block or water bath 

• Micropipettes and disposable tips 

• Acrylamide/bis solution (30% Acrylamide/bis 29:1 solution) 

• 1.5M Tris-HCl, pH 8.8 

• 1M Tris-HCl, pH 6.8 
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• 10% (w/v) SDS 

• 10% Ammonium persulfate (APS) 

• Tetramethylethylenediamine (TEMED) 

• 2X Sample Buffer: 125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% 2-

mercaptoethanol, 0.004% bromophenol blue 

• 10X Running Buffer: 250 mM Tris, 1.92 mM glycine, 1% SDS 

• Protein samples 

• Protein marker 

• Distilled water 

Procedure: Gel Preparation 

• Prepare the resolving gel mixture as per the desired percentage. For a 12% gel, mix 5 ml of 

acrylamide/bis solution, 2.5 ml of 1.5M Tris-HCl (pH 8.8), 100μl of 10% SDS, and 2.4 ml of 

distilled water. 

• Add 100μl of 10% APS and 10μl of TEMED to initiate polymerization. Immediately pour the 

solution into the gel assembly, insert the comb, and let it polymerize for at least 45 minutes. 

• Meanwhile, prepare the stacking gel mixture with 1.7 ml of acrylamide/bis solution, 1.25 ml of 

1M Tris-HCl (pH 6.8), 50μl of 10% SDS, and 3 ml of distilled water. 

• After the resolving gel polymerizes, gently remove the comb and rinse the wells with distilled 

water. 

• Add APS and TEMED to the stacking gel mixture and pour on top of the resolving gel. Insert 

the comb and allow polymerization. 

Procedure: Sample Preparation 

• Add 2X sample buffer to each protein sample to a final 1X concentration and heat at 95°C for 5 

minutes in a water bath. 

• Briefly centrifuge the samples to remove condensed moisture and insoluble material. 

Procedure: Electrophoresis 

• Assemble the gel in the electrophoresis tank and add 1X running buffer. 

• Load each protein sample and protein marker into separate wells using a micropipette. 

• Run the gel at 80–120 V until the bromophenol blue from the buffer reaches near the bottom of 

the gel. 

The exact voltages and running times may vary according to the specific apparatus and protein sizes. 

Always ensure the gel apparatus is correctly assembled and that safety measures are in place before 

starting electrophoresis. 
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2.3.3 Western Blot 

The Western blot is a widely used technique to detect specific proteins in a sample of tissue 

homogenate or extract. It first uses gel electrophoresis to separate denatured proteins by mass. The 

proteins are then transferred onto a membrane for subsequent analytical techniques, specifically the 

detection of the target protein using specific antibodies. 

Materials: 

• PVDF or nitrocellulose membrane 

• Transfer buffer 

• Constant voltage power supply 

• Transfer apparatus 

• Whatman paper 

• Primary antibody against the target protein 

• Secondary antibody conjugated to horseradish peroxidase (HRP) 

• 5% non-fat milk or bovine serum albumin (BSA) 

• Tris-buffered saline with Tween 20 (TBS-T buffer) 

• Chemiluminescent HRP substrate 

• Film or digital imaging system 

Procedure: Post SDS-PAGE Transfer 

• Transfer proteins from the gel to a PVDF or nitrocellulose membrane using a wet or semi-dry 

transfer setup. The duration and condition depend on the size of the proteins and the type of 

transfer setup. 

• Following transfer, validate successful protein transfer by staining the membrane with Ponceau 

S. 

Procedure: Immunoblotting 

• Block nonspecific binding sites on the membrane by incubating in TBS-T buffer containing 5% 

non-fat milk or BSA for 1 hour at room temperature. 

• Incubate the membrane with the primary antibody diluted in blocking buffer; conditions 

usually range from 1 hour at room temperature to overnight at 4°C. 

• Wash the membrane three times, 10 minutes per wash, with TBS-T to remove excessive and 

non-specifically bound primary antibodies. 

• Incubate the membrane with HRP-conjugated secondary antibodies diluted in blocking buffer 

for 1-2 hours at room temperature. 

• Wash the membrane again three times with TBS-T. 

Procedure: Detection 

• Incubate the membrane with a chemiluminescent HRP substrate and detect the signal using 

film or a digital imaging system according to the manufacturer's instructions. 
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2.3.4 Ion Exchange Chromatography 

Ion exchange chromatography (IEX) is a technique used for separating ions and polar molecules 

based on their electromagnetic charge, which can be very useful for purifying proteins, nucleic acids, 

and amino acids, among others, in the field of biotechnology. 

Materials: 

• Ion exchange chromatography column (anion or cation exchange column) 

• Sample of interest 

• Buffer A: Low salt/ion strength buffer 

• Buffer B: High salt/ion strength buffer 

• pH meter 

• Conductivity meter 

• Chromatography system 

• Fraction collector 

• Plastic ware 

Procedure: Preparation 

• Depending on the sample and target molecules, choose an appropriate column with either a 

cation or anion exchanger. 

• Equilibrate the IEX column with Buffer A until the pH and conductivity readings are 

consistent. 

Procedure: Sample Application 

• Load the prepared sample onto the equilibrated column. To prevent overloading, ensure that 

the sample's ionic strength isn't higher than that of Buffer A. 

Procedure: Chromatography 

• Begin with a low salt concentration in Buffer A. Elute the loaded sample with a linear or step 

gradient of high-salt Buffer B to obtain fractions, with the gradient program dependent on 

analyte properties. 

Procedure: Detection and Collection 

• Monitor the elution process by checking absorbance at a suitable wavelength, commonly 280 

nm for proteins. Use the fraction collector to collect fractions from the elution volume. 

Procedure: Data Analysis 

• Analyze chromatograms. Retention volumes for peaks should be used for further analysis. 

• Analyze the collected fractions by relevant methods, such as SDS-PAGE for proteins, to ensure 

the purity and identity of the fractions. 

Procedure: Regeneration 

• After the run, regenerate the column using Buffer B and store as per the manufacturer's 

instructions. 
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3. Conclusion 

3.1 The Transformative Potential of CRISPR/Cas9 in 

Plant Biotechnology 

The CRISPR/Cas9 system is a potent tool for precise genome editing. This technology has 

revolutionized plant biotechnology, allowing scientists to modify plant genomes quickly and 

precisely. As a result, they can develop new crop varieties with enhanced traits (Scheben et al., 2017). 

CRISPR/Cas9 has the potential to transform plant biotechnology, impacting crop improvement, 

sustainable agriculture, and regulatory frameworks. 

The CRISPR/Cas9 technology in plant breeding has generated crop varieties with improved 

agronomic traits: enhanced yield, nutritional quality, and resistance to biotic and abiotic stresses. This 

is accomplished by precisely editing key genes related to these traits, resulting in minimal off-target 

effects and reduced linkage drag compared to traditional breeding methods. Moreover, 

CRISPR/Cas9's versatility enables the simultaneous editing of multiple genes, resulting in the creation 

of crops with multiple desirable traits in a single step. 

CRISPR/Cas9 technology can aid sustainable agriculture by fostering eco-friendly crop development. 

Improved nutrient use efficiency in crops can decrease reliance on chemical fertilizers. Similarly, 

developing plants with enhanced resistance to pests and pathogens can reduce the need for chemical 

pesticides. CRISPR/Cas9 editing can help domesticate underutilized, climate-resilient crops, offering 

new food and material sources. 

CRISPR technology has sparked concerns about regulations and ethics, specifically regarding the 

labeling of edited crops. As governments and organizations develop regulatory frameworks, it's 

crucial to balance safety and transparency with the benefits of CRISPR-based plant genome editing. 

The success of CRISPR-based plant biotechnology relies on public perception and acceptance of 

genetically edited crops. Addressing safety, environmental impact, and socioeconomic consequences 

is crucial for building trust and promoting the adoption of CRISPR-edited crops. Transparent 

communication and stakeholder engagement are crucial for shaping public opinion and policy 

decisions. 

To maximize the potential of CRISPR-based plant genome editing, scientists and regulators must 

tackle the outlined challenges in order to fully utilize its promising prospects. Future research should 

prioritize enhancing the precision and efficiency of CRISPR, minimizing off-target effects, and 

broadening the range of plant species and traits suitable for genetic modification. Interdisciplinary 

collaborations among scientists, policymakers, and stakeholders are crucial for addressing the 

multifaceted aspects of CRISPR-based plant biotechnology. By tackling challenges and promoting 

innovation, CRISPR genome editing can greatly enhance plant biotechnology and enhance global 

food security. 
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3.2 The Potential of N. benthamiana as a Model Plant for 

Recombinant Protein Production 

As we conclude this review of Nicotiana benthamiana as a model plant for recombinant protein 

production, let's summarize some key points and insights. 

Efficient protein production: N. benthamiana allows for rapid and high-yield production of 

recombinant proteins using transient expression systems like agroinfiltration and viral vectors. N. 

benthamiana's quick generation time and rapid growth enable protein expression in just one week, 

surpassing traditional systems that typically take weeks to months. 

Post-translational modifications: N. benthamiana enables complex eukaryotic post-translational 

modifications like glycosylation, phosphorylation, and disulfide bond formation. These modifications 

are vital for the stability, solubility, and biological activity of therapeutic proteins. 

Reduced risk of human pathogen contamination: N. benthamiana is phylogenetically distant from 

mammals, minimizing the risk of contamination with human pathogens. This addresses safety 

concerns with mammalian cell lines, which may contain viruses or infectious agents. 

Scalability and cost-effectiveness: N. benthamiana-based protein production is highly scalable due to 

its ability to be cultivated in greenhouses and its straightforward growth and maintenance 

requirements. Plant-based systems can be more cost-effective compared to mammalian or microbial 

systems. They don't need expensive fermentation equipment or growth media. 

Environmental sustainability: N. benthamiana-based protein production systems have a lower 

environmental impact than traditional systems due to reduced energy, water, and waste disposal 

requirements compared to other fermentation-based processes. 

Commercialization challenges: The commercialization of plant-produced recombinant proteins 

depends on overcoming regulatory hurdles and achieving cost competitive processes compared to 

other production platforms like bacterial, yeast, or mammalian cells. As plant-derived products gain 

approval for human and veterinary use, regulatory agencies will become more familiar with plant-

based expression systems, potentially streamlining the approval process. Advancements in plant 

transformation, protein purification, and downstream processing may reduce production costs, 

enhancing the economic viability of plant-derived recombinant proteins. 

Industrial and environmental potential: Plant-produced recombinant proteins have potential in 

industrial and environmental applications, alongside their use in medical and veterinary products. 

Plant-based expression systems can facilitate the production of enzymes for the biofuel, food, and 

textile industries. As research progresses, plant-based expression platforms will play a vital role in 

developing sustainable and eco-friendly technologies and solutions. 

 

Conclusion: N. benthamiana is a powerful and versatile platform for recombinant protein production, 

with many advantages over traditional systems. With future advancements in plant biotechnology, N. 

benthamiana is becoming a major model organism for producing biopharmaceuticals and high-value 

recombinant proteins. 

 

 

 



35 

 

4. References 

 

Abel, H. J., Larson, D. E., Regier, A. A., Chiang, C., Das, I., Kanchi, K. L., Layer, R. M., Neale, B. 

M., Salerno, W. J., Reeves, C., Buyske, S., Abecasis, G. R., Appelbaum, E., Baker, J., Banks, 

E., Bernier, R. A., Bloom, T., Boehnke, M., Boerwinkle, E., . . . Genomics, N. C. f. C. D. 

(2020). Mapping and characterization of structural variation in 17,795 human genomes. 

Nature, 583(7814), 83-89. https://doi.org/10.1038/s41586-020-2371-0  

Adli, M. (2018). The CRISPR tool kit for genome editing and beyond. Nature Communications, 9(1), 

1911. https://doi.org/10.1038/s41467-018-04252-2  

Altpeter, F., Springer, N. M., Bartley, L. E., Blechl, A. E., Brutnell, T. P., Citovsky, V., Conrad, L. J., 

Gelvin, S. B., Jackson, D. P., Kausch, A. P., Lemaux, P. G., Medford, J. I., Orozco-Cárdenas, 

M. L., Tricoli, D. M., Van Eck, J., Voytas, D. F., Walbot, V., Wang, K., Zhang, Z. J., & 

Stewart, C. N., Jr. (2016). Advancing Crop Transformation in the Era of Genome Editing. The 

Plant Cell, 28(7), 1510-1520. https://doi.org/10.1105/tpc.16.00196  

Andersson, M., Turesson, H., Nicolia, A., Fält, A.-S., Samuelsson, M., & Hofvander, P. (2017). 

Efficient targeted multiallelic mutagenesis in tetraploid potato (Solanum tuberosum) by 

transient CRISPR-Cas9 expression in protoplasts. Plant Cell Reports, 36(1), 117-128. 

https://doi.org/10.1007/s00299-016-2062-3  

Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy, J. M., Chen, P. J., 

Wilson, C., Newby, G. A., Raguram, A., & Liu, D. R. (2019). Search-and-replace genome 

editing without double-strand breaks or donor DNA. Nature, 576(7785), 149-157. 

https://doi.org/10.1038/s41586-019-1711-4  

Arora, L., & Narula, A. (2017). Gene Editing and Crop Improvement Using CRISPR-Cas9 System 

[Review]. Frontiers in Plant Science, 8. https://doi.org/10.3389/fpls.2017.01932  

Au - Leuzinger, K., Au - Dent, M., Au - Hurtado, J., Au - Stahnke, J., Au - Lai, H., Au - Zhou, X., & 

Au - Chen, Q. (2013). Efficient Agroinfiltration of Plants for High-level Transient Expression 

of Recombinant Proteins. JoVE(77), e50521. https://doi.org/doi:10.3791/50521  

Baltes, N. J., & Voytas, D. F. (2015). Enabling plant synthetic biology through genome engineering. 

Trends in Biotechnology, 33(2), 120-131. https://doi.org/10.1016/j.tibtech.2014.11.008  

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Romero, D. A., & 

Horvath, P. (2007). CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes. 

Science, 315(5819), 1709-1712. https://doi.org/doi:10.1126/science.1138140  

Barrangou, R., & Horvath, P. (2017). A decade of discovery: CRISPR functions and applications. 

Nature Microbiology, 2(7), 17092. https://doi.org/10.1038/nmicrobiol.2017.92  

Bobadilla Landey, R., Cenci, A., Guyot, R., Bertrand, B., Georget, F., Dechamp, E., Herrera, J.-C., 

Aribi, J., Lashermes, P., & Etienne, H. (2015). Assessment of genetic and epigenetic changes 

during cell culture ageing and relations with somaclonal variation in Coffea arabica. Plant 

Cell, Tissue and Organ Culture (PCTOC), 122(3), 517-531. https://doi.org/10.1007/s11240-

015-0772-9  

https://doi.org/10.1038/s41586-020-2371-0
https://doi.org/10.1038/s41467-018-04252-2
https://doi.org/10.1105/tpc.16.00196
https://doi.org/10.1007/s00299-016-2062-3
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.3389/fpls.2017.01932
https://doi.org/doi:10.3791/50521
https://doi.org/10.1016/j.tibtech.2014.11.008
https://doi.org/doi:10.1126/science.1138140
https://doi.org/10.1038/nmicrobiol.2017.92
https://doi.org/10.1007/s11240-015-0772-9
https://doi.org/10.1007/s11240-015-0772-9


36 

 

Bock, R. (2007). Plastid biotechnology: prospects for herbicide and insect resistance, metabolic 

engineering and molecular farming. Current Opinion in Biotechnology, 18(2), 100-106. 

https://doi.org/https://doi.org/10.1016/j.copbio.2006.12.001  

Bogdanove, A. J., & Voytas, D. F. (2011). TAL effectors: customizable proteins for DNA targeting. 

Science, 333(6051), 1843-1846. https://doi.org/10.1126/science.1204094  

Bolotin, A., Quinquis, B., Sorokin, A., & Ehrlich, S. D. (2005). Clustered regularly interspaced short 

palindrome repeats (CRISPRs) have spacers of extrachromosomal origin. Microbiology, 

151(8), 2551-2561. https://doi.org/https://doi.org/10.1099/mic.0.28048-0  

Boodhoo, K. V. K., Flickinger, M. C., Woodley, J. M., & Emanuelsson, E. A. C. (2022). Bioprocess 

intensification: A route to efficient and sustainable biocatalytic transformations for the future. 

Chemical Engineering and Processing - Process Intensification, 172, 108793. 

https://doi.org/https://doi.org/10.1016/j.cep.2022.108793  

Bortesi, L., Zhu, C., Zischewski, J., Perez, L., Bassié, L., Nadi, R., Forni, G., Lade, S. B., Soto, E., 

Jin, X., Medina, V., Villorbina, G., Muñoz, P., Farré, G., Fischer, R., Twyman, R. M., Capell, 

T., Christou, P., & Schillberg, S. (2016). Patterns of CRISPR/Cas9 activity in plants, animals 

and microbes. Plant Biotechnology Journal, 14(12), 2203-2216. 

https://doi.org/https://doi.org/10.1111/pbi.12634  

Bouis, H. E., & Saltzman, A. (2017). Improving nutrition through biofortification: A review of 

evidence from HarvestPlus, 2003 through 2016. Global Food Security, 12, 49-58. 

https://doi.org/https://doi.org/10.1016/j.gfs.2017.01.009  

Bruetschy, C. (2019). The EU regulatory framework on genetically modified organisms (GMOs). 

Transgenic Research, 28(2), 169-174. https://doi.org/10.1007/s11248-019-00149-y  

Butaye, K. M. J., Cammue, B. P. A., Delauré, S. L., & De Bolle, M. F. C. (2005). Approaches to 

Minimize Variation of Transgene Expression in Plants. Molecular Breeding, 16(1), 79-91. 

https://doi.org/10.1007/s11032-005-4929-9  

Buyel, J. F. (2019). Plant Molecular Farming – Integration and Exploitation of Side Streams to 

Achieve Sustainable Biomanufacturing [Review]. Frontiers in Plant Science, 9. 

https://doi.org/10.3389/fpls.2018.01893  

Buyel, J. F., Twyman, R. M., & Fischer, R. (2017). Very-large-scale production of antibodies in 

plants: The biologization of manufacturing. Biotechnology Advances, 35(4), 458-465. 

https://doi.org/https://doi.org/10.1016/j.biotechadv.2017.03.011  

Cardoso, A. A., Gori, A., Da-Silva, C. J., & Brunetti, C. (2020). Abscisic Acid Biosynthesis and 

Signaling in Plants: Key Targets to Improve Water Use Efficiency and Drought Tolerance. 

Applied Sciences, 10(18), 6322. https://www.mdpi.com/2076-3417/10/18/6322  

Carinhas, N., Bernal, V., Yokomizo, A. Y., Carrondo, M. J. T., Oliveira, R., & Alves, P. M. (2009). 

Baculovirus production for gene therapy: the role of cell density, multiplicity of infection and 

medium exchange. Applied Microbiology and Biotechnology, 81(6), 1041-1049. 

https://doi.org/10.1007/s00253-008-1727-4  

Castilho, A., Neumann, L., Daskalova, S., Mason, H. S., Steinkellner, H., Altmann, F., & Strasser, R. 

(2012). Engineering of Sialylated Mucin-type <em>O</em>-Glycosylation in Plants 

*<sup></sup>. Journal of Biological Chemistry, 287(43), 36518-36526. 

https://doi.org/10.1074/jbc.M112.402685  

https://doi.org/https:/doi.org/10.1016/j.copbio.2006.12.001
https://doi.org/10.1126/science.1204094
https://doi.org/https:/doi.org/10.1099/mic.0.28048-0
https://doi.org/https:/doi.org/10.1016/j.cep.2022.108793
https://doi.org/https:/doi.org/10.1111/pbi.12634
https://doi.org/https:/doi.org/10.1016/j.gfs.2017.01.009
https://doi.org/10.1007/s11248-019-00149-y
https://doi.org/10.1007/s11032-005-4929-9
https://doi.org/10.3389/fpls.2018.01893
https://doi.org/https:/doi.org/10.1016/j.biotechadv.2017.03.011
https://www.mdpi.com/2076-3417/10/18/6322
https://doi.org/10.1007/s00253-008-1727-4
https://doi.org/10.1074/jbc.M112.402685


37 

 

Castilho, A., Neumann, L., Gattinger, P., Strasser, R., Vorauer-Uhl, K., Sterovsky, T., Altmann, F., & 

Steinkellner, H. (2013). Generation of Biologically Active Multi-Sialylated Recombinant 

Human EPOFc in Plants. PLOS ONE, 8(1), e54836. 

https://doi.org/10.1371/journal.pone.0054836  

Castilho, A., & Steinkellner, H. (2012). Glyco-engineering in plants to produce human-like N-glycan 

structures. Biotechnology Journal, 7(9), 1088-1098. 

https://doi.org/https://doi.org/10.1002/biot.201200032  

Cereghino, J. L., & Cregg, J. M. (2000). Heterologous protein expression in the methylotrophic yeast 

Pichia pastoris. FEMS Microbiology Reviews, 24(1), 45-66. https://doi.org/10.1111/j.1574-

6976.2000.tb00532.x  

Chapman, J. R., Taylor, Martin R. G., & Boulton, Simon J. (2012). Playing the End Game: DNA 

Double-Strand Break Repair Pathway Choice. Molecular Cell, 47(4), 497-510. 

https://doi.org/10.1016/j.molcel.2012.07.029  

Chen, K., Wang, Y., Zhang, R., Zhang, H., & Gao, C. (2019). CRISPR/Cas Genome Editing and 

Precision Plant Breeding in Agriculture. Annual Review of Plant Biology, 70(1), 667-697. 

https://doi.org/10.1146/annurev-arplant-050718-100049  

Cheng, J., Hill, C. B., Shabala, S., Li, C., & Zhou, M. (2022). Manipulating GA-Related Genes for 

Cereal Crop Improvement. International Journal of Molecular Sciences, 23(22), 14046. 

https://www.mdpi.com/1422-0067/23/22/14046  

Chiu, W.-l., Niwa, Y., Zeng, W., Hirano, T., Kobayashi, H., & Sheen, J. (1996). Engineered GFP as a 

vital reporter in plants. Current Biology, 6(3), 325-330. https://doi.org/10.1016/S0960-

9822(02)00483-9  

Christian, M., Cermak, T., Doyle, E. L., Schmidt, C., Zhang, F., Hummel, A., Bogdanove, A. J., & 

Voytas, D. F. (2010). Targeting DNA Double-Strand Breaks with TAL Effector Nucleases. 

Genetics, 186(2), 757-761. https://doi.org/10.1534/genetics.110.120717  

Cody, W. B., & Scholthof, H. B. (2019). Plant Virus Vectors 3.0: Transitioning into Synthetic 

Genomics. Annual Review of Phytopathology, 57(1), 211-230. 

https://doi.org/10.1146/annurev-phyto-082718-100301  

Comai, L. (2005). The advantages and disadvantages of being polyploid. Nature Reviews Genetics, 

6(11), 836-846. https://doi.org/10.1038/nrg1711  

Conley, A. J., Joensuu, J. J., Jevnikar, A. M., Menassa, R., & Brandle, J. E. (2009). Optimization of 

elastin-like polypeptide fusions for expression and purification of recombinant proteins in 

plants. Biotechnology and Bioengineering, 103(3), 562-573. 

https://doi.org/https://doi.org/10.1002/bit.22278  

Consortium, T. I. W. G. S., Appels, R., Eversole, K., Stein, N., Feuillet, C., Keller, B., Rogers, J., 

Pozniak, C. J., Choulet, F., Distelfeld, A., Poland, J., Ronen, G., Sharpe, A. G., Barad, O., 

Baruch, K., Keeble-Gagnère, G., Mascher, M., Ben-Zvi, G., Josselin, A.-A., . . . Wang, L. 

(2018). Shifting the limits in wheat research and breeding using a fully annotated reference 

genome. Science, 361(6403), eaar7191. https://doi.org/doi:10.1126/science.aar7191  

D’Aoust, M.-A., Lavoie, P.-O., Couture, M. M.-J., Trépanier, S., Guay, J.-M., Dargis, M., Mongrand, 

S., Landry, N., Ward, B. J., & Vézina, L.-P. (2008). Influenza virus-like particles produced by 

transient expression in Nicotiana benthamiana induce a protective immune response against a 

https://doi.org/10.1371/journal.pone.0054836
https://doi.org/https:/doi.org/10.1002/biot.201200032
https://doi.org/10.1111/j.1574-6976.2000.tb00532.x
https://doi.org/10.1111/j.1574-6976.2000.tb00532.x
https://doi.org/10.1016/j.molcel.2012.07.029
https://doi.org/10.1146/annurev-arplant-050718-100049
https://www.mdpi.com/1422-0067/23/22/14046
https://doi.org/10.1016/S0960-9822(02)00483-9
https://doi.org/10.1016/S0960-9822(02)00483-9
https://doi.org/10.1534/genetics.110.120717
https://doi.org/10.1146/annurev-phyto-082718-100301
https://doi.org/10.1038/nrg1711
https://doi.org/https:/doi.org/10.1002/bit.22278
https://doi.org/doi:10.1126/science.aar7191


38 

 

lethal viral challenge in mice. Plant Biotechnology Journal, 6(9), 930-940. 

https://doi.org/https://doi.org/10.1111/j.1467-7652.2008.00384.x  

Da Silva Messias, R., Galli, V., Dos Anjos e Silva, S. D., & Rombaldi, C. V. (2014). Carotenoid 

Biosynthetic and Catabolic Pathways: Gene Expression and Carotenoid Content in Grains of 

Maize Landraces. Nutrients, 6(2), 546-563. https://www.mdpi.com/2072-6643/6/2/546  

Daniell, H., Lin, C.-S., Yu, M., & Chang, W.-J. (2016). Chloroplast genomes: diversity, evolution, 

and applications in genetic engineering. Genome Biology, 17(1), 134. 

https://doi.org/10.1186/s13059-016-1004-2  

Debernardi, J. M., Tricoli, D. M., Ercoli, M. F., Hayta, S., Ronald, P., Palatnik, J. F., & Dubcovsky, J. 

(2020). A GRF–GIF chimeric protein improves the regeneration efficiency of transgenic 

plants. Nature Biotechnology, 38(11), 1274-1279. https://doi.org/10.1038/s41587-020-0703-0  

Deltcheva, E., Chylinski, K., Sharma, C. M., Gonzales, K., Chao, Y., Pirzada, Z. A., Eckert, M. R., 

Vogel, J., & Charpentier, E. (2011). CRISPR RNA maturation by trans-encoded small RNA 

and host factor RNase III. Nature, 471(7340), 602-607. https://doi.org/10.1038/nature09886  

Demain, A. L., & Vaishnav, P. (2009). Production of recombinant proteins by microbes and higher 

organisms. Biotechnology Advances, 27(3), 297-306. 

https://doi.org/https://doi.org/10.1016/j.biotechadv.2009.01.008  

Donovan, S., Mao, Y., Orr, D. J., Carmo-Silva, E., & McCormick, A. J. (2020). CRISPR-Cas9-

Mediated Mutagenesis of the Rubisco Small Subunit Family in Nicotiana tabacum [Original 

Research]. Frontiers in Genome Editing, 2. https://doi.org/10.3389/fgeed.2020.605614  

Dueñas Jr., C., Mota, G. M. B., Oliva, N., & Slamet-Loedin, I. H. (2021). Genome Engineering for 

Enriching Fe and Zn in Rice Grain and Increasing Micronutrient Bioavailability. In Genome 

Engineering for Crop Improvement (pp. 69-82). 

https://doi.org/https://doi.org/10.1002/9781119672425.ch4  

Eid, J., Fehr, A., Gray, J., Luong, K., Lyle, J., Otto, G., Peluso, P., Rank, D., Baybayan, P., Bettman, 

B., Bibillo, A., Bjornson, K., Chaudhuri, B., Christians, F., Cicero, R., Clark, S., Dalal, R., 

deWinter, A., Dixon, J., . . . Turner, S. (2009). Real-Time DNA Sequencing from Single 

Polymerase Molecules. Science, 323(5910), 133-138. 

https://doi.org/10.1126/science.1162986  

Ermakova, M., Danila, F. R., Furbank, R. T., & von Caemmerer, S. (2020). On the road to C4 rice: 

advances and perspectives. The Plant Journal, 101(4), 940-950. 

https://doi.org/https://doi.org/10.1111/tpj.14562  

Fossi, M., Amundson, K., Kuppu, S., Britt, A., & Comai, L. (2019). Regeneration of Solanum 

tuberosum Plants from Protoplasts Induces Widespread Genome Instability. Plant Physiology, 

180(1), 78-86. https://doi.org/10.1104/pp.18.00906  

Frewer, L. J., van der Lans, I. A., Fischer, A. R. H., Reinders, M. J., Menozzi, D., Zhang, X., van den 

Berg, I., & Zimmermann, K. L. (2013). Public perceptions of agri-food applications of genetic 

modification – A systematic review and meta-analysis. Trends in Food Science & 

Technology, 30(2), 142-152. https://doi.org/https://doi.org/10.1016/j.tifs.2013.01.003  

Fu, L., Wu, D., Zhang, X., Xu, Y., Kuang, L., Cai, S., Zhang, G., & Shen, Q. (2021). Vacuolar H+-

pyrophosphatase HVP10 enhances salt tolerance via promoting Na+ translocation into root 

vacuoles. Plant Physiology, 188(2), 1248-1263. https://doi.org/10.1093/plphys/kiab538  

https://doi.org/https:/doi.org/10.1111/j.1467-7652.2008.00384.x
https://www.mdpi.com/2072-6643/6/2/546
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1038/s41587-020-0703-0
https://doi.org/10.1038/nature09886
https://doi.org/https:/doi.org/10.1016/j.biotechadv.2009.01.008
https://doi.org/10.3389/fgeed.2020.605614
https://doi.org/https:/doi.org/10.1002/9781119672425.ch4
https://doi.org/10.1126/science.1162986
https://doi.org/https:/doi.org/10.1111/tpj.14562
https://doi.org/10.1104/pp.18.00906
https://doi.org/https:/doi.org/10.1016/j.tifs.2013.01.003
https://doi.org/10.1093/plphys/kiab538


39 

 

Fuks, F. (2005). DNA methylation and histone modifications: teaming up to silence genes. Current 

Opinion in Genetics & Development, 15(5), 490-495. 

https://doi.org/https://doi.org/10.1016/j.gde.2005.08.002  

Garcia-Gimenez, G., & Jobling, S. A. (2022). Gene editing for barley grain quality improvement. 

Journal of Cereal Science, 103, 103394. 

https://doi.org/https://doi.org/10.1016/j.jcs.2021.103394  

Gelvin, S. B. (2003). <i>Agrobacterium</i>-Mediated Plant Transformation: the Biology behind the 

&#x201c;Gene-Jockeying&#x201d; Tool. Microbiology and Molecular Biology Reviews, 

67(1), 16-37. https://doi.org/doi:10.1128/mmbr.67.1.16-37.2003  

Gleba, Y., Klimyuk, V., & Marillonnet, S. (2005). Magnifection—a new platform for expressing 

recombinant vaccines in plants. Vaccine, 23(17), 2042-2048. 

https://doi.org/https://doi.org/10.1016/j.vaccine.2005.01.006  

Gleba, Y., Klimyuk, V., & Marillonnet, S. (2007). Viral vectors for the expression of proteins in 

plants. Current Opinion in Biotechnology, 18(2), 134-141. 

https://doi.org/https://doi.org/10.1016/j.copbio.2007.03.002  

Gomord, V., Fitchette, A.-C., Menu-Bouaouiche, L., Saint-Jore-Dupas, C., Plasson, C., Michaud, D., 

& Faye, L. (2010). Plant-specific glycosylation patterns in the context of therapeutic protein 

production. Plant Biotechnology Journal, 8(5), 564-587. 

https://doi.org/https://doi.org/10.1111/j.1467-7652.2009.00497.x  

Gould, F., Amasino, R. M., Brossard, D., Buell, C. R., Dixon, R. A., Falck-Zepeda, J. B., Gallo, M. 

A., Giller, K. E., Glenna, L. L., Griffin, T., Magraw, D., Mallory-Smith, C., Pixley, K. V., 

Ransom, E. P., Stelly, D. M., & Stewart, C. N. (2022). Toward product-based regulation of 

crops. Science, 377(6610), 1051-1053. https://doi.org/doi:10.1126/science.abo3034  

Hahn, S., Giritch, A., Bartels, D., Bortesi, L., & Gleba, Y. (2015). A novel and fully scalable 

Agrobacterium spray-based process for manufacturing cellulases and other cost-sensitive 

proteins in plants. Plant Biotechnology Journal, 13(5), 708-716. 

https://doi.org/https://doi.org/10.1111/pbi.12299  

Hamilton, S. R., & Gerngross, T. U. (2007). Glycosylation engineering in yeast: the advent of fully 

humanized yeast. Current Opinion in Biotechnology, 18(5), 387-392. 

https://doi.org/https://doi.org/10.1016/j.copbio.2007.09.001  

Han, Y., Teng, K., Nawaz, G., Feng, X., Usman, B., Wang, X., Luo, L., Zhao, N., Liu, Y., & Li, R. 

(2019). Generation of semi-dwarf rice (Oryza sativa L.) lines by CRISPR/Cas9-directed 

mutagenesis of OsGA20ox2 and proteomic analysis of unveiled changes caused by mutations. 

3 Biotech, 9(11), 387. https://doi.org/10.1007/s13205-019-1919-x  

Harper, A. L., Trick, M., Higgins, J., Fraser, F., Clissold, L., Wells, R., Hattori, C., Werner, P., & 

Bancroft, I. (2012). Associative transcriptomics of traits in the polyploid crop species 

Brassica napus. Nature Biotechnology, 30(8), 798-802. https://doi.org/10.1038/nbt.2302  

Hedden, P. (2003). The genes of the Green Revolution. Trends in Genetics, 19(1), 5-9. 

https://doi.org/10.1016/S0168-9525(02)00009-4  

Horn, L. (2017). Patent pools for CRISPR technology. Science, 355(6331), 1274-1274. 

https://doi.org/doi:10.1126/science.aan0515  

https://doi.org/https:/doi.org/10.1016/j.gde.2005.08.002
https://doi.org/https:/doi.org/10.1016/j.jcs.2021.103394
https://doi.org/doi:10.1128/mmbr.67.1.16-37.2003
https://doi.org/https:/doi.org/10.1016/j.vaccine.2005.01.006
https://doi.org/https:/doi.org/10.1016/j.copbio.2007.03.002
https://doi.org/https:/doi.org/10.1111/j.1467-7652.2009.00497.x
https://doi.org/doi:10.1126/science.abo3034
https://doi.org/https:/doi.org/10.1111/pbi.12299
https://doi.org/https:/doi.org/10.1016/j.copbio.2007.09.001
https://doi.org/10.1007/s13205-019-1919-x
https://doi.org/10.1038/nbt.2302
https://doi.org/10.1016/S0168-9525(02)00009-4
https://doi.org/doi:10.1126/science.aan0515


40 

 

Hsu, Patrick D., Lander, Eric S., & Zhang, F. (2014). Development and Applications of CRISPR-

Cas9 for Genome Engineering. Cell, 157(6), 1262-1278. 

https://doi.org/10.1016/j.cell.2014.05.010  

Ikeuchi, M., Sugimoto, K., & Iwase, A. (2013). Plant Callus: Mechanisms of Induction and 

Repression. The Plant Cell, 25(9), 3159-3173. https://doi.org/10.1105/tpc.113.116053  

Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., & Nakata, A. (1987). Nucleotide sequence of 

the iap gene, responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and 

identification of the gene product. Journal of Bacteriology, 169(12), 5429-5433. 

https://doi.org/doi:10.1128/jb.169.12.5429-5433.1987  

Iuliano, A. D., Roguski, K. M., Chang, H. H., Muscatello, D. J., Palekar, R., Tempia, S., Cohen, C., 

Gran, J. M., Schanzer, D., Cowling, B. J., Wu, P., Kyncl, J., Ang, L. W., Park, M., 

Redlberger-Fritz, M., Yu, H., Espenhain, L., Krishnan, A., Emukule, G., . . . Mustaquim, D. 

(2018). Estimates of global seasonal influenza-associated respiratory mortality: a modelling 

study. The Lancet, 391(10127), 1285-1300. https://doi.org/10.1016/S0140-6736(17)33293-2  

Jansen, R., Embden, J. D. A. v., Gaastra, W., & Schouls, L. M. (2002). Identification of genes that are 

associated with DNA repeats in prokaryotes. Molecular Microbiology, 43(6), 1565-1575. 

https://doi.org/https://doi.org/10.1046/j.1365-2958.2002.02839.x  

Jansing, J., Sack, M., Augustine, S. M., Fischer, R., & Bortesi, L. (2019). CRISPR/Cas9-mediated 

knockout of six glycosyltransferase genes in Nicotiana benthamiana for the production of 

recombinant proteins lacking β-1,2-xylose and core α-1,3-fucose. Plant Biotechnology 

Journal, 17(2), 350-361. https://doi.org/https://doi.org/10.1111/pbi.12981  

Jiang, F., & Doudna, J. A. (2017). CRISPR–Cas9 Structures and Mechanisms. Annual Review of 

Biophysics, 46(1), 505-529. https://doi.org/10.1146/annurev-biophys-062215-010822  

Jiang, L. (2020). Commercialization of the gene-edited crop and morality: challenges from the liberal 

patent law and the strict GMO law in the EU. New Genetics and Society, 39(2), 191-218. 

https://doi.org/10.1080/14636778.2019.1686968  

Jiang, W., Zhou, H., Bi, H., Fromm, M., Yang, B., & Weeks, D. P. (2013). Demonstration of 

CRISPR/Cas9/sgRNA-mediated targeted gene modification in Arabidopsis, tobacco, sorghum 

and rice. Nucleic Acids Research, 41(20), e188-e188. https://doi.org/10.1093/nar/gkt780  

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., & Charpentier, E. (2012). A 

Programmable Dual-RNA–Guided DNA Endonuclease in Adaptive Bacterial Immunity. 

Science, 337(6096), 816-821. https://doi.org/doi:10.1126/science.1225829  

Jinek, M., Jiang, F., Taylor, D. W., Sternberg, S. H., Kaya, E., Ma, E., Anders, C., Hauer, M., Zhou, 

K., Lin, S., Kaplan, M., Iavarone, A. T., Charpentier, E., Nogales, E., & Doudna, J. A. (2014). 

Structures of Cas9 Endonucleases Reveal RNA-Mediated Conformational Activation. 

Science, 343(6176), 1247997. https://doi.org/doi:10.1126/science.1247997  

Jozala, A. F., Geraldes, D. C., Tundisi, L. L., Feitosa, V. d. A., Breyer, C. A., Cardoso, S. L., 

Mazzola, P. G., Oliveira-Nascimento, L. d., Rangel-Yagui, C. d. O., Magalhães, P. d. O., 

Oliveira, M. A. d., & Pessoa Jr, A. (2016). Biopharmaceuticals from microorganisms: from 

production to purification. Brazilian Journal of Microbiology, 47.  

Kahl, L., Molloy, J., Patron, N., Matthewman, C., Haseloff, J., Grewal, D., Johnson, R., & Endy, D. 

(2018). Opening options for material transfer. Nature Biotechnology, 36(10), 923-927. 

https://doi.org/10.1038/nbt.4263  

https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1105/tpc.113.116053
https://doi.org/doi:10.1128/jb.169.12.5429-5433.1987
https://doi.org/10.1016/S0140-6736(17)33293-2
https://doi.org/https:/doi.org/10.1046/j.1365-2958.2002.02839.x
https://doi.org/https:/doi.org/10.1111/pbi.12981
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1080/14636778.2019.1686968
https://doi.org/10.1093/nar/gkt780
https://doi.org/doi:10.1126/science.1225829
https://doi.org/doi:10.1126/science.1247997
https://doi.org/10.1038/nbt.4263


41 

 

Kaplon, H., & Reichert, J. M. (2018). Antibodies to watch in 2018. mAbs, 10(2), 183-203. 

https://doi.org/10.1080/19420862.2018.1415671  

Kerppola, T. K. (2006). Design and implementation of bimolecular fluorescence complementation 

(BiFC) assays for the visualization of protein interactions in living cells. Nature Protocols, 

1(3), 1278-1286. https://doi.org/10.1038/nprot.2006.201  

Khlystov, N. A., Yoshikuni, Y., Deutsch, S., & Sattely, E. S. (2021). A plant host, Nicotiana 

benthamiana, enables the production and study of fungal lignin-degrading enzymes. 

Communications Biology, 4(1), 1027. https://doi.org/10.1038/s42003-021-02464-9  

Kim, S.-Y., Kim, S.-G., Kim, Y.-S., Seo, P. J., Bae, M., Yoon, H.-K., & Park, C.-M. (2006). 

Exploring membrane-associated NAC transcription factors in Arabidopsis : implications for 

membrane biology in genome regulation. Nucleic Acids Research, 35(1), 203-213. 

https://doi.org/10.1093/nar/gkl1068  

Kim, Y. G., Cha, J., & Chandrasegaran, S. (1996). Hybrid restriction enzymes: zinc finger fusions to 

Fok I cleavage domain. Proceedings of the National Academy of Sciences, 93(3), 1156-1160. 

https://doi.org/doi:10.1073/pnas.93.3.1156  

Klein, T. M., Wolf, E. D., Wu, R., & Sanford, J. C. (1987). High-velocity microprojectiles for 

delivering nucleic acids into living cells. Nature, 327(6117), 70-73. 

https://doi.org/10.1038/327070a0  

Koboldt, Daniel C., Steinberg, Karyn M., Larson, David E., Wilson, Richard K., & Mardis, E. R. 

(2013). The Next-Generation Sequencing Revolution and Its Impact on Genomics. Cell, 

155(1), 27-38. https://doi.org/10.1016/j.cell.2013.09.006  

Koç, E., & Karayiğit, B. (2022). Assessment of Biofortification Approaches Used to Improve 

Micronutrient-Dense Plants That Are a Sustainable Solution to Combat Hidden Hunger. 

Journal of Soil Science and Plant Nutrition, 22(1), 475-500. https://doi.org/10.1007/s42729-

021-00663-1  

Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., & Liu, D. R. (2016). Programmable editing of a 

target base in genomic DNA without double-stranded DNA cleavage. Nature, 533(7603), 

420-424. https://doi.org/10.1038/nature17946  

Kono, N., & Arakawa, K. (2019). Nanopore sequencing: Review of potential applications in 

functional genomics. Development, Growth & Differentiation, 61(5), 316-326. 

https://doi.org/https://doi.org/10.1111/dgd.12608  

Ku, H.-K., & Ha, S.-H. (2020). Improving Nutritional and Functional Quality by Genome Editing of 

Crops: Status and Perspectives [Mini Review]. Frontiers in Plant Science, 11. 

https://doi.org/10.3389/fpls.2020.577313  

Kumar, K., Gambhir, G., Dass, A., Tripathi, A. K., Singh, A., Jha, A. K., Yadava, P., Choudhary, M., 

& Rakshit, S. (2020). Genetically modified crops: current status and future prospects. Planta, 

251(4), 91. https://doi.org/10.1007/s00425-020-03372-8  

Kumar, K. R., Cowley, M. J., & Davis, R. L. (2019). Next-Generation Sequencing and Emerging 

Technologies. Semin Thromb Hemost, 45(07), 661-673. https://doi.org/10.1055/s-0039-

1688446  

https://doi.org/10.1080/19420862.2018.1415671
https://doi.org/10.1038/nprot.2006.201
https://doi.org/10.1038/s42003-021-02464-9
https://doi.org/10.1093/nar/gkl1068
https://doi.org/doi:10.1073/pnas.93.3.1156
https://doi.org/10.1038/327070a0
https://doi.org/10.1016/j.cell.2013.09.006
https://doi.org/10.1007/s42729-021-00663-1
https://doi.org/10.1007/s42729-021-00663-1
https://doi.org/10.1038/nature17946
https://doi.org/https:/doi.org/10.1111/dgd.12608
https://doi.org/10.3389/fpls.2020.577313
https://doi.org/10.1007/s00425-020-03372-8
https://doi.org/10.1055/s-0039-1688446
https://doi.org/10.1055/s-0039-1688446


42 

 

Kumar, S., DePauw, R. M., Kumar, S., Kumar, J., Kumar, S., & Pandey, M. P. (2023). Breeding and 

adoption of biofortified crops and their nutritional impact on human health. Annals of the New 

York Academy of Sciences, 1520(1), 5-19. https://doi.org/https://doi.org/10.1111/nyas.14936  

Lacomme, C., & Chapman, S. (2008). Use of Potato Virus X (PVX)–Based Vectors for Gene 

Expression and Virus-Induced Gene Silencing (VIGS). Current Protocols in Microbiology, 

8(1), 16I.11.11-16I.11.13. https://doi.org/https://doi.org/10.1002/9780471729259.mc16i01s8  

Landry, N., Pillet, S., Favre, D., Poulin, J.-F., Trépanier, S., Yassine-Diab, B., & Ward, B. J. (2014). 

Influenza virus-like particle vaccines made in Nicotiana benthamiana elicit durable, poly-

functional and cross-reactive T cell responses to influenza HA antigens. Clinical Immunology, 

154(2), 164-177. https://doi.org/https://doi.org/10.1016/j.clim.2014.08.003  

Lee, K.-R., Jeon, I., Yu, H., Kim, S.-G., Kim, H.-S., Ahn, S.-J., Lee, J., Lee, S.-K., & Kim, H. U. 

(2021). Increasing Monounsaturated Fatty Acid Contents in Hexaploid Camelina sativa Seed 

Oil by FAD2 Gene Knockout Using CRISPR-Cas9 [Original Research]. Frontiers in Plant 

Science, 12. https://doi.org/10.3389/fpls.2021.702930  

Lesk, C., Rowhani, P., & Ramankutty, N. (2016). Influence of extreme weather disasters on global 

crop production. Nature, 529(7584), 84-87. https://doi.org/10.1038/nature16467  

Liang, Z., Chen, K., Li, T., Zhang, Y., Wang, Y., Zhao, Q., Liu, J., Zhang, H., Liu, C., Ran, Y., & 

Gao, C. (2017). Efficient DNA-free genome editing of bread wheat using CRISPR/Cas9 

ribonucleoprotein complexes. Nature Communications, 8(1), 14261. 

https://doi.org/10.1038/ncomms14261  

Lico, C., Chen, Q., & Santi, L. (2008). Viral vectors for production of recombinant proteins in plants. 

Journal of Cellular Physiology, 216(2), 366-377. 

https://doi.org/https://doi.org/10.1002/jcp.21423  

Lieber, M. R. (2010). The Mechanism of Double-Strand DNA Break Repair by the Nonhomologous 

DNA End-Joining Pathway. Annual Review of Biochemistry, 79(1), 181-211. 

https://doi.org/10.1146/annurev.biochem.052308.093131  

Lin, Q., Zong, Y., Xue, C., Wang, S., Jin, S., Zhu, Z., Wang, Y., Anzalone, A. V., Raguram, A., 

Doman, J. L., Liu, D. R., & Gao, C. (2020). Prime genome editing in rice and wheat. Nature 

Biotechnology, 38(5), 582-585. https://doi.org/10.1038/s41587-020-0455-x  

Liu, H., & Zhang, B. (2020). Virus-Based CRISPR/Cas9 Genome Editing in Plants. Trends Genet, 

36(11), 810-813. https://doi.org/10.1016/j.tig.2020.08.002  

LIU, J., WANG, X., MITCHELL, T., HU, Y., LIU, X., DAI, L., & WANG, G.-L. (2010). Recent 

progress and understanding of the molecular mechanisms of the rice–Magnaporthe oryzae 

interaction. Molecular Plant Pathology, 11(3), 419-427. 

https://doi.org/https://doi.org/10.1111/j.1364-3703.2009.00607.x  

Liu, Y., Li, X., He, S., Huang, S., Li, C., Chen, Y., Liu, Z., Huang, X., & Wang, X. (2020). Efficient 

generation of mouse models with the prime editing system. Cell Discovery, 6(1), 27. 

https://doi.org/10.1038/s41421-020-0165-z  

Lou, D., Wang, H., Liang, G., & Yu, D. (2017). OsSAPK2 Confers Abscisic Acid Sensitivity and 

Tolerance to Drought Stress in Rice [Original Research]. Frontiers in Plant Science, 8. 

https://doi.org/10.3389/fpls.2017.00993  

https://doi.org/https:/doi.org/10.1111/nyas.14936
https://doi.org/https:/doi.org/10.1002/9780471729259.mc16i01s8
https://doi.org/https:/doi.org/10.1016/j.clim.2014.08.003
https://doi.org/10.3389/fpls.2021.702930
https://doi.org/10.1038/nature16467
https://doi.org/10.1038/ncomms14261
https://doi.org/https:/doi.org/10.1002/jcp.21423
https://doi.org/10.1146/annurev.biochem.052308.093131
https://doi.org/10.1038/s41587-020-0455-x
https://doi.org/10.1016/j.tig.2020.08.002
https://doi.org/https:/doi.org/10.1111/j.1364-3703.2009.00607.x
https://doi.org/10.1038/s41421-020-0165-z
https://doi.org/10.3389/fpls.2017.00993


43 

 

Lyznik, L. A., Gordon-Kamm, W. J., & Tao, Y. (2003). Site-specific recombination for genetic 

engineering in plants. Plant Cell Reports, 21(10), 925-932. https://doi.org/10.1007/s00299-

003-0616-7  

Maccaferri, M., Harris, N. S., Twardziok, S. O., Pasam, R. K., Gundlach, H., Spannagl, M., 

Ormanbekova, D., Lux, T., Prade, V. M., Milner, S. G., Himmelbach, A., Mascher, M., 

Bagnaresi, P., Faccioli, P., Cozzi, P., Lauria, M., Lazzari, B., Stella, A., Manconi, A., . . . 

Cattivelli, L. (2019). Durum wheat genome highlights past domestication signatures and 

future improvement targets. Nature Genetics, 51(5), 885-895. https://doi.org/10.1038/s41588-

019-0381-3  

Makarova, K. S., Grishin, N. V., Shabalina, S. A., Wolf, Y. I., & Koonin, E. V. (2006). A putative 

RNA-interference-based immune system in prokaryotes: computational analysis of the 

predicted enzymatic machinery, functional analogies with eukaryotic RNAi, and hypothetical 

mechanisms of action. Biology Direct, 1(1), 7. https://doi.org/10.1186/1745-6150-1-7  

Mali, F. (2022). Key Socio-Economic and (Bio)Ethical Challenges in the CRISPR-Cas9 Patent 

Landscape. In Genome Editing in Drug Discovery (pp. 315-327). 

https://doi.org/https://doi.org/10.1002/9781119671404.ch21  

Maliga, P. (2004). PLASTID TRANSFORMATION IN HIGHER PLANTS. Annual Review of Plant 

Biology, 55(1), 289-313. https://doi.org/10.1146/annurev.arplant.55.031903.141633  

Mardis, E. R. (2008). Next-Generation DNA Sequencing Methods. Annual Review of Genomics and 

Human Genetics, 9(1), 387-402. https://doi.org/10.1146/annurev.genom.9.081307.164359  

Marillonnet, S., Thoeringer, C., Kandzia, R., Klimyuk, V., & Gleba, Y. (2005). Systemic 

Agrobacterium tumefaciens–mediated transfection of viral replicons for efficient transient 

expression in plants. Nature Biotechnology, 23(6), 718-723. https://doi.org/10.1038/nbt1094  

Marraffini, L. A., & Sontheimer, E. J. (2010). Self versus non-self discrimination during CRISPR 

RNA-directed immunity. Nature, 463(7280), 568-571. https://doi.org/10.1038/nature08703  

Marsian, J., Fox, H., Bahar, M. W., Kotecha, A., Fry, E. E., Stuart, D. I., Macadam, A. J., Rowlands, 

D. J., & Lomonossoff, G. P. (2017). Plant-made polio type 3 stabilized VLPs—a candidate 

synthetic polio vaccine. Nature Communications, 8(1), 245. https://doi.org/10.1038/s41467-

017-00090-w  

Marsian, J., & Lomonossoff, G. P. (2016). Molecular pharming—VLPs made in plants. Current 

Opinion in Biotechnology, 37, 201-206. 

https://doi.org/https://doi.org/10.1016/j.copbio.2015.12.007  

Martin-Ortigosa, S., Peterson, D. J., Valenstein, J. S., Lin, V. S.-Y., Trewyn, B. G., Lyznik, L. A., & 

Wang, K. (2013). Mesoporous Silica Nanoparticle-Mediated Intracellular Cre Protein 

Delivery for Maize Genome Editing via loxP Site Excision  ,      . Plant Physiology, 164(2), 

537-547. https://doi.org/10.1104/pp.113.233650  

Mate, D. M., & Alcalde, M. (2017). Laccase: a multi-purpose biocatalyst at the forefront of 

biotechnology. Microbial Biotechnology, 10(6), 1457-1467. 

https://doi.org/https://doi.org/10.1111/1751-7915.12422  

Miao, J., Li, X., Li, X., Tan, W., You, A., Wu, S., Tao, Y., Chen, C., Wang, J., Zhang, D., Gong, Z., 

Yi, C., Yang, Z., Gu, M., Liang, G., & Zhou, Y. (2020). OsPP2C09, a negative regulatory 

factor in abscisic acid signalling, plays an essential role in balancing plant growth and drought 

https://doi.org/10.1007/s00299-003-0616-7
https://doi.org/10.1007/s00299-003-0616-7
https://doi.org/10.1038/s41588-019-0381-3
https://doi.org/10.1038/s41588-019-0381-3
https://doi.org/10.1186/1745-6150-1-7
https://doi.org/https:/doi.org/10.1002/9781119671404.ch21
https://doi.org/10.1146/annurev.arplant.55.031903.141633
https://doi.org/10.1146/annurev.genom.9.081307.164359
https://doi.org/10.1038/nbt1094
https://doi.org/10.1038/nature08703
https://doi.org/10.1038/s41467-017-00090-w
https://doi.org/10.1038/s41467-017-00090-w
https://doi.org/https:/doi.org/10.1016/j.copbio.2015.12.007
https://doi.org/10.1104/pp.113.233650
https://doi.org/https:/doi.org/10.1111/1751-7915.12422


44 

 

tolerance in rice. New Phytologist, 227(5), 1417-1433. 

https://doi.org/https://doi.org/10.1111/nph.16670  

Michael, T. P., & VanBuren, R. (2020). Building near-complete plant genomes. Current Opinion in 

Plant Biology, 54, 26-33. https://doi.org/https://doi.org/10.1016/j.pbi.2019.12.009  

Michno, J.-M., Wang, X., Liu, J., Curtin, S. J., Kono, T. J. Y., & Stupar, R. M. (2015). CRISPR/Cas 

mutagenesis of soybean and Medicago truncatula using a new web-tool and a modified Cas9 

enzyme. GM Crops & Food, 6(4), 243-252. https://doi.org/10.1080/21645698.2015.1106063  

Miguel, C., & Marum, L. (2011). An epigenetic view of plant cells cultured in vitro: somaclonal 

variation and beyond. Journal of Experimental Botany, 62(11), 3713-3725. 

https://doi.org/10.1093/jxb/err155  

Miura, K., Ikeda, M., Matsubara, A., Song, X.-J., Ito, M., Asano, K., Matsuoka, M., Kitano, H., & 

Ashikari, M. (2010). OsSPL14 promotes panicle branching and higher grain productivity in 

rice. Nature Genetics, 42(6), 545-549. https://doi.org/10.1038/ng.592  

Mochida, K., & Shinozaki, K. (2011). Advances in Omics and Bioinformatics Tools for Systems 

Analyses of Plant Functions. Plant and Cell Physiology, 52(12), 2017-2038. 

https://doi.org/10.1093/pcp/pcr153  

Mojica, F. J. M., Díez-Villaseñor, C., García-Martínez, J., & Almendros, C. (2009). Short motif 

sequences determine the targets of the prokaryotic CRISPR defence system. Microbiology, 

155(3), 733-740. https://doi.org/https://doi.org/10.1099/mic.0.023960-0  

Mojica, F. J. M., Díez-Villaseñor, C. s., García-Martínez, J., & Soria, E. (2005). Intervening 

Sequences of Regularly Spaced Prokaryotic Repeats Derive from Foreign Genetic Elements. 

Journal of Molecular Evolution, 60(2), 174-182. https://doi.org/10.1007/s00239-004-0046-3  

Montenegro de Wit, M. (2020). Democratizing CRISPR? Stories, practices, and politics of science 

and governance on the agricultural gene editing frontier. Elementa: Science of the 

Anthropocene, 8. https://doi.org/10.1525/elementa.405  

Moon, S. B., Kim, D. Y., Ko, J.-H., & Kim, Y.-S. (2019). Recent advances in the CRISPR genome 

editing tool set. Experimental & Molecular Medicine, 51(11), 1-11. 

https://doi.org/10.1038/s12276-019-0339-7  

Neelakandan, A. K., & Wang, K. (2012). Recent progress in the understanding of tissue culture-

induced genome level changes in plants and potential applications. Plant Cell Reports, 31(4), 

597-620. https://doi.org/10.1007/s00299-011-1202-z  

Ort, D. R., Merchant, S. S., Alric, J., Barkan, A., Blankenship, R. E., Bock, R., Croce, R., Hanson, M. 

R., Hibberd, J. M., Long, S. P., Moore, T. A., Moroney, J., Niyogi, K. K., Parry, M. A. J., 

Peralta-Yahya, P. P., Prince, R. C., Redding, K. E., Spalding, M. H., van Wijk, K. J., . . . Zhu, 

X. G. (2015). Redesigning photosynthesis to sustainably meet global food and bioenergy 

demand. Proceedings of the National Academy of Sciences, 112(28), 8529-8536. 

https://doi.org/doi:10.1073/pnas.1424031112  

Padmanabhan, M. S., Ma, S., Burch-Smith, T. M., Czymmek, K., Huijser, P., & Dinesh-Kumar, S. P. 

(2013). Novel Positive Regulatory Role for the SPL6 Transcription Factor in the N TIR-NB-

LRR Receptor-Mediated Plant Innate Immunity. PLOS Pathogens, 9(3), e1003235. 

https://doi.org/10.1371/journal.ppat.1003235  

https://doi.org/https:/doi.org/10.1111/nph.16670
https://doi.org/https:/doi.org/10.1016/j.pbi.2019.12.009
https://doi.org/10.1080/21645698.2015.1106063
https://doi.org/10.1093/jxb/err155
https://doi.org/10.1038/ng.592
https://doi.org/10.1093/pcp/pcr153
https://doi.org/https:/doi.org/10.1099/mic.0.023960-0
https://doi.org/10.1007/s00239-004-0046-3
https://doi.org/10.1525/elementa.405
https://doi.org/10.1038/s12276-019-0339-7
https://doi.org/10.1007/s00299-011-1202-z
https://doi.org/doi:10.1073/pnas.1424031112
https://doi.org/10.1371/journal.ppat.1003235


45 

 

Parry, M. A. J., Andralojc, P. J., Scales, J. C., Salvucci, M. E., Carmo-Silva, A. E., Alonso, H., & 

Whitney, S. M. (2012). Rubisco activity and regulation as targets for crop improvement. 

Journal of Experimental Botany, 64(3), 717-730. https://doi.org/10.1093/jxb/ers336  

Peyret, H., & Lomonossoff, G. P. (2013). The pEAQ vector series: the easy and quick way to produce 

recombinant proteins in plants. Plant Molecular Biology, 83(1), 51-58. 

https://doi.org/10.1007/s11103-013-0036-1  

Phan, H. T., Pohl, J., Floss, D. M., Rabenstein, F., Veits, J., Le, B. T., Chu, H. H., Hause, G., 

Mettenleiter, T., & Conrad, U. (2013). ELPylated haemagglutinins produced in tobacco plants 

induce potentially neutralizing antibodies against H5N1 viruses in mice. Plant Biotechnology 

Journal, 11(5), 582-593. https://doi.org/https://doi.org/10.1111/pbi.12049  

Pogue, G. P., Vojdani, F., Palmer, K. E., Hiatt, E., Hume, S., Phelps, J., Long, L., Bohorova, N., Kim, 

D., Pauly, M., Velasco, J., Whaley, K., Zeitlin, L., Garger, S. J., White, E., Bai, Y., Haydon, 

H., & Bratcher, B. (2010). Production of pharmaceutical-grade recombinant aprotinin and a 

monoclonal antibody product using plant-based transient expression systems. Plant 

Biotechnology Journal, 8(5), 638-654. https://doi.org/https://doi.org/10.1111/j.1467-

7652.2009.00495.x  

Pourcel, C., Salvignol, G., & Vergnaud, G. (2005). CRISPR elements in Yersinia pestis acquire new 

repeats by preferential uptake of bacteriophage DNA, and provide additional tools for 

evolutionary studies. Microbiology, 151(3), 653-663. 

https://doi.org/https://doi.org/10.1099/mic.0.27437-0  

Puchta, H. (2004). The repair of double-strand breaks in plants: mechanisms and consequences for 

genome evolution. Journal of Experimental Botany, 56(409), 1-14. 

https://doi.org/10.1093/jxb/eri025  

Puchta, H. (2017). Applying CRISPR/Cas for genome engineering in plants: the best is yet to come. 

Current Opinion in Plant Biology, 36, 1-8. 

https://doi.org/https://doi.org/10.1016/j.pbi.2016.11.011  

Qiu, X., Wong, G., Audet, J., Bello, A., Fernando, L., Alimonti, J. B., Fausther-Bovendo, H., Wei, H., 

Aviles, J., Hiatt, E., Johnson, A., Morton, J., Swope, K., Bohorov, O., Bohorova, N., 

Goodman, C., Kim, D., Pauly, M. H., Velasco, J., . . . Kobinger, G. P. (2014). Reversion of 

advanced Ebola virus disease in nonhuman primates with ZMapp. Nature, 514(7520), 47-53. 

https://doi.org/10.1038/nature13777  

Ratcliff, F., Martin-Hernandez, A. M., & Baulcombe, D. C. (2001). Technical Advance: Tobacco 

rattle virus as a vector for analysis of gene function by silencing. The Plant Journal, 25(2), 

237-245. https://doi.org/https://doi.org/10.1046/j.0960-7412.2000.00942.x  

Rattanapisit, K., Abdulheem, S., Chaikeawkaew, D., Kubera, A., Mason, H. S., Ma, J. K. C., 

Pavasant, P., & Phoolcharoen, W. (2017). Recombinant human osteopontin expressed in 

Nicotiana benthamiana stimulates osteogenesis related genes in human periodontal ligament 

cells. Scientific Reports, 7(1), 17358. https://doi.org/10.1038/s41598-017-17666-7  

Reed, J., Stephenson, M. J., Miettinen, K., Brouwer, B., Leveau, A., Brett, P., Goss, R. J. M., 

Goossens, A., O’Connell, M. A., & Osbourn, A. (2017). A translational synthetic biology 

platform for rapid access to gram-scale quantities of novel drug-like molecules. Metabolic 

Engineering, 42, 185-193. https://doi.org/https://doi.org/10.1016/j.ymben.2017.06.012  

https://doi.org/10.1093/jxb/ers336
https://doi.org/10.1007/s11103-013-0036-1
https://doi.org/https:/doi.org/10.1111/pbi.12049
https://doi.org/https:/doi.org/10.1111/j.1467-7652.2009.00495.x
https://doi.org/https:/doi.org/10.1111/j.1467-7652.2009.00495.x
https://doi.org/https:/doi.org/10.1099/mic.0.27437-0
https://doi.org/10.1093/jxb/eri025
https://doi.org/https:/doi.org/10.1016/j.pbi.2016.11.011
https://doi.org/10.1038/nature13777
https://doi.org/https:/doi.org/10.1046/j.0960-7412.2000.00942.x
https://doi.org/10.1038/s41598-017-17666-7
https://doi.org/https:/doi.org/10.1016/j.ymben.2017.06.012


46 

 

Rees, H. A., & Liu, D. R. (2018). Base editing: precision chemistry on the genome and transcriptome 

of living cells. Nature Reviews Genetics, 19(12), 770-788. https://doi.org/10.1038/s41576-

018-0059-1  

Roca, M. M., Falck-Zepeda, J., & Paes-Andrade, P. (2023). Cisgenics and Genome Editing or Second 

Generation Biotechnologies: A Latin America and Caribbean Perspective. In A. Chaurasia & 

C. Kole (Eds.), Cisgenic Crops: Safety, Legal and Social Issues (pp. 195-243). Springer 

International Publishing. https://doi.org/10.1007/978-3-031-10721-4_9  

Rosano, G. L., & Ceccarelli, E. A. (2014). Recombinant protein expression in Escherichia coli: 

advances and challenges [Review]. Frontiers in Microbiology, 5. 

https://doi.org/10.3389/fmicb.2014.00172  

Sander, J. D., & Joung, J. K. (2014). CRISPR-Cas systems for editing, regulating and targeting 

genomes. Nature Biotechnology, 32(4), 347-355. https://doi.org/10.1038/nbt.2842  

Santos, R. B., Abranches, R., Fischer, R., Sack, M., & Holland, T. (2016). Putting the Spotlight Back 

on Plant Suspension Cultures [Review]. Frontiers in Plant Science, 7. 

https://doi.org/10.3389/fpls.2016.00297  

Savary, S., Ficke, A., Aubertot, J.-N., & Hollier, C. (2012). Crop losses due to diseases and their 

implications for global food production losses and food security. Food Security, 4(4), 519-

537. https://doi.org/10.1007/s12571-012-0200-5  

Scheben, A., Wolter, F., Batley, J., Puchta, H., & Edwards, D. (2017). Towards CRISPR/Cas crops – 

bringing together genomics and genome editing. New Phytologist, 216(3), 682-698. 

https://doi.org/https://doi.org/10.1111/nph.14702  

Schillberg, S., Raven, N., Spiegel, H., Rasche, S., & Buntru, M. (2019). Critical Analysis of the 

Commercial Potential of Plants for the Production of Recombinant Proteins [Hypothesis and 

Theory]. Frontiers in Plant Science, 10. https://doi.org/10.3389/fpls.2019.00720  

Schuster, S. C. (2008). Next-generation sequencing transforms today's biology. Nature Methods, 5(1), 

16-18. https://doi.org/10.1038/nmeth1156  

Shaked, H., Melamed-Bessudo, C., & Levy, A. A. (2005). High-frequency gene targeting in 

<i>Arabidopsis</i> plants expressing the yeast <i>RAD54</i> gene. Proceedings of the 

National Academy of Sciences, 102(34), 12265-12269. 

https://doi.org/doi:10.1073/pnas.0502601102  

Shanmugaraj, B., I. Bulaon, C. J., & Phoolcharoen, W. (2020). Plant Molecular Farming: A Viable 

Platform for Recombinant Biopharmaceutical Production. Plants, 9(7), 842. 

https://www.mdpi.com/2223-7747/9/7/842  

Sherkow, J. S. (2015). Law, history and lessons in the CRISPR patent conflict. Nature Biotechnology, 

33(3), 256-257. https://doi.org/10.1038/nbt.3160  

Shin, Y.-J., Chong, Y.-J., Yang, M.-S., & Kwon, T.-H. (2011). Production of recombinant human 

granulocyte macrophage-colony stimulating factor in rice cell suspension culture with a 

human-like N-glycan structure. Plant Biotechnology Journal, 9(9), 1109-1119. 

https://doi.org/https://doi.org/10.1111/j.1467-7652.2011.00636.x  

Silberstein, D. Z., Karuppanan, K., Aung, H. H., Chen, C.-H., Cross, C. E., & McDonald, K. A. 

(2018). An oxidation-resistant, recombinant alpha-1 antitrypsin produced in Nicotiana 

https://doi.org/10.1038/s41576-018-0059-1
https://doi.org/10.1038/s41576-018-0059-1
https://doi.org/10.1007/978-3-031-10721-4_9
https://doi.org/10.3389/fmicb.2014.00172
https://doi.org/10.1038/nbt.2842
https://doi.org/10.3389/fpls.2016.00297
https://doi.org/10.1007/s12571-012-0200-5
https://doi.org/https:/doi.org/10.1111/nph.14702
https://doi.org/10.3389/fpls.2019.00720
https://doi.org/10.1038/nmeth1156
https://doi.org/doi:10.1073/pnas.0502601102
https://www.mdpi.com/2223-7747/9/7/842
https://doi.org/10.1038/nbt.3160
https://doi.org/https:/doi.org/10.1111/j.1467-7652.2011.00636.x


47 

 

benthamiana. Free Radical Biology and Medicine, 120, 303-310. 

https://doi.org/https://doi.org/10.1016/j.freeradbiomed.2018.03.015  

Singh, H. B., Jha, A., & Keswani, C. (2016). Intellectual property issues in biotechnology. CABI.  

Singh, R., Kumar, M., Mittal, A., & Mehta, P. K. (2016). Microbial enzymes: industrial progress in 

21st century. 3 Biotech, 6(2), 174. https://doi.org/10.1007/s13205-016-0485-8  

Soyk, S., Müller, N. A., Park, S. J., Schmalenbach, I., Jiang, K., Hayama, R., Zhang, L., Van Eck, J., 

Jiménez-Gómez, J. M., & Lippman, Z. B. (2017). Variation in the flowering gene SELF 

PRUNING 5G promotes day-neutrality and early yield in tomato. Nature Genetics, 49(1), 

162-168. https://doi.org/10.1038/ng.3733  

Spiegel, H., Schillberg, S., & Nölke, G. (2022). Production of Recombinant Proteins by 

Agrobacterium-Mediated Transient ExpressionTransient expression. In S. Schillberg & H. 

Spiegel (Eds.), Recombinant Proteins in Plants: Methods and Protocols (pp. 89-102). 

Springer US. https://doi.org/10.1007/978-1-0716-2241-4_6  

Spiegel, H., Stöger, E., Twyman, R. M., & Buyel, J. F. (2018). Current Status and Perspectives of the 

Molecular Farming Landscape. In Molecular Pharming (pp. 1-23). 

https://doi.org/https://doi.org/10.1002/9781118801512.ch1  

Srivastava, R. K., Shetti, N. P., Reddy, K. R., Kwon, E. E., Nadagouda, M. N., & Aminabhavi, T. M. 

(2021). Biomass utilization and production of biofuels from carbon neutral materials. 

Environmental Pollution, 276, 116731. 

https://doi.org/https://doi.org/10.1016/j.envpol.2021.116731  

Sun, B., Bhati, K. K., Song, P., Edwards, A., Petri, L., Kruusvee, V., Blaakmeer, A., Dolde, U., 

Rodrigues, V., Straub, D., Yang, J., Jia, G., & Wenkel, S. (2022). FIONA1-mediated 

methylation of the 3’UTR of FLC affects FLC transcript levels and flowering in Arabidopsis. 

PLOS Genetics, 18(9), e1010386. https://doi.org/10.1371/journal.pgen.1010386  

Sun, Y., Jiao, G., Liu, Z., Zhang, X., Li, J., Guo, X., Du, W., Du, J., Francis, F., Zhao, Y., & Xia, L. 

(2017). Generation of High-Amylose Rice through CRISPR/Cas9-Mediated Targeted 

Mutagenesis of Starch Branching Enzymes [Original Research]. Frontiers in Plant Science, 8. 

https://doi.org/10.3389/fpls.2017.00298  

Suresh, P., Tripp, R., & Niels, P. L. (2007). Intellectual Property Rights in Plant Breeding and 

Biotechnology: Assessing Impact on the Indian Seed Industry. Economic and Political 

Weekly, 42(3), 231-240. http://www.jstor.org/stable/4419163  

Taning, C. N., Arpaia, S., Christiaens, O., Dietz-Pfeilstetter, A., Jones, H., Mezzetti, B., Sabbadini, S., 

Sorteberg, H.-G., Sweet, J., Ventura, V., & Smagghe, G. (2020). RNA-based biocontrol 

compounds: current status and perspectives to reach the market. Pest Management Science, 

76(3), 841-845. https://doi.org/https://doi.org/10.1002/ps.5686  

Tarlan, M., Damla, Y., Merve, I., İrem, G., Burcu, G., Gulshan, M., Deniz, S., & Gulnara, H. (2020). 

Engineering, production and characterization of Spike and Nucleocapsid structural proteins of 

SARS–CoV-2 in &lt;em&gt;Nicotiana benthamiana&lt;/em&gt; as vaccine candidates 

against COVID-19. bioRxiv, 2020.2012.2029.424779. 

https://doi.org/10.1101/2020.12.29.424779  

Treangen, T. J., & Salzberg, S. L. (2012). Repetitive DNA and next-generation sequencing: 

computational challenges and solutions. Nature Reviews Genetics, 13(1), 36-46. 

https://doi.org/10.1038/nrg3117  

https://doi.org/https:/doi.org/10.1016/j.freeradbiomed.2018.03.015
https://doi.org/10.1007/s13205-016-0485-8
https://doi.org/10.1038/ng.3733
https://doi.org/10.1007/978-1-0716-2241-4_6
https://doi.org/https:/doi.org/10.1002/9781118801512.ch1
https://doi.org/https:/doi.org/10.1016/j.envpol.2021.116731
https://doi.org/10.1371/journal.pgen.1010386
https://doi.org/10.3389/fpls.2017.00298
http://www.jstor.org/stable/4419163
https://doi.org/https:/doi.org/10.1002/ps.5686
https://doi.org/10.1101/2020.12.29.424779
https://doi.org/10.1038/nrg3117


48 

 

Tripathi, N. K. (2016). Production and Purification of Recombinant Proteins from Escherichia coli. 

ChemBioEng Reviews, 3(3), 116-133. https://doi.org/https://doi.org/10.1002/cben.201600002  

Tripathi, N. K., & Shrivastava, A. (2019). Recent Developments in Bioprocessing of Recombinant 

Proteins: Expression Hosts and Process Development [Review]. Frontiers in Bioengineering 

and Biotechnology, 7. https://doi.org/10.3389/fbioe.2019.00420  

Tu, M., Fang, J., Zhao, R., Liu, X., Yin, W., Wang, Y., Wang, X., Wang, X., & Fang, Y. (2022). 

CRISPR/Cas9-mediated mutagenesis of VvbZIP36 promotes anthocyanin accumulation in 

grapevine (Vitis vinifera). Horticulture Research, 9. https://doi.org/10.1093/hr/uhac022  

Turnbull, C., Lillemo, M., & Hvoslef-Eide, T. A. K. (2021). Global Regulation of Genetically 

Modified Crops Amid the Gene Edited Crop Boom - A Review. Front Plant Sci, 12, 630396. 

https://doi.org/10.3389/fpls.2021.630396  

Turnbull, C., Lillemo, M., & Hvoslef-Eide, T. A. K. (2021). Global Regulation of Genetically 

Modified Crops Amid the Gene Edited Crop Boom – A Review [Review]. Frontiers in Plant 

Science, 12. https://doi.org/10.3389/fpls.2021.630396  

Urnov, F. D., Rebar, E. J., Holmes, M. C., Zhang, H. S., & Gregory, P. D. (2010). Genome editing 

with engineered zinc finger nucleases. Nature Reviews Genetics, 11(9), 636-646. 

https://doi.org/10.1038/nrg2842  

Vaghela, B., Vashi, R., Rajput, K., & Joshi, R. (2022). Plant chitinases and their role in plant defense: 

A comprehensive review. Enzyme and Microbial Technology, 159, 110055. 

https://doi.org/https://doi.org/10.1016/j.enzmictec.2022.110055  

Vaidya, A. S., Helander, J. D. M., Peterson, F. C., Elzinga, D., Dejonghe, W., Kaundal, A., Park, S.-

Y., Xing, Z., Mega, R., Takeuchi, J., Khanderahoo, B., Bishay, S., Volkman, B. F., Todoroki, 

Y., Okamoto, M., & Cutler, S. R. (2019). Dynamic control of plant water use using designed 

ABA receptor agonists. Science, 366(6464), eaaw8848. 

https://doi.org/doi:10.1126/science.aaw8848  

van Dijk, E. L., Jaszczyszyn, Y., Naquin, D., & Thermes, C. (2018). The Third Revolution in 

Sequencing Technology. Trends in Genetics, 34(9), 666-681. 

https://doi.org/10.1016/j.tig.2018.05.008  

Vanhercke, T., Dyer, J. M., Mullen, R. T., Kilaru, A., Rahman, M. M., Petrie, J. R., Green, A. G., 

Yurchenko, O., & Singh, S. P. (2019). Metabolic engineering for enhanced oil in biomass. 

Progress in Lipid Research, 74, 103-129. 

https://doi.org/https://doi.org/10.1016/j.plipres.2019.02.002  

Walsh, G., & Jefferis, R. (2006). Post-translational modifications in the context of therapeutic 

proteins. Nature Biotechnology, 24(10), 1241-1252. https://doi.org/10.1038/nbt1252  

Walter, M., Chaban, C., Schütze, K., Batistic, O., Weckermann, K., Näke, C., Blazevic, D., Grefen, 

C., Schumacher, K., Oecking, C., Harter, K., & Kudla, J. (2004). Visualization of protein 

interactions in living plant cells using bimolecular fluorescence complementation. The Plant 

Journal, 40(3), 428-438. https://doi.org/https://doi.org/10.1111/j.1365-313X.2004.02219.x  

Wang, T., Lew, J., Premkumar, J., Poh, C. L., & Win Naing, M. (2017). Production of recombinant 

collagen: state of the art and challenges. Engineering Biology, 1(1), 18-23. 

https://doi.org/https://doi.org/10.1049/enb.2017.0003  

https://doi.org/https:/doi.org/10.1002/cben.201600002
https://doi.org/10.3389/fbioe.2019.00420
https://doi.org/10.1093/hr/uhac022
https://doi.org/10.3389/fpls.2021.630396
https://doi.org/10.3389/fpls.2021.630396
https://doi.org/10.1038/nrg2842
https://doi.org/https:/doi.org/10.1016/j.enzmictec.2022.110055
https://doi.org/doi:10.1126/science.aaw8848
https://doi.org/10.1016/j.tig.2018.05.008
https://doi.org/https:/doi.org/10.1016/j.plipres.2019.02.002
https://doi.org/10.1038/nbt1252
https://doi.org/https:/doi.org/10.1111/j.1365-313X.2004.02219.x
https://doi.org/https:/doi.org/10.1049/enb.2017.0003


49 

 

Wenger, A. M., Peluso, P., Rowell, W. J., Chang, P.-C., Hall, R. J., Concepcion, G. T., Ebler, J., 

Fungtammasan, A., Kolesnikov, A., Olson, N. D., Töpfer, A., Alonge, M., Mahmoud, M., 

Qian, Y., Chin, C.-S., Phillippy, A. M., Schatz, M. C., Myers, G., DePristo, M. A., . . . 

Hunkapiller, M. W. (2019). Accurate circular consensus long-read sequencing improves 

variant detection and assembly of a human genome. Nature Biotechnology, 37(10), 1155-

1162. https://doi.org/10.1038/s41587-019-0217-9  

Wicker, T., Sabot, F., Hua-Van, A., Bennetzen, J. L., Capy, P., Chalhoub, B., Flavell, A., Leroy, P., 

Morgante, M., Panaud, O., Paux, E., SanMiguel, P., & Schulman, A. H. (2007). A unified 

classification system for eukaryotic transposable elements. Nature Reviews Genetics, 8(12), 

973-982. https://doi.org/10.1038/nrg2165  

Wiley, D. C., & Skehel, J. J. (1987). THE STRUCTURE AND FUNCTION OF THE 

HEMAGGLUTININ MEMBRANE GLYCOPROTEIN OF INFLUENZA VIRUS. Annual 

Review of Biochemistry, 56(1), 365-394. 

https://doi.org/10.1146/annurev.bi.56.070187.002053  

Wolt, J. D., Wang, K., & Yang, B. (2016). The Regulatory Status of Genome-edited Crops. Plant 

Biotechnology Journal, 14(2), 510-518. https://doi.org/https://doi.org/10.1111/pbi.12444  

Woo, J. W., Kim, J., Kwon, S. I., Corvalán, C., Cho, S. W., Kim, H., Kim, S.-G., Kim, S.-T., Choe, 

S., & Kim, J.-S. (2015). DNA-free genome editing in plants with preassembled CRISPR-Cas9 

ribonucleoproteins. Nature Biotechnology, 33(11), 1162-1164. 

https://doi.org/10.1038/nbt.3389  

Wu, Y., Yuan, Y., Jiang, W., Zhang, X., Ren, S., Wang, H., Zhang, X., & Zhang, Y. (2022). 

Enrichment of health-promoting lutein and zeaxanthin in tomato fruit through metabolic 

engineering. Synthetic and Systems Biotechnology, 7(4), 1159-1166. 

https://doi.org/https://doi.org/10.1016/j.synbio.2022.08.005  

Wurm, F. M. (2004). Production of recombinant protein therapeutics in cultivated mammalian cells. 

Nature Biotechnology, 22(11), 1393-1398. https://doi.org/10.1038/nbt1026  

Yadav, B., Jogawat, A., Lal, S. K., Lakra, N., Mehta, S., Shabek, N., & Narayan, O. P. (2021). Plant 

mineral transport systems and the potential for crop improvement. Planta, 253(2), 45. 

https://doi.org/10.1007/s00425-020-03551-7  

Yoo, S.-D., Cho, Y.-H., & Sheen, J. (2007). Arabidopsis mesophyll protoplasts: a versatile cell system 

for transient gene expression analysis. Nature Protocols, 2(7), 1565-1572. 

https://doi.org/10.1038/nprot.2007.199  

Yosef, I., Goren, M. G., & Qimron, U. (2012). Proteins and DNA elements essential for the CRISPR 

adaptation process in Escherichia coli. Nucleic Acids Research, 40(12), 5569-5576. 

https://doi.org/10.1093/nar/gks216  

Zaidi, S. S.-e.-A., Mukhtar, M. S., & Mansoor, S. (2018). Genome Editing: Targeting Susceptibility 

Genes for Plant Disease Resistance. Trends in Biotechnology, 36(9), 898-906. 

https://doi.org/10.1016/j.tibtech.2018.04.005  

Zetsche, B., Gootenberg, Jonathan S., Abudayyeh, Omar O., Slaymaker, Ian M., Makarova, Kira S., 

Essletzbichler, P., Volz, Sara E., Joung, J., van der Oost, J., Regev, A., Koonin, Eugene V., & 

Zhang, F. (2015). Cpf1 Is a Single RNA-Guided Endonuclease of a Class 2 CRISPR-Cas 

System. Cell, 163(3), 759-771. https://doi.org/10.1016/j.cell.2015.09.038  

https://doi.org/10.1038/s41587-019-0217-9
https://doi.org/10.1038/nrg2165
https://doi.org/10.1146/annurev.bi.56.070187.002053
https://doi.org/https:/doi.org/10.1111/pbi.12444
https://doi.org/10.1038/nbt.3389
https://doi.org/https:/doi.org/10.1016/j.synbio.2022.08.005
https://doi.org/10.1038/nbt1026
https://doi.org/10.1007/s00425-020-03551-7
https://doi.org/10.1038/nprot.2007.199
https://doi.org/10.1093/nar/gks216
https://doi.org/10.1016/j.tibtech.2018.04.005
https://doi.org/10.1016/j.cell.2015.09.038


50 

 

Zhang, H., Zhang, J., Wei, P., Zhang, B., Gou, F., Feng, Z., Mao, Y., Yang, L., Zhang, H., Xu, N., & 

Zhu, J.-K. (2014). The CRISPR/Cas9 system produces specific and homozygous targeted 

gene editing in rice in one generation. Plant Biotechnology Journal, 12(6), 797-807. 

https://doi.org/https://doi.org/10.1111/pbi.12200  

Zhang, J., Sun, Y., Zhou, Z., Zhang, Y., Yang, Y., Zan, X., Li, X., Wan, J., Gao, X., Chen, R., Huang, 

Z., Li, L., & Xu, Z. (2022). OsSCL30 overexpression reduces the tolerance of rice seedlings 

to low temperature, drought and salt. Scientific Reports, 12(1), 8385. 

https://doi.org/10.1038/s41598-022-12438-4  

Zhang, K., Nie, L., Cheng, Q., Yin, Y., Chen, K., Qi, F., Zou, D., Liu, H., Zhao, W., Wang, B., & Li, 

M. (2019). Effective editing for lysophosphatidic acid acyltransferase 2/5 in allotetraploid 

rapeseed (Brassica napus L.) using CRISPR-Cas9 system. Biotechnology for Biofuels, 12(1), 

225. https://doi.org/10.1186/s13068-019-1567-8  

Zhang, Y., Liang, Z., Zong, Y., Wang, Y., Liu, J., Chen, K., Qiu, J.-L., & Gao, C. (2016). Efficient 

and transgene-free genome editing in wheat through transient expression of CRISPR/Cas9 

DNA or RNA. Nature Communications, 7(1), 12617. https://doi.org/10.1038/ncomms12617  

Zhao, H., Huang, X., Yang, Z., Li, F., & Ge, X. (2023). Synergistic optimization of crops by 

combining early maturation with other agronomic traits. Trends in Plant Science. 

https://doi.org/10.1016/j.tplants.2023.04.011  

Zhu, X., Wang, Y., Liu, Y., Zhou, W., Yan, B., Yang, J., & Shen, Y. (2018). Overexpression of 

BcHsfA1 transcription factor from Brassica campestris improved heat tolerance of transgenic 

tobacco. PLOS ONE, 13(11), e0207277. https://doi.org/10.1371/journal.pone.0207277  

Zimny, T., & Sowa, S. (2021). Potential effects of asymmetric legal classification of gene edited plant 

products in international trade, from the perspective of the EU. EFB Bioeconomy Journal, 1, 

100016. https://doi.org/https://doi.org/10.1016/j.bioeco.2021.100016  

 

https://doi.org/https:/doi.org/10.1111/pbi.12200
https://doi.org/10.1038/s41598-022-12438-4
https://doi.org/10.1186/s13068-019-1567-8
https://doi.org/10.1038/ncomms12617
https://doi.org/10.1016/j.tplants.2023.04.011
https://doi.org/10.1371/journal.pone.0207277
https://doi.org/https:/doi.org/10.1016/j.bioeco.2021.100016


 

 

 


