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Abstract Genome editing holds great promise for the molecular breeding of plants, yet its application is hindered
by the shortage of simple and effective means of delivering genome editing reagents into plants.
Conventional plant transformation-based methods for delivery of genome editing reagents into plants
often involve prolonged tissue culture, a labor-intensive and technically challenging process for many
elite crop cultivars. In this review, we describe various virus-based methods that have been employed to
deliver genome editing reagents, including components of the CRISPR/Cas machinery and donor DNA
for precision editing in plants. We update the progress in these methods with recent successful
examples of genome editing achieved through virus-based delivery in different plant species, highlight
the advantages and limitations of these delivery approaches, and discuss the remaining challenges.
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INTRODUCTION

Genome editing as a versatile plant molecular
breeding tool

The rapid advancements in genome editing in the past 2
decades have revolutionized the molecular breeding of
plants by enabling efficient modifications to the
nucleotide sequences at designated genomic targets in a
wide range of crop species (Gao 2021). The diversity of
the genome editing toolbox has allowed broad varieties
of genetic variations to be generated, in a precise and

directed manner, to create desirable traits in crop spe-
cies (Chen et al. 2019). Alternatively, genome editing
can also be utilized as a mutagenic strategy to generate
random mutations at a given genomic site, from which
novel alleles conferring beneficial traits can be isolated
(Wang et al. 2021). Precision and versatility are among
the major advantages of genome editing when com-
pared with the more conventional mutagenic approa-
ches, such as the creation of genetic variations through
radiation or chemical means (Gao 2021). Nowadays,
genome editing has been successfully adopted not only
in plant functional genomic research but in the breeding
of new crop varieties as well (Li et al. 2022; Shan et al.
2015; Zhang et al. 2020). This powerful technology is
anticipated to play an increasingly important role in the& Correspondence: odong@njau.edu.cn (X. Dong), wanjm@n-
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molecular breeding of crops in the future (Wang and
Doudna 2023).

Genome editing with the CRISPR/Cas platform

Programmable sequence-specific nucleases (SSNs) play
a fundamental role in most genome editing strategies
due to their ability to recognize specific nucleotide
sequences as the editing target by design (Miki et al.
2021). Among various SSN platforms (Carroll 2011;
Christian et al. 2010; Puchta et al. 1993; Wang and
Doudna 2023), the Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/CRISPR-associated
(Cas) system is currently the most widely adopted
technology for its simplicity, efficacy, and versatility
(Jinek et al. 2012; Wang and Doudna 2023). The
canonical CRISPR/Cas genome editing system consists
of a Cas nuclease and RNA molecules that guide the Cas
nuclease to induce double-strand breaks (DSBs) at
designated genomic targets (Jinek et al. 2012). Target
specificity is achieved via the Watson–Crick base pairing
between the genomic target and a programmable sector
of the guide RNA known as the spacer (Jinek et al.
2012). A valid genomic target also has an adjacent short
nucleotide sequence known as the protospacer-adjacent
motif (PAM), which varies with the type of the Cas
nuclease used (Leenay and Beisel 2017). The target-
recognizing sequence on the guide RNA can be artifi-
cially re-programed to target distinct genomic sites,
which makes the CRISPR/Cas system a highly versatile
SSN platform.

After a DSB is induced, edits to the genome around
the break site can often be introduced via either of the
two major DNA repair pathways: non-homologous end
joining (NHEJ) or homology-directed repair (HDR) (Xue
and Greene 2021). The NHEJ repair pathway occurs at a
relatively high frequency in most plant cells throughout
the cell cycle. Repair via NHEJ tends to leave small
insertions or deletions (InDels) at the junction site
(Gorbunova and Levy 1997), which may disrupt the
function of a gene, especially when a frame-shift muta-
tion is incurred. Gene knockout through DSB repair via
NHEJ is a relatively simple and effective, and is by far
the most widely used genome editing strategy for crop
improvement and for elucidating the function of plant
genes (Gao et al. 2020; Li et al. 2018; Wang et al. 2016).
Although NHEJ is highly efficient and well-suited for
gene knockouts, it lacks the precision required for more
sophisticated genome engineering applications such as
the targeted insertion or replacement of specific
nucleotide sequences (Chen et al. 2019). Repair of DSBs
through HDR, on the other hand, offers a much richer
spectrum of possibilities for modifying plant genomes

(Zhan et al. 2021). During this process, an artificially
designed donor DNA bearing the desirable nucleotide
sequence is supplied, which serves as a template to
guide the repair of the DSB while incorporating the
desirable edits. Due to its flexible nature, genome edit-
ing through HDR can be exploited to generate a wide
range of edits ranging from introducing single nucleo-
tide substitutions (Nishizawa-Yokoi et al. 2014) to the
seamless integration of multiple-kilobase-long DNA
fragments at a designated genomic target (Lu et al.
2020). However, the efficiency of HDR in somatic plant
cells is extremely low, especially in cells not actively
dividing.

Since the establishment of CRISPR/Cas as a genome
editing tool (Cong et al. 2013; Gasiunas et al. 2012; Jinek
et al. 2012, 2013; Mali et al. 2013), extensive develop-
ment and optimization based on the CRISPR/Cas plat-
form have yielded a repertoire of robust molecular tools
for diverse forms of gene edits (Xia et al. 2021). These
tools include but are not limited to various base editors
(Komor et al. 2016; Rallapalli and Komor 2023), prime
editors (Anzalone et al. 2019; Chen and Liu 2022), and
numerous natural or engineered Cas nucleases with
altered PAM preference and improved accuracy in target
recognition (Meaker et al. 2020; Walton et al. 2020).

The bottleneck of delivering genome editing
reagents into plant cells

The effectiveness of the CRISPR/Cas genome editing
platform has been demonstrated across kingdoms of life
(Xia et al. 2021). However, challenges in delivering the
CRISPR/Cas genome editing reagents into plant cells
and regenerating plants carrying heritable edits repre-
sent major technical hurdles to the application of
CRISPR/Cas in plants.

Genome editing reagents are usually delivered into
plant cells in the form of DNA through the process of
genetic transformation, often via Agrobacterium or
particle bombardment-based methods (Altpeter et al.
2016). In a typical plant transformation pipeline, genes
encoding the CRISPR/Cas machinery and a
selectable marker gene are stably integrated into the
genome of a subset of totipotent cells, which are then
propagated under selective conditions. This favors the
proliferation of stably transformed cells. Subsequently,
whole plants are regenerated from the propagated
clones and genotyped for the desirable edits. This pro-
cess is time-consuming, labor-intensive, and relies on
prolonged sterile culturing conditions. Furthermore,
many elite cultivars lack efficient transformation meth-
ods, preventing them from being edited in a cost-effec-
tive manner.
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Although high-efficiency transformation can often be
achieved in protoplasts, plant regeneration from proto-
plasts remains extremely difficult for most plant species
(Altpeter et al. 2016; Mahmood et al. 2023). Carbon
nanotube-based methods for the transient internaliza-
tion of macromolecules into walled plant cells with
relatively high efficiencies have been developed
(Demirer et al. 2019a, b; Lv et al. 2020). Delivery of
genome editing reagents in the form of RNA or
ribonucleoproteins (RNP) through particle bombard-
ment is also possible alternative to DNA-based delivery
approaches (Liang et al. 2017; Zhang et al. 2021).
Nonetheless, these methods are not widely used in
plants, possibly because of the difficulty in selection
without a stably integrated selectable marker gene as
well as the relatively high cost associated with these
approaches.

HDR-mediated precision editing is even more chal-
lenging because both the CRISPR/Cas reagent and the
repair template must be simultaneously delivered into
the nucleus of the same cell. For such applications,
biolistic delivery is often adopted to deliver a higher
amount of donor, which increases the occurrence of
HDR-mediated edits. However, the desirable edits are
frequently accompanied by multi-copy, random inte-
gration of the donor DNA at off-target sites in the gen-
ome, which makes this approach less appealing in
breeding. Consequently, reported cases where endoge-
nous plant genes have been successfully modified by
HDR have been rare (Chen et al. 2022b; Singh et al.
2022).

Innovative methods of delivering the CRISPR/Cas
components or the donor DNA template into plants are
highly desirable, especially in economically important
crops that are difficult to transform.

EXPLOITING PLANT VIRUSES FOR CARGO DELIVERY

Plant viruses can serve as vectors of cargo
delivery

Viruses are obligate parasites that can only replicate
within a host. Plant viruses complete their genome
replication within the host plant cells, and often trans-
mit between cells or from one plant to another, some-
times with the aid of arthropod vectors (Wu et al. 2023).
As natural carriers of nucleic acids, most known plant
viruses harbor single-stranded RNA (ssRNA) genomes,
while others have genomes in the form of double-
stranded RNA (dsRNA), single-stranded DNA (ssDNA),
or double-stranded DNA (dsDNA). Plant viruses with
ssRNA genome can be further divided into positive-

strand RNA viruses (PSVs) and negative-strand RNA
viruses (NSVs). The ability to efficiently enter a plant
cell and release their genetic materials makes certain
plant viruses attractive tools for the delivery of cargos
consisting of DNA or RNA into the plant host.

Numerous plant viruses have been modified for the
delivery of exogenous nucleotide sequences into plant
cells to achieve specific outcomes such as protein syn-
thesis (Abrahamian et al. 2020; Gleba et al. 2007) or
virus-induced gene silencing (VIGS) (Zulfiqar et al.
2023). Plant viruses also provide alternative means of
delivering of genome-engineering reagents to plant cells
(Abrahamian et al. 2020; Ellison et al. 2021; Gil-
Humanes et al. 2017; Mahmood et al. 2023; Zhang et al.
2022). Effective delivery of genome engineering
reagents using viruses has been demonstrated in
numerous examples of in vivo gene editing, which range
from proof-of-concept applications in the model plant N.
benthamiana to practical uses in crops.

Engineering plant viruses into delivery tools

Plant viruses possess the ability to carry out functions
essential for its propagation, including host invasion,
genome replication, protein synthesis, virion assembly,
and cell-to-cell movement (Gleba et al. 2004).
Nonetheless, from an engineering perspective, these
features are not always required or desirable. Accord-
ingly, strategies of cargo delivery into plants based on
either full or deconstructed viruses have been
developed.

In strategies based on full viruses, the genome of a
plant virus is designed to carry exogenous nucleotide
sequences encoding specific functions, while retaining
most or all of its natural functions (Gleba et al. 2004).
These vectors retain their ability of infecting a host
plant, are relatively stable, and can often move sys-
temically within the host (Abrahamian et al. 2020;
Mahmood et al. 2023). Furthermore, for certain virus–
host combinations, the vectors occasionally migrate into
the germline cells, which makes these vectors strong
candidates for the generation of heritable gene edits
(Roossinck 2010). The limitations of using full viral
vectors include lower cargo capacity, narrower host
range, and the potential detrimental effects on the host
plant incurred by the propagation of the virus (Gleba
et al. 2004).

Deconstructed viral vectors are obtained through
removing undesirable inherent viral components, while
keeping the useful ones. For example, it is common to
remove viral genes encoding the virus coat proteins
(CP) (Cody et al. 2017), the movement proteins (MP)
(Baltes et al. 2014), or proteins contributing to vector-
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assisted transmission (Liu et al. 2023). Removing these
components reduces the undesirable impact of the virus
on the host plant while increasing cargo capacity (Gleba
et al. 2004). Meanwhile, because partially deconstruct-
ing the virus genome may prevent their cell-to-cell
movement, it will be challenging to use such vectors for
systemic or heritable edits in situ.

Cargo delivery by RNA viruses

DNA viruses and RNA viruses are fundamentally dif-
ferent in their modes of infection and thus are exploited
to deliver distinct types of cargos (Table 1). The prop-
agation of recombinant RNA viruses is often initiated by
introducing a plasmid encoding the viral genome into a
plant cell (Abrahamian et al. 2020). The Gram-negative
bacterium Agrobacterium tumefaciens, which has been
extensively used in plant genetic engineering, is often
exploited to perform the delivery of such expression
plasmids. This technique, called agroinfiltration,
involves infiltrating the bacterial suspension of
Agrobacterium strains carrying plasmids encoding the
recombinant RNA viral genome into the leaves of N.
benthamiana with a blunt syringe or through immersion
into a bacterial suspension under vacuum (Abrahamian
et al. 2020; Peyret and Lomonossoff 2015). Recombi-
nant virus particles are later recovered from the infil-
trated plant leaves and used to infect other recipient
plants by mechanical means (Fig. 1).

PSVs have RNA genomes bearing nucleotide sequen-
ces that can be directly translated to produce viral
proteins by the host ribosomes. The viral RNA is repli-
cated under the action of the viral-encoded RNA-de-
pendent RNA polymerase (RdRp). The parental positive-
sense RNA is used as the template to synthesize com-
plementary negative-sense RNA, which in turn serves as
the template for the synthesis of additional positive-
sense RNA molecules, thus allowing the replication of
the viral genome as well as the synthesis of viral-en-
coded proteins. The viral RNA and the synthesized

capsid protein self-assemble to form virus particles
(Fig. 2A). Although some PSVs have extendable virion
structures, larger inserts in PSVs genome are often lost
or undergo mutations during proliferation (Abrahamian
et al. 2020). A few of PSVs sustain the expression of
coding sequence of approximately 2000 nucleotides like
in barley stripe mosaic virus (BSMV) and tomato mosaic
virus (ToMV), while most PSVs can only accommodate
insertion sequences of up to several hundred nucleo-
tides (Abrahamian et al. 2020; Cheuk and Houde 2018;
Kaya et al. 2017). The limited cargo capacity of PSVs
along with their genetic instability excludes them from
being used to deliver long exogenous nucleotide
sequences (Gao et al. 2019), such as one encoding the
SpCas9 nuclease. However, the efficient replication and
spread of these viruses make them suitable candidates

Table 1 Main types of plant viruses used in delivering genome editing reagents

Virus type Examples Site of viral
replication

Genome editing reagents
deliverable

Whether genome
integration

Ability to enter
germline

Positive-strand
RNA virus

Tobacco rattle virus (TRV) Cytoplasm Guide RNA No Yes

Negative-strand
RNA virus

Barley yellow striate mosaic
virus (BYSMV)

Cytoplasm Cas nuclease, Guide RNA No No

Geminivirus
(ssDNA)

Bean yellow dwarf virus
(BeYDV)

Nucleus HDR donor, Cas nuclease,
Guide RNA

/ /

Fig. 1 Cargo delivery in plants using RNA viruses. Scheme for the
propagation of RNA viral vectors by agroinfiltration and the use of
the propagated virus particles on recipient plants. (1) Construct
the recombinant plasmid encoding components of the viral
genome and genes of interest. (2) Introduce the plasmid into
Agrobacterium tumefaciens and culture the bacterial strain. (3)
Infiltrate N. benthamiana leaves with the Agrobacterium suspen-
sion to initiate the propagation of the virus. (4) Recover virus
particles from the agroinfiltrated N. benthamiana leaves. (5) Infect
other recipient plants with the recovered virus particles by rub
inoculation or other methods
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for the delivery of smaller cargoes such as guide RNAs.
Tobacco rattle virus (TRV), a PSV with a broad host
range, is one of the most widely exploited viral vectors.
It has been used for VIGS in diverse plant species and
more recently as the delivery tool for guide RNA into
dicotyledonous plants (Ali et al. 2015a, b, 2018; Ellison
et al. 2020; Ghoshal et al. 2020; Liu et al. 2022;
Nagalakshmi et al. 2022).

NSVs have RNA genomes with sequences comple-
mentary to that of an mRNA. Accordingly, the virus
particles carry RdRps to initiate the production of pos-
itive-sense RNA molecules, which are translated by the
host ribosomes (Garcı́a-Sastre 1998). Virus particles are
formed when the viral RNA and the synthesized capsid
protein self-assemble (Fig. 2B). NSV genomes are
encapsidated by linear nucleocapsid throughout repli-
cation, which protects the genome from disruptive
recombination, leading to increased genome stability

(Luo et al. 2020). Besides, the extendable virion struc-
ture of many NSVs along with the genome stability
contributes to a higher delivery capacity (Jackson and Li
2016). Previous reports have also highlighted the unri-
valed capacity and genetic stability of NSVs (Gao et al.
2019; Liu et al. 2023; Ma et al. 2020; Peng et al. 2021).
Notably, many NSVs can accommodate an entire
CRISPR/Cas cassette, which makes the use of a Cas
nuclease-expressing transgenic recipient dispensable
(Gao et al. 2019; Liu et al. 2023; Ma et al. 2020). Nev-
ertheless, compared with PSVs, NSVs have been rela-
tively less studied, and their application in cargo
delivery is at a preliminary stage (Jackson and Li 2016).
NSVs are often excluded from the host meristem and
are, thus, unlikely to deliver the genome editing
reagents into the germline cells (Bradamante et al.
2021). Therefore, in existing editing methods based on
NSV vectors, tissue culture is often needed to regenerate
edited somatic cells into plants carrying heritable edits.
However, this limitation may be overcome in the future
with the discovery or design of novel NSV vectors.

Cargo delivery by DNA viruses

Gene targeting refers to the process of precision genome
editing via HDR, which usually involves an artificially
supplied donor DNA as the repair template (Nishizawa-
Yokoi et al. 2014; Paszkowski et al. 1988). Efficient gene
targeting depends on a high copy number of the donor
DNA delivered into the cell nucleus. To develop a viral
vector system for the delivery of long donor DNA frag-
ments of over one-kilo base pairs at high copy numbers,
major efforts have focused on geminiviruses, a large
family of plant DNA viruses (Baltes et al. 2014). Gemi-
niviruses are twin spherical-shaped viruses with circu-
lar ssDNA genomes that replicate to very high copy
numbers in the nucleus of infected cells. This feature
makes geminiviruses ideal vectors to deliver donor
templates. To generate partially deconstructed viruses,
the movement protein (MP) and coat protein (CP)
coding sequences of geminiviruses are often removed,
which converts the virus into non-infectious geminiviral
replicons (GVRs). They can be delivered by Agrobac-
terium or particle bombardment into plant cells (Baltes
et al. 2014). Removal of the coding sequences for CP and
MP relieves the constraints to the size of the genome,
thereby increasing cargo capacity (Baltes et al. 2014). In
effect, there is no obvious upper limit in cargo capacity
for GVRs, but the replication efficiency decreases as the
size of the inserted fragment increases (Huang et al.
2009). The replication protein (Rep) and two structural
sequences namely the short intergenic region (SIR) and
the long intergenic region (LIR) are essential

Fig. 2 Replication and assembly of PSVs, NSVs, and Geminiviruses
in plant cells. A The positive-sense RNA genome from a PSV is
translated to produce viral proteins, including the RdRP. Replica-
tion of the viral genome occurs through a double-stranded RNA
intermediate. The amplified viral RNA genome and the capsid
protein self-assemble to form the mature virus particles. B The
negative-sense RNA genome from an NSV is used as a template to
synthesize the complementary positive-sense RNA under the
activity of the viral RdRp. The positive-sense RNA is then trans-
lated to produce viral proteins and serves as the template for
genome replication. Negative-sense RNA assembles with the viral
coat protein to form new NSV virus particles. C Geminiviruses
complete their genome replication through the rolling circle
mechanism. During this process, a double-stranded DNA inter-
mediate is formed. The proliferated single-stranded DNA genome
combines with the capsid to form virus particles. PSV, positive-
strand RNA virus; NSV, negative-strand RNA virus; RdRP, RNA-
dependent RNA polymerase; ssDNA, single-stranded DNA; dsDNA,
double-stranded DNA
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components for the replication of GVRs (Ellison et al.
2021). During the replication of GVRs, a dsDNA inter-
mediate is formed, which serves as a template for the
transcription of virus genes and for the rolling-circle
replication.

Putting the donor template on a GVR can boost HDR
efficiency by increasing the copy number of the repair
templates at the site of HDR, thereby overcoming the
bottleneck of insufficient donor delivery (Vu et al.
2020). Sometimes, genes encoding the CRISPR/Cas
machinery and the donor template are together deliv-
ered by GVRs, which leads to an increased copy number
of the donor and a higher expression of CRISPR/Cas,
both of which contribute to an increased HDR frequency
in the host cells (Baltes et al. 2014).

DELIVERING GENOME EDITING REAGENTS USING
PLANT VIRUSES

Different types of plant viruses have distinct features,
making them suitable for the delivery of different cate-
gories of genome editing reagents (Figs. 3, 4, 5)
(Table 2). PSVs are mainly used to deliver guide RNAs
into Cas nuclease-expressing plants, and have the
potential to generate heritable edits in the recipient
plants directly (Figs. 3B, 4A). While NSVs are capable of
delivering the entire CRISPR/Cas machinery into the
plant somatic cells, subsequent tissue culture of gen-
ome-edited somatic cells is often needed to obtain
plants carrying heritable edits (Fig. 3C, 4B). GVRs are
well-suited for the delivery of repair donor templates at
high copy numbers given their strong replication
potential, while they are sometimes used to deliver the
CRISPR/Cas machinery as well (Fig. 5B). Since GVRs
often lack the ability to move systemically, germline
edits are rare so tissue culture is often required to
achieve heritable edits. We provide below examples of
viral delivery of genome editing components in plants.

Viral delivery of guide RNAs

Many TRVs have the ability to move into the growing
points and infect germline cells (Martı́n-Hernández and
Baulcombe 2008). This feature implies that TRV-medi-
ated delivery of genome editing reagents may result in
heritable edits, in planta, circumventing the labor-in-
tensive tissue culture process (Fig. 4) (Fauser et al.
2012). However, experiments in N. benthamiana showed
that heritable editing events are often recovered at a
very low frequency (Ali et al. 2015a).

Strategies to enrich guide RNA molecules in the host
germline cells have been devised by fusing the guide

RNA with mobile RNA sequences endogenous to plant
species. RNA molecules harboring distinctive tRNA-like
structures (tRNA) can move from transgenic roots into
wild-type leaves and from transgenic leaves into wild-
type flowers or roots (Zhang et al. 2016). Similarly,

Fig. 3 Strategies of delivering the CRISPR/Cas9 genome editing
reagents into plant cells. A Delivery of CRISPR/Cas9 via Agrobac-
terium-mediated transformation. The T-DNA is stably integrated
into the plant genome and is expressed to produce the CRISPR/
Cas9 machinery, resulting in desirable edits at designated genomic
targets. B Delivery of guide RNAs using PSVs. Guide RNAs are
delivered into plants expressing Cas9 as a transgene. Assembled
Cas9-guide RNA ribonucleoproteins target the designated geno-
mic targets for gene edits. C Delivery of the CRISPR/Cas9
machinery using NSVs. Translation of the positive-strand RNA
yields the Cas9 protein. Assembled Cas9-guide RNA ribonucleo-
proteins target the designated genomic targets for gene edits. PSV,
positive-strand RNA virus; NSV, negative-strand RNA virus
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transcripts of the florigen-encoding gene Flowering
Locus T (FT) can undergo long-distance movement from
the leaf vascular tissue to the shoot apical meristem
(SAM) (Li et al. 2009). Ellison et al. reported that by
generating guide RNA fused at the 30-end with various
sections of the Arabidopsis thaliana FT transcripts or
with a tRNA structure, the frequency of heritable edits
increased by more than threefold when targeting PHY-
TOENE DESATURASE (PDS) and up to 100% editing
efficiency when targeting the AGAMOUS (AG) gene in
tobacco plants based on a TRV viral vector (Ellison et al.
2020). This approach also increased the chance of
obtaining genome-edited plants carrying heterozygous
or bi-allelic mutations in a single generation (Ellison
et al. 2020).

Virus-based platforms for CRISPR-based transcrip-
tional activation and base editing have also been
demonstrated. In the dCas9-SunTag system, the tran-
scription activator VP64 is recruited to a catalytically
inactive Cas9 (dCas9) to achieve site-specific tran-
scription activation in diverse chromatin contexts

(Papikian et al. 2019). Ghoshal et al. developed a TRV-
based system to deliver guide RNA fused with a tRNA-
like mobile signal to achieve transcriptional activation in
the meristem of Arabidopsis thaliana plants expressing
the dCas9-SunTag system (Ghoshal et al. 2020). The
authors targeted the FLOWERING WAGENINGEN (FWA)
and observed a ninefold increase in FWA expression
(Ghoshal et al. 2020). Using the same system, the
authors also delivered guide RNA into transgenic plants
expressing a SunTag-based epigenome editor, and
obtained heritable DNA demethylation at the FWA pro-
moter at an efficiency of up to 8% (Ghoshal et al. 2020).
Transgenic Arabidopsis plants expressing base editing
reagents are often somatic mosaics in the first genera-
tion, so it often takes multiple generations to fix edited
alleles (Liu et al. 2022). Liu et al. developed a TRV-based
system to deliver guide RNA-tRNA in Arabidopsis
expressing a cytidine deaminase fused with a Cas9
nickase to achieve heritable base editing, enabling high-

Fig. 4 Delivering genome editing reagents in plants using PSVs
and NSVs for heritable edits. A PSVs are often used to deliver
guide RNAs into Cas9-expressing recipient plants. The ability of
PSVs to deliver guide RNAs into the germline cells (inset) enables
heritable edits to be generated directly in planta. B NSVs have a
higher cargo capacity and thus can deliver the entire CRISPR/Cas
machinery. However, edits resulting from NSV-based delivery
methods reported so far have only occurred in non-germline cells
(inset). Therefore, a subsequent tissue culture process is required
to convert edited somatic tissue into whole plants carrying
heritable edits. PSV, positive-strand RNA virus; NSV, negative-
strand RNA virus

Fig. 5 Two strategies of delivering donor DNA into plant cells.
A Biolistic delivery of the CRISPR/Cas9 plasmid and the donor
plasmid concurrently. A double-strand break (DSB) is incurred by
CRISPR/Cas9 at the designated genomic site. The donor plasmid
serves as a template for homology-directed repair to introduce
specific edits. B Delivery of donor DNA as geminiviral replicons
(GVRs). GVRs carrying CRISPR/Cas9 and the donor template are
formed via the circularization of DNA molecules delivered by
Agrobacterium. Within the host nucleus, GVRs undergo rolling
circle replication to reach a high copy number. The increased
concentration of the donor template significantly boosts the
efficiency of gene targeting
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throughput analysis of gene function in planta in one
generation (Liu et al. 2022). Homozygous mutant plants
carrying loss-of-function mutations or gain-of-function
mutations were successfully recovered in the progeny
(Liu et al. 2022).

Li et al. devised a BSMV-mediated genome editing
system for efficient, multiplexed, and heritable gene
editing in different wheat varieties, with varying editing
efficiencies ranging from 12.9 to 100.0% (Li et al. 2021).
However, addition of the abovementioned mobile RNA
elements FT RNA or tRNA to the guide RNA in this
system did not increase the efficiency of heritable gene
editing (Li et al. 2021), unlike in the cases where TRV
and cotton leaf crumple virus (CLCrV) were used as the
delivering vectors (Ellison et al. 2020; Lei et al. 2022).
Notably, a more recent study by Beernink et al. reported
that the addition of RNA mobility sequences FT and or
tRNA is not sufficient to facilitate germline mutations in
N. benthamiana by four distinct viruses (Beernink et al.
2022). The authors also observed that RNA mobility
sequences aided the guide RNAs delivered by foxtail
mosaic virus (FoMV) into maize to incur somatic editing,
but not germline edits (Beernink et al. 2022). These
results imply that the effect of mobility signals on the
movement of viral-encoded guide RNA, in planta, may
differ as the types of viruses and recipient plants dis-
cussed. Additional studies are needed to understand the
requirements for germline edits using RNA virus-deliv-
ered editing reagents.

Viral delivery of CRISPR/Cas machineries

Because of the limitation in the cargo capacity of PSVs,
they are usually not suitable for the delivery of the
entire CRISPR/Cas machinery. PSV-based strategies of
delivering guide RNAs often rely on the use of recipient
plants with a stable transgene encoding a Cas nuclease,
the removal of which from the edited plant products via
genetic segregation would take extra generations. In an
effort to overcome this technical bottleneck, Kaya et al.
adopted a split-protein approach to deliver Staphylo-
coccus aureus Cas9 (SaCas9), which is smaller than the
more efficient Streptococcus pyogenes Cas9 (SpCas9),
into the model plant N. benthamiana (Kaya et al. 2017).
In this study, the authors delivered one split-SaCas9
fragment via leaf inoculation with RNA from an engi-
neered ToMV and the other split-SaCas9 fragment and
the guide RNA by infiltrating the leaves with two sep-
arate Agrobacterium strains (Kaya et al. 2017). Although
no germline editing was reported in this study, this
approach allows the finetune of the activity of Cas9 in
the target plants, which may serve as an effective

strategy to reduce the off-target mutations incurred by
the excessive activity from the Cas nucleases.

The use of NSVs to transiently express the entire
CRISPR/Cas machinery enables the generation of
transgene-free plants carrying the desirable edits. Bar-
ley yellow striate mosaic virus (BYSMV) belongs to the
rhabdovirus group, the members of which have classical
discontinuous transcription machinery with well-de-
fined transcription units (Jackson et al. 2005). There-
fore, BYSMV can sustain the stable expression of
multiple transcription units. BYSMV can be transmitted
by the small brown planthopper to at least 26 species of
Gramineae (Di et al. 2014). Gao et al. constructed
BYSMV-based vectors that served as versatile delivery
and expression platforms for the simultaneous expres-
sion of at least three exogenous genes in systemically
infected leaves in barley and N. benthamiana (Gao et al.
2019). This vector was used to deliver an entire Cas9
open reading frame and guide RNA targeting a trans-
genic green fluorescent protein (GFP) site in N. ben-
thamiana (Gao et al. 2019). Sequence analyses of the
editing targets revealed desirable edits, which demon-
strates that the BYSMV-based vector simultaneously
delivered functional CRISPR/Cas9 nucleases and guide
RNA into N. benthamiana leaves (Gao et al. 2019).

As another member of the rhabdovirus group,
Sonchus yellow net rhabdovirus (SYNV) has also been
exploited in the delivery of the CRISPR/Cas machinery.
Ma et al. inserted nucleotide sequences encoding Cas9
and a guide RNA into the SYNV genome and introduced
the binary vector into the lower leaves of N. benthami-
ana plants constitutively expressing GFP through
agroinfiltration (Ma et al. 2020). Loss of fluorescence
was observed in most epidermal cells in the systemic
leaves, indicating efficient genome editing resulting
from the systemic migration of the CRISPR/Cas
machinery (Ma et al. 2020). The effectiveness of this
approach was further validated at three endogenous loci
in the allotetraploid plant N. benthamiana, with editing
frequencies ranging from 40 to 91% (Ma et al. 2020).
Mutant N. benthamiana plants were successfully
regenerated from virus-infected cells through a tissue
culture process under selection-free conditions,
demonstrating the applicability of this method in
obtaining plants with heritable edits (Ma et al. 2020).
Despite the effectiveness of the abovementioned
approach in delivering the CRISPR/Cas machinery, the
narrow host range of SYNV hinders its application in a
wider range of plant species.

More recently, Liu et al. (2023) established a broad-
spectrum CRISPR/Cas delivery system based on tomato
spotted wilt virus (TSWV), an NSV capable of infecting
over 1090 dicotyledonous and monocotyledonous
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species (Oliver and Whitfield 2016). The authors
replaced the viral genes dispensable for infection with
genes encoding the CRISPR/Cas machinery (Liu et al.
2023). Using this system, the authors successfully
delivered CRISPR/Cas9, CRISPR/Cas12, adenine base
editors and cytosine base editors into N. benthamiana
and six additional plant species and induced mutations
in somatic tissues (Liu et al. 2023). Furthermore, to
eliminate TSWV during tissue culture to promote the
regeneration capacity of the virus-infected cells, the
authors applied ribavirin, a broad-spectrum antiviral
agent that targets the viral RdRp (Geraghty et al. 2021),
and nearly doubled the regeneration frequency (Liu
et al. 2023).

Viral delivery of donor DNA for gene targeting

With the rolling-circle replication of GVRs, the concen-
tration of the repair template molecules available for
gene targeting can be substantially increased. This fea-
ture makes GVRs ideal vectors to deliver repair tem-
plates for efficient gene targeting in plants (Fig. 5B).
Although GVRs are also capable of increasing the copy
number of DNA encoding the CRISPR/Cas machinery, it
is often the copy number of the donor DNA template
that is the rate-limiting factor in gene targeting (Baltes
et al. 2014).

GVRs can be released from the Agrobacterium-de-
livered T-strand by rolling-circle replication. Unlike the
in planta gene targeting approach, in which the donor
template is first integrated into the genome, T-DNA
integration is not required for efficient HDR when the
repair template is on a GVR (Čermák et al. 2015; Fauser
et al. 2012). Regardless of whether the source vectors
integrate into the nuclear genome, GVRs transiently
boost their genetic payload in the host cells. Čermák
et al. devised an HDR reporter, in which the insertion of
a strong promoter upstream of the MYB transcription
factor gene ANT1 results in its overexpression and thus
the ectopic accumulation of pigments in tomato tissues
(Čermák et al. 2015). The authors delivered a bean
yellow dwarf virus (BeYDV) vector carrying the
CRISPR/Cas9 machinery targeting the ANT1 promoter
and a repair template, and achieved a normalized gene-
targeting frequency of 11.66%, roughly ten times higher
compared with when the same components were car-
ried on a conventional T-DNA (Čermák et al. 2015). The
feasibility of high-efficiency gene targeting based on
GVRs has also been demonstrated for the CRISPR/
Cas12a system (Vu et al. 2020). Like the editing of the
tomato ANT1 site using BeYDV vector (Čermák et al.
2015), the authors achieved HDR at an efficiency of
4.5% in tomato, representing a fourfold increaseT
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compared with when a non-replicating vector was used,
and successfully created a salt-tolerant allele of the
high-affinity K? transporter 1;2 (HKT1;2) (Vu et al.
2020).

GVRs have also been used to improve gene-targeting
efficiency in monocotyledonous plants. The wheat dwarf
virus (WDV) infects a variety of grasses, including most
cereals. The usage of a WDV replicon carrying CRISPR/
Cas9 and repair templates targeting an endogenous
ubiquitin locus resulted in a 12-fold increase in editing
frequency in wheat protoplasts (Gil-Humanes et al.
2017). Notably, the authors demonstrated gene target-
ing in all three homoeoalleles (A, B, and D) of the hex-
aploid genome in wheat protoplasts, as well as
multiplexed gene targeting at a frequency of * 1% (Gil-
Humanes et al. 2017). WDV replicon-based delivery has
also been demonstrated to be effective for targeted
knock-in in rice, with a frequency of up to 19.4% at the
ACTIN1 locus and 7.7% at the GST locus in Cas9 trans-
genic rice plants (Wang et al. 2017).

FUTURE PERSPECTIVES

There has been growing interest in exploiting viral
vectors for plant genome editing, given the potential of
these methods in generating heritable edits while
bypassing plant transformation, as well as in boosting
the efficiency of precision edits through gene targeting.
Despite the major advancements in the development of
useful delivery systems based on plant viruses, chal-
lenges remain before the full potential of plant viruses
in delivering of genome editing reagents is realized.

A general trade-off between cargo capacity and vec-
tor mobility exists for currently available viral vectors.
PSVs are promising tools for tissue culture-free gene
editing, but they rely on an existing Cas9-expressing line
due to the limited capacity of the viral vector. NSV-based
vectors can accommodate the entire CRISPR/Cas
machinery, and thus can be used for genome editing in a
transgene-free context, but often rely on a subsequence
tissue culture process to recover plants carrying heri-
table edits. Similarly, GVRs are modified into replicon
vectors with no infectivity and minimal mobility to
make room for extra nucleotide sequences. It is desir-
able to develop viral vector systems with not only the
ability to perform cargo delivery into germline cells, in
planta, but also sufficient capacity for the complete
CRISPR/Cas components. Meanwhile, more compact
sequence-specific nucleases, such as Cas12f, IscB, and
TnpB, are strong candidates to be delivered using virus-
based systems (Han Altae-Tran et al. 2021; Karvelis
et al. 2021; Siksnys et al. 2020). Recently, a family of

bacterial-sourced compact ribozymes, named HYERs,
were demonstrated to possess programmable sequence-
specific endonucleolytic activity in eukaryotic cells,
which makes them promising candidates to be delivered
by PSV vectors for heritable genome editing (Liu et al.
2024). Besides, it is worth exploring new components to
be fused with the delivered cargos to enhance the sys-
temic movement of the genome editing reagents to
achieve germline edits.

Viral systems for the delivery of genome editing
components have only been established for a few plant
species. Broad-spectrum viral delivery systems are
required for application in a broader range of crop
species. For example, the BeYDV- and WDV-derived
vectors do not function in many woody plants and
horticultural species, indicating virus-specific host ran-
ges (Ellison et al. 2021). These challenges may be
addressed by leveraging the expanding viral sequence
database made available through metagenomics, or by
advanced engineering strategies based on deep knowl-
edge of the determinants of host specificity.

It is also a challenge to restrict the spread of the
viruses to the progeny plants or to the environment.
Biosafety and risk assessment of virus vectors are also
important to reduce any unintended burden on humans
and the ecosystem (Abrahamian et al. 2020). Such
integrated systems would provide efficient and con-
trolled gene expression, while ensuring the biosafety by
preventing the escape of infectious virus particles from
the host plant and their possible transmission to other
susceptible crops or wild hosts.

In summary, the use of viral vectors to deliver gen-
ome editing components offers potential solutions to
many current technical bottlenecks involved in genome
editing in plants. More efficient delivery methods cap-
able of generating heritable edits in a simple manner
may be established in the future through the exploita-
tion of novel viral species and engineered existing
viruses for improved performance.
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Voytas DF, Whitham SA (2019) Protein expression and gene
editing in monocots using foxtail mosaic virus vectors. Plant
Direct 3:e00181. https://doi.org/10.1002/pld3.181

Miki D, Wang R, Li J, Kong D, Zhang L, Zhu J-K (2021) Gene
targeting facilitated by engineered sequence-specific nucle-
ases: potential applications for crop improvement. Plant Cell
Physiol 62:752–765. https://doi.org/10.1093/pcp/pcab034

Nagalakshmi U, Meier N, Liu J-Y, Voytas DF, Dinesh-Kumar SP
(2022) High-efficiency multiplex biallelic heritable editing in
Arabidopsis using an RNA virus. Plant Physiol
189:1241–1245. https://doi.org/10.1093/plphys/kiac159

Nishizawa-Yokoi A, Endo M, Ohtsuki N, Saika H, Toki S (2014)
Precision genome editing in plants via gene targeting and
piggyBac-mediated marker excision. Plant J 81:160–168.
https://doi.org/10.1111/tpj.12693

Oliver JE, Whitfield AE (2016) The genus Tospovirus: emerging
bunyaviruses that threaten food security. Annu Rev Virol
3:101–124. https://doi.org/10.1146/annurev-virology-
100114-055036

Papikian A, Liu W, Gallego-Bartolomé J, Jacobsen SE (2019) Site-
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