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ABSTRACT
Plants are utilized as a cheap, safe, and efficacious production platform for vaccines and other therapeutic proteins in low-
income countries that do not have access to modern medicine. A simple way to rapidly produce high-level pharmaceutical 
proteins in plants is to use plant virus expression vectors because their genomes are small and easily manipulated. This 
study discusses several plant expression systems based on geminiviruses that have been widely developed for vaccine 
generation and other industrial proteins, as well as recent advances in this field are also presented. Most plant viruses that 
have been engineered as expression vectors to generate vaccines and other pharmaceutical proteins have RNA-positive 
genomes, and DNA-based viral vectors are less commonly used because their genomes have a restricted capacity to carry 
foreign genes. However, the developments of deconstructed vectors have recently led to rapid advances using plant DNA 
viruses for protein expression. This study discusses the latest progressions in geminiviral expression systems and their use 
in the production of pharmaceutical proteins. 
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INTRODUCTION 

Plant expression systems used to produce drugs, vaccines, 
monoclonal Antibodies (mAbs), and other therapeutic proteins 
have progressed over the past 20 years and become a serious 
competitor to other eukaryotic systems based on yeast, bacteria, 
insect, or mammalian cells [1]. Plant systems make it possible to 
produce large volumes of pharmaceutical proteins in the shortest 
time and in a completely safe, efficient, and low-cost way. Plant cells 
are easy to culture in vitro without the need for expensive equipment 
and controlled environmental conditions. Their growing media are 
composed of simple nutrients such as sugar and minerals and do 
not require human- or animal-derived components, thus reducing 
the risk of contamination with their associated pathogens [2]. 
Because the secretory pathway and endomembrane system in plant 
cells is like that of mammalian cells, they can perform suitable 
posttranslational modifications of recombinant proteins such as 
glycosylation and correct processing, which are crucial for their 
stability and function [3]. Plant-derived vaccines for humans and 
animals can be kept at room temperature without loss of activity, 
and some of them produced in cereal seeds remain stable over 
long storage times. These features facilitate the large stockpiling 
of vaccines against pandemic infectious diseases worldwide and, 
provide an opportunity to make plant biologics for the developing 

countries that need access to cheaper medicines [4]. 

Vaccine candidates or therapeutic proteins were first generated by 
using a stable transgenic expression system. This approach involved 
the integration of the target genes into the nuclear or chloroplast 
genomes, resulting in a high expression level of recombinant 
proteins in transgenic plants. Although genetically modified 
plants can supply a permanent source of vaccines, the long process 
required to generate transgenic lines and concerns about the effects 
of transgene escapes on the natural environment has led to the use 
of another technology called transient expression systems based on 
plant viral vectors [5]. These viral vectors were designed in different 
ways, from which two types of strategies have been developed so 
far. The first strategy exploits the unmodified full-length virus 
that maintains all the genes essential for infection and systemic 
virulence in its hosts; the gene encoding the protein or peptide 
of the target is expressed either as part of a fusion protein with 
a viral protein or alone through an extra sub-genomic promoter 
integrated into the viral genome. It is called the full-virus strategy 
or first-generation plant viral expression vectors. This technology 
can be limited because of the foreign protein size and biosafety 
concerns because autonomous viral vectors may spread to other 
plants. The next strategy is second-generation viral vectors or 
deconstructed virus strategy, in which vectors are designed by 
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replacing the foreign gene of interest with an Open Reading Frame 
(ORF) of the genome virus that is unnecessary for virus replication. 
In this method, only the viral elements required for the successful 
expression of the desired gene are carried in the vector structure, 
and other needed functions such as DNA delivery are provided 
by non-viral elements [6]. Recombinant gene is introduced into a 
high percentage of cells through agro infiltration of deconstructed 
expression vectors using a syringe into host leaves, or vacuum 
infiltration into whole plants, resulting in high protein production 
within a few days. This strategy can overcome the limitations of 
the classical expression system. Viruses possess small genomes 
that are more comfortable to manipulate than plant genomes, 
and plant infection with modified viral vectors is easier and faster 
than regenerating stable transgenic lines. In addition, deletion of 
genes encoding movement and/or capsid proteins from the virus 
constructions reduces foreign proteins’ transmission possibility 
into the wild populations [7].

METHODOLOGY

Geminivirus structure and replication

Geminiviruses are a family of plant viruses with genomes 
comprising one (monopartite) or two (bipartite) single-stranded 
(ss) circular DNAs of 2.5-5.2 kb, which are encapsidated within 
twinned semi-icosahedral particles. They are often associated with 
circular ssDNA molecules of about 1.3 kb, namely alpha satellite 
and beta satellites that depend on helper viruses for replication, 
movement, and packaging [8]. All geminivirus genome has a 
conserved Intergenic Region (IR) containing a stem-loop structure 
within the origin of replication (ori), as well as promoter elements 
responsible for gene transcription in both the virion-sense and 
complementary-sense strands. The coding capacity of geminiviral 
genomes is limited, ranging from 4 to 8 viral proteins encoded by 
partially overlapping Open Reading Frames (ORFs) (Figure 1). The 
complementary sense-strand encodes the replication-associated 
protein (Rep, ORF C1 or ORFs C1/C2 with spliced intron) and 
the replication-associated protein A (Rep A, ORF C1), which are 
both required for viral DNA replication, C2 protein that acts as 
a transcriptional activator protein (TrAP, ORF C2), a replication 
enhancer protein (REn, ORF C3), C4 protein, which functions 
as a pathogenicity determinant protein (ORF C4) and C5 protein 
(ORF C5). The virion-sense strand contains three ORFs, V1 (AV1), 
which codes for the Coat Protein (CP); V2 (AV2) is involved in 
virus movement (MP) and V3 acts as an inhibitor of gene silencing 
[9,10]. 

Geminiviruses are replicated in the nucleus by the plant’s 
DNA synthesis machinery. Their replication cycles involve the 
conversion of ssDNA into dsDNA replicated form by host enzymes 
and the replicative form acts as a template for viral transcription 
and a template for amplifying ssDNA genomes by a Rolling Circle 
Replication (RCR) mechanism. Rep is the only essential viral factor 
required for replication and initiates ssDNA synthesis in the RCR 
stage by introducing a nick in the origin viral strand replication 
between nucleotides 7 and 8 within the nanomer motif (with the 
sequence TAATATTAC). After cleavage, the Rep protein remains 
bound to the 51 phosphate end of the nicked strand, and, thus 
creating a free 31OH end that serves as a primer for the synthesis of 
nascent viral strands by host DNA polymerase. Rep also has a joining 
activity that it functions as a terminus to liberate the displaced viral 
strand and ligates it to make the circular form [11,12]. The RCR 

mechanism can produce very high viral genome copy numbers (up 
to 100 copies/cell), making geminiviruses a robust and efficient 
vector for expressing high levels of foreign therapeutic proteins.

Open Reading Frames (ORFs) on the Virion-sense (V) or 
Complementary-sense (C) strand and their respective protein 
products are displayed by color. V1, Movement Protein (MP); V2, 
Coat Protein (CP); C1, Replication-associated protein A (RepA); 
C1/C2 with intron splicing, Replication-associated protein (Rep). 
The Long Intergenic Region (LIR) contains the origin of replication 
and the bidirectional promoter elements required to initiate gene 
transcription from both strands. The Short Intergenic Region 
(SIR) is the origin of C-strand replication and has polyadenylation 
signals to terminate transcription [13]. 

Vectors based on geminiviruses 

Geminivirus replicon vectors have been exploited mostly to amplify 
target gene copy numbers in plant cells including Bean yellow 
dwarf virus, Beet curly top virus, Maize streak virus, Wheat dwarf 
virus, and Tobacco yellow dwarf virus. 

Bean yellow dwarf virus

Bean Yellow Dwarf Virus (BeYDV) is a successful candidate for 
expression systems based on plant viral vectors and BeYDV-derived 
constructs have been continuously manipulated during research to 
achieve the high performance of recombinant proteins. In the field 
of “vaccine proteins, initial studies involved in the design of the 
p35SRep/RepA expression cassette containing Large Intergenic 
Region (LIR), Short Intergenic Region (SIR), and intact Rep 
gene under CaMV 35S promoter control, as well as pBYSEB 
cassette including a SEB expression cassette, resides between two 
copies of the LIR and one copy of the SIR in the form “LIR-
SEB-SIR-LIR” (knows as LSL vector). SEB is a synthetic version 
of the Staphylococcus Endotoxin B gene that causes toxic shock 
syndrome (TSS) in humans. Co-bombarded of tobacco NT-1 cells 
with these cassettes together resulted in a higher level of SEB 
expression (~20-fold) than NT-1 cells bombarded with pBYSEB 
alone [14]. Similarly, Rep of BeYDV can enhance the expression 
of Norwalk Virus Capsid Protein (NVCP) from the LSL cassette 
in NT-1 cells and also potato plants when supply from a separate 
expression cassette tightly controlled by the alcohol inducible alcA 
promoter. Using this promoter, the induction of Rep expression 
can be manipulated in such a way that can provide the target 
proteins to accumulate only in the specific plant tissue and prevents 
toxicity issues in transgenic plants, as well as escape gene silencing 
which occurs because of an increase in episomal copy number 
[15-17]. Gene silencing is a limiting factor for the application of 
geminiviral vectors in expression systems because it can reduce 
the level of RNA transcript and thus negatively affect the system’s 
performance. To solve this problem, a silencing suppressor of 
plant viruses has been incorporated into the expression systems to 
avoid the detrimental effects of silencing. For example, Huang et 
al. 2009 developed a three-vector replicon system with high-yield 
production of recombinant virus-like particles (VLPs) in a short 
time (one to two weeks). 

RESULTS

In this system, Nicotiana benthamiana leaves were agro infiltrated 
with a BeYDV replicon vector encoding the Hepatitis B core 
antigen (HBc) or NVCP along with the Rep/RepA cassette and a 
p19 vector which is a silencing suppressor protein of Tomato bushy 
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Figure 1: Genome organization of genus Mastrevirus (family Geminiviridae) is illustrated as circular (a) and Linear (b).  

Figure 2: Schematic representation of the geminivirus expression constructs. (a) An example of a three-vector replicon system is illustrated in which 
the Rep gene is expressed in trans. (b) The autonomously replicating vector is shown to contain Rep gene in cis in this construct; (c) An expression 
viral vector containing optimized genetic elements simultaneously expresses two different proteins; (d) The INPACT cassette expresses the splitting 
gene only in the presence of the Rep/RepA proteins under the control of the AlcA: AlcR gene switch. GOI: Gene Of Interest; 35S; 35S CaMV 
promoter, T; terminator; ORFs C1 and C2, encoding Rep and RepA; MAR, the tobacco Rb7 matrix attachment region; PsaK2T 5′, the truncated 5′ 
UTR from the N. benthamiana psaK gene; NbACT 3′, the 3′ UTR from the N. benthamiana ACT3 gene; AlcR: alcohol receptor gene; AlcAP, AlcA 
promoter. LIR: Long Intergenic Region; SIR: Short Intergenic Region; LB and RB, the Left and Right Borders of the T-DNA region. a, b, c, and d 
constructs sourced from [18,20-22].
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stunt virus. As a result, it got HBc and NVCP at 0.8 and 0.34 mg/g 
Leaf Fresh Weight (LFW), respectively (Figure 2). These values were 
reported to be 4-fold more than leaf infiltration with expression 
constructs without P19 [18]. The three-vector BeYDV replicon 
system also allows synchronous efficient replication of two distinct 
genes encoding fluorescence proteins, GFP and DsRed. These 
proteins were co-expressed as non-competing in up to 80 percent 
of similar plant cells [19].

Although the BYDV rep gene provides well transgene replication 
in trans, efforts to produce a simpler, high-performance system led 
to the development of a new platform in which vector replication 
elements were located in cis (Figure 2). The autonomously 
replicating vector, pRIC, was first constructed from a mild strain 
of BeYDV in which CP and MP were replaced by the subunit 
vaccine antigen such as human immunodeficiency virus subtype C 
p24 or Human Papillomavirus Subtype 16 (HPV-16) major CP L1. 
The expression of L1 and p24 proteins from pRIC was 50% and 
three to seven times higher than that from a non-replicative vector, 
respectively. It was shown that enhanced proteins expression was 
associated with replication of pRIC in plant cells and that vector 
replication in Agrobacterium cells or bacterial replication itself was 
not observed in infiltrated leaf tissue [20]. 

High-efficiency production of hetero-oligomeric proteins using viral 
vectors made from the same virus is difficult because the expression 
and assembly of three or more separate subunit proteins in one 
cell is ever associated with competing replicons. In addition, it is 
hard work to find noncompeting viral vectors for the production 
of multi-segment proteins like Monoclonal Antibodies (mAbs). 
This problem was resolved using BeYDV system due to the non-
competing nature of its replicons and was able to achieve high 
performance of both the heavy and light chain subunits of an IgG 
mAb 6D8 with complete assembly against Ebola Virus Glycoprotein 
(EBV GP1) (~0.5 mg/g LFW) [20-22]. The host plant is commonly 
utilized for agro infiltration in N. benthamiana due to its high 
biomass yield and susceptibility to virus infection [23]. However, 
nicotiana leaves possess high levels of alkaloids and phenolics, 
which make the protein purification process difficult [24]. Lai et 
al. 2012 demonstrated the strong performance of BeYDV vector 
(pRIC vector) in producing two therapeutic mAbs against EBV and 
West Nile Virus (WNV) as well as a VLP derived from the NVCP 
in lettuce (~0.23-0.27 mg/g FLW), which was similar to those of 
their yield in Nicotiana. Lettuce grows rapidly on a large scale 
while producing a low level of secondary metabolites, thus making 
protein purification easier and reducing downstream costs [25]. In 
another study, the BeYDV vector was exploited to produce Human 
Papillomavirus (HPV) antibodies using Pseudovirion (PsV)-based 
Neutralization Assay (PBNA). For this purpose, auto-replicating 
BeYDV-derived pRIC vector plasmid was modified by inserting a 
mammalian expression cassette containing a reporter gene called 
the Secreted Embryonic Alkaline Phosphatase (SEAP) that can be 
effectively encapsidated into the HPV virion [26]. The PsV were 
generated by agro infiltration of plants with plasmids expressing 
SEAP, and capsid proteins (L1 and L2) which showed successful 
neutralization through known antibodies [27]. 

DISCUSSION

Recently, two other functional mAbs (B38 and H4) have been 
produced in plant expression systems that efficiently neutralized 
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), 
the causative agent of the ongoing pandemic coronavirus disease 

2019 (COVID-19). These antibodies accumulated in N.benthamiana 
leaves at levels of 4 and 34 µg/g, respectively [28]. Another way 
to increase the level of gene expression in the BeYDV system is 
to use appropriate Untranslated Regions (UTRs) that play an 
important role in optimizing protein production via RNA stability, 
efficient transcription processing, and inhibiting gene silencing 
[29]. Incorporating a truncated of the Arabidopsis thaliana and N. 
benthamiana photosystem I K (PsaK) 5´UTRs, tobacco Extension 
terminator (Ext), and the tobacco Rb7 Matrix Attachment Region 
(MAR) in the 3´ position increase NVCP production more than 
fourfold the level previously reported in the original vector (1.8 
mg/g LFW vs. 0.34 mg/g LFW). Furthermore, the presence of 
3´MAR in this system reduced cell death and generated rituximab 
mAbs at up to 1 mg/g LFW, a 3.4-fold improvement over the vector 
without MAR. Although the exact function of MAR in the transient 
expression system is unclear, a hypothesis has been proposed that it 
may act as a second gene terminator [30]. Recently, Yamamoto et al. 
demonstrated that introducing a dual terminator consisting of Heat 
Shock Protein (HSP) and tobacco Ext terminators into the BeYDV 
replication system increased Green Fluorescent Protein (GFP) 
expression level in plants (such as nicotiana, lettuce, eggplants, 
tomato, etc.,), possibly as a result of implicating in the reduction of 
transgene silencing by RNA-dependent RNA polymerase 6 (RDR6) 
[31]. The gene terminator and surrounding regions are important 
segments of viral expression systems, and their improvement helps 
increase protein production in plants. A study has investigated the 
potential of terminators from diverse sources in protein expression. 
Among the tested terminators, the intron less tobacco Extension 
Terminator (EU) provided a remarkable 13.6-fold increase 
compared with the Nopaline Synthase (NOS) terminator from A. 
tumefactions, while the A. thaliana 18.2 kDa Heat-Shock Protein 
terminator (AtHSP), the potato pin II 3´UTR, and the rubisco 
small unit (rbcS) 3´UTR from pea increased protein expression by 
2.5, 8.5, and 5.4-fold higher, respectively, that of NOS terminator 
alone. It was identified novel candidates, the 3´ flanking regions 
from an N.benthamina homolog of the A.thaliana 17.6 kDa 
class II HSP (At5g12020) and a downstream 617-nt region from 
an N.benthamina homolog of the A.thaliana actin 7 (Atg09810), 
referred to as NbHSP and NbACT3, respectively, exhibited greater 
than 6.3-fold, and 3.9-fold increase. The combination of tandem 
terminators and MAR dramatically enhanced GFP production, 
so that constructs consisting of the two best combined dual 
terminators with Rb7 MAR as the 35S-NbACT3-Rb7 and EU-
35S-Rb7, were developed in a replicating BeYDV vector, displaying 
>150-fold increase in expression compared to the original NOS 
vector alone [32]. Further research optimized genetic elements 
in plant expression BeYDV vectors to simultaneously co-express 
four fluorescent proteins, so multiple cassettes were create with 
identical UTRs containing a PsaK 5´UTR, the EU linked to the 
NbACT3 3´UTR, and Rb7 MAR, which were able to represent 
similar production levels of each individual proteins without any 
loss of total yield (Figure 2c). In addition, expression cassettes were 
generated with suboptimal genetic elements but varied [TMV 5´ 
with RbcS 3´ and Tobacco Etch Virus (TEV) 5´ with vegetative 
storage protein B (VspB) 3´] that would be permitted fine-tuning 
of the expression level of each protein subunits and, was a novel 
idea for expression of heteromultimeric proteins requiring different 
proportions of each subunit. These optimized vectors produced 
three mAbs, 1.47 mg/g LFW 2A10G6 (the variable regions of 
murine antibody), 1.42 mg/g LFW herpes simplex virus (HSV8), 
and 1.21 mg/g LFW 6D8 [21]. The Hypersensitive Response (HR) 
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is one factor reducing the yield of recombinant proteins in BeYDV 
system elicited by viral (in response to virus infection) proteins 
[33,34]. The overexpression of Rep/RepA, viral replication, and 
Agrobacterium concentrations contributed to HR. it was reported 
that by introducing a mutation to the 51 UTR of Rep/RepA, a 
controlled decrease in their expression was obtained, resulting in 
reduced leaf cell death and increased mAbs yield. Infiltration of 
replicating-vector with lower bacteria concentration (OD600 of 
attained optimum expression0.2) attained optimum expression 
of proteins, while the higher concentration of Agrobacterium was 
required (OD600 of ~1.2) using the non-replicating vector [35]. 

Beet Curly Top Virus (BCTV)

Beet Curly Top Virus (BCTV) is another geminivirus that has 
been used for the plant virus-based transient expression vector 
system. This vector is compatible with the application of silencing 
suppressor p19 and heterologous promoters derived from diverse 
sources such as the Maize Ubiquitin (MUBI), Cassava Vein Mosaic 
Virus (CsVMV), Arabidopsis Ubiquitin 3 (AtUBI), and Actin 8 
(AtACT). Among the promoters tested, the construct containing 
the CsVMV promoters showed the highest activity compared 
to the others, and also supported GFP mRNA accumulation in 
N. benthamiana at the level 320% higher than the CaMV 35S 
promoter construct. It was also observed that p19 in BCTV replicon 
enhances GFP level and was suggested to improve the expression 
system similar to that of previously reported from a BeYDV vector 
[36,18]. The recombinant chimeric protein of hepatitis A virus 
capsid protein VP1 fused to the immunoglobulin Fc fragment 
(HPV VP1-Fc) has successfully been expressed in transgenic plants 
(approximately 0.6% total soluble protein from tobacco leaf material 
and 0.57µg/g from transgenic tomato leaf material) using a BCTV-
replicating vector system. This recombinant vaccine antigen driven 
from the transgenic plants induced a robust specific IgG antibody 
response in mice after intraperitoneal immunization and also 
lead to an increase in the secretion of both IFN-y and IL-4 upon 
immune responses [37,38]. Similar results were obtained for the 
expression and immunogenicity of recombinant human colorectal 
cancer antigen GA733-2 fused to the Fc fragment of antibody in 
Agrobacterium-infiltrated N.benthamiana leaves by using a BCTV-
based transient expression vector system. The expression level 
of GA733-2-Fc was estimated to be about 0.96% of total soluble 
protein from tobacco leaf material [39]. 

Cotton Leaf Curl Multan Betasatellite (CLCuMB)

The betasatellites (DNA-βs) have been often isolated from plants 
infected with the monopartite geminiviruses belonging to genus 
begomovirus including Cotton Leaf Curl Multan Virus (CLCuMV), 
and are capable to replicate in plants in the presence of their helper 
viruses. The DNA-β associated with CLCuMV (CLCuMB) is about 
1350 nt in size, comprising a single coding region termed ORF 
βC1 that is responsible for the induction of disease symptoms in 
some host plants, an adenine-rich region, and a satellite conserved 
region. Kharazmi et al. described a new strategy for the expression 
of human B-cell lymphoma 2 (Bcl-2) in N. benthamiana leaf strips 
using the CLCuMB. In this method, the recombinant CLCuMB 
construct was developed by the insertion of Bcl-2 gene (720 nt in 
size) into a mutant of CLCuMB in which the βC1 (354 nt in size) 
was deleted. This recombinant viral vector has its promoter and 
successfully was replicated in tobacco and tomato in the presence 
of diverse helper geminiviruses including Beet Curly Top Virus 
(BCTV-Svr), Tomato Yellow Leaf Curl Virus (TYLCV-(Ab)), and 

Tomato Leaf Curl Virus-Australia (TLCV-Au), as well as was 
achieved acceptable levels of Bcl-2 gene transcription in these 
plants. However, it has been reported that some inoculated plants 
have lost their sensitivity to the viral expression vector, speculating 
that the size of the introduced sequence may be effective in this 
stability. It has been suggested that the removal of another region of 
CLCuMB such as the A-rich region, or the use of only the sequence 
required for promoter activity, besides the βC1 ORF, may lead to 
its tolerance to the insertion of the larger foreign gene [40]. Further 
research showed that a replicating gene expression vector based on 
CLCuMB expressed the Human Immunodeficiency Virus type 1 
(HIV-1) p24 protein at a level of 79-814 ng/LFW in tobacco in 
the presence of TYLCV-(Ab) infectious construct whereas the 
recombinant HIV-1 gag protein was not because of its size. The p24 
is a 696 bp capsid protein derived from the gag polyprotein with 
1051 bp in size [41]. Because both proteins are highly conserved 
in the HIV-1 genome, they are usually candidates for vaccine 
production [42]. 

Tobacco yellow dwarf virus  

A novel expression system, In-Plant Activation (INPACT), has 
been developed based on the rolling circle replication machinery 
of another mastrevirus, Tobacco Yellow Dwarf Virus (TYDV) that 
provided a high level of recombinant protein (up to 10% total 
soluble protein) in plants. The INPACT cassette is uniquely designed 
so that the gene of interest is split into two exons organizing in a 
way that exon 1 is placed downstream of exon 2. Both exons are 
flanked by the TYDV LIRs incorporating within an intron (Figure 
2). The INPACT cassette expressed recombinant protein only in 
the presence of an ethanol-inducible activation cassette encoding 
the TYDV Rep and RepA replication and processed to remove the 
intron. This platform is adaptable to a wide range of plant species 
and also quickly provides low to medium volumes of recombinant 
protein expression at high levels [22,43]. 

Other geminivirus vectors 

Cassava Latent Virus (CLV), Wheat Dwarf Virus (WDV), and Maize 
Streak Virus (MSV) are other geminiviruses that are introduced as 
expression vectors for the investigation of viral gene functions or 
monitoring viral replication. About these vectors, early expression 
studies involved the replacement of the virus gene encoding the 
Capsid Protein (CP) with a reporter gene such as BAR, CAT, GFP, 
and GUS [44-47]. For example, a deletion of 727 nucleotides within 
the CLV CP gene has been substituted by the coding region of the 
CAT gene show that the CP plays no necessary role in virus spread 
entirely the plant [47].

CONCLUSION

Using plant viruses as expression vectors lead to the production of 
vaccines and therapeutic complex proteins in a rapid, inexpensive, 
high- scalability, and safe manner. Geminiviruses offer several 
advantages, including the ability to express foreign proteins in a 
border range of plants, their genome is easy to manipulate, so it 
takes a short time to develop a product that is very useful in fighting 
the global pandemic. Future research will focus on optimizing and 
improving the design of vectors and their function to produce high 
efficiency with biosafety.
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