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strand RNA viruses are difficult to be
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Abstract

Plant virus-induced diseases cause significant losses to agricultural crop production worldwide. Reverse genetics
systems of plant viruses allow gene manipulation on viral genomes, which greatly facilitates studies of viral
pathogenesis and interactions with host organisms. In addition, viral infectious cDNA clones have been modified as
versatile recombinant vectors for virus-mediated protein overexpression, virus-induced gene silencing, and gene
editing. Since genome RNAs of plant positive-strand RNA viruses are directly translatable, recovery of these viruses
has been achieved more than three decades ago by simply expressing viral genome RNA or viral genome-derived
in vitro synthesized transcripts in planta. In contrast, genomes of plant negative-strand RNA (NSR) viruses are
complementary to their mRNAs and cannot be translated directly. Therefore, rescue of infectious plant NSR viruses
from cDNA clones strictly requires the core replication proteins together with their genome RNAs which can
assemble into nucleocapsid (NC) complexes as minimal infectious units. However, it is a major challenge to deliver
multiple essential components in single cells and to assemble the NC complexes in vivo. Major breakthroughs in
reverse genetics systems of plant non-segmented and segmented NSR viruses were just achieved in recent 5 years
through various strategies, such as agroinfiltration, minireplicon systems, insect transmission and airbrush
inoculation assays. In this review, we summarized critical steps toward developing reverse genetics systems for
recovery of several plant NSR viruses in plants and insects. We also highlighted important applications of these
reverse genetics of NSR viruses in viral gene function analyses, investigation of virus-insect-plant interactions, and
genomic studies of insect vectors and host plants.
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Background
Plant viruses cause severe crop diseases worldwide and
significantly affect annual yield (Scholthof et al. 2011;
Jones and Naidu 2019). In the past few decades, plant vi-
rologists have developed a growing number of reverse

genetics systems of plant viruses for determining viral
determinants required for virus replication, movement,
host range, and pathogenicity (Jackson and Li 2016;
Cody and Scholthof 2019). Furthermore, reverse genetics
systems have facilitated studies on virus-host plants,
virus-insect vector, and virus-virus interactions. Since
plant positive-strand RNA virus genomes are messenger
RNAs (mRNAs), reverse genetics systems of these
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viruses can be achieved by simply introducing in vitro
synthesized RNA transcripts into susceptible plant cells.
Brome mosaic virus (BMV) was the first plant virus to
be rescued from cloned viral cDNA in 1984 (Ahlquist
et al. 1984). Since then, reverse genetics systems of nu-
merous plant positive-strand RNA viruses have been de-
veloped and exploited as vectors for gene expression and
virus-induced RNA silencing (Hefferon 2014; Cody and
Scholthof 2019). Thus, significant advances in under-
standing how plant positive-strand RNA viruses interact
with their hosts have been achieved in recent few years.
Negative-stranded RNA (NSR) viruses cause serious dis-

eases in a broad range of hosts, including human, vertebrate,
invertebrate, and plant organisms. Plant NSR viruses consist
of members of the families Rhabdoviridae, Tospoviridae,
Phenuiviridae, Aspiviridae, and Fimoviridae and the unclas-
sified genus Coguvirus (Abudurexiti et al. 2019). Most of
plant NSR viruses replicate in arthropod vectors, which facil-
itates virus transmission and contributes to significant crop
yield losses (Jackson et al. 2005; Ammar et al. 2009;
Hogenhout et al. 2008; Kormelink et al. 2011). The NSR
virus genomes are complementary to their mRNA and have
no infectious activity alone. Instead, the minimal infectious
units of NSR viruses are nucleocapsids (NCs) or ribonucleo-
protein (RNP) complexes, in which the genome RNAs are
appropriately associated with the viral RNA polymerase
complexes (Jackson et al. 2005; Jackson and Li 2016). Due
to difficulties in assembling infectious NCs in vitro from
multiple components, development of reverse genetics of
NSR virus was lagged behind (Jackson and Li 2016).
Recombinant full-length cDNA clones of a plant

nucleorhabdovirus, sonchus yellow net nucleorhabdo-
virus (SYNV) was rescued successfully in Nicotiana
benthamiana plants, which was the first reverse genetics
system developed for plant NSR viruses (Ganesan et al.
2013; Wang et al. 2015). Recently, our group have con-
structed the infectious cDNA clones of a plant cytorhab-
dovirus, barley yellow striate mosaic virus (BYSMV),
which can be rescued in monocot plants and insect vec-
tors (Fang et al. 2019; Gao et al. 2019). Moreover, reverse
genetics systems of two plant segmented NSR viruses, to-
mato spotted wild virus (TSWV) and rose rosette virus
(RRV), were established more recently (Pang et al. 2019;
Feng et al. 2020). Given rapid research progresses in re-
verse genetics systems of plant NSR viruses, this review
broadly introduces the strategies that have been used for
recovery of NSR viruses from cDNA clones and high-
lights applications of these reverse genetics systems.

Agroinfiltration and minireplicons expressing viral
replication proteins and minigenomes: key steps in
developing the first plant NSR virus infectious clone
Classical plant rhabdoviruses are non-segmented NSR
viruses and consist of the Cytorhabdovirus and

Nucleorhabdovirus genera according to their replication
and morphogenesis sites on cytoplasm or nucleus. Rhab-
dovirus genomes encode five structural proteins, includ-
ing the nucleoprotein (N), phosphoprotein (P), matrix
protein (M), glycoprotein (G) and the large protein of
viral polymerase (L) (Jackson et al. 2005; Dietzgen et al.
2017). In addition, plant rhabdoviruses encode various
accessory genes interspersed the five conserved genes
(Walker et al. 2011). The rhabdovirus NC complexes,
the minimal infectious units, are composed of the gen-
omic RNA (gRNA) and the viral N protein, the P protein
and the L protein. The reverse genetics systems of rhab-
doviruses require co-expression of antigenomic RNA
(agRNA) with the N, P, and L proteins in single cells
and assembly of these components into NC complexes
for initiation of virus transcription and replication.
Pioneering works in the development of reverse genet-

ics of NSR viruses were first carried on animal rhabdovi-
ruses. Through co-expression of agRNA with the N, P,
and L proteins in trans, Conzelmann and colleagues suc-
cessfully developed full-length infectious clones of a
non-segmented NSR virus, rabies virus (RABV) in 1994
(Schnell et al. 1994). One year later, the recombinant in-
fectious clones of vesicular stomatitis virus (VSV) were
constructed (Pattnaik et al. 1995). These systems are ex-
cellent models on which we base to construct reverse
genetics systems for other NSR viruses infecting animals
and plants. However, since plant cell wall interferes with
delivery of multiple plasmids into single cells, it is diffi-
cult to rescue plant NSR viruses using the same strat-
egies as those used for animal rhabdoviruses (Walpita
and Flick 2005; Jackson and Li 2016; German et al.
2020). Furthermore, although NSR viruses can replicate
in insect vectors, appropriate insect cell lines are lacking
for recovery of plant NSR viruses from their respective
infectious clones (Hogenhout et al. 2008).
The first reverse genetics system used for recovery of a

plant NSR virus was based on SYNV, a nucleorhabdo-
virus (Ganesan et al. 2013; Wang et al. 2015). In these
studies, agroinfiltration and minirepicons (MRs) assays
were two key strategies used toward establishing the
SYNV infectious cDNA clones (Fig. 1a, b). Agrobacter-
ium tumefaciens-mediated infiltration can efficiently de-
liver T-DNA into plant cells. Thus, agroinfiltration
assays have been utilized for simultaneous co-expression
of core replication proteins and genomic RNAs for re-
covery of plant NSR viruses (Fig. 1a) (Ganesan et al.
2013; Wang et al. 2015). Construction of SYNV MRs
was an important step to validate whether the core repli-
cate proteins are functional in virus transcription and
replication (Ganesan et al. 2013). The SYNV MR-
derivatives were inserted between a hammerhead ribo-
zyme (HHRz) and the hepatitis delta virus ribozyme
(HDVRz) sequence to facilitate production of exact
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genomic termini. In addition, green fluorescent protein
(GFP), red fluorescent protein (RFP), and/or chloram-
phenicol acetyltransferase (CAT) reporter genes replaced
the N and P genes to visualize MR transcription and
replication in the cells (Fig. 1a). Furthermore, the N, P,
and L core proteins of SYNV were also co-expressed by
agroinfiltration with A. tumefaciens harboring binary
vectors. To improve accumulation of these core proteins
and minireplicon derivatives, suppressors of RNA silen-
cing (VSR) proteins, the barley stripe mosaic virus
(BSMV) γb, tomato bushy stunt virus (TBSV) p19, and
tobacco etch virus (TEV) HC-Pro, were combined into a
binary vector to express together in single cells (Ganesan
et al. 2013). These MR systems showed that all SYNV
core proteins expressed in trans were functional in as-
sembling with MR derivatives, mediating efficient virus
transcription and replication in N. benthamiana cells
(Ganesan et al. 2013; Jackson and Li 2016).
The successful SYNV MR experiments provided the

opportunity to develop the full-length SYNV infectious
cDNA clones for use in N. benthamiana plants. The
cDNA of SYNV agRNA was engineered between a
cauliflower mosaic virus (CaMV) double 35S

promoter (2 × 35S) and HΔRz, giving rise to full-
length synthetic SYNV agRNA transcripts with au-
thentic 5′- and 3′- ends. (Fig. 1c). The agRNA, N, P,
L, and the three VSRs were co-expressed in N.
benthamiana leaves through agroinfiltration. At 3 or
4 weeks post infiltration, approximately 5% of the in-
filtrated plants exhibited classical SYNV symptoms in
the systemically infected leaves (Wang et al. 2015).
Subsequently, the N, P, and L protein expression cas-
settes were inserted into a plasmid, which improved
the infection efficiency significantly (Wang et al.
2015). The establishment of SYNV reverse genetics
has definitely been a template for development of
other plant NSR virus infectious cDNA clones (Jack-
son and Li 2016).

Utilization of insect vectors for recombinant virus
transmission is pivotal for rescue of a plant NSR virus in
monocot plants and insect vectors
Barley yellow striate mosaic virus, a plant cytorhabdo-
virus, infects 26 species of cereal plants and is transmit-
ted by the small brown planthopper (SBPH, Laodelphax
striatellus) in a propagative manner (Di et al. 2014; Yan

Fig. 1 Combined strategies used in development of reverse genetics systems of plant NSR viruses. a Agrobacterium tumefaciens-mediated
expression of genes in N. benthamiana leaves was utilized for simultaneous delivery of plant NSR viruses core protein genes and genomic RNAs
in single cells. b The minireplicon (MR) containing a double cauliflower mosaic virus 35S (2 × 35S) promoter, exact termini of the virus, gene
junctions, and reporter genes could replicate in conjunction with the ectopic expression of viral core proteins and VSRs, which could validate
whether the core replicate proteins are functional in viral transcription and replication. c Full-length viral antigenomic RNA (agRNA) was cloned
into the A. tumefaciens binary vector containing a 2 × 35S promoter and a ribozyme (Rz) for cleavage of the 5′ and 3′ ends of the transcribed
agRNAs with exact termini. d Insect-mediated transmission of rBYSMV from N. benthamiana leaves to monocot plants. Grinding the infected N.
benthamiana leaves and injecting the extracts into the thoraxes of SBPHs. The rBYSMV could be recovered in the SBPHs. After a period of
incubation, the infected SBPHs transmitted recombinant viruses to barley plants. e Codon optimization removed cryptic splicing sites in the cDNA
of TSWV L and M RNAs for stable expression of the large RdRp protein and genome RNAs in plants. f Inoculation by an airbrush was effective in
delivering agrobacterium cultures containing RRV vectors to A. thaliana, N. benthamiana and roses. In the middle panels, combined technologies
were used for developing the reverse genetics systems of SYNV, BYSMV, TSWV, and RRV
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et al. 2015; Cao et al. 2018). The BYSMV genome en-
codes ten proteins including five structural proteins and
five accessory proteins in the order of 3′–N–P–P3–P4/
P5–P6–M–G–P9–L–5′ (Yan et al. 2015). We have re-
cently developed BYSMV MR and full-length cDNA
clones, from which BYSMV can be recovered when in-
oculated in monocot plants and the insect vectors (Fang
et al. 2019; Gao et al. 2019). Different with SYNV,
BYSMV cannot infect N. benthamiana plants systemic-
ally. However, we found that the BYSMV MRs could es-
tablish transcription and replication in agroinfiltrated
cells of N. benthamiana plants (Fang et al. 2019). The
BYSMV MR experiments provided strong evidence that
N. benthamiana plants could support BYSMV replica-
tion and transcription in agroinfiltrated cells, and were
suitable for recovery of full-length BYSMV. As expected,
the full-length BYSMV harboring the RFP reporter gene
was recovered from its cDNA clones in agroinfiltrated
cells, but cell-to-cell or systemic movement was defect-
ive in nonhost N. benthamiana plants (Gao et al. 2019).
To rescue the recombinant BYSMV (rBYSMV) in its

natural cereal hosts, we hypothesized that SBPHs could
transmit the recombinant viruses from infected N.
benthamiana leaves to barley plants (Fig. 1d). However,
we found that SBPHs could not transmit the rBYSMV-
RFP directly from N. benthamiana leaves to barley
plants through conventional feeding method, probably
due to that N. benthamiana is nonhost plant of SBPH.
Finally, we injected crude extracts obtained from recom-
binant BYSMV-RFP-infected N. benthaminia leaves into
thoraxes of healthy SBPHs. At 8–10 days post injection
(dpi), these SBPHs exhibited RFP fluorescence through-
out the bodies, indicating that BYSMV-RFP could suc-
cessfully replicate and disseminate in SBPHs. Then,
these BYSMV-RFP-infected SBPHs were transferred to
healthy barley plants. At 15 dpi, 90% of the barley plants
showed symptoms of chlorotic specks on leaves and
stunted growth similar to those observed in wild-type
virus-infected barley plants (Gao et al. 2019). We further
modified the BYSMV vectors into versatile expression
platforms for co-expression of three foreign proteins in
cereal plants and SBPHs. Our studies clearly provide
new protocols for developing reverse genetics systems of
plant NSR viruses infecting monocot plants and arthro-
pod vectors.

Codon optimization is crucial for recovery of a plant
segmented NSR virus
Tomato spotted wilt virus is a segmented NSR virus and
belongs to the genus Orthotospovirus in the family Tos-
poviridae (Kormelink et al. 2011; Walker et al. 2019).
TSWV is transmitted by thrips in a propagative manner.
It infects more than a thousand species of plants and
causes enormous economic losses (Pappu et al. 2009;

Oliver and Whitfield 2016). TSWV contains a seg-
mented genome, including three RNAs: a large (L),
medium (M), and small (S) (Kormelink et al. 2011). The
L segment encodes the viral RNA-dependent RNA poly-
merase (RdRp) in the negative sense. Whereas, the S and
M segment are ambisense. The M segment encodes the
precursor to two glycolproteins (Gn and Gc) in the
negative sense and a nonstructural protein (NSm) in the
positive sense. Meanwhile, the S segment encodes a N
protein in the negative sense while a nonstructural pro-
tein (NSs) in the positive sense (Kormelink et al. 2011).
The minimal infectious unit of TSWV consists of viral
RNAs, the N protein, and viral RdRp. Only a previous
report in 2017 informed the TSWV S RNA synthesis by
its RNA polymerase in yeast (Ishibashi et al. 2017). Since
the TSWV RdRp is very large (∼330 kDa), it is difficult
to express such a large protein in plants through agroin-
filtration. In addition, the TSWV L and M gRNAs con-
tain some cryptic splicing sites, leading to the fact that
the transcripts of the L and M gRNAs are targeted by
splicing systems in the nucleus (Feng et al. 2020). Fi-
nally, it is not easy to deliver all the three genome seg-
ments and core proteins in single plant cells using
agroinfiltration (Feng et al. 2020). Briefly, these difficul-
ties have severely affected the development of reverse
genetics system of TSWV in plants.
Recently, Feng et al. have successfully established in-

fectious TSWV entirely from cDNA clones in plants.
They firstly developed a S gRNA-based MR system and
found it failed though supplemented with N, RdRp pro-
teins and VSRs because of the very low accumulation of
RdRp protein. Since numerous intron splicing sites were
predicted to exist in the RdRp gene sequence, they then
constructed a codon-optimized viral RdRp gene by re-
moving potential splicing sites and used it to stably ex-
press the large RdRp protein (Fig. 1e). Consequently, the
codon-optimized RdRp, rather than the wild-type RdRp
protein, supported transcription and replication of the
TSWV S gRNA-based MR system when co-expressed
with N protein and four VSRs. Next, the authors con-
structed a movement-competent MR system based on
the M gRNA which contains the NSm protein respon-
sible for cell-to-cell movement, and confirmed that the
M gRNA-based MR could move from cell-to-cell in the
presence of optimized RdRp and N. Based on these MR
systems, they further generated full-length cDNA clones
of TSWV. However, no infectious TSWV was recovered
in systemically infected leaves due to some splicing sites
in the M RNA segment. So, they adapted the same strat-
egy to optimize the M RNA codon sequence. Finally, the
TSWV full-length cDNA infectious clones were success-
fully recovered through co-expression of codon-
optimized L, M RNA and wild-type S RNA (Feng et al.
2020). The establishment of this reverse genetics system
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provides a powerful tool to study life cycles and patho-
genicity of tospoviruses.

A reverse genetics system of an emaravirus was
developed in rose plants using an airbrush inoculation
strategy
Rose rosette virus (RRV) is a negative-sense RNA virus
with a 7-segmented genome RNA (Di Bello et al. 2015).
It is a member of the Emaravirus genus that includes
nine species of virus with four to eight negative-sense
RNAs (Di Bello et al. 2015). Among the RRV seven
monocistronic genomes, RNA1–4 encode the RdRp, G
protein, nucleocapsid, and movement protein, respect-
ively, and RNA1–4 are sufficient for RRV systemic infec-
tions. In contrast, The RNA5, RNA6, and RNA7 are not
essential for RRV infections (Di Bello et al. 2015). Since
RRV is an arthropod-borne virus that is transmitted by
eriophyid mites naturally, conventional mechanical in-
oculation method for RRV transmission into plants is
not effective (Pang et al. 2019).
Recently, Pang et al. developed an effective mechanical

method by using an airbrush to deliver agrobacterium
cultures (Pang et al. 2019). The antigenomic cDNAs of
agRNA1 to agRNA7 were introduced between the
CaMV 35S promoter and Rz of the binary plasmid
pCB301-HDV for viral transcripts with exact 5′ and 3′
termini in vivo. All constructs were transformed into A.
tumefaciens and were combined in equal ratios before
inoculating into roses using an airbrush method. At 30
and 40 dpi, 88–100% of rose plants exhibited systemic
infection symptoms, which was further confirmed by
specific RT-PCR assays (Pang et al. 2019). Visual re-
porter systems were also established by introducing GFP
and iLOV protein genes into the RRV infectious cDNA
clones (Pang et al. 2019). All these constructs can sup-
port recombinant RRV infections in A. thaliana and N.
benthamiana plants by agroinfiltration and in roses by
the airbrush inoculation approach (Pang et al. 2019).
Thus, these new infectious clones facilitate investigation
on the molecular mechanisms of RRV in roses.

Generation of recombinant viruses from infectious cDNA
clones for studies of virus-plant-insect vector interactions
In the past decades, virus-plant-insect vector interac-
tions have been extensively studied for plant positive-
stranded RNA viruses and DNA viruses, which attributes
to the availability of their powerful reverse genetics sys-
tems. In contrast, the studies of plant NSR viruses and
the interaction with their plant host and insect vectors
have been heavily constrained due to lack of infectious
cDNA clones. Therefore, these newly established reverse
genetics systems of plant NSR viruses would allow dis-
section of detailed molecular mechanisms of virus-host
interactions in the context of virus infection. For

instance, Sun et al. used the recombinant SYNV mutants
to demonstrate that the cooperative G-M interaction is
required for inner nuclear membrane invagination and
efficient SYNV budding (Sun et al. 2018). Zhou et al. re-
vealed the specific cell-to-cell movement mechanism of
plant rhabdoviruses, which requires specific interactions
between cognate virus MP and NCs core proteins (Zhou
et al. 2019a). They further showed that the matrix pro-
tein of SYNV mediates superinfection exclusion (Zhou
et al. 2019b).
As obligate parasites, most of plant viruses employ

host cytoskeletons for intracellular movement. We re-
cently demonstrated that the BYSMV P protein contrib-
utes to the formation of viroplasm-like bodies through
recruiting the N and L proteins (Fang et al. 2019). We
further confirmed that the P bodies traffic along the ER/
actin network driven by myosin XI-K (Fang et al. 2019).
Using MR systems of BYSMV, we found that traffic of
the BYSMV P protein-formed bodies is required for effi-
cient RNA synthesis in N. benthamiana plants (Fang
et al. 2019). Furthermore, our group found that the
BYSMV P protein hijacked Carbon catabolite repression
4 (CCR4) to facilitate virus replication in plants and in-
sects (Zhang et al. 2020). The CCR4 proteins were re-
cruited by P into the N-RNA complexes and induced
turnover of cellular mRNAs that nonspecifically bind to
the BYSMV N protein (Zhang et al. 2020). Since the
CCR4 orthologues were conserved in plant and insect
hosts, a particularly striking finding is that the virus uses
the same trick in both plants and insect vectors. More
recently, Gao et al. found that the conserved Casein kin-
ase 1 (CK1) family members regulated cross-kingdom
infections of BYSMV in plants and insect vectors by
phosphorylating the serine-rich motif that located in an
intrinsically disordered region of BYSMV P (Gao et al.
2020). Intriguingly, the CK1-mediated phosphorylation
resulted in transformation of BYSMV P from 42 kDa
(P42) to 44 kDa, thereby facilitating the transition from
virus replication to transcription (Gao et al. 2020).
The establishment of these plant NSR reverse genetics

systems would provide powerful tools to generate mu-
tant viruses that will advance our understanding of the
molecular arms race in virus-host interactions.

Powerful protein expression platforms based on plant
viruses for functional genomics studies in plants and
insect vectors
In addition to applications in virus pathogenicity studies,
the infectious cDNA clones of plant viruses have been
modified into plant virus-mediated overexpression
(VOX) vectors for rapid production of foreign proteins.
In contrast to time consuming and labor demanding
transformation-based methods, VOX-mediated transient
expression is rapid and cost-effective (Hefferon 2014;
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Cody and Scholthof 2019). The VOX-based vectors have
long been used to transiently express heterologous
proteins with industrial importance in a large-scale
production (Hefferon 2014; Cody and Scholthof 2019).
Currently, some of these viral vectors have been
popularly used to produce plant-derived biopharmaceu-
ticals, such as monoclonal antibodies, vaccines and other
therapeutic proteins (Rybicki 2009; Rybicki 2010; Saxena
et al. 2016; Hefferon 2017; Cody and Scholthof 2019). In
addition, the VOX-based vectors have been widely used
for functional characterization of unknown proteins in
plant functional genomics studies (Zaidi and Mansoor
2017).
Cauliflower mosaic virus is the first plant virus to be

developed as vectors for expression of bacterial genes in
1984 (Brisson et al. 1984). Two years later, the first plant
RNA virus vector was developed based on BMV (French
et al. 1986). Since then, there have been many successful
and popular plant virus-based expression vectors based
on positive-strand RNA viruses and some DNA viruses
(Palmer and Gleba 2014; Cody and Scholthof 2019). To-
bacco mosaic virus (TMV), a rod-shaped virus, is a well
characterized plant virus and engineered to be VOX vec-
tors (Cody and Scholthof 2019) which could produce In-
fluenza M2e epitope and human papillomavirus (HPV)
E7 protein in plants (Massa et al. 2007; Noris et al.
2011). Subsequently, other rod-shaped viruses including
potato virus X (PVX), sun hemp mosaic virus (SHMV)
and papaya mosaic potyxvirus (PapMV) were also used
to generate epitopes or vaccine (Denis et al. 2008; Liu
and Kearney 2010; Hefferon 2017). Geminiviruses, such
as beet curly top virus (BCTV), tobacco yellow dwarf
virus (TYDV) and bean yellow dwarf virus (BeYDV), are
DNA viruses that have been developed as efficient plat-
forms for foreign protein expression (Regnard et al.
2010; Chung et al. 2011; Dugdale et al. 2013). More re-
cently, beet necrotic yellow vein virus (BNYVV) has
been engineered as VOX vectors for expression of four
foreign proteins in single cells (Jiang et al. 2019). Most
of plant VOX vectors could mediate protein overexpres-
sion in dicotyledonous plants. In contrast, the develop-
ment of VOX vectors in monocotyledons has heavily

lagged behind. Only a few viruses have been successfully
applied in monocots as expression vectors. For instance,
BSMV, wheat streak mosaic virus (WSMV), soilborne
wheat mosaic virus (SBWMV), and foxtail mosaic virus
(FoMV) have been engineered as VOX vectors to ex-
press foreign proteins in wheat, barley, oat, and maize
plants, respectively (Choi et al. 2000; Lee et al. 2012; Jar-
ugula et al. 2016; Bouton et al. 2018).
Although positive-strand RNA viruses and some DNA

viruses have been extensively developed as VOX vectors
in both dicotyledonous and monocotyledonous plants,
it’s still difficult to stably express large foreign proteins
in whole plants due to genetic instabilities of these re-
combinant viruses (Table 1) (Gleba et al. 2007; Lindbo
2007; Jackson and Li 2016; Cody and Scholthof 2019;
Ibrahim et al. 2019). In contrast, non-segmented NSR vi-
ruses, like plant rhabdoviruses, were promising VOX
vectors, especially for stable expression of large foreign
proteins (Jackson and Li 2016; German et al. 2020).
Rhabdoviruses have well-defined transcription units and
modular genome structure, as well as polar transcription
effects (Jackson et al. 2005; Jackson and Li 2016). These
features allow them to express foreign proteins regularly,
stably and highly. In our recent studies, BYSMV, a plant
cytorhabdovirus, was developed as VOX vectors that can
simultaneously express three foreign proteins (GFP, RFP,
and CFP) in both monocot plants and insect vectors
(Gao et al. 2019). Larger proteins like β-glucuronidase
(GUS) together with a reporter gene RFP could also
been stably expressed in high level in several monocot
plants such as barley, wheat, maize and foxtail millet
(Gao et al. 2019). Thus, this vector has the potential for
other biotechnological applications such as generation of
complex antigens, antimicrobial peptides or large and
complex pharmaceutical proteins. In addition, this
powerful vector can set up a convenient platform for
studying the genomic function of plants and insects. The
BYSMV-based expression vector was constructed to ex-
press RFP and two genes that respectively function in
GA biosynthesis (GA5) and inactivation of GA signaling
(GA2ox1), showing that high and dwarf phenotypes were
induced on barleys overexpressing GA5 or GA2ox1 gene,

Table 1 Advantages and disadvantages of plant positive-strand and negative-strand RNA virus-based vectors

Types Advantages Disadvantages

Positive-strand RNA viral
vector

✧ Without obvious immunogenicity in
human;
✧ Consuming much less time and labor
than transgenic methods;
✧ Applications in various plant species;
✧ Applications for transient expression.

✧ Easy manipulation on their simple
genomes;
✧ Many available viral vectors.

♦ Used mostly on dicot plants;
♦ Incapable of accommodating
large inserts.

Negative-strand RNA viral
vector

✧ Simultaneous expression of multiple
heterogonous proteins with high yields;
✧ Accommodation for large inserts;
✧ Allowing for genomic studies of insect
vectors;
✧ Capable of co-delivery of gene editing
reagents such as Cas9 and sgRNA.

♦ Very few infectious clones of
plant NSR viruses can be found.
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respectively (Gao et al. 2019). In addition, BYSMV-
mediated overexpression of B2, a suppressor of RNA si-
lencing in insect, could improve the BYSMV infections
in SBPHs, which indicates that BYSMV expression vec-
tors can be applied in planthoppers (Gao et al. 2019).
Therefore, we can easily and efficiently overexpress,
knockdown or knockout certain genes in plants and in-
sects to study genomic functions through manipulations
of the rBYSMV vector containing visual markers (GFP
and RFP).

Application of virus-induced gene editing (VIGE)
Since genome editing mediated by CRISPR-based system
has gained widespread popularity, researchers have set
their sights on engineering viral vectors for delivery of
genome engineering reagents. Currently, Cas9 nucleases
and guide RNAs are mainly delivered by transformation
to obtain stable transgenic plants or transiently delivery
into protoplasts (Cong et al. 2013; Nekrasov et al. 2013).
In contrast with these traditional transformative assays,
virus vectors provide promising tools for delivery of
these gene editing reagents, which would improve the
editing efficiency without T-DNA insertions (Table 1)
(Cody and Scholthof 2019).
In the first reports of VIGE, geminiviruses and tobacco

rattle virus (TRV)-based vectors were utilized for guide
RNA delivery in leaves of Cas9-overexpressing N.
benthamiana plants. Then, the targeted genome modifi-
cation was detected in both the inoculated and systemic
leaves, even in the seeds of the editing plants, indicating
the success of TRV as a genome editing tool (Ali et al.
2015). Subsequently, the VOX vectors of cabbage leaf
curl virus (CaLCuV), pea early browning virus (PEBV),
TMV, and BNYVV were used for guide RNAs delivery
in Cas9 transgenic plants and induce gene editing of en-
dogenous genes in Cas9 transgenic N. benthamiana
and/or Arabidopsis plants (Yin et al. 2015; Cody et al.
2017; Ali et al. 2018; Jiang et al. 2019). Recently, BSMV
vector could deliver guide RNAs and then induce muta-
genesis in both Cas9 transgenic wheat and maize plants
(Hu et al. 2019). Nevertheless, the reported success of
genome editing is based on Cas9 transgenic plants, be-
cause positive strand RNA viruses-based vectors are in-
capable of carrying the large Cas9 genes.
As described above, plant rhabdoviruses could stably

express multiple and large foreign proteins, which ex-
pends the research into expression of both the sgRNA
and the Cas9 nuclease in one virus vector. As expected,
a BYSMV-based vector could simultaneously express the
sgRNA and the Cas9 nuclease, which can achieve gene
editing in the gfp gene of the N. benthamiana 16c plants
(Gao et al. 2019). In addition, the BYSMV vector could
express a RFP reporter protein to tract the BYSMV in-
fections and VIGE sites (Gao et al. 2019). More recently,

Ma et al. provided a DNA-free plant genome editing tool
based on the SYNV vectors. The recombinant SYNV
vector carrying a tgtRNA (tRNA-gRNA-tRNA) and a
Cas9 was successfully delivered into plants, which re-
sulted in single or multiplex mutagenesis in systemically
infected tissues of tobacco plants (Ma et al. 2020). More
than 90% of the plants regenerated from virus-infected
tissues contained targeted and inheritable mutations
(Ma et al. 2020). These results demonstrated that virus
vector can actually deliver genome editing reagents and
fulfill genetic manipulation without dependence on
transgenic lines overexpressing Cas9. Since lots of
plants, especially monocot plants, are difficult to be
transformed and regenerated, it remains a big challenge
to directly infect seed embryo and get inheritable muta-
tions in offspring plants.

Conclusions
Currently, high-throughput RNA sequencing has been
employed to identify a growing number of plant viruses
that cause damaging losses in agricultural production.
However, our understanding of these viruses, especially
plant NSR viruses, are far from enough. Here, we high-
light key approaches recently used to establish reverse
genetics systems of several plant NSR viruses, aiming to
give templates for studies of other NSR viruses. Reverse
genetics systems of plant NSR viruses will help to solve
the fundamental questions of all aspects of viral cycles in
the context of natural plant NSR virus infections. For ex-
ample, our understanding of functions of respective viral
protein is not clear. Moreover, insect vectors play an im-
portant role in the life cycles of some viruses and obli-
gate virus transmission. But we now know little about
the mechanisms behind the insect-virus interaction as
well as insect-plant interaction. The establishment of
these reverse genetics systems will undoubtedly pave
ways for future studies of both virus-insect and vector-
plant interactions, and provide new strategies for con-
trolling virus diseases. In addition, these NSR-based vec-
tors are promising tools for foreign protein expression
and genome editing in plants or insects (Table 1). The
potential of NSR-based virus vector is still underex-
ploited because of lacking effective experimental
methods. Last and importantly, it should be emphasized
that biosafety should be carefully considered before im-
plementation of these plant virus vectors in fields.
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