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Synopsis

Genetic variation is a key principle in the improvement of agricultural
crops. For thousands of years, crop productivity, resilience and adaptability has
been slowly improved by selection of favorable alleles in domesticated plant
species. Recently, improvements in genetic sequencing technology and an
increasing understanding of molecular genetics underlying key traits have
contributed to the continuing progress in crop development. Dissecting and
exploiting plant molecular genetics is greatly enhanced by the ability to precisely
create genetic variation at pre-selected sites.

Creating novel genetic variation through gene editing is reliant on
technology that creates the desired modification at the target site and delivery of
the reagents to plant cells. The gene editing technology Clustered Regularly
Interspaced Palindromic Repeats (CRISPR)/Cas9 and other RNA guided
endonucleases have enabled an unprecedented ability for site-specific genetic
modification during the past decade. Delivery of reagents such as CRISPR/Cas9,
however, is still largely limited to decades old technology. Nearly every example
of gene editing in crop plants is reliant on tissue culture regeneration to fix
targeted genetic modifications in the genome. Tissue culture regeneration is a
technically difficult process that can easily take several months or years to
complete. It is critical that methods are developed that allow the delivery of

genome editing reagents without requiring time-consuming tissue culture.

The work described here outlines approaches to deliver genome editing
reagents using RNA viruses. Chapter 1 discusses background information
related to plant viruses and viral vectors. When the work for this dissertation
began, the use of viruses for genome editing was limited to model species.
Chapter 2 describes a collaborative effort to develop a novel gene editing
reagent delivery vector, Foxtail Mosaic Virus (FoMV), and its application in gene
editing of monocot and dicot plant species. This was one of the first reports of

viral vectors being developed for delivery of gene editing reagents to monocot



plant species, an important step in developing a widely applicable delivery

mechanism.

Genetic modifications obtained in chapter 2 only occurred in somatic cells,
and still require laborious tissue-culture to fix in the germline. Only in extremely
rare instances had viruses been previously reported to enable direct
modifications to plant germlines. Chapter 3 describes my approaches to improve
Tobacco Rattle Virus (TRV) for highly efficient heritable genome editing in the
model species Nicotiana benthamiana. This work was improved further in
chapter 4 by using viral vectors and an improved method for heritable genome
editing in Solanum lycopersicum (tomato), the first time tissue-culture free gene

editing has been reported in a dicot crop species.

Together, these improvements to RNA viral vectors provide an efficient
and rapid means for delivery of genome engineering reagents. The time to
generate targeted modifications that are fixed in the genome, for both model and
crop species, is reduced from years to only a few months which enables genome
editing at a scale not possible prior to the start of this work. The ease at which
targeted genetic modifications can now be generated will enable important

progress in crop improvement.
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Preface
Viruses are natural vectors for nucleic acids, and both DNA and RNA plant

viruses have been engineered to extend or replace conventional vectors for
delivery of gene-editing reagents. This chapter reviews aspects of viral biology
essential for engineering vectors, highlight landmark studies using viruses to
overcome traditional limitations in gene editing, and outline important
considerations for the use of viral vectors in new systems or for new targets.
Motivated by fundamental differences in both their infection modes and utility as
vectors, DNA and RNA viruses are treated separately. DNA viruses are
assessed as replicon vectors for efficient gene editing through homology-directed
repair (HDR). The chapter then reviews RNA viruses as mobile vectors for gene
editing reagent delivery. The chapter includes key case studies as well as future

trends in research.
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DNA viruses: replicon vectors for efficient gene editing through homology-
directed repair

Introduction
Since the first reports over 25 years ago, various plant DNA viruses have

been sequenced, cloned, and modified to introduce exogenous sequences into
plant cells. More recently, delivery of sequences encoding components for the
major classes of site-specific nucleases (SSNs) has demonstrated the utility of
DNA viral vectors for gene editing in a broad range of host species. Among both
foundational studies in viral engineering and contemporary studies in gene
editing, the vast majority describe work with Geminiviridae: single-stranded DNA
(ssDNA) viruses that constitute the largest known family of DNA viruses in

plants(1).

Engineered geminiviral clones may be delivered to plant cells by biolistics
or, more commonly, by agroinfection. While some infectious clones retain
mobility within the delivered tissue (and potentially to natural insect vectors)(2),
most reports describe clones deconstructed into non-infectious, geminiviral
replicons (GVRS): self-replicating, cell-autonomous DNA vectors, which
transiently drive their genetic payload to high-copy number and overexpression in
host cells, regardless of whether the source vectors integrate into the nuclear
genome. Investigation of GVRs as overexpression vectors predates the
widespread availability of gene-editing tools, but their utility for editing was
quickly realized. In particular, GVRs offer key advantages for precision-editing
strategies requiring homology-directed repair (HDR) from a donor template

molecule to incorporate specific modifications into the genome.

When used to deliver SSNs and donor templates, GVRs dramatically
increase the frequency of HDR in host cells(3). Intuitively, stronger expression of
SSNs may lead to more efficient double-stranded break induction. GVRs also
increase the local concentration of donor template molecules available for
recombination, and pleiotropic effects of viral replication proteins render the cell
environment more amenable to HDR. In the following sections, we describe the

basic structure and function of GVRSs, consider vector design choices influencing



their activity within plant cells, and review case studies using GVRs to drive
efficient HDR in several species of both dicots and monocots.

Geminiviral replicons (GVRs): deconstructed geminiviruses that serve as
replicating vectors in plants

Geminiviruses
Geminiviridae are a family of circular, sSDNA viruses, vectored by insects

and infecting diverse host plants. The name derives from the twin-icosahedral
shape of the encapsulated virion. The viral SSDNA genome is converted by host
cell polymerases into a double-stranded DNA (dsDNA) intermediate, which
serves as a template for rolling-circle replication and for transcription of viral gene
products(1). With small genomes, encoding just a few open-reading frames
(ORFs), geminiviruses require host cell machinery to complete their life cycle;
this reliance underscores complex interactions between viral and host factors(4),
which are important to consider for the function of geminiviral vectors in plant
cells. Geminiviruses encompass at least nine distinct taxa. Historically
demarcated by host range or by variations in genome structure(1), more complex
phylogenetic relationships are suggested due to viruses identified through high-
throughput metagenomics(5, 6), or isolates that challenge traditional structure-

based classifications(7).

Despite the increasing availability of novel sequence isolates, the best
studied taxa remain Begomoviruses and Mastreviruses. The attention paid to
these genera can be attributed to their status as significant pathogens of
agricultural crops, including cereals, beans, cassava, and tomato. Most studies of
the molecular biology of geminiviruses, and of their use as replicon vectors, have
focused on three species of mastreviruses: Maize Streak Virus (MSV) and Wheat
Dwarf Virus (WDV), infecting monocots (as do most mastreviruses), and Bean
Yellow Dwarf Virus (BeYDV), from an outgroup infecting dicots. Begomoviruses
may have monopartite or bipartite genomes; mastreviruses, with rare
exceptions(8), are monopartite. As nearly all GVRs used for gene editing are

derived from WDV and BeYDV, this chapter focuses on mastreviruses.



Mastrevirus genome structure, function, and replication
The canonical mastrevirus genome is 2.6—2.8kb(1) (Figure 1-1A). Two

structural sequences termed the short (SIR) and long (LIR) intergenic regions
separate reading frames in both orientations of the dsDNA intermediate, on the
virionsense (v-sense; +) and complementary-sense (c-sense; -) strands. A c-
sense DNA primer molecule within the SIR, unique to mastreviruses, is thought
to function as the origin for the first stage of viral replication: conversion of
ssDNA to dsDNA by synthesis of the complementary strand. The origin for
rolling-circle replication, conserved across nearly all geminiviruses, is a
nonanucleotide stem loop sequence within the LIR that is nicked by the
replication protein, Rep(9). The LIR and SIR function as a bidirectional promoter

and terminator, respectively, for the transcripts from both strands.

On the c-sense strand, alternative splicing of a 3’ intron gives rise to two
protein-coding transcripts with overlapping reading frames: the unspliced 5’
transcript (RepA) and spliced transcript (Rep). Despite sharing much of their N-
terminal sequence, studies in both monocot- and dicot-infecting mastrevirus
species implicate these proteins in distinct and conserved functional roles. C-
terminal deletion and splice-site mutants indicate the spliced transcript and minor
product, Rep, is both necessary and sufficient for replication in host cells(10-12).
While not strictly required for replication, the unspliced transcript and major
product, RepA, likely contributes to regulation of replication through interactions
with both host and viral factors. First, RepA interacts with the host cell
retinoblastoma-related protein, a highly conserved regulator of the cell cycle. By
driving mitotically inactive somatic cells into a pseudo S-phase, mastreviruses
upregulate the expression of host factors required for viral replication(4). Second,
RepA appears to be an obligate trans-activator for transcription of v-sense gene
products. By supporting production of the capsid protein to encapsulate newly
synthesized genomes (thus sequestering them from further replication), RepA
may contribute to the downregulation of genome replication in live viruses(13).
Additional interactions between Rep and RepA, and their mechanistic roles in

replication, have been the subject of considerable study, but are beyond the



scope of this review. For an in-depth treatment of geminiviral replication, see
Gutierrez(9, 14, 15).

On the v-sense strand, sequential reading frames encode the viral
movement protein (MP) and capsid or coat protein (CP). These proteins are
critical for infection. In addition to directing nuclear import of the virion to begin
the replication cycle, the virion capsid is required for insect transmission and
efficient systemic movement. The movement protein, which localizes to the cell
periphery, mediates interactions between plasmodesmata and the virion capsid
to facilitate movement among plant host cells(13). In one classic example of
maize agroinoculation with MSV clones, deletions of the CP and MP, or CP
alone, abolished systemic movement, insect transmission, and typical disease
symptoms versus a wild-type control. Cell-autonomous replication of these
deletion vectors, however, was still detectable(2).

Deconstructing geminiviruses into replicon vectors
Experiments with mutants to elucidate wild-type gene function were soon

followed by reports describing the addition of exogenous sequences, typically by
replacing the v-sense gene products with reporter or marker gene cassettes. By
maintaining components essential for viral replication (the LIR, SIR, and
replication proteins) and eliminating components required for transmission and
infection (MP, CP), these clones function as cell-autonomous replicons. To date,
replicons have been derived from mastreviruses including WDV(16, 17),
MSV(18, 19), and BeYDV(20, 21). Although not a focus of this review, it should
be noted that replicons have also been derived from begomoviruses including
Tomato Golden Mosaic Virus (TGMV)(22, 23), Bean Dwarf Mosaic Virus
(BDMV)(24), Tomato Leaf Curl Virus (ToLCV)(25, 26), and Cabbage Leaf Curl
Virus (CaLCuV)(3). In the context of plant viral expression vectors, replicons
represent a transition from a ‘full virus’ strategy to a ‘deconstructed virus’

strategy(27), which has become the archetype for DNA viral expression vectors.

In moving away from a wild-type viral architecture, synthetic clones open

up new design possibilities (Figure 1-1B). First, natural mastrevirus genomes



(~2.7 kb) are tightly size-constrained by the need to fit within the capsid, and for
the virions to traverse plasmodesmata for systemic movement within the host.
Removal of the MP and CP sequences alone (~1 kb) reduces the size of the
replicon, but removal of requirements for encapsulation and cell-cell movement
effectively shifts the upper bound for replicon size to the limit imposed by
processive replication. This has the effect of greatly increasing vector ‘payload’
capacity versus infectious, full-virus clones. While no studies have systematically
explored an upper limit to replicon size, evidence suggests that the efficiency of
replication (and thus copy number) decreases with the replicon size(28). In our
own group, we have transformed functional BeYDV and WDV replicon vectors of
approximately 15 kb. Finally, even independent of encapsulation, the size of
plasmodesmata exerts a significant selective pressure on viral genome size,

such that cell-cell mobility of larger plasmids is compromised(24).

Another design choice in the ‘deconstructed’ strategy is the placement of
the replication proteins. In the native virus, both ORFs are driven by the c-sense
promoter of the LIR, and so are expressed in cis to the replicon. However, these
proteins can also be supplied in trans, by placing the ORFs under a heterologous
promoter on the source vector or a second vector. This separation provides
additional degrees of freedom for control over replicon activity, by ‘tethering’
expression of the replication protein to the source vector. For example,
replication may be constrained by a chemically inducible promoter(21), or by
obligate co-delivery of two vectors(3). Finally, as noted earlier, only Rep is strictly
required for replication. While some synthetic clones purposed solely for
overexpression eschew RepA(21), the pleiotropic benefits for replication and
HDR in somatic cells conferred by RepA have motivated its inclusion in all

reports of gene-editing vectors to date.

Delivery and expression of replicons in plant cells
Replication-competent geminiviral clones can be delivered into plant cells

as plasmids or as linear dsDNA fragments by traditional means of transformation:
PEG-treated protoplasts(29), biolistics(20), or agroinfection. In early reports

describing agroinfection of begomovirus(30) and mastrevirus(31, 32) clones,



source vectors included full tandem repeats of the viral genome. Such repeats
might enable escape and replication of a unit-length viral genome from the
source vector by either of two, non-exclusive mechanisms: homologous
recombination between repeats or by a replicative intermediate copied from the
dsDNA source vector. It was later shown that duplication of just the v-sense ORI
within the LIR is sufficient, implicating a rolling-circle replication mediated
‘replicational release’ mechanism(33) for viral escape. Subsequent reports
largely follow a LIR-SIR-LIR (LSL) architecture for delivery of viral genomes from
a dsDNA source vector. A benefit of this architecture and delivery mechanism is
that the population of replicating viral genomes is both homogenous and
predictable, consisting of the sequence between the origins within the duplicated
LIRs. By contrast, circular viral replicons produced by homologous
recombination, while observed, are far more likely to be heterogenous
populations. Importantly, recombination of T-DNA source vectors may be
stimulated by Rep-mediated viral replication, whether due to the availability of
replicated sequences, or to potential crosstalk between replication and

recombination machinery(34).

Upon delivery to plant cells, replicon copy number and cargo expression
typically peak within a few days to a week after infection(3, 35). While this
transient activity does not strictly require stable integration of the source vector
(especially for autonomous replicons: see Figure 1-1B), integration can lead to
persistent replicon activity over time through mitotic and meiotic cell lineages.
Studies have detected circular and high-copy replicons in the somatic tissues of
TO rice and tomato plants regenerated through tissue culture(28, 36), and there
is evidence for persistence of a BeYDV replicon among the transgenic progeny

of Arabidopsis lines as far as the T3 generation(37).

Replicon vectors for efficient homology-directed repair
Precise gene targeting (GT), encompassing site-specific sequence

alterations and targeted insertions, is typically achieved by HDR with a donor
template molecule. Since induction of double-stranded breaks (DSBs) greatly

increases the frequency of HDR in plant cells(38), SSNs including zinc-finger



nucleases (ZFNs)(39), TAL-effector nucleases (TALENS)(40), and CRISPR/Cas
nucleases have been used to stimulate HDR and recover stable GT events.
However, the most common outcome from SSN-mediated DSB induction is
mutagenesis, whereas GT events occur typically an order of magnitude less
frequently. This is attributed to the predominance of alternative DNA repair
pathways, namely microhomology-mediated end joining and non-homologous
end joining, and to the additional requirement for HDR that DSB induction be

coordinated with availability of the donor molecule.

GVRs contribute to higher frequencies of HDR in several ways. Perhaps
the most significant is by greatly increasing availability of the donor molecule.
With traditional T-DNA vectors, at most several copies of the donor are delivered
to the cell. Biolistics can deliver a greater amount of donor, but the likelihood of
multi-copy, random integration makes this approach less appealing for
applications in breeding where segregation of integrated reagents is likely
required. GVRs can be delivered to cells on T-DNA vectors, but increase the
copy number of the donor molecule to hundreds or thousands within a single cell
nucleus. Additionally, the activity of the replication proteins contributes to a more
favorable cell environment for HDR. The prevalence of DNA repair pathways is
highly influenced by the cell state, and HDR is particularly low in the mitotically
inactive somatic cells which are primary targets for regeneration in many species.
Even in the absence of DSB induction or a synthetic repair template, geminiviral
infection was observed to enhance somatic HDR in a transgenic reporter line of
Arabidopsis(41).

Besides the known influence of RepA on cell state, the replication proteins
may also have evolved a role to promote recombination, due to an evolutionary
selective pressure to generate new viral variants. For example, Rep and/or RepA
may mediate recombination by their affinity for host factors. This could take the
form of crosstalk between replication and recombination machinery(34), or even
of more direct recruitment: one report from the begomovirus, Mungbean yellow

mosaic virus (MYMIV), identified a protein-protein interaction between the



MYMIV Rep and Arabidopsis RAD51, a highly conserved protein mediating
homologous recombination in eukaryotes. While no such direct interactions have
been described for mastreviruses, it is conceivable that analogous links between
viral replication proteins and host recombination factors contribute to increasing

the recombination potential of sequences carried on GVRs.

Regardless of mechanism, GVR vectors typically increase HDR
frequencies by an order of magnitude. In the following case studies, we will
highlight notable results and conclusions from reports establishing GVR-based

editing strategies in dicots and monocots.

Case studies: GVR-based editing strategies in dicots and monocots

Baltes et al. (2014): DNA replicons for plant genome engineering(3)
Baltes et al. (2014) published the first report demonstrating the utility of

GVRs for HDR. They used a previously established assay, leveraging a broken
nptll::gus fusion gene present in a transgenic tobacco reporter line(42). A ZFN
pair targeting the middle of the broken fusion gene stimulates DSB induction, and
templated repair completes the 5’ nptll and 3’ gus sequences, restoring the
function of both markers. Positive GUS staining in agroinfiltrated leaves from the
reporter line thus indicates HDR, and the density of positive cells within sectors
of an infiltrated leaf provides a proxy for gene-targeting frequency. Using this
assay, Baltes and colleagues found that the GVR system outperformed the
standard T-DNA by as much as two orders of magnitude. They also tested what
specific benefit might be attributed to enhanced SSN expression (putatively, via
greater DSB induction), or to replication of the repair template, and found that
gene-targeting frequencies were boosted only when the repair template was
replicated. Removing the ZFNs entirely attenuated GUS staining, but placement
of the ZFN pair inside or outside the LSL segment of the same T-DNA made no
significant difference. Taken together, these results suggest DSB induction is
essential but not rate-limiting to higher gene-targeting frequencies versus repair
template copy number. Next, possible contributions from pleiotropic activity of the
replication proteins were assessed. The gene-targeting frequency in a non-

replicating T-DNA control was significantly increased by co-delivery of a plasmid

9



expressing Rep and RepA, consistent with a role for these proteins in enhancing
HDR independent from GVR replication. Finally, using kanamycin selection to
identify cells in which the nptll marker was repaired through HDR, Baltes and
colleagues were able to regenerate tobacco plants with sequence confirmed
HDR events, demonstrating the utility of the GVR-based approach to generate
heritable events.

Cermak et al.(26): High-frequency, precision modification of the tomato
genome
Cermak et al.(26) used a similar strategy to recover edited tomato plants,

targeting knock-in of a selectable marker. Unlike Baltes et al., however, they
targeted an endogenous locus: ANT1, a transcription factor controlling
anthocyanin accumulation. The purple pigmentation arising from ANT1
overexpression provides a phenotype that can be scored non-destructively,
unlike GUS, and is thus useful for selection in vivo. To create an HDR reporter,
Cermak and colleagues targeted TALENs or CRISPR/Cas9 reagents to the
ANT1 promoter. Their repair template contained, in sequence, a nptll cassette,
and an additional strong promoter to drive overexpression of the native ANT1
gene. Vectors were delivered to tomato cotyledons by agroinfection. The fraction
of cotyledons showing purple spots, normalized for transformation efficiency,
provided an estimate for gene-targeting efficiency. The best treatment among
their experiments was a single-vector GVR with Cas9 and sgRNA, which
achieved a normalized gene-targeting frequency of 11.66%. This was an order of
magnitude better than the conventional T-DNA treatment at 1.27%. Importantly,
these experiments were carried out using kanamycin selection in the growth
media; when cultured on non-selective media, no purple spots were observed,
even with the best GVR treatment. While kanamycin was used in this initial
phase of tissue culture to recover growing purple calli, visual selection alone
proved sufficient to then regenerate plants with gene-targeting events; over two
dozen plants were regenerated from several purple calli in the absence of
kanamycin. Subsequent molecular analyses revealed events including perfect

repair at both junctions, and one-sided targeting events that still gave rise to the

10



phenotype. Most surprisingly, both PCR and Southern assays failed to detect the
presence of the T-DNA or extrachromosomal replicon among any of the
regenerated plants. This suggested that transient expression of the gene-editing
reagents was sufficient, and nuclear integration was not required, to recover
events. This is a notable result for some breeding systems where transgenesis
may be undesirable, either for regulatory concerns, or due to difficulty in
segregating integrated reagents from the desired edit (e.g. in clonally
propagated species). Finally, Cermak and colleagues showed their gene-
targeting events were heritable. T1 progeny scored visually and genotyped by
PCR approximated Mendelian expectation. A fitness penalty incurred from
anthocyanin overproduction might explain the slight segregation bias against the
edited allele, and might also have contributed to their failure to recover purple

growths from transformed cotyledons in the absence of kanamycin selection.

Dahan-Meier et al.(36): Efficient in planta gene targeting in tomato using
geminiviral replicons and the CRISPR/Cas9 system
Both of the previous studies used HDR to activate chemical and

phenotypic selectable markers, a requirement which limits utility in many
breeding applications. Dahan-Meier et al.(36) developed a new strategy,
demonstrating efficient and heritable gene targeting for a ‘neutral’ trait in tomato.
Instead of selecting for their targeted knock-in, they created transgenic plants
that carried a T-DNA with the editing reagents, combining an in planta approach
to gene targeting(43) with a GVR vector. Their target was a mutant allele of the
CRTISO locus, which encodes an enzyme in the carotenoid biosynthesis
pathway. Whereas wild-type CRTISO plants have red fruits, their target line
featured a 281 bp deletion in CRTISO. This recessive, loss-of-function mutation
gives rise to orange fruits in homozygotes, which can be restored to red fruit
through HDR-mediated correction of a single allele. While providing a scorable
phenotype, the fruit color trait is only visible in mature plants; this contrasts to the
anthocyanin marker used in Cermak et al., which permitted enrichment of events
during the primary tissue culture step. The experimental T-DNA contained a nptll
marker for transgenic selection, Cas9 and a sgRNA targeting the mutant allele,

11



and a BeYDV GVR (with Rep in trans) to amplify the donor sequence. Among 36
regenerated TO plants, nine had entirely red fruit. Molecular evidence from
junction PCR and Southern blots confirmed HDR in sampled leaf tissue. Of these
nine TO, eight fertile plants showed Mendelian segregation for the fruit color
phenotype among their T1 progeny, demonstrating heritability of these gene-
targeting events. In contrast to the GVR treatment, only one, chimeric plant, with
both red and orange fruits, was recovered among the 12 TO plants regenerated
with a control construct that lacked the Rep cassette (thus disabling GVR
replication). T1 progeny from these red fruits segregated for the fruit color trait,
indicative of a heterozygous knock-in, whereas no red fruits came from the

orange TO fruits from the same chimeric plant.

The above results underscore a crucial point: in order to recover heritable
gene-targeting events, the edit must occur in a germline cell, or germinal cell
linage. The targeted ANT1 tomato lines in the Cermak study were edited soon
after transformation, as indicated by the purple phenotype already visible at the
callus stage. In the Dahan-Meier study, the low rate of chimerism evidenced by
uniform fruit color and Mendelian segregation of T1 progeny in the replicon
treatment similarly indicated that most of these events occurred early in
development. By contrast, Shan et al.(37) failed to recover heritable gene-
targeting events in Arabidopsis using a BeYDV GVR, despite a high frequency of
somatic editing among transformed plants. In the previous studies, the transgenic
tobacco or tomato plants were regenerated through tissue culture of somatic
explants, involving organogenesis and establishment of a new germline. In
Arabidopsis, the floral dip protocols used directly transformed existing germline
cells. It is possible that established germline cells restrict viral activity more
stringently than somatic cells. Alternatively, it may be that additional unknown
barriers prevent efficient GVR-mediated HDR in Arabidopsis; another report
failed to observe even efficient somatic gene targeting, again using a BeYDV
replicon in Arabidopsis(44). However, these results stand in contrast to the

majority of published studies in other dicot species.
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Gil-Humanes et al.(35) and Wang et al.(28): Gene targeting in cereals with
WDV
Soon after the first gene-editing reports with BeYDV, two studies

described knock-ins in cereals using WDV. Gil-Humanes et al.(35) targeted
fluorescent reporters to the wheat genome. Cas9 and a sgRNA targeted the
endogenous ubiquitin locus, while a repair template included the coding
sequence for GFP behind a T2A self-cleaving peptide linker. HDR of the break
site placed the GFP gene in-frame with the native ubiquitin gene, leading to
reporter expression driven by the native promoter. In protoplast transfections,
green fluorescing cells were identified only in treatments placing all of the editing
reagents on the WDV replicon; in the best case, with a strong promoter for Cas9,
3.8% of cells underwent the targeting event. Additional protoplast experiments
demonstrated multiplexed gene targeting using a BFP tag at a second locus, and
molecularly confirmed targeting at all three of the wheat ubiquitin homeoalleles.
Despite these promising results, Gil-Humanes and colleagues were unable to
recover plants with the gene-targeting event. They did observe reporter positives
in biolistic transfection of embryonic scutella, a typical system for tissue culture of
wheat. However, these cells could not be regenerated even under chemical
selection for the biolistic vector or for an alternative knock-in of the bar selectable
marker gene (Gil Humanes et al., unpublished).

Wang et al.(28) described gene targeting in rice using selectable and
screenable markers. Similar to Gil-Humanes et al., they used Cas9 and a sgRNA
to knock in markers behind the promoter of either of two highly expressed native
loci. In this case, a nptll::GFP fusion gene provided means to select for HDR
events in agroinfected-rice calli. Geneticin-resistant plantlets were recovered
through tissue culture, and screened by PCR for correct repair at the repair
template junctions. Two different rice lines were transformed with test constructs:
a transgenic line constitutively expressing Cas9, and a wild-type line, for which
Cas9 was included on the T-DNA vector but outside the replicon. Double-junction
PCR positives were recovered among the TO plants of both lines transformed
with WDV GVRs, at frequencies ranging from 4.7% (in the wild type line) to
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19.4% (in the transgenic line). Positives were also recovered from the non-GVR
control treatment in the Cas9 line at 6.8%. No non-GVR control treatment was
reported for the wild-type line. T1 progeny or other analyses demonstrating

germinal transmission were also not reported.

Together, these results show that GVRs can enhance gene targeting in
monocots, but do not yet present a convincing case that WDV vectors are simple
to use for the recovery of targeted plants. Our own group and several
collaborators have been unable to regenerate rice plants with knock-ins using
WDV, even while targeting several different loci and applying selection for the T-
DNA. We suspect Wang et al. succeeded in recovering transgenic plantlets
largely by virtue of having imposed selection for the HDR event. The absence of
additional reports reporting success suggests continued research is required to
generalize the GVR strategy to cereals and other monocots.

GVR-based editing strategies: summary and future trends
In case studies described above and several additional reports, GVRs

have been used to mediate HDR across species including tobacco, tomato,
potato, cassava, wheat, and rice(3, 26, 28, 35-37, 45, 46). High-frequency,
germline edits have been achieved in dicots with BeYDV, whereas WDV has
shown promise for HDR in rice and in wheat cell culture. For these and other
plant systems, additional research will be required to optimize GVR-based editing
strategies. For example, the current BeYDV-and WDV-derived replicons may not
function in all target crops: GVRs from other viruses have failed to replicate in
some species, likely indicative of virus-specific host range requirements(25). In
monocots, more work is needed to expand the utility of GVRs within extant tissue
culture regimes to enable heritable edits to be recovered. These challenges may
be addressed by leveraging increasing viral sequence resources made available
through metagenomics(5), or by more advanced engineering strategies for the
delivery and control of GVRs.
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RNA viruses: mobile vectors broadly applicable for gene-editing reagent
delivery
RNA viral vectors are rapidly emerging as effective means for delivering

genome engineering reagents. RNA viruses have small genomes with only a few
essential genes required for replication, movement, and infection(47-50). These
viruses have been used as vectors for protein production, viral-induced gene
silencing, and more recently, gene editing(51-53). The earliest reports of their
use for gene editing involved using them to express a ZFN to edit an integrated
reporter(54). Vectors then quickly adopted the CRISPR/Cas9 technology by
expressing sgRNAs for editing in a transgenic plant that expresses Cas9(51).
This was first demonstrated in Nicotiana benthamiana and then expanded into
several other species(55, 56). More recently, the technology was further
improved to enable high frequencies of heritable editing in N. benthamiana(57).
Future work is required to expand heritable editing to other species and to
develop vectors that no longer require transgenic plants for gene editing. Further
advancement of the technology could allow transgene and tissue-culture-free
gene editing of a variety of plant species. This would be a major advance for

plant gene editing.

RNA viruses, or viruses that do not have a DNA intermediate in their
replication cycle, have many advantageous properties for use as vectors,
including compact genomes, systemic plant movement, non-host integrating
replication cycle, and well-studied interactions with host defense systems.
Regardless of whether RNA viral genomes are mono or multipartite, they are
relatively simple, containing only a few coding regions essential to their
replication, movement, and infection (Figure 1-2). Replication of the viral genome
and expression of sub-genomic RNAs, which are translated into proteins, is
dependent on the RNA-dependent RNA polymerase (RdRP)(50, 58). Cell-to-cell
and systemic movement of RNA viruses relies on the movement protein (MP).
RNA-viral MPs guide the viral genome to the plasmodesmata(47) and often
increase the plasmodesmata size exclusion limit(48), permitting the full viral

genome to pass from cell-to-cell. Systemic infection occurs by transport of the
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virus through the phloem, with unloading of the virus at distal sites, leading to
systemic infection(49). Some viruses require encapsidation, or coating of the viral
genome with a viral encoded coat protein (CP), for systemic infection(59).
Encapsidation is also an important factor in vector transmission between plants
by insects. Different plant RNA viruses may encode other factors involved in
infection, transmission between plants, or other host interactions such as

combating host defense.

The well-studied genomes of several RNA viruses make them ideal for
engineering and repurposing for use as vectors. Indeed, shortly after some of the
first infectious cDNA clones of RNA viruses were created, efforts were
undertaken to use them as vectors for expression of heterologous proteins(53,
60). Early approaches involved expression of reporter genes(61), but vectors
were quickly adapted for the expression of proteins of value for

pharmaceutical(62) or agricultural applications(63).

Modifications of RNA viruses into RNA viral vectors
One of the first steps in creating a plant RNA viral vector is to generate a

cDNA of the viral transcript and adapt it for compatibility with various molecular
cloning techniques. The cDNA vectors are often placed behind standard plant
promoters. When transferred to plant cells, a transcript is produced that serves
as the RNA virus genome; the transcript is replicated and enables systemic
infection throughout the plant. A second modification commonly used with viral
vectors is to incorporate them into a backbone that enables replication in
Agrobacterium and T-DNA transfer into plant cells. Finally, the viral genome itself
is modified to express heterologous sequences (Figure 1-2). This can involve
viral gene replacement or gene insertion behind a subgenomic promoter(53). For
further reading on the construction of plant viral vectors we recommend Pasin
et al.(64).
RNA viral vectors for virus-induced gene silencing

Perhaps one of the best-known applications of RNA viral vectors is for
viral induced gene silencing (VIGS). VIGS functions by taking advantage of the

native plant post-transcriptional RNA silencing (PTGS) mechanism. By placing a
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small fragment of a gene of interest into an RNA viral vector, host PTGS, in an
attempt to silence the virus, will also silence the native gene(52, 65). This has
proven a valuable approach for reverse genetics to better understand gene
function, and VIGS vectors have been developed for a large number of plant
species(66). A disadvantage of viral vectors for heterologous protein production
or VIGS is that the effects of the assay are transient. Approaches to use viral
vectors to create permanent genetic changes are outlined in the following

sections.

Case studies: use of viral vectors to create permanent genetic changes

Marton et al. 2010: Nontransgenic genome modification in plant cells(54)
With the advent of SSNs, RNA viral vectors were soon tested to determine

if they could be used to express SSNs to create genetic modifications in infected
plant tissues. One of the earliest examples of this is the use of Tobacco Rattle
Virus (TRV) to express ZFNs for plant gene editing(54). Traditionally, genome-
editing reagents are delivered to plant cells through stable transformation,
wherein the SSN is introduced into plant cells by Agrobacterium or biolistics.
Transgenic cells are then regenerated into whole plants through tissue culture,
and progeny are screened for the presence of the targeted genome modification.
Marton and colleagues described a method for non-transgenic gene editing of
plant cells using a TRV expression system. TRV is a bipartite virus with two
RNAs: TRV1 and TRV2. TRV2 was modified to contain the Pea Early Browning
Virus (PEBV) coat protein subgenomic promoter upstream of a multiple cloning
site. This expression system was tested by first adding fluorescent reporter
genes into the multiple cloning site. When plants were infected with these
viruses, expression of the reporter (i.e., fluorescence) was observed in
developing tissues throughout the plant. This indicated that TRV2 could be used
to carry and express cargo in infected and growing portions of the plant. Next a
ZFN monomer was added to TRV2 that targets a defective gus reporter
integrated into the genomes of N. benthamiana and petunia. Mutagenesis by the
ZFN should create a functional GUS gene. GUS expression was observed in

infected tissue in both species, indicating ZFN-mediated editing of the reporter.
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Finally, N. benthamiana and petunia tissue infected with TRV2 expressing the
ZFN was placed onto tissue culture medium to regenerate plants from the
infected tissue. GUS activity was observed in the regenerated tissue, and the
edited target was stably inherited. The seedlings were also confirmed to be free
of virus, verifying the method as a non-integrating delivery means of generating
stably maintained, site-specific gene edits.

A longstanding goal for the use of RNA viral vectors for gene editing is to
infect and edit endogenous genes in wild-type plants. This initial report of gene
editing using RNA viruses was significant because it demonstrated editing in a
plant by an RNA viral vector that expresses all the reagents required for gene
editing. This was only made possible due to the relatively small size of a ZFN
monomer. ZFN dimers are typically required to edit genes; however, the gus
reporter had been engineered to carry two recognition sites for the ZFN
monomer, thereby enabling gene editing by the monomer. Editing of endogenous
genes is prohibited by the requirement of ZFN dimers for DNA cleavage and low-
editing efficiencies(67). Viral vectors for genome editing need improvements to
effectively target endogenous loci.

Shortly after the previous case study was published, CRISPR/Cas9
technology was developed(68) which promised significantly improved ease of
gene editing. One disadvantage of the CRISPR/Cas9 system is that while the
targeting component of the site-specific nuclease is relatively small, namely the
SgRNA, Cas9 is a large protein and well beyond the carrying capacity of RNA
viral vectors developed to date. RNA viral vectors have a limited carrying
capacity due to the error-prone RdRP, which often truncates non-essential viral
components; shorter, wild-type viruses quickly outcompete modified vectors.
Further, vectors modified to express large cargo are often unable to be
encapsidated(53). Ali and colleagues proposed a solution to this problem: they
created a transgenic plant that expresses the Cas9 protein, and used the viral
vector to express the sgRNA(51). Their results are highlighted in the following

case study.
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Ali et al. 2015: Efficient virus-mediated genome editing in plants using the
CRISPR/Cas9 system(51)
Recognizing delivery of genome engineering reagents to plant cells is a

significant limitation to achieve gene editing, Ali and colleagues sought to provide
a means to efficiently and quickly deliver CRISPR/Cas9 reagents using RNA
viruses. They created transgenic N. benthamiana plants that express Cas9, and
used TRV to deliver sgRNAs that target unique sequences in the genome. TRV2
was modified in a similar manner to Marton et al. 2010 by expressing the sgRNA
from a PeBV subgenomic promoter. To test the effectiveness of this vector in
gene editing, a sgRNA-targeting N. benthamiana phytoene desaturase (PDS)
was cloned into the TRV2 vector and subsequently agroinfected along with a
TRV1 vector into the transgenic N. benthamiana plants that express Cas9. Gene
editing was observed in the inoculated and systemically infected leaves. The
method was further validated by targeting a second locus, PCNA, and editing
was again observed in the inoculated and systemically infected leaves. Next,
multiple TRV2 vectors, each expressing a unique sgRNA, were simultaneously
tested to determine if they could achieve multiplexed editing. TRV2 vectors
expressing sgRNAs targeting PDS or PCNA were co-infected into N.
benthamiana, and editing was observed at both loci, although at a lower
frequency than when inoculated separately.

The applicability of RNA viral vectors for gene editing would be greatly
improved if the targeted mutation occurred in the plant germline. This would allow
seeds containing the desired modification to be collected from the infected plant,
thereby eliminating the need for tissue-culture in many gene editing experiments
and increasing ease and throughput. Ali and colleagues reported evidence of
germinal transmission of a targeted mutation, although at a very low frequency.
This indicated that future work was needed to increase germline edits to a
frequency that is practical. Also, the approach needed to be expanded to species

other than the N. benthamiana model.
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Expanding RNA viral vector gene editing to other species
After Ali et al. demonstrated the ability of viral vectors to perform efficient

gene editing in somatic cells of Cas9 expressing N. benthamiana, the same
group and several others tested this approach for gene editing in other species
and with other viral vectors. PEBV and Beet Necrotic Yellow Vein Virus (BNYVV)
were demonstrated to perform gene editing in Cas9-expressing somatic cells of
N. benthamiana(69), and Tobacco Mosaic Virus (TMV) was used for multiplexed
gene editing(70). TRV was also used to demonstrate gene editing in Cas9-
expressing Arabidopsis(55), highlighting the wide host range and utility of this
virus. In order to expand to monocot species, Foxtail Mosaic Virus (FoOMV) was
modified to contain a duplicated coat protein subgenomic promoter for
expression of sgRNAs. This vector was able to perform gene editing in Cas9
expressing N. benthamiana, Setaria viridis, and maize(56). Finally, a Barley
Yellow Striate Mosaic Virus (BYSMV) vector was modified to express proteins in
wheat, barley, foxtail millet, and maize. BYSMV is a negative-sense RNA virus,
whereas all other virus vectors discussed are positive-sense RNA viruses.
Negative-sense RNA viruses could provide a larger carrying capacity than the
positive-sense RNA viruses, as the authors of this study demonstrated
expression of both the sgRNA and Cas9 from the virus and editing at the
infiltrated site in N. benthamiana; they did not report any systemic editing(71).
None of the previously mentioned studies demonstrated heritable editing without
using tissue culture, the exception being Ali et al. 2015, in which, as mentioned
above, heritable editing was observed at a very low frequency: only 1 in 438
seedlings tested. In order for viral vectors to be widely adopted as vectors for
site-specific editing, the heritable editing frequency needs to be improved. Ellison
and colleagues show improved heritable editing frequency in N. benthamiana by
adding motifs that promote mobility of the sgRNAs expressed from TRV vectors
(Figure 1-3). Their results are described below.

Ellison et al. 2020: Multiplexed heritable gene editing using RNA viruses

and mobile single guide RNAs(57)
Ellison and colleagues sought to improve the frequencies of heritable

gene editing with RNA viral vectors, recognizing that editing through infection
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could eliminate or reduce the need for tissue-culture — a major bottleneck in
applying biotechnology to plant science research. The authors hypothesized that
by enabling viral or sgRNA sequences better access to the germline, gene edits
would be transmitted to the next generation at higher frequencies. To enable
mobility, a Flowering Locus T (FT) motif was added to the 3’ end of sgRNA
sequences. The FT motif was previously shown to promote mobility of RNAs into
the meristem(72). sgRNA sequences targeting N. benthamiana PDS and
augmented with this mobility sequence were cloned into the same TRV2 vector
described in Ali et al. 2015. These vectors were agroinfected into Cas9-
expressing N. benthamiana along with TRV1. Shortly after infection, phenotypes
suggesting PDS mutagenesis emerged, and this was substantiated by
determining that somatic editing frequencies were greater than 80%. Germinal
transmission of these edits was observed by phenotyping (Figure 1-4) and
genotyping seedlings: up to 65% contained a mutation in at least one PDS allele.
This high frequency of mutagenesis was demonstrated at a second locus,
AGAMOUS (AG). In this case, up to 100% of seedlings contained a mutation in
at least one AG allele. The mobility motif was not limited to FT: tRNA-like
sequences have previously been shown to promote cell-to-cell mobility(73), and
such tRNA-like sequences were also demonstrated to enhance frequencies of
heritable mutagenesis when fused to sgRNAs. In addition, heritable multiplexed
editing of native N. benthamiana genes was achieved. Multiple sgRNAs could be
expressed from a single TRV2 vector to achieve heritable mutations in all targets.
This report establishes the ability of RNA viral vectors to perform high efficiency,
heritable gene editing. Further work needs to be performed to expand this
method to other species and to develop RNA vectors that are not reliant on a
transgenic plant expressing Cas9.
RNA viral vectors: summary and future trends

All three of the case studies described in this chapter illustrate the growing
interest in the use of RNA viral vectors for plant gene editing. While there are
considerable milestones yet to be achieved, these vectors provide considerable

promise for tissue-culture-free gene editing. Future work to improve the
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technology should focus on expanding the species range of heritable gene
editing. This will require optimization of vectors for each species along with the
establishment of transgenic plant lines that express Cas9 at high levels and in
the appropriate tissues. In order to eliminate the need for transgenesis, efforts
should be made to test whether smaller Cas or other nucleases can be
systemically transported by RNA viral vectors. Alternatively, it might be possible
to increase the carrying capacity of virus vectors. Recently, Ma and colleagues
developed vectors based on Sonchus Yellow Net Nucleorhabdovirus (SYNV), a
negative-sense RNA virus. Remarkably, these vectors could deliver both Cas9
and sgRNAs(74). Gene-edited plants were recovered by regenerating infected
plant tissue without selection, and over 90% of regenerated plants carried
mutations. If SYNV could access the germline, perhaps through addition of RNA
motifs that promote cell-to-cell mobility as described by Ellison et al.(57), it may
be possible to recover heritable mutations solely through infection and without

tissue culture and transgenesis.

RNA viral vector utility can also be expanded by using different Cas
variants with different PAM requirements to increase the targeting range or to
create unigue editing outcomes. It should also be possible to move beyond non-
homologous end joining or microhomology-mediated repair of the target locus to
achieve more precise modifications through base editing(75—77) or prime
editing(78). Background work on RNA genome structure and function, followed
by the development of vectors for protein expression, VIGS, and genome editing,
will facilitate improvements and increase the scope, specificity, and broad

applicability of RNA viral vectors.

Where to look for further information
Many viral vectors, including all of our group’s published vectors, are

available at Addgene, a non-profit plasmid repository. BeYDV and WDV
replicons are among the available reagents, and they are compatible with the
plant genome engineering toolkit described in Cermak et al.(79). Lastly, viral

sequences can sometimes be challenging to assemble and clone in bacterial
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hosts, due to structural features or toxicity of viral gene products; for a review of

strategies for viral clone assembly, see Pasin et al.(64).
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Figure 1-1 Structure and delivery of GVRs.(A)The dsDNA genome of a
canonical mastrevirus. The double-stranded origin (DSO) for rolling circle
replication is a nonanucleotide stem loop sequence, TAATATTAC, within the
long intergenic region (LIR; ~0.4 kb). LIR promoter activity drives transcription of
the v-sense gene products (MP, ~0.3 kb; CP, ~0.8 kb) and c-sense gene
products (Rep, ~1.1 kb; RepA, ~0.8 kb). The short intergenic region (SIR,

~0.2 kb) terminates transcription of both sets of transcripts. (B) Geminiviral
replicons (GVRs) can be delivered to cells in different architectures. When Rep is
in its native position in cis to the replicon, driven by c-sense promoter activity of
the LIR, it can be expressed from both the source vector and the high-copy
replicon (hundreds to thousands of dsDNA intermediates per cell), creating a
positive feedback loop for replication. When placed in trans to the linear LSL
sector of the source vector, continued Rep expression depends upon persistent
expression (i.e, from stable integration) of the source vector.

TRV1 = RDRP —w VSR

Figure 1-2 Tobacco Rattle Virus (TRV) vector. TRV is a bipartite positive-
sense singlestranded RNA virus. TRV1 contains the RNA-dependent RNA

TRV2

polymerase (RdRP) which replicates both TRV1 and TRV2 and expresses
subgenomic RNAs of other coding regions. TRV1 also encodes the movement
protein (MP), responsible for enabling cell-to-cell movement, and the viral
suppressor of RNA silencing (VSR), responsible for suppression of the host
immune response. TRV2 contains the coat protein (CP) and can be modified for
expression of heterologous sequences. The native TRV2 contains coding
sequences to enable transmission between plants, which are removed in the
vector. Heterologous sequences are expressed from a subgenomic promoter,

either duplicated from the same virus or from a closely related virus.
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Figure 1-3 A method for infecting plants with RNA viral vectors and

generating heritable genome edits. (A) Transgenic plants expressing Cas9 are

infected with an RNA viral vector expressing a mobile sgRNA to increase
genome-editing frequencies. (B) This vector systemically infects the plant,
interacting with endogenously expressed Cas9 for high frequency genome
editing (future methods may express all the genome-editing reagents from the
virus, allowing editing of wild-type plants). Dashed lines and shading indicate
genome editing. (C) Seeds are collected from infected plants and progeny are
screened for editing of the targeted site. (D) High percentages of the progeny
contain the desired edit; shaded seedlings indicate the presence of targeted

mutations.
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Figure 1-4 Phytoene Desaturase (PDS) phenotypes in Cas9-expressing N.
benthamiana plants infected with Tobacco Rattle Virus (TRV) vectors. TRV
expresses mobile sgRNAs targeting the PDS coding sequence, which results in a
bleached phenotype due to chlorophyll photo-oxidation. (a) Infected plants show
an increase in the PDS-knockout phenotype as the plant matures. In some
cases, the entire upper portion of the plant is bleached, indicating a PDS
mutation occurring in meristematic cells. (b) Systemic plant leaves contain high
frequencies of editing from RNA viral vectors expressing mobile sgRNAs. The
leaf shown here contains PDS mutations in nearly every cell, causing an almost
completely bleached phenotype. (c) Seeds are collected from plants infected with
the TRV vector expressing mobile PDS sgRNAs. Several of the resulting
seedlings are entirely bleached, indicating germline mutagenesis of the PDS

locus.
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Preface
Plant viruses can be engineered to carry sequences that direct silencing of target

host genes, expression of heterologous proteins, or editing of host genes. A set
of foxtail mosaic virus (FOMV) vectors was developed that can be used for
transient gene expression and single guide RNA delivery for Cas9-mediated
gene editing in maize, Setaria viridis, and Nicotiana benthamiana. This was
accomplished by duplicating the FOMV capsid protein subgenomic promoter,
abolishing the unnecessary open reading frame 5A, and inserting a cloning site
containing unigue restriction endonuclease cleavage sites immediately after the
duplicated promoter. The modified FOMV vectors transiently expressed green
fluorescent protein (GFP) and bialaphos resistance (BAR) protein in leaves of
systemically infected maize seedlings. GFP was detected in epidermal and
mesophyll cells by epifluorescence microscopy, and expression was confirmed
by Western blot analyses. Plants infected with FOMV carrying the bar gene were
temporarily protected from a glufosinate herbicide, and expression was
confirmed using a rapid antibody-based BAR strip test. Expression of these
proteins was stabilized by nucleotide substitutions in the sequence of the
duplicated promoter region. Single guide RNAs expressed from the duplicated

promoter mediated edits in the N. benthamiana Phytoene desaturase gene,
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the S. viridis Carbonic anhydrase 2 gene, and the maize HKT1 gene encoding a
potassium transporter. The efficiency of editing was enhanced in the presence of
synergistic viruses and a viral silencing suppressor. This work expands the utility
of FOMV for virus-induced gene silencing (VIGS), virus-mediated overexpression

(VOX), and virus-enabled gene editing (VEdGE) in monocots.
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Introduction
Plant viruses provide surprisingly versatile technology platforms enabling

the expression of a wide array of coding and non-coding sequences in
plants(64). Viruses engineered to carry heterologous open reading frames
(ORFs) can express the encoded proteins (VOX). Viruses that carry fragments of
plant genes in sense and antisense orientation cause virus-induced gene
silencing (VIGS) of the targeted sequence, or microRNA inserts can initiate
silencing with high specificity. Most recently, it has been demonstrated that plant
viruses or their derivatives can be used to deliver CRISPR-Cas reagents
consisting of single guide RNAs (gRNAs), DNA repair templates, and site-
specific nucleases such as Cas9(28, 35, 36, 45, 51, 55, 69-71, 80). These
capabilities show that plant viruses can be useful biotechnological tools for gene
function studies in plants, and they can have practical applications as well(64,
81).

The development of viral vectors for monocot plants has been emerging
rapidly in recent years(82). To date, at least eight different viruses have been
developed into viral vectors for monocots, including barley stripe mosaic virus
(BSMV)(83, 84), brome mosaic virus (BMV)(85), cymbidium mosaic virus
(CymMV)(86), rice tungro bacilliform virus (RTBV)(87), wheat streak mosaic virus
(WSMV)(88, 89), bamboo mosaic virus (BaMV) together with its associated
satellite RNA(90), cucumber mosaic virus (CMV)(91), barley yellow striate
mosaic virus (BYSMV)(71), and foxtail mosaic virus (FOMV)(92-95). Seven of the
virus vectors are designed for VIGS applications (BSMV, BMV, CymMV, RTBV,
BaMV, CMV, and FoMV), and four can be used for systemic gene expression
(BSMV, BYSMV, FoMV, and WSMV). BYSMV was also shown to deliver both
Cas9 and a single guide RNA to N. benthamiana where it induced site-specific
gene edits at the infiltrated site(71).

Previous work by us and others demonstrated that FOMV is capable of
systemic infection and inducing VIGS in maize(93-95) or expressing
proteins(92). FOMV is a member of the genus Potexvirus, which has a single-

stranded, positive-sense genomic RNA. The genome structure of FOMV is similar
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to potato virus X (PVX), which is the type member of the potexviruses. These
viruses typically contain five major open reading frames (ORF)(96-98). ORF1
encodes the RNA-dependent RNA polymerase (RdRp), which is necessary for
viral RNA replication and subgenomic messenger RNA (sgRNA) synthesis(99).
The overlapping ORFs 2, 3, and 4 are known as the triple gene block (TGB) with
functions in virus movement and suppression of host defense(100). ORF5
encodes the coat protein (CP), which is indispensable for virus assembly and
cell-to-cell movement(101). In addition to the five ORFs, the FOMV genome has a
unique ORF5A that initiates 144 nucleotides upstream of the CP, but it is not

required for replication or for systemic infection of N. benthamiana or barley(98).

Recently, the FOMV-based viral vectors have been developed for both
VIGS and gene expression(92, 93, 95, 102). Two versions of FoOMV-based VIGS
vectors and their applications in maize and other monocots have been reported.
Our original FOMV-VIGS vector carried the insertion site for target gene
fragments immediately after the stop codon of ORF5, which worked well for
VIGS, but it cannot be used for gene expression(95). The FOMV-VIGS vector
reported by Liu et al. (93) is designed to carry target sequences for silencing
under the control of a duplicated FOMV CP subgenomic promoter. Inverted-
repeats carried at this position were most efficient at inducing VIGS(92, 93) also
duplicated the CP promoter and demonstrated that FOMV could be used to
transiently express marker and fungal effector proteins from this position
in N. benthamiana, wheat, and maize. Disarmed FoOMV vectors for transient gene
expression have also been developed by substitution of the TGB or CP with
genes of interest. In the presence of a viral RNA silencing suppressor, this set of
vectors achieves high protein expression at the site of inoculation, but the

recombinant virus cannot spread systemically(102).

Here, we further investigated strategies to systemically express proteins in
maize from FOMV using a duplicated CP strategy similar to Bouton et al. (92).
Protein expression was demonstrated using the genes encoding bialaphos

resistance (bar) and green fluorescent protein (GFP), and time courses over
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plant development were used to understand insert stability and limitations of the
vector for protein expression. We mapped subgenomic mRNA transcription start
sites and modified duplicated CP promoter sequences to explore avenues for
better understanding FOMV gene expression and increasing stability of
heterologous sequences. To demonstrate applications of FOMV in editing plant
genes, we expressed single gRNAs from the duplicated CP promoter sequence
in N. benthamiana, Setaria viridis, and maize plants carrying Cas9 transgenes.
Systemic gene editing was observed in leaves of all three species, and it was
enhanced in the presence of an RNA silencing suppressor or a synergistic virus,
demonstrating that FOMV can enable gene editing through the expression of

functional gRNAs.

Construction of FOMV expression vectors
We previously developed the pFoMV-V vector for VIGS in maize(95), but it

cannot be used to express proteins, because the cloning site (MCS1) for plant
gene fragments was placed after the stop codon of the CP gene (ORF5) (Figure
2-1A). To engineer FOMV vectors for protein expression, we designed a CP
promoter duplication strategy similar to what has been used in PVX vectors(103—
106) and recently in another FOMV expression vector(92). The CP promoter
duplication strategy was potentially complicated by ORF5A, which overlaps
ORF4 and ORF5 (Figure 2-1A). ORF5A was previously shown to be expressed
but dispensable for systemic infection in barley(98). To confirm that ORF5A is not
required for infection of maize, we made pFoMV-V A5A in which the predicted
start codon was changed from ATG to ACG without altering the amino acid
sequence of ORF4 (Figure 2-1B). The infectivity of FOMV-V A5A was tested by
both biolistic inoculation and subsequent rub-inoculation. Plants systemically
infected by FOMV-V A5A and FoOMV-V developed mosaic symptoms that were
indistinguishable (Figure 2-2A). The stability of the mutation was tested in 14
biolistically inoculated plants and 13 plants that were rub-inoculated with sap
from a biolistically inoculated plant. The mutation was detected in all the infected
samples, and no wild-type sequence was observed. These results demonstrated

that the A5A mutation did not revert to wild type and the inability to produce the
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putative 5A protein did not impair the infectivity of FOMV in maize. Subsequently,
pFoMV-V A5A was further modified by introducing two duplicated promoter
variants and multiple cloning site 2 (MCS2) containing the Bsu36l, Hpal

and PspOMI endonuclease cleavage sites. pFoMV-DP contains a 54-nucleotide
duplication of the CP subgenomic promoter (nucleotides 5280-5333) (Figure 2-
1C), and pFoMV-DC was made by changing five codons in the sequence that
overlaps with ORF4 without altering the encoded amino acid sequence (Figure 2-
1D).

Sweet corn seedlings infected with pFoMV-DP or pFoMV-DC developed
mosaic symptoms indistinguishable from the parental pFoMV-V or pFoMV-V A5A
clones (Figure 2-2A). RT-PCR was used to amplify a 396-nucleotide fragment
containing the duplicated promoter and MCS2. The RT-PCR product was
detected in symptomatic sweet corn plants that were biolistically inoculated with
pFoMV-V, pFoMV-V A5A, pFoMV-DP, or pFoMV-DC but not in non-inoculated
control plants (Figure 2-2B). The slightly larger band detected in FOMV-DP- or
FoMV-DC-infected leaves suggested that the duplicated promoter remained
intact during maize infection (Figure 2-2B). We also confirmed the authenticity of
subgenomic RNAs expressed by using 5° RACE to map the transcription start
sites for the duplicated CP promoter and the authentic CP promoter. This
analysis verified that the duplicated CP promoter produced subgenomic mRNA
transcripts that initiated 14 nucleotides downstream of the core promoter

sequence at a GAA sequence as does the authentic CP promoter (Figure 2-1).

Expression of the Bialaphos Resistance (BAR) protein from FoMV
To test protein expression, the bar gene was inserted into pFoMV-DP and

pFoMV-DC to produce pFoMV-DP-BAR and pFoMV-DC-BAR, respectively.
Expression of BAR was expected to protect plants from the herbicide

Finale® (BASF)(107), which has glufosinate-ammonium as the active compound.
Within ten days after biolistic inoculation with pFoMV-DP-BAR and pFoMV-DC-
BAR, 50%-90% of inoculated plants developed typical mosaic symptoms starting
from the 3rd leaf (e.g., Figure 2-3A). To confirm infection and test stability of the
insertion, RNA was extracted from the 4th and 6th leaves of 10 FOMV-DP-BAR
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and 18 FoMV-DC-BAR plants for RT-PCR analysis using FOMV primers that
flanked the cloning site. A 475-bp PCR product was expected in the plants
infected by the empty vectors, and a 1,027-bp product in the plants infected by
FoMV-DP-BAR or FOMV-DC-BAR. In the leaf 4 samples, the 1,027-bp PCR
product was detected in 9 out of 10 FOMV-DP-BAR plants, and all of them also
contained smaller deletion derivatives (Figure 2-3B). The 1,027-bp product was
detected in 17 out of 18 FOMV-DC-BAR plants, and 6 of them also contained
smaller deletion derivatives (Figure 2-3C). The deletion of BAR was more
extensive in the 6th leaf samples in which all the FoMV-DP-BAR and FOMV-DC-
BAR plants carried patrtial to total deletions (Figure 2-3D,E). Overall,

the bar insert appeared to be less stable in FOMV-DP than in the FOMV-DC
context, which was expected since the FOMV-DC vector was designed to reduce
redundancy with the native CP promoter. Expression of the BAR protein was
confirmed by an immunoassay in leaf four of two plants infected by FoOMV-DC-
BAR (Figure 2-3F).

To test whether the expression of BAR could provide herbicide resistance,
plants were sprayed with 0.05% glufosinate-ammonium twice at a 3-day interval
and then scored for response at 10 days after the first application. The herbicide
treatment killed the non-infected, FOMV-DP, and FoOMV-DC plants, but plants
infected by FOMV-DP-BAR and FOMV-DC-BAR were partially or totally protected
(Figure 2-4A). The protective effect varied among plants, but the 4th leaf
remained green on most of the plants (Figure 2-4B,C). When the herbicide was
applied at a later stage beginning at 23 dpi with pFoMV-DP-BAR and pFoMV-
DC-BAR, all plants were killed (Supplemental Figure 2-1), which is consistent
with the extensive deletion of the bar gene in leaf 6 (Figure 2-3D,E).

To test whether the expression of BAR could be passaged, the sap from
leaves of biolistically inoculated FOMV-DC-BAR plants with confirmed BAR
expression (Figure 2-3F) was used to rub-inoculate the first two leaves of healthy
sweet corn seedlings. Mosaic symptoms were observed in 25 of 30 plants

approximately one week after rub-inoculation. These plants and corresponding
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controls were treated with 0.05% glufosinate-ammonium at 13 DPI. At 10 days
after herbicide treatment, 16 FoOMV-DC-BAR plants were protected with at least
one leaf remaining green, and all leaves remained green on 8 of the plants
(Supplemental Figure 2-2). These data showed that functional BAR protein was
expressed when leaf sap from pFoMV-DC-BAR-inoculated plants was rub-
inoculated onto new sweet corn plants, and the protective effect is similar in

biolistic and rub-inoculated plants.

Expression of GFP from FoMV
The GFP sequence was inserted at the Bsu36l and PspOMI cloning sites

in pFoMV-DC to produce pFoMV-DC-GFP. GFP expression was not investigated
using pFoMV-DP, because bar was more stable in pFoMV-DC. Sweet corn
seedlings were inoculated with pFoMV-DC-GFP using biolistic bombardment,
and mosaic symptoms developed that were indistinguishable from pFoMV-DC-
inoculated plants (Figure 2-5A). The presence and stability of the GFP insert was
tested by RT-PCR analysis using primers that flanked the cloning site. A 475-bp
PCR product was expected in plants infected by FOMV-DC, and an 1,192-bp
PCR product was expected in plants infected by FOMV-DC-GFP. No deletion of
GFP was detected in leaf 4 samples, because we only observed the 1,192-bp
band, and we saw evidence for a deletion only in the leaf 6 sample of plant 5
(Figure 2-5B; P5). However, the 1,192-bp band was not detected in any of the
leaf 9 samples, indicating that no intact FOMV-DC-GFP remained (Figure 2-5B).

Expression of GFP protein was analyzed by Western blot using an anti-
GFP antibody. Consistent with the RT-PCR results, GFP was detected in all the
leaf 4 samples and most of the leaf 6 samples but not in any of the leaf 9
samples (Figure 2-5C). In addition, bands from the leaf 4 samples were the most
intense, indicating that GFP accumulated to the highest levels in leaf 4 relative to
leaf 6. The leaves were examined using a fluorescence microscope to detect
GFP fluorescence. Green fluorescence was observed in epidermal and
mesophyll cells of leaves infected by FOMV-DC-GFP but not in control leaves
infected by FOMV-DC (Figure 2-5D). The green fluorescence occurred in a

patchy manner, reflecting the symptoms of FOMV infection (Figure 2-5D). The
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GFP signals were relatively strong in leaf 4 and became weaker as the virus
moved to upper leaves and were not detectable in the 9th leaf (Supplemental
Figure 2-3).
Development of a FOMV vector compatible with agroinoculation

FoMV can infect N. benthamiana, which is inoculated easily by
Agrobacterium infiltration (agroinoculation), a much simpler method than biolistic
inoculation. To facilitate agroinoculation, the CaMV 35S promoter, genome of
FoMV-DC, and nopaline synthase terminator were amplified as a single fragment
from pFoMV-DC and inserted into the binary T-DNA vector pPCAMBIA1380
(Figure 2-6A). The Xhol restriction endonuclease site at MCS1 was not unique in
the pCAMBIA1380 context, so it was replaced with Pacl to create MCS1*. The
infectivity of pPCAMBIA1380-FoMV-DC* was then tested by agroinoculation
of N. benthamiana plants. Mild mosaic symptoms were observed on
systemic N. benthamiana leaves at approximately 3 weeks after inoculation
(Supplemental Figure 2-4A). Sweet corn seedlings were subsequently rub-
inoculated with sap from FoMV-infected N. benthamiana leaves, and typical
mosaic symptoms were observed within a week (Supplemental Figure 2-4B).
FoMV infection in the agroinoculated N. benthamiana plants and rub-inoculated
sweet corn plants was confirmed by Western blot using anti-FoMV-CP antibody
(Supplemental Figure 2-4C). These results demonstrated that the
pCAMBIA1380-FoMV-DC* (pFoMV-DC*) was infectious through agroinoculation
and could be passaged by rub-inoculation to maize.

FoMV-mediated Gene Editing in N. benthamiana
To test whether single gRNA produced from FoMV-DC* can mediate gene

editing, we inserted a gRNA targeting the N. benthamiana Phytoene

desaturase gene (NbPDS) at MCS2 to produce the pFoMV-DC*-gNbPDS
construct (Figure 2-6B,C). This gRNA was previously reported to mediate gene
editing when expressed from tobacco rattle virus in N. benthamiana expressing
Cas9(51). The gRNA target site overlaps a recognition site for the Ncol restriction
endonuclease (Figure 2-6C). N. benthamiana plants expressing Cas9(108) were
agroinoculated with pFoMV-DC*-gNbPDS (Figure 2-6D). Genomic DNA was
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extracted from infiltrated and systemic leaves sampled at 7, 14, and 21 DPI to
test modification of NbPDS. PCR was used to produce 797-bp amplicons
containing the target sequence that were then digested with Ncol (Figure 2-7).
After Ncol digestion, the wild-type amplicon yielded two bands of 541 bp and
256 bp, but many of the amplicons from FoMV-DC*-gNbPDS leaves yielded an
additional band of approximately 797 bp that was resistant to Ncol digestion
(Figure 2-7). The presence of the non-digested band suggested that the target
sequence was altered. At 7 DPI, the percentage of the modified DNA was
estimated in the range of 73%-91% in the infiltrated leaves and from 0% to 8% in
the top systemic leaves (Figure 2-7A). To confirm that the NbPDS gene was
modified at the gRNA target site, the Ncol-resistant bands were cloned and
sequenced. The sequences confirmed that the Ncol site was disrupted mostly by
small deletions (1 to 23 bp) that initiated 3 bp upstream of the PAM
(Supplemental Figure 2-5). At 14 DPI, we collected samples from the infiltrated
leaves, top systemic leaves that were asymptomatic at the time, and the middle
systemic leaves that displayed viral symptoms. Similar to the 7 DPI samples,
there was much more non-digested amplicon in the infiltrated leaves compared
to the top leaves (Figure 2-7B). Interestingly, the amount of non-digested
amplicon was similar in the middle systemic leaves and the infiltrated leaves.
Sequence analysis of the undigested amplicons showed a similar spectrum of

small indels occurring within 3bp of the PAM (Supplemental Figure 2-6).

To test whether editing could be observed in flowers, a set of plants was
inoculated and flowers were collected beginning at approximately 2 months after
inoculation. NbPDS gene editing was detected in the flower tissues of FOMV-
DC*-gNbPDS-infected Cas9-overexpressing plants with the percent of indels
based on Ncol digestion ranging from 6.9% to 14.8% (Supplemental Figure 2-7).
These data demonstrated that FOMV continued to express functional guide RNAs
over the course of growth and development in N. benthamiana. Seed was
collected from capsules derived from the two flowers above those that were

collected for DNA extraction and sown in soil. We did not observe any
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photobleached (albino) seedlings, which was the expected phenotype
if NbPds loss-of-function mutations were inherited(51).

To test whether the efficiency of FOMV-mediated NbPDS gene editing
could be elevated in the presence of viral silencing suppressors, we first co-
infiltrated the Cas9 N. benthamiana with a mixture of Agrobacterium strains
carrying pFoMV-DC*-gNbPDS and p35S-HcPro or pCB-P19. We observed
similar amounts of the non-digested band in infiltrated and systemic leaves at 7
and 14 DPI when compared to pFoMV-DC*-gNbPDS alone (Figure 2-7A,B),
suggesting that the localized expression of the silencing suppressors did not
enhance editing. Next, we co-infiltrated pFoMV-DC*-gNbPDS with an infectious
clone of turnip mosaic virus (TuMV) expressing GFP (pCB-TuMV-GFP)(109).
TuMV is a potyvirus that systemically infects N. benthamiana, and because it
carries HcPro, we expected it to interact synergistically with FOMV and increase
the frequency of editing in systemic tissues. This TuUMV-GFP clone is highly
virulent on N. benthamiana plants and, in our conditions, causes plants to die at
about 10 DPI, so infiltrated leaves and top systemic leaves were only sampled at
7 DPI. The co-infection elevated the estimated percentage of indels in systemic
leaves from 4%—6% to >70%, which was comparable to the infiltrated leaves in
the FOMV-DC*-gNbPDS single infection (Figure 2-7C;Supplemental Figure 2-8).
As observed for the single FOMV-DC*-gNbPDS experiments, the gene edits were
characterized by small deletions ranging in size from 1 to 11 bp (Supplemental
Figure 2-9).

To further test the effect of TuUMV HcPro, the Cas9 N. benthamiana plants
were crossed with TuMV HcPro N. benthamiana plants. F1 plants were
genotyped for presence of Cas9 and HcPro and then inoculated with pFoMV-
DC*-gNbPDS (Supplemental Figure 2-10). The percent of indels in systemic
leaves was 2%—-4% in the absence of HcPro and 6%—37% in the presence of
HcPro. This result indicates that the TuMV HcPro silencing suppressor promotes
gene editing, although the effect is variable. The plants were grown to maturity,

and all seeds from the first two pods produced on each plant were sown in soil.
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We expected to observe albino seedlings if any carried heritable NbPDS loss-of-
function mutations(51), but there were none, which indicates that FOMV-DC*-
gNbPDS did not induce heritable edits in N. benthamiana.

FoMV-mediated gene editing in S. viridis
To test FOMV-mediated gRNA delivery in monocots, we used a gRNA that

targets the first exon of Carbonic anhydrase 2 (SVCA2, Sevir.5G247900)

of S. viridis (Figure 2-6B). The FOMV-DC*-gSvCA2 clone was first agroinoculated
onto N. benthamiana to create inoculum that was rub-inoculated onto

a S. viridis line expressing Cas9. To test gRNA stability, RT-PCR analysis was
performed on inoculated and systemic leaf tissues. The gRNA insertion was
detected in both the inoculated and systemic leaves, and sequence analysis
confirmed that the gRNA remained intact following passage

from N. benthamiana to S. viridis (Figure 2-8A,B). To determine whether gene
edits occurred in the inoculated or systemic S. viridis leaves, DNA was extracted
and used as a template to PCR amplify the target region in non-inoculated
plants, inoculated leaves and systemic leaves. A 360-bp amplicon that is cleaved
into bands of 228 bp and 132 bp by Pvull is expected in the wild type, but if

the Pwvull site is disrupted due to gene editing, then a mixture of cleaved and
uncleaved amplicons is expected. Infection by FOMV-DC*-gSvCAZ2 resulted in
about 45% indels in the inoculated leaf and 60% indels in the systemic leaf
(Figure 2-9A). The non-digested amplicons were cloned and sequenced, and we
observed a series of small deletions (1-6 bp) that had occurred within 2—4 bp of
the PAM sequence, disrupting the Pvull cleavage site (Figure 2-9B). These data
demonstrate that FOMV delivered a functional guide RNA that could mediate
Cas9-directed cleavage of SVCA2. Progeny of the plants infected with FOMV-
DC*-gSvCAZ2 did not carry edits in SvCA2 indicating that FOMV did not induce

heritable edits in S. viridis.

FoMV-mediated gene editing in maize
To test gene editing in maize, a gRNA targeting ZmHKT1 was inserted
into pFoMV-DC* to create pFoMV-DC*-gZmHKT1. The ZmHKT1 gRNA targets a

sequence overlapping a recognition site for the Xcml endonuclease (Figure 2-
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6C)(110). Xcml digestion of the wild-type 732-bp PCR amplicon containing the
target sequence yielded two bands of 504 bp and 228 bp. Seedlings from a
maize line segregating for Cas9(111) were co-inoculated with FOMV-DC*-
gZmHKT1 and the potyvirus SCMV, which expresses an HcPro(112). Co-
infection of FOMV and SCMV enhances FoOMV accumulation and results in more
severe disease symptoms (Supplemental Figure 2-11), which is typical of
potyvirus synergisms(113, 114). Presence of the Cas9 transgene mRNA was
detected using RT-PCR, and the viruses were detected by Western blot using
anti-FoMV-CP and anti-SCMV-CP antibodies (Figure 2-10). Genomic DNA was
extracted from leaf 9 of the plants, and amplicons containing the ZmHKT1 target
site were produced by PCR and then incubated with Xcml. Only amplicons
produced from plants that were Cas9 positive and infected by FOMV-DC*-
gZMHKT1 or FoMV-DC*-gZmHKT1 + SCMV were partially resistant to Xcmi
digestion. We estimated that 3%—6% of the amplicons from Cas9 + FOMV-DC*-
gZmHKTL1 contained indels that disrupted the Xcml site and 7%—-38% of the
amplicons from Cas9 + FOMV-DC*-gZmHKT1 + SCMV contained indels that
disrupted the Xcm1 site (Figure 2-10A). However, not all plants that were positive
for Cas9 and FOMV-DC*-gZmHKT1 alone or in combination with SCMV
produced amplicons resistant to Xcml (see plants 14, 13, and 16; Figure 2-10A).
As expected, no non-digested amplicons were detected in either Cas9-negative
or FOMV-DC*-gZmHKT1-negative plants (see plants 1, 15, 5, 9, 11, 12, 17;
Figure 2-10A). Similar to N. benthamiana and S. viridis, small deletions within
two to three bp of the PAM were most common in maize (Figure 2-10B). We
were not able to obtain seeds from these plants due to growth chamber
conditions and the severe symptoms of co-infection with SCMV. Therefore, the
possibility of heritable mutations in ZmHKT1 could not be tested.

Discussion
Here, we describe a set of recombinant FOMV vectors that have

applications for gene expression and single gRNA delivery, and they were
demonstrated to function in maize, S. viridis, and N. benthamiana. These vectors

were derived from a previous FOMV vector developed by us for VIGS, which
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could not be used for gene expression because of the position of MCS1 after the
stop codon of ORF5(95). Our new vectors can be inoculated into plants using
either DNA particle bombardment or agroinfiltration. Although VIGS was not
tested using the new vector set, they are expected to be useful for this purpose,
given a previous demonstration of VIGS using a duplicated CP promoter strategy
in FOMV by Liu et al. (93). In order to enable foreign gene expression, the
subgenomic promoter duplication strategy, which has been successfully
demonstrated in PVX vectors(103—106), was adopted to generate pFoMV-
DP/DC vectors. A similar strategy was used in another FOMV expression vector
developed by Bouton et al. (92), although different approaches were taken to

design and build the vectors.

To engineer the pFoMV-DP/DC vectors, we first confirmed that the
ORF5A was dispensable for infection of our primary target plant, maize.
Robertson et al. (98) previously showed that ORF5A is not required for systemic
infection of barley plants. ORF5A starts 144 nucleotides upstream of and is in
frame with the CP ORF, and it is predicted to produce a variant of CP with a 48-
amino acid N-terminal extension(96, 98). Disrupting ORF5A simplified the
duplicated CP cloning strategy for the expression of proteins and allowed us to
reduce the duplicated CP promoter region to 54 nucleotides. We aimed to
minimize the size of the duplication, while retaining the promoter function, to
reduce the risk of recombination(103). We confirmed that the expected
subgenomic mRNA transcripts initiating at 14 nucleotides downstream of the
core promoter sequence at GAA were produced from the duplicated CP
subgenomic promoter by using 5° RACE. In the FOMV-DC vectors, the duplicated
nucleotides overlapping with ORF4 were further modified by changing the third
base of each codon, which yielded better stability of the bar insertion. It may be
possible to further stabilize expression from FOMV using a heterologous
promoter strategy as shown for PVX by Dickmeis et al. (103) and for other
viruses, such as TMV(115). However, this approach may not be straightforward,
because the 8 nucleotide CP subgenomic promoter core sequence differs at two

positions relative to most other characterized potexviruses(116), and the FoMV
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CP subgenomic promoter did not function in the context of the PVX
genome(103).

To test gene expression, the coding sequences of the BAR (552 bp) and
GFP (720 bp) marker proteins were inserted into the FOMV-DC and FoMV-DP
vectors. Although expression varied from plant to plant, when inoculated at the
two-leaf stage, protein expression was observed from L4 to L6. In the case of
GFP expression, green fluorescence was detected through L8 and no
fluorescence signal was observed in L9 samples, which was consistent with the
results of RT-PCR showing total loss of the GFP insertion in all L9 samples. Our
previous work found that when plants were infected by the FOMV vector carrying
200-300 bp insertions at MCS1 after the ORF5 stop codon, plants began to
show evidence for deletions of the inserts by L9 and partial or total deletion was
observed in L top (leaf 12—14)(95). Considering that the insertion size
of bar and GFP in FoMV-DC and FoOMV-DP is approximately twice as big, an
earlier and more extensive deletion was not surprising. In line with a relationship
between insert stability and size, we found that single gRNA, which are 103
nucleotides in size, was very stable at MCS2 in both the FOMV-DC and FoOMV-
DP contexts, with no evidence for deletions in S. viridis or maize plants. This

influence of insert size is in agreement with observations in PVX vectors(117).

The most exciting aspect of this work is a demonstration that FOMV can
deliver functional gRNA in monocot plants, maize and S. viridis, expressing Cas9
and in N. benthamiana. We tested proof of concept in N. benthamiana by
agroinoculation where FoOMV-DC*-gNbPDS induced indels at a high frequency in
the agroinoculated leaf patches. Indels were also observed in the systemic
leaves at differing frequencies depending on the timing and location of the
sampled leaves. To enhance the frequency of editing in systemic tissues, viral
silencing suppressors were provided by transient agroinfiltrations, co-infections,
and stable transformation. Transient agroinfiltration of HcPro and P19 did not
enhance editing, because this localized method of delivery could not promote

FoMV accumulation in systemic tissues. Co-inoculation of FOMV with the
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potyvirus, TuMV, resulted in remarkably high levels of gene edits in systemic
leaves at 7 dpi, but plants died within a few days, so further analyses were not
possible. The high frequency of editing was in stark contrast with the low
frequency of editing in comparable systemic leaves of plants that had been
inoculated with FOMV-DC*-gNbPDS alone. These results indicate that TuMV and
FoMV interact synergistically, likely due to the HcPro silencing suppressor
carried by TuMV(118). The increased frequency of editing is expected to be due
to increased accumulation of FOMV genomic and subgenomic RNAs resulting in
more production of guide RNAs. In addition, the suppression of silencing may
also enhance expression of the Cas9 transgene. Additional experiments will be
required to distinguish among these possibilities. Consistent with the idea that
HcPro may have promoted these effects, inoculation of plants expressing both
Cas9 and HcPro with FoMV-DC-gNbPDS also resulted in a higher, but variable
frequency of gene editing in systemic leaves compared to plants expressing
Cas9 alone. HcPro's ability to promote gene editing is consistent with results
from Mao et al. (119) who showed that the tomato bushy stunt P19 silencing
suppressor improved gene editing by the CRISPR/Cas9 system in Arabidopsis

thaliana.

To extend this idea further, we co-inoculated maize seedlings segregating
for Cas9 with FOMV-DC*-gZmHKT1 and SCMV. The presence of SCMV
promoted FOMV accumulation and resulted in more severe disease than with
either virus alone, which is consistent with a synergistic interaction mediated by a
potyvirus. Consistent with TuMV, co-infection of SCMV with FOMV-DC*-
gZmHKT1 resulted in the highest levels of gene edits in systemic leaves,
although the frequency was variable. Taken together, we conclude that
synergistic viruses or their silencing suppressors can greatly enhance FOMV-
mediated gene editing. However, SCMV + FoMV co-infection results in severe
symptoms that prevent proper maize development, and so phenotypic effects of
edits would be difficult to discern. An important line of investigation for the future
will be to optimize silencing suppressor activity to enable more efficient gene

editing without such severe symptoms.
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The vector set and experiments presented here demonstrate that
recombinant FOMV clones have a wide variety of potential uses for VIGS, VOX,
and VEdJGE (virus-enabled gene editing). The utility of FOMV for these different
applications can supplement conventional genetics and transgenic plant
approaches for identifying gene functions in maize, or to investigate the functions
of novel proteins in maize. Our work demonstrates that there are limitations when
performing studies using VOX, because of the stability of inserts, but we expect
that FOMV can be useful for expressing proteins that can induce phenotypes in
leaves 4-6 of young maize plants. The single gRNA inserts appear to be stable,
and so FoOMV could be used to induce gene edits in vegetative tissues of
monocot plants expressing Cas9. Based on the frequency of indels in maize
plants expressing Cas9, we do not expect to be able to observe phenotypes due

to gene editing.

Heritable gene edits were not observed in the progeny
of N. benthamiana or S. viridis plants. In N. benthamiana, edits were observed in
the flowers, but they must have occurred in maternal tissues, such as sepals and
petals. The lack of heritable edits is consistent with the inability of FOMV to be
seed transmitted in S. viridis(120). Because single guide RNA can vary in their
efficiency and specificity(121), the ability of FOMV to induce gene edits in
monocot vegetative tissues is expected to have useful applications for rapidly
screening single gRNA candidates prior to producing gRNA-Cas9 transgenic
lines carrying heritable edits. A very interesting possibility is that Cas9 and gRNA
could be expressed simultaneously from the FOMV genome as was recently
shown for the negative strand cytorhabdovirus, BYSMV, which can tolerate
insertion of the 4.4 kb Cas9 coding sequence and a single gRNA(71). The
recombinant BYSMV could induce gene edits in the agroinfiltrated leaves
of N. benthamiana plants, but systemic gene editing was not reported. We expect
that additional work will be needed to stabilize an ORF as large as Cas9 in the
FoMV genome, so that it could be used to express both Cas9 and gRNA for

systemic gene editing in maize and other monocots.

45



Methods
Plant material and virus inoculation: The parent pFoMV-V infectious clone

from which all FOMV clones were derived was previously described(95). The
SCMV virus isolate was originally named MDMV-B and designated lowa 66-188
[ATCC-PV53])(122, 123). The viruses were propagated in sweet corn (Zea
mays L. ‘Golden x Bantam’; American Meadows). Virus-infected leaf sap was
prepared by grinding infected leaves in 50 mM potassium phosphate buffer, pH
7.0. Sweet corn plants at the two-leaf stage were mechanically inoculated by
rubbing leaf sap on new leaves dusted with 600-mesh Carborundum. To
inoculate plants with pFoMV infectious DNA clones, leaves of one-week-old
seedlings were inoculated by particle bombardment using a Biolistic PDS-
1000/He system (Bio-Rad Laboratories), 1.0-um gold particles coated with 1 ug
of pFoMV DNA, and 1,100-psi rupture disks at a distance of 6 cm as previously
described(94). Plants were placed in the dark for 12 hr before and after
inoculation and then maintained in a greenhouse room with a thermostat set to
20-22°C with a 16-hr photoperiod. N. benthamiana plants were grown in a
growth room at 22°C with a 16-hr photoperiod, and the N. benthamiana Cas9 line
was previously described(108). The S. viridis Cas9 line was generated by
transforming strain A10 with a wheat codon-optimized Cas9 gene expressed
from the maize ubiquitin promoter (ZmUbi)(79, 124). The maize Cas9 line was
described by Char et al. (111).

Construction of FoOMV-derived vectors: A three-step strategy was used to
make pFoMV-V-derived expression vectors. All oligonucleotide primers are listed
in Table S1. In step 1, pFoMV-V was modified to disrupt the predicted start
codon of ORF5A. In PCR reaction A, primer pairs 5AmuS1 and 5AmuAl were
used to amplify a product from pFoMV-V and the product was gel extracted. In
PCR reaction B, primer pair 5AmuS2 and 5AmuA2 was used with pFoMV-V as
template and the product was gel extracted. In overlapping PCR reaction C,
primer pair 5AmuS1 and 5AmuA2 was used with PCR products A and B as
templates. PCR product C was digested with restriction enzymes Sacll and Sall,
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gel extracted, and ligated into pFoMV-V that had been digested with the same
enzymes to produce the pFoMV-V-A5A.

In step 2, a multiple cloning site was added into pFoMV-V-A5A. In PCR
reaction D, primer pairs 5AmuS1 and 201DPA1 were used to amplify a product
from pFoMV-V-A5A and the product was gel extracted. In PCR reaction E, primer
pairs 201DPS1 and 5AmuA2 were used with pFoMV-V-A5A as template and the
product was gel extracted. In overlap PCR reaction F, primer pair 5AmuS1 and
5AmuA2 was used with PCR products D and E as templates. PCR product F was
digested with restriction enzymes Sacll and Sall, gel extracted, and ligated into
pFoMV-V that had been digested with the same enzymes to produce the pFoMV-
V-A5A-MSC, which contains Pmll, Bsu36l, Hpal and PspOMI.

In step 3, the duplicated CP subgenomic promoters were added to
pFoMV-V-A5A-MSC. Oligonucleotides DPS and DPA were synthesized and
annealed to form double-strand DNA fragment that contained the putative
subgenomic promoter for CP (nucleotides 5280-5333) and Bsu36I recognition
site at 3’ end. The annealed product was digested with Bsu36I and ligated into
pFoMV-V-A5A-MSC that had been digested with Pmll and Bsu36l to produce the
pFoMV-DP. The pFoMV-DC was constructed similarly using synthesized
oligonucleotides DCS and DCA.

Generation of FOMV constructs for protein and RNA expression: Bar was
amplified by PCR using pBPMV-IA-GFP-BAR(125) as a template with primer pair
BAR Bsu36! and BAR Hpal. The product was cloned into pGEM-T Easy
(Promega) and sequenced for verification. The bar gene was released by Bsu36l
and PspOMI double digestion and ligated into similarly digested pFoMV-DP or
pFoMV-DC to generate the construct pFoMV-DP-BAR or pFoMV-DC-

BAR. GFP was amplified by PCR using pSITE 2CA(126) as a template with
primer pairs GFP Bsu36l and GFP PspOMI. pGFP was generated by cloning the
product into pGEM-T Easy, and it was verified by sequencing. pGFP was
digested with Bsu361 and PspOMI and ligated into similarly digested pFoMV-DC
to generate pFoMV-DC-GFP.
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RT-PCR analysis: Non-infected wild-type leaves or leaves of plants infected by
pFoMV-V, pFoMV-V-A5A, pFoMV-DP, pFoMV-DC, pFoMV-DP-BAR, pFoMV-
DC-BAR or pFoMV-DC-GFP were harvested for total RNA extraction using the
RNeasy Plant Mini Kit (Qiagen). The leaves that were sampled are indicated in
the figure legends. After first-strand cDNA synthesis, primer pair 5AmuS2 and
5AmuA2 was used to test for FOMV infection and for the presence of

insert. Z. mays actin was used as an internal control with primer pair ZmActS and
ZmActR.

Herbicide treatment and bar strip test: FOMV-DP/DC-BAR-infected sweet corn
plants were sprayed with a dilution of Finale® herbicide that contained 0.05%
glufosinate-ammonium w/v) (BASF) in deionized water. Maize plants were
photographed at 10 days after herbicide treatment. Leaf samples of non-
inoculated, pFoMV-DC- or pFoMV-DC-BAR-infected plants were used to test the
presence of BAR protein using the QuickStix™ Kit for LibertyLink® (bar) Cotton

Leaf & Seed (EnviroLogix) according to the manufacturer's instructions.

Microscopy, protein extraction and western blot assays: Leaf samples of
non-inoculated, pFoMV-DC-, pFoMV-DC-GFP-infected plants were cut into small
squares (1 cm x 0.5 cm) and examined with a Zeiss Axioplan Il microscope with
FITC cube. Total protein was extracted from leaf samples of non-inoculated,
pFoMV-DC- and pFoMV-DC-GFP-infected and pCAMBIA380-FoMV-infected
plants. In each sample, 8 leaf disks were collected using a 0.5 cm diameter borer
and homogenized in 100 pl of extraction buffer (50 mM NaCl, 20 mM Tris pH 7.5,
1 mM EDTA, 0.1% Triton X-100, 10% glycerol, 5 mM DTT, 2 mM NaF, 1 mM
PMSF, and 1x protease inhibitor cocktail). After centrifugation, the supernatant
was mixed with SDS-PAGE loading buffer and boiled for 5 min, and then, 10 pl of
each boiled sample was used in SDS-PAGE followed by Western blotting using
anti-GFP monoclonal antibody (Genscript).

Insertion of FOMV into a T-DNA plasmid for agroinoculation: First, the Xhol
restriction site in pFoMV-DC was replaced by Pacl. To achieve this, a PCR

reaction was performed using the primer pair FM-PaclFor and NosRev with
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pFoMV-DC as template. The PCR product was digested with restriction
enzymes Xbal and Clal, gel extracted, and ligated into pFoMV-DC that also had
been digested with Xbal and Clal to produce the pFoMV-DC-Pacl. Next, the
cauliflower mosaic virus 35S promoter to the nopaline synthase terminator was
amplified from the pFoMV-DC-Pacl using primer pair DCPacl1380F and
DCPacl1380R. The pCAMBIA1380 backbone was amplified with primer pair
1380F and 1380R. The two PCR products were purified and assembled using
the Gibson Assembly® Cloning Kit according to the manufacturer's instructions
(New England Biolabs). The fidelity of the resulting pCAMBIA380-FoMV-DC*
(pFoMV-DC*) was further confirmed by sequencing. To generate constructs for
gRNA delivery, oligonucleotides NbPDSgl and NbPDSg2 (Supplemental Table
2-1) were synthesized and annealed, and then ligated into Bsu36l- and PspOMI-
digested pFoMV-DC* to generate the construct pPCAMBIA1380-FoMV-gNbPDS.
The construct pPCAMBIA1380-FoMV-gZmHKT1 was generated similarly using
oligonucleotides ZmHKT1g1l and ZmHKT1g2 (Supplemental Table 2-1). The
construct pCAMBIA1380-FoMV-gSvCA2 was generated by PCR amplifying the
SgRNA scaffold with oligonucleotides SvCA2g1 and sgRNA:7xT:PspOMI. This
PCR product was purified and assembled into Bsu361- and PspOMI-digested
pFoMV-DC* using the Gibson Assembly® Cloning Kit according to the

manufacturer's instructions (New England Biolabs).

Agroinfiltration of N. benthamiana: Nicotiana benthamiana plants between 5
and 6 weeks old were used in this study. Agrobacterium tumefaciens strain
GV3101 harboring the pFoMV-DC* plasmids was cultured and re-suspended in
infiltration buffer (200 uM acetosyringone, 10 mM MES, pH 5.6, and 10 mM
MgCl2) (ODsoo = 1.0) and kept at room temperature for 3 hr before infiltration into
plant leaves with a needleless syringe. Three weeks later, the infected systemic
leaves were harvested and used as inoculum for rub-inoculation onto new sweet
corn seedlings at the two-leaf stage. Three-leaf stage S. viridis seedlings were
rub-inoculated using systemically infected N. benthamiana leaves 10 days after

infiltration.
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For NbPDS gene-editing experiments, N. benthamiana transgenic plants
expressing the SpCas9 were used. The infiltrated and systemic leaves were
sampled at 7, 14, and 21 DPI. Flowers and capsules of infiltrated plants were
also sampled to test the NbPDS gene editing. In the case of FOMV and TuMV co-
infection, suspensions of GV3101 harboring the pFoMV-DC*-gNbPDS
and A. tumefaciens strain GV2260 harboring the pCB-TuMV-GFP(109) were
mixed (ODeoo = 1.0 for each strain, mixed at 1:1) and infiltrated. The infiltrated

and systemic leaves were sampled at 7 DPI.

Verification of mutations in N. benthamiana, S. viridis, and maize: Genomic
DNA was extracted from N. benthamiana or maize samples using the DNeasy
Plant Mini Kit (Qiagen) according to the manufacturer's instructions. The DNA
fragments encompassing the target sites were amplified using Q5 High-Fidelity
DNA Polymerase (New England Biolabs) with primer pair NbPDSs and NbPDSa
for NbPDS, primer pair oEE374 and oEE375 for SVCA2, or primer pair ZmIDTFO
and ZmIDTRO for ZmHKT1 (Supplemental Table 2-1). The NbPDS fragment was
digested with Ncol-HF and then separated on a 1.0% agarose gel. The intensity
of the DNA bands was quantified using ImageJ software to estimate editing
efficiency. The undigested bands were individually gel purified and cloned into
pGEM-T Easy (Promega, Madison, WI, USA) for sequence analysis. The
ZmHKT1 and SvCA2 amplicons were analyzed in a similar way except Xcml
and Pvull, respectively, were used for the digestion.
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Figure 2-1 Diagrams of the genomes of FOMV clones and the nucleotide
modifications to produce the FOMV-DP and FoMV-DC expression vectors.
(A) The FoMV-V silencing vector (pFoMV-V; (95)) is shown in the upper panel.
The lower panel is annotated FOMV sequence beginning in ORF 4 and
continuing to the ORF5 start codon. ORF 4 coding sequence is highlighted in
blue, ORF 5A is in green text, the predicted core of the ORF 5 promoter is in
purple text with a dashed underline, the transcription start site for the ORF 5
subgenomic mRNA transcript is indicated by the black arrow, the beginning of
ORF 5 is highlighted in purple, and start or stop codons for all ORFs are
indicated by underlining. Multiple cloning site 1 (MCS1) contains the Xbal and
Xhol restriction enzyme sites. (B) FOMV-V A5A in which a point mutation was
introduced into the ORF 5A start codon was mutated to render it non-functional
(ATG -> ACG) as indicated by the orange text. (C) FOMV-DP and the sequence
showing the duplication of the ORF5 promoter followed by a second multiple
cloning site (MCS2). The bold black text indicates the duplicated promoter
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sequence, and the lowercase gray letters indicate the MCS2 with the Bsu36l,
Hpal, and PspOMI sites, respectively, in bold. (D) Schematic representation of
the FOMV-DC genome in which the duplicated ORF5 promoter was modified by

five point mutations that reduced redundancy of the duplicated sequence. Single

nucleotide changes in the duplicated promoter region are in bold red text.
(a) NI FoMV-V ASA

DP DC
i

F-V__AS5A DP DC

Actin

Figure 2-2 Infection of sweet corn (Golden x Bantam) by the FoMV vectors.

(A) Images of leaves from control and inoculated plants. From left to right: non-

inoculated (NI), FOMV silencing vector (FoMV-V), FoMV-V with mutated ORF5A
(FoMV-V- A5A), FOMV expression vectors FOMV-DP (DP) and FoMV-DC (DC).

Bar =1 cm. (B) RT-PCR assay detected FOMV in the systemic leaves shown in
panel A. Maize actin was included as internal control for RT-PCR.
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(a) DP-BAR DC-BAR

Figure 2-3 FOMV-mediated BAR expression in sweet corn (Golden x
Bantam). (A) Sweet corn inoculated with pFoMV-DP-BAR (DP-BAR, left) and
pFoMV-DC-BAR (DC-BAR, right). (B) RT-PCR analysis of bar insert stability in
the 4th leaves of FOMV-DP-BAR-infected plants. (C) RT-PCR analysis

of bar insert stability in the 4th leaves of FOMV-DC-BAR-infected plants. (D) RT-
PCR analysis of bar insert stability in the 6th leaves of FOMV-DP-BAR-infected
plants. (E) RT-PCR analysis of bar insert stability in the 6th leaves of FOMV-DC-
BAR-infected plants. The upper gel images in (B, C, D, and E) are the RT-PCR
control showing amplification of a maize actin mRNA fragment in all samples.
The lower gel images are RT-PCR amplification across the FOMV cloning site
(MCS2). EV indicates the FOMV-DP or DC empty vector that carries no insert. (F)
Strip test for the expression of BAR protein. Positive signals indicated by the
arrow are detected in FOMV-DC-BAR-infected leaf tissue, but not in leaves of

non-infected (NI) or FOMV-DC empty vector (EV) control plants. The red stars in
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panel C indicate the plants infected with FOMV-DC-BAR that were used in the

strip test.

Figure 2-4 Expression of BAR from FOMV transiently partially protects
sweet corn plants from herbicide treatment. (A) Sweet corn plants before
(upper panels) and after (lower panels) treatment with glufosinate herbicide.
Plants were photographed at 18 dpi, just prior to herbicide treatment, and at

10 days after the first herbicide application. From left to right: non-inoculated (NI),
plants infected with pFoMV-DC (DC), pFoMV-DP (DP), pFoMV-DC-BAR (DC-
BAR), and pFoMV-DP-BAR (DP-BAR). (B) Individual DC-BAR plants after
herbicide treatment. (C) A representative image of a DP-BAR plant after
herbicide treatment. Red stars in B and C indicate the 4th leaves.
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Figure 2-5 Expression of GFP from FOMV in sweet corn. (A) Sweet corn
inoculated with pFoMV-DC (DC, left) and by pFoMV-DC-GFP (DC-GFP, right).
(B) RT-PCR analyses for the GFP insert stability in FOMV-DC-GFP-infected
plants. The upper gel image is the RT-PCR control showing amplification of a
maize actin mRNA in all samples. The lower gel image shows RT-PCR
amplification across the FOMV cloning site MSC2. EV indicates the FOMV-DC
empty vector that carries no insert. L4, L6, and L9 indicate the leaf number that
was sampled. (C) Immunoblot assay showing GFP expression in FOMV-DC-
GFP-infected leaf tissues that are used in panel B. The upper images are
immunoblots using anti-GFP antibody, and the lower images show the protein
loading control. (D) Green fluorescence in leaf 4 of plants infected with FOMV-DC
or FOMV-DC-GFP. The area in the red box is enlarged in the lower panels, which
are in two different focal planes to illustrate GFP fluorescence in epidermal (left)

and mesophyll cells (right).
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Figure 2-6 FOMV agroinoculation and expression of guide RNAs. (A)
Schematic representation of FOMV vector in the pCAMBIA1380 binary vector.
MCSL1* indicates that the MCS1 site was modified to Xbal and Pacl. (B) The
yellow box indicates the position of insertion of a single 20-nucleotide guide RNA
sequence fused to the 83-nucleotide scaffold (JRNA) at MCS2 of pFoMV-DC*.
(C) gRNA target sites for N. benthamiana Pdsl S. viridis CA2, and Z. mays
HKT1. Red text indicates the 20-nucleotide gRNA sequence, the gray boxes
indicate the recognition sites for Ncol, Pvull and Xcml restriction endonucleases,
the yellow arrows indicate the cleavage sites for the restriction endonucleases,
and the protospacer adjacent motifs are indicated by the underlined text. (D)
Strategy to express gRNA from the pFoMV-DC* vector in plants expressing the
Cas9 protein. The red cross-hatch indicates that gene edits were expected to be
observed in inoculated and systemic leaves in which FOMV-DC*-gRNA is

accumulating.
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Figure 2-7 FoMV-mediated editing of NbPDS in agroinfiltrated and systemic
leaves of N. benthamiana plants expressing Cas9. (A) PCR-based assay to
detect edits in NbPDS at 7 days post-inoculation (DPI) in agroinfiltrated (INF) and
systemic (SYS) leaves. Oligonucleotide primers were used to generate 797-bp
amplicons flanking the NbPDS guide RNA target site, and the amplicons were
incubated with Ncol. The wild-type amplicons are cleaved into two bands of

541 bp and 256 bp, amplicons carrying edits that disrupt the Ncol site are not
cleaved. F-g, FOMV-DC* expressing the NbPDS guide RNA; HC, co-infiltration
with a construct expressing the TuMV helper component-proteinase; P19, co-
infiltration with a construct expressing the TBSV 19 kDa protein; M, DNA size
marker; P#, plant number; % Indels, percent of each PCR amplicon that was not
digested; --, indicates that a non-digested product was not detected and
therefore was not quantified; +, wild-type amplicon cleaved by Ncol; -, wild-type
amplicon that was not incubated with Ncol. (B) PCR-based assay to detect edits
in NbPDS at 14 DPI in agroinfiltrated (INF) and systemic (SYS) leaves. The
systemic leaves were subdivided into two categories: middle systemic (MID-SYS)
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and top systemic (TOP-SYS). The “nd” and the red triangle indicate the sample
for which indels were not quantified and sequence not determined due to
inefficient PCR. (C) PCR-based assay to detect edits in NbPDS at 7 DPI in
agroinfiltrated (INF) and systemic (SYS) leaves during a co-infection of FOMV-
DC*-gNbPDS and turnip mosaic virus (TuMV). F + T, FOMV-DC* empty vector +
TuMV; |, agroinfiltrated; S, systemic.

(a) + HO I S (b)
' FoMV + Carbonic Anhydrase gRNA
. o Plasmid sequence: taggTCGACGGTCGTGCAGCTGGAGgttt

Infiltrated Leaf: taggTCGACGGTCGTGCAGCTGGAgttt
Systemic Leaf: taggTCGACGGTCGTGCAGCTGGAgttt

Figure 2-8 Guide RNAs (gRNAs) are stably maintained at MCS2 in

the FOMV-DC* vector. A single guide RNA (gRNA) targeting S. viridis Carbonic
anhydrase 2 (SVCA2, Sevir.5G247900) fused to the 83-nucleotide tracrRNA
scaffold was inserted into MCS2. (A) SVCA2 gRNA stability was tested in S.
viridis plants. The FoMV-DC*-gSvCA2 construct was infiltrated into N.
benthamiana and rub-inoculated onto young S. viridis leaves. The agarose gel
shows the presence of stable inserts in S viridis leaves. + indicates a plasmid
control, I indicates the inoculated leaf, and S indicates an upper systemic leaf.
(B) Sanger sequencing of the RT-PCR bands from S. viridis inoculated with
FoMV-DC*-gSvCA2. The insert is maintained after passage through N.

benthamiana into S. viridis leaves without acquiring any deletions or mutations.
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Figure 2-9 FoMV-mediated editing of SYVCA2 in systemic leaves

of S. viridis plants expressing Cas9. (A) PCR-based assay to detect edits
in SVCA2 at 14 days post-inoculation in an upper systemic leaf. FOMV-gRNA
vectors were propagated in Nicotiana benthamiana, and at 10 days after
infiltration, a systemic leaf was used to rub-inoculate Cas9 S. viridis plants.
Oligonucleotide primers were used to generate 360-bp amplicons flanking

the SVCA2 guide RNA target site for multiple infected plants. The amplicons were
incubated with Pvull restriction enzyme to create wild-type cleaved bands of
228 bp and 132 bp. Amplicons carrying edits that disrupt the Pvull site are not
cleaved. The gel shown here represents a plant with successful disruption of
the Pvull target site by the FOMV-gRNA vector. + indicates a plasmid control, |
indicates the inoculated leaf, and S indicates an upper systemic leaf. % Indels,
percent of each PCR amplicon that was not digested as measured by ImageJ
software; --, indicates that a non-digested product was not detected and
therefore was not quantified. (B) Sequence analysis of the non-cleaved
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amplicons that were gel purified and cloned. The Pvull recognition site is
indicated by the gray box in the wild-type sequence, and the cleavage site is
indicated by the yellow arrow. The protospacer adjacent motif (PAM) is indicated
by the underlined sequence, and the guide RNA sequence is indicated by the red
text. The blue dashes represent nucleotide deletions. Each sample is from an
individual clone, negative numbers to the right of a sequence show the number of

nucleotides deleted, and (#x) shows the number of times that sequence
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ZmHKT1  TGTGGCTTCGTGCCAACCAACGAGGGGATGGTGTCCTTCAA 5/7
E01 TGTGGCTTCGTGCCAACCAA-GAGGGGATGGTGTCCTTCAA -1 (x5)

Figure 2-10 FoMV-mediated editing of ZmHKTL1 in systemic leaves of maize
plants expressing Cas9. (A) PCR-based assay to detect edits in ZmHKT1
systemic leaf 9. Oligonucleotide primers were used to generate 732-bp
amplicons flanking the ZmHKT1 guide RNA target site, and the amplicons were
incubated with Xcml. The wild-type amplicons are cleaved into two bands of

504 bp and 228 bp, amplicons carrying edits that disrupt the Xcml site are not
cleaved. RT-PCR was used to determine the presence of the Cas9 transgene,
FoMV-DC*-gZmHKT1 (F-g), and sugarcane mosaic virus (SCMV) in each leaf
sample. The numbers above each lane indicate the plant from which the leaf
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sample was derived. M, DNA size marker; % Indels, percent of each PCR
amplicon that was not digested; --, indicates that a non-digested product was not
detected and therefore was not quantified; 1L9, a leaf 9 sample from plant 1;
1L10, a leaf 10 sample from plant 1; -, wild-type amplicon that was not digested.
(B) Sequence analysis of amplicons that were gel purified and cloned. The Xcml
recognition site is indicated by the gray box in the wild-type sequence, and the
cleavage site is indicated by the yellow arrow. The protospacer adjacent motif
(PAM) is indicated by the blue line, and the guide RNA sequence is indicated by
the red text. The blue dashes represent nucleotide deletions, blue letters
represent nucleotide insertions, and a red dash indicates a gap in the alignment
to the guide RNA sequence due to a nucleotide insertion in one of the amplicon
sequences. P# indicates the corresponding plant number, and the ratio to the
right of the wild-type sequences indicate the number of clones that carried an
indel out of the total number of clones sequenced for that plant sample. Negative
numbers to the right of a sequence show the number of nucleotides deleted,
positive numbers show the number of nucleotides inserted, and (x#) shows the

number of times that sequence occurred.
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Supplemental Figure 2-1 Sweet corn plants before (upper panels) and after
(lower panels) treatment of Finale herbicide starting at 23 DPI. From left to
right: noninoculated (NI), plants infected by FoMV-DC-BAR (DC-BAR) and
FoMV-DP-BAR (DP-BAR).

NI Mock DC DC-BAR Rub-inoculated

§ Before
herbicide

After
herbicide

Supplemental Figure 2-2 FOMV-DC-BAR partially and transiently protects
sweet corn plants from Finale herbicide. (A) Sweet corn plants before (upper
panels) and after (lower panels) treatment of Finale herbicide starting at 13 DPI.
From left to right: non-inoculated (NI), mock treated (Mock), plants rub-inoculated
by FoMV-DC (DC EV) and plants rub-inoculated by FoMV-DC-BAR (DC BAR).
(B) Representative images of DC-BAR rub-inoculated plants after herbicide

treatment. From left to right: green, partial green and yellow plant.
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Supplementa Figure 2-3 Green fluorescence observed in leaves of sweet
corn plants infected with FOMV-DC-GFP. L4, L6, L7 and L8 indicate the leaf
number that was imaged. The bar = 200 pm.

A NI Infiltrated Mock

Inoculated

C ,
Nb Sweet Corn
— - - -+ - - + + +
g; - w8 e = Anti-FOMV
- cP

Supplemental Figure 2-4 Confirmation of infectivity of the pCAMBIA1380-
FoMVDC*. (A) Systemic leaf of Nicotiana benthamiana (Nb) plants that were
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noninoculated (NI) or agroinfiltrated with pCAMBIA-FoOMV-DC empty vector.
Bar=1 cm. (B) Mock-inoculated leaf and systemic leaf from a plant that was rub-
inoculated with sap from a Nb plant that had been agroinoculated with
pCAMBIA1380-FoMVDC*. Bar=1 cm. (C) A western blot showing the
accumulation of FOMV capsid protein in systemic leaves of Nb and sweet corn
plants that are shown in panels A and B. ‘~’ indicates NI or mock treated; +

indicates leaf with viral symptoms.

PDS-I1 Neal pAM

NePDS  TATGTTITGETAGTAGCGACTCLATEEGECATAAGT 3/3
210 TATCT TTTGETAGTAGCGACTC -ATGEEECRTRAAGT  —1(x2)

B0 TATGI TITGETAS—-——-——-ATGEGECATAAGT  ~10
PDS-T12

MoEDS  TATGTTITGGTAGTAGCEACTCCA-TGEGGATAAGT 5/8
=02 TATGET ——— ———— — —— —TCATRAGT -23
coz TATGT TITGEIAGC—-————-A-TGGEGCATAAGT -9
HOZ TATGT TITGGTRGTAG —— — —A-TGGEGCATRAAGT -7
GOz TATGT TITGETASTAG OG- —A-TGEE5CATAAGT 2
oz TATGT TITGETRGTAGCRCTC-A-TGGEEECATAAGT -1
B2 TATGT TITGETAGTAG G CTCCARTGRE5CATAMGT  +14

PD5-I3
MeEDS  TATGITITGGIAGTAGCGACT CCATGGGECRATARST 4/4
D03 IRTCEITITGETRGTAOGACTC-ATGEEECATALGT -1 (x3)

A03 TATCT TIT G TAGTRAG ————— ATGEEECATRACT
PDS+HePro-TI1 a/a
HNBEDS TATCTTTIGET ACT RECERCT CCATEEEECRA TR AT

ED3Z TATCTTTTGETACTRECCACTC-ATCGEEECATRARET  ~1(x2)
bk} TRTCTTTTGETACTRAECERCT —ATEEEECATRAST -2
HDz TATCTTTTGET ACTRECCAC-——ATGEEECATRARET -3
PDS+HePro-I2

NbEDS TATETTTIGETAGTACCEACTCCATEEEEATARST 33
AO4 TATGTTTIGETACTR- — ——ATGEGECRTRRET -8
BO4 TATCTTTITGETACTRECCACTC-ATGEEECATRARET -1
Co4 TATGTTTIGETACTRE———ATGEGECRTRRAET -7

PD5+HcEro-13
MeEDS TATCTTTIGETACTAGCEACTCOATOGGEMATARGT  2/3

Do4 TATCTTTITGET A —— ——RIGEEECATRRAET  —-10
E04 TATGTTTTIGETACTRECCACTC-ATGEEECATRRET -1
PDS+E1S-I1 6/8
MeEDS TATCTITTEETAGT AMECGACTCC-ATEEECCATARGT 4
A0S TATCTTITECTRAGT AECERCT-C-ATEEEECATRARGT —1 (x3)
BOS TATCGTTITTGGETACTRECER —C-ATEEEECATRRAGT -2

cos TRATCTTTTEETRACTRECERCTOC ATEEEECRTRRGET +1 (=2
PDSHE1S-I2Z

MNBEDS TATETTT TGCTACTACCGACTOCAT GEGECATRARET  1/1
=04 TATCTITITECIAGTAEC G- ———ATGECECATARGT -5
PDS+P15-I3

NbEDS TATCTITTCEIAGTACCEACTCC-ATEEEECATARGT 6/8
Doe TATCTTTTGGETACTRECERACT-C-ATEEEECATRRAGT —1 (2]
Cog TATCTTTITCCTIAGT REC G —— C-ATGEEECATRARCT -2 (x2)
e TRATCTTITEETRACTRECERCTCC ATEEEECRTRRGT +1 (=2
PDS-51

MNBEDS TATGTTTIGGTACTAGCEACT CCATEEECCATRART  3/8
co7 TRATCTTTTGETACTRECERAC —RATEEEECATRAST -3

z07 TATCTTTITGETACTACCCAC-——ATGEEECATARET  —7(x2)
PDS+P15-53

MeIDS TATCTTTIGCT ACT RO CT COATCEECCATRARET 1/8
FOS TRATCTTTTGETRAETRECERAC —RTEEEECATRAET -3
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Supplemental Figure 2-5 FOMV-DC*-gNbPDS induced edits recovered from
Cas9 N. benthamiana at 7 days post inoculation. Sequence analysis of
amplicons that were gel purified and cloned. The Ncol recognition site is
indicated by the gray box in the wild type (NbPDS) sequence and the cleavage
site is indicated by the yellow arrow. The protospacer adjacent motif (PAM) is
indicated by the blue line, and the guide RNA sequence is indicated by the red
text. Blue dashes represent nucleotide deletions, blue letters represent
nucleotide insertions, and a red dash indicates a gap in the alignment to the
guide RNA sequence due to a nucleotide insertion in one of the amplicon
sequences. PDS-1# samples are from the leaves infiltrated with FOMV-DC*-
gNbPDS. PDS+HCPro-I# samples are from the leaves co-infiltrated with FOMV-
DC*-gNbPDS and 35S::HC-Pro. PDS+P19-1# samples are from leaves co-
infiltrated with FOMV-DC*-gNbPDS and 35S::P19. PDS-S1 and PDS+P19-S3 are
samples from systemic leaves of plants from which the corresponding infiltrated
leaf samples were taken. The ratio to the right of the wild type sequences
indicate the number of clones that carried an indel out of the total number of
clones sequenced for that plant sample. Negative numbers to the right of a
sequence show the number of nucleotides deleted, positive numbers show the
number of nucleotides inserted, and (x#) shows the number of times that

sequence occurred if more than once.
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Ncol

PDS-I1 PAM

NbPDS  TATGTITIGGTAGTAGCGACTCOATGEGGCATRAGT 3/5
B0l TATGTITTGETAGTAGC— — —ATGGEGCATRACT -€
o1 TATGTTTTGGTACTAGCSAC- —ATGEECCATARCT -3
Dol TATGTITTGGTAGTAGCSACTCC—— GCATAAGT -5
PDS-I2

NoPDS  TATGTTTIGGTAGTAGCGACTCC-ATGGGGCATAAGT 6/8
=08 TATGTTTTGGTACTAGCSACTCCAATGEGECATARST +1
cog TATGTTTTGETACTAGCGACT -C-ATGEGECATARGT ~1 (K2
Gos TATGTITTGGTAGTAGCGA-—-C-ATGEGECATAAGT -3
208 TATGTITTGGTAGTAG— —-C-ATGEGECATAAGT —€
D03 TATGTTTTGGTAGTAGC-—————— ~GGECATARGT -9
PDS-I3

NoPDS  TATGTTTIGGTACTAGCGACTCCATGGGGCATARST 2/7
209 TATGTITTGETAGTAGC— — —ATGGEGCATRACT -€
HOS TATGTTTTGGTAGT——-————ATGGGGCATARLT -9

PDS+HcPro-I2

NoPDS  TATGTITIGGTAGTAGCGACTCC-ATGGGGCATARGT 5/5
Do2 TATGTITTGGCTAGTACCGACTCCATGGEECATRAAGT +1
a02 TATGTTTTGGTAGTAGCGACT-C-ATGGCGCATAAGT -1 (X2
BO2 TATGTITTGGTAGTACCGAC———ATGCCECATAACT -3
co2 TATGTITTGGIAGTAG- ————ATGGGGCATAAGT -7

PDS+HcPro-I3

NbPDS  TATGTTTTGGTAGTAGCGACTCC-ATGGGGCATAAGT 8/8
D10 TATGTTTTGGTAGT ACCGACTCCAATGGCGCATAAGT +1
F10 TATGTTTTGGTAGTAGCGACTCC-ATGGEGCATAAGT +1
a0 TATGTTTTGGTAGT AGCGACT-C-ATGGGGCATAAGT -1 (X4
c1o TATGTTTTGGTAGTAGC——-——-—-TGGGGCATAAGT -7
HL0 TATGTTTTGGTAGTAG- —————ATGGEGCATAAGT -7
PDS+P1S-I1

NoPDS  TATGTTTTGGTAGTAGCGACTCC-ATGGGGCATRAAGT 5/6
203 TATGTTTTGGTAGTAGCGACTCCEATGGEGCATAAGT +1
Do3 TATGTTTTGGTAGTAGCGACTCCIATGGEECATAAGT +1 (X2
BO3 TATGTTTTGGTAGTAGCGAC——ATGGEGCATAAGT -3

1o L B ~GCATAAGT -49
PDS+P15-I2

NoPDS  TATGTTTTGGTAGTAGCGACTCCATGGGGCATARGT 3/5
04 TATGTTTTGGTAGT AGCGACTC-ATGGGCCATAACT -1 (X2)
o4 TATGTTTTGGIAGTAG-—————-ATGGGECATARGT -7
PDS+P15-I3

NoPDS  TATGTITTGGTAGTAGCGACTCCATGGGECATAAGT 5/7
Ell TATGTTTTGGTAGTAGCGACTC-ATGGGCECATARGT -1
Gl1 TATGTTTTGGTAGTAGCGAC—-ATGGGGCATARGT -3
a1 TATGTTTTGGTAGTAGCG-———- ATGGGGCATAAGT -5
H11l TATGTTTTGGTAGTAGC—————- ATGGGGCATARGT -€
ci1 TATGTTTTGGTAGTAG-———————— ~GGECATARGT -10

PDS-S1(2) Neol  pAM

NbPDS  TATGTITIGCTACTAGOGACTGC=ATGECCCATAMGT 3/5
205 TATGTTTTGGTAGTAGCS +1
205 TATGTTTTGGTAGTAGOS -5
=05 TATGTTTTGCTAGTAG ——————= ATGGGGCATAMGT -7
PDS-S2 (M)

NbPDS  TATGTITICGTAGTAGOGACTCC-ATGGGGCATAAGT 4/5
=06 TATGTTTTGETAGTAGOGACTCCAATGGGGECATAAGT +1
Do TATGTTTTGETAGTAGC-——— ATGGGGCATAMGT -€
206 TATGTTTTGCTAGTAGOGAC- ————-—GGCATARGT -7
BOE TATGTTTTGG- ——————— == ATGGGGCATAAGT -13
PDS-S3 (M)

NbPDS  TATGTTTIGGTAGTACCGACTCCATGGGGCATAAGT 3/5
207 TATGTTTTGCTAGTAGOGAC-—ATGGGGCATARGT -3 (X2)
207 TATGTTTTGCTAGTAGC-——-—ATGGGGCATAAGT -€(X2)
=07 TATGTTTTGETAG-—— ==, ATCGEGCATARCT -10

PDS+HcPro-S1 (M)
NbPDS  TATGITTIGGTAGTAGCGACTCC-ATGGGGCATAAGT 5/5
=08 TATGTTTTGGTACTAGCGACTCCTATGGCGCATARCT +1

cos TATGITTTGGTACTAGOGACT-C-ATGGGCCATARCT ~1
208 TATGITTTGGTAGTAGCGA-—— —ATGGEGCATARCT -4
D03 TATGITTTGGTACTAGC- ———ATGGEGCATARCT -6
208 TATGITTTGG—————————————] ATGGCGCATAAGT -13

PDS+HcPro-S2 (M)
NbPDS  TATGTTTTCGTAGTAGCGACTCCATGGGGCATAAGT 2/5
s TATGTTTTGGTAGTAGOGAC- ——ATGGGGCATARGT -3
Dos TATGTTTTGGTAGT —————-—-TGGGGCATARGT -10

PDS+HcPro-S3 (M)

NbPDS  TATGTTTIGGTAGTAGCGACTCC-ATGGGGCATAAGT 3/5
AL0 TATGTTTTGGTAGTAGOGACTOCEATGGGECATAAGT +1
D10 TATGTTTTGGTAGTAGOGACTC--ATGGGECATAAGT -1
clo TATGTTTTGGTAGTAGOGAC-——-ATGGGECATAMGT -3
PDS+P19-52 (M)

NoPDS  TATGTTTIGGTAGTAGCGACTOC-ATGGGGCATAAGT 3/5
E1l TATGTTTTGGTAGTAGOGACTOCCATGGGECATARGT +1
D11 TATGTTTTGGTAGTAGOGAC-——-ATGGGECATAAGT -3
ALl B ATGGGECATAMGT -18
PDS+P19-S3 (M)

NoPDS  TATGTTTIGGTAGTAGCGACTCX 4/s
12 -3
cL2 -4
a2 -5
D12 -5
PDS-S1(Top)

NobPDS  TATGTITIGGTACTAGCGACTCCATGGGGCATAAGT 3/3
207 TATGTTTTGGTAGTAGOGACTC-ATGGGGCATARGT -1
BO7 TATGTTTTGGTAGTAG—————ATGGGGCATARGT -7 (x2)
PDS-S2 (Top)

NoPDS  TATGTTTIGGTACTAGCGACTCCATGGGGCATAAGT 1/3
Go7 TATGTTTTGGTAGTA- —-—--ATGCGGCATAAGT -8
PDS+HcPro-S3 (Tep)

NoPDS  TATGTTTIGGTAGTAGCGACTCCATGGGGCATAAGT 1/1
HO7 TATGTTTTGGTAGTAGOSACTC-ATGGGGCATAAGT -1

Supplemental Figure 2-6 FOMV-DC*-gNbPDS induced edits recovered from

Cas9 N. benthamiana at 14 days post inoculation. Sequence analysis of

amplicons that were gel purified and cloned. The Ncol recognition site is

indicated by the gray box in the wild type (NbPDS) sequence and the cleavage

site is indicated by the yellow arrow. The protospacer adjacent motif (PAM) is

indicated by the blue line, and the guide RNA sequence is indicated by the red

text. Blue dashes represent nucleotide deletions, blue letters represent

nucleotide insertions, and a red dash indicates a gap in the alignment to the

guide RNA sequence due to a nucleotide insertion in one of the amplicon
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sequences. PDS-1# samples are from the leaves infiltrated with FOMV-DC*-
gNbPDS. PDS+HCPro-I# samples are from the leaves co-infiltrated with FOMV-
DC*-gNbPDS and 35S::HC-Pro. PDS+P19-I# samples are from leaves co-
infiltrated with FOMV-DC*-gNbPDS and 35S::P19. PDS-S1 and PDS+P19- S3
are samples from systemic leaves of plants from which the corresponding
infiltrated leaf samples were taken. The ratio to the right of the wild type
sequences indicate the number of clones that carried an indel out of the total
number of clones sequenced for that plant sample. Negative numbers to the right
of a sequence show the number of nucleotides deleted, positive numbers show
the number of nucleotides inserted, and (x#) shows the number of times that

sequence occurred if more than once.

A PDS-2 PDS-3 PDS4 PDS-5 FIv-1 Cntrl
B3 B4s B3 B4s B34 BLE B3 B4t B34 BsE ND

%Indels 86 69 11.5 89 136 148 145 80 -— -

B
PDS-2 B2 (sample $1) Necol  pam DDS-4 B3s4 (sample 85) Neol  pam
MbIDS  TATCTITIGCIACTRACCGACTCCATEGCGCATRRCT 2/6  MbEDS  TATCTTTTCCTACTACCSACTOLATECOGATAMST  &/B
201 TATETTTTEETASTAZCRACTC-ATEEECCATARET -1 BOS TATCTTTTEET AT ASCEACTC-ATCEEECATARET  —1 (X3)
col TATETTTTEETASTAS— — —ATGEGECATARET -7 HOS TATCTI TTESTACTACOCAC- —ATOEC0CATARCT -3
205 TATCTTTTCETASTAZO:——-TEEECCATARET  —6
a05 TATETTTTEETAETAS— —— ———(EEGECATARET —10

DD5-2 B4&5S (sample £2)
HM=PDS TATCTITIGETACTREOCACTOC-RATCEEECATRARCT 278 PD5-4 B5&€ (sample §€)

FOZ TATCTTTTIEETAGT A —————-ATEEEECATRARCT -2 HBEDS TATGTITITGGETAGTACOERCTCCRTEEECCATRARET  1/5
G0z TATCTTITICGCETACTRAROCACTOCRATCCCECATERCT  +1 ROE TATCTTTTCETACTAROCACTC-ATEECECRTRRACT -1

PD5-5 B3 (sample £7)

DD5-2 B2 (sample #3)
MBS TATCTTITIGCTACTACCEACTOCATCEEECATRARET 447

HMeEDS TATCTTITIGETACTREOCRCTOCATCEEECRTRRCT 477

i e ——————— F07 TATGTITTGGTACTAGCSACTC-ATEGEGEATART  ~1(x2)
Fo3 TATGTITIGETAGTAEC- ———ATGGGECRTAMGT  ~6(x2) 207 e e
BOZ TATGTTTIGGETAGTA-— —— —ATCEGEATARST -8 = ) e 3 )
_ ED5-5 B4:5 (sample £3)

DDS-3 B4s5 (sample #4) - . c

S TTTIGET AST ASCEACTCCATCEEECATRAST 3/
MbIDS  TATCTITISCTACTACCCACTCCATSEEGERTAMST  3/6 E?S iggggcgaémmaéc—;cgiggim ?‘lc
BO4 TATCTTTTGOTAGTAGCEAC- —ATGEEGCATARGT  -3(X2) [ o TATETTTTCoTACTAG o ATCECCCATAMCT -7
Z04 TATCTITTGETASTAS— — —RTGECECATARCT -7 . TATOTT T ANTAS o CeEATAAET —10
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Supplemental Figure 2-7 FOMV-DC*-gNbPDS induced edits recovered from
Cas9 N. benthamiana flowers approximately 2 months after inoculation. (A)
PCR-based assay to detect edits in NbPDS. Oligonucleotide primers were used
to generate 797 bp amplicons flanking the NbPDS guide RNA target site, and the
amplicons were incubated with Ncol. The wild type amplicons are cleaved into
two bands of 541 bp and 256 bp, amplicons carrying edits that disrupt the Ncol
site are not cleaved. PDS-# indicates the independent plant that was sampled,
B# or B#,# indicates the flower or two flowers that were collected for the DNA
extraction, FM-1 is a Cas9 plant infected with FOMV-DC* empty vector, and Cntrl
ND is non-digested DNA from the FM-1 plant. (B) Sequence analysis of
amplicons that were gel purified and cloned. The Ncol recognition site is
indicated by the gray box in the wild type (NbPDS) sequence and the cleavage
site is indicated by the yellow arrow. The proto-spacer adjacent motif (PAM) is
indicated by the blue line, and the guide RNA sequence is indicated by the red
text. Blue dashes represent nucleotide deletions, blue letters represent
nucleotide insertions, and a red dash indicates a gap in the alignment to the
guide RNA sequence due to a nucleotide insertion in one of the amplicon
sequences. The PDS-# and B# correspond to the samples shown in the agarose
gel in panel A. The ratio to the right of the wild type sequences indicate the
number of clones that carried an indel out of the total number of clones
sequenced for that plant sample. Negative numbers to the right of a sequence
show the number of nucleotides deleted, positive numbers show the number of
nucleotides inserted, and (x#) shows the number of times that sequence

occurred if more than once.
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Supplemental Figure 2-8 TuMV enhances editing in systemic leaves of
Cas9 N. benthamiana at 7 days post inoculation (DPI) with FOMV-DC*-
gNbPDS (F-g). INF, agroinfiltrated leaves; SYS, systemic leaves; M, DNA size
marker; P#, plant number; F+T, FOMV-DC* empty vector plus TuMV; +, Ncol
added to PCR product; -, not digested PCR product.

DDSHTUMV-T12 Neal  pam .
WMbPDS — TATCTTITECIAGTACCCACTCCATESCECATAAST 55 EDS+TUHV-52 e
=08 TATCTITTCCTAGTAGCEACTC-ATGECECATARGT -1 (x3) [WFDS  TATGTTTICGTACTAGCCRCTCCATGEGGCRIRRGT - 3/5
. T ATCTT T ToCTACT Ao ATCCCECATARET -4 FOL TATCTT TTEETACTACCEACT ——-TECEECATARMST 3 (X3)
E10 TATCTTT TEETACTAG-—-———-ATGEEECATARET -7

PDS+TuMV-53
POSETUMY-T3 MoBDS — TATGTTTTGETRASTACCEACTCCATEEGECATALGT  4/5
MbEDS — TATGTTTICGIAGTACCGACTCCATGRGECATAACT 55 co4 TATGTTTTGETAGTRECERACT —— ~TEEEECRTRRACT -2
T2 i HO3 TATGTTTTGETAGTAS - ——— LATCGEGCRTARCT  —€(X2)
FL1 TATETIITECTRAGTAGCERCT-—TGEGECATARET -3 (X2) 93 TRICTTTIGETAE TR ———— RIGEEERTRACET 7
clLz TATCTTT TEETACTAG-—-———-ATGEEECATARET -7
Gll1 TATGTTTTEETAGT — ————— GEGECATRAGT -11
EDS+TuV-Id DDS+TuMV-54
NbEDS  TATETTTTEETAGTAECEACTCCATGEEECATARAET  5/5 WoPDS  TATETTTTCETASTASCEACT O0-ATCEEECATARET 2/5
e TATETTTTECTACTACCEACT - —TESEECATARST -3 (X2) @os TATETTTTECETACT AECEACT COAATGECECATERET +1
HOZ TATETTITCETACGT A GRC— ATEEEECATARGT -3 FOE TATCTTTTEETACTACCSA - —— —ATCGEEECATRRACT -2
HOZ TATETTT TEETACTAEC — ——— ATEECECATRACT -6 (X2)

BDS+TuMV-55
EDS+TuV-I5 NMbPDS  TATCTTTTGGTACTACCGACTCCATGGEECATARCET 25
M=FDS TATGTIITGCTAGTACCEACTCCAT GEEECATRRET  5)5 07 TATCTT TTGET A TACCEACT ——-TEEEECATARST -3
e} TATETTT TEETACT AECERCT-—-TEEEECATARET -3 (X2) HIT7 TATCTT TTEET A TR —— —ATEEECCRTARST -6
F1a TATCTTT TECTACTAECGAC— —ATEEEECATARET  —3
FOS TATGTTTTGETAGTAEC— ——-ATGGEECATARGT -6
205 TATCTTT TEETACTAG-—-———-ATGEEECATARET -7

Supplemental Figure 2-9 FOMV-DC*-gNbPDS induced edits recovered from
Cas9 N. benthamiana at 7 days post co-inoculation with TuMV. Sequence
analysis of amplicons that were gel purified and cloned. The Ncol recognition
site is indicated by the gray box in the wild type (NbPDS) sequence and the
cleavage site is indicated by the yellow arrow. The proto-spacer adjacent motif
(PAM) is indicated by the blue line, and the guide RNA sequence is indicated by
the red text. Blue dashes represent nucleotide deletions, blue letters represent
nucleotide insertions, and a red dash indicates a gap in the alignment to the
guide RNA sequence due to a nucleotide insertion in one of the amplicon

sequences. PDS-TuMV-1# samples are from the leaves coinfiltrated with FOMV-
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DC*-gNbPDS and TuMV. PDS-TuMV-S# samples are from the systemic leaves
the plants co-infiltrated with FOMV-DC*-gNbPDS and TuMV. The ratio to the right
of the wild type sequences indicate the number of clones that carried an indel out
of the total number of clones sequenced for that plant sample. Negative numbers
to the right of a sequence show the number of nucleotides deleted, positive
numbers show the number of nucleotides inserted, and (x#) shows the number of

times that sequence occurred if more than once.

Inoculated leaf
i1 2 3 4 5 6 7 8 95 10 11

%indels 91.8 82.2 86.7 85.0 82.7 86.4 91.1 92.0 83.7 83.7 94.0

Systemic leaf

1 2 3 4 5 6 7 8 9 10 11 FM ND

%indels 6.2 41 131 83 21 5.7 375 85 31 3.2 309

Supplemental Figure 2-10 NbPDS editing in N. benthamiana F1 plants from
a HcPro x Cas9 cross. The plants indicated in red carried both Cas9 and HcPro,
and the plants indicated in black carried only Cas9. The upper panel is from the
agroinoculated leaves and the lower panel is from the top systemic leaves.
Oligonucleotide primers were used to generate 797 bp amplicons flanking the
PDS guide RNA target site, and the amplicons were incubated with Ncol. The
wild type amplicons are cleaved into two bands of 541 bp and 256 bp, amplicons

carrying edits that disrupt the Ncol site are not cleaved. FM was infected with the
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FoMV empty vector, and ND is the non-digested PCR amplicon. % Indels,

percent of each PCR amplicon that was not digested.
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Supplemental Figure 2-11 Synergism in FOMV + SCMV co-infections. (A)
More severe symptoms are caused by the FOMV + SCMV co-infection as
compared to either virus alone. Mock, mock-inoculated plants. (B) Accumulation
of FOMV and SCMV RNAs in single and mixed infections. Bars represent
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standard deviation (see C for numbers of plants). Mock, mock inoculated, CoS,
co-inoculated with FoMV + SCMV and severe symptoms; CoW, co-inoculated
with FOMV + SCMV and weak symptoms similar to SCMV alone. The co-
inoculation was conducted three independent times and QRT-PCR results for
FoMV and SCMV are shown for each replicate. FOMV accumulation was
increased in all three replicates but the increase was highly variable. CoW plants
were all negative for FOMV PCR product demonstrating that these were only
infected with SCMV. SCMV levels did not increase in the co-infections and were
typically lower than in the SCMV single infection. (C) Table summarizes numbers

of plants for each treatment in each independent replicate.
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Primer name Primer sequence

5AmuS1 CGCCGACAACCTACAATACA

S5AmuAl GATTTCGACGTGGCACGATG

5AmMuS2 CATCGTGCCACGTCGAAATC

5AmuA2 CGTGAAAATCGTGGAGTCG

201DPA1 GTTGTTAACTCTCCTAAGGACACGTGGAGTGCCAGCAGTTTC

201DPS1 AGGAGAGTTAACAACGGGCCCCACTCAACGACCGCATTG

DPS 5’ PhosTCAACGACCGCATTGAGGGTGTTAGGGTAACCAARCATCAGTGAAGAGAARACCCTTAGGCACTTT

DPA AAAGTGCCTAAGGGTTTCTCTTCACTGATGTTGGTTACCCTAACACCCTCAATGCGGTCGTTGA

DCS 5’ PhosACAGCGTCCCCACTGAGGGTGTTAGGGTAACCAACATCAGTGAAGAGARACCCTTAGGCACTTT

DCA AAAGTGCCTAAGGGTTTCTCTTCACTGATGTTGGTTACCCTAACACCCTCAGTGGGGACGCTGT

GFP Bsu36l CCTTAGGATGGTGAGCAAGGGAGAGGA

GFP PspOMI GGGCCCTCACTTGTACAGCTCGTCCATGC

BAR Bsu36l CCTTAGGATGAGCCCAGAACGACG

BAR Hpal GTTAACTCAGATCTCGGTGACGGGCA

Sish10E1 TTAGGATGTTCAGCATGCTATTACTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGARAAAGTGGCACCGAGTCGGTGCG
Sish10E2 GGCCCGCACCGACTCGGTGCCACTTTTTCAAGT TGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTARAACAGTAATAGCATGCTGAACATCC
Sish1VIGS1 CTAGAATGTTCAGCATGCTATTACTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACT TGAAAAAGTGGCACCGAGTCGGTGCC
Sish1VIGS2 TCGAGGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACAGTAATAGCATGCTGAACATT
CA20E1 TTAGGTCGACGGTCGTGCAGCTGGAGTTTTAGAGCTAGARATAGCAAGT TAAAATAAGGCTAGTCCGTTATCAACTTGAAARAGTGGCACCGAGTCGGTGCG
CA20E2 GGCCCGCACCGACTCGGTGCCACTTTTTCAAGT TGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCCAGCTGCACGACCGTCGACC
CA2VIGS1 CTAGATCGACGGTCGTGCAGCTGGAGTTTTAGAGCTAGAAATAGCAAGTTARAATAAGGCTAGTCCGTTATCAACT TGARAAAGTGGCACCGAGTCGGTGCC
CA2VIGS2 TCGAGGCACCGACTCGGTGCCACTTTTTCAAGT TGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAARACTCCAGCTGCACGACCGTCGAT
FM-PaclFor GCTCTAGACCCTTAATTAATGATCAGTAGTATGATACCAATAA

NosRev AGACCGGCAACAGGATTCA

1380F AACGCTAGCCACCACCAC

1380R CAACATGGTGGAGCACGA

DCPacl1380F
DCPacl1380R
ZT-IDFO
ZT-IDRO
ZmActS
ZmActR
ZmHKT1g1
ZmHKT1g2
Cas9F
Cas9R
NbPDSs
NbPDSa
oEK094
oEK096
oEE374
oEE375
SvCA2gl

GAGAGTGTCGTGCTCCACCATGTTGCATAAGTGCGGCGACGATAG

CGTGGTGGTGGTGGTGGTGGCTAGCGTTGAGGCCCTTTCGTCTTCAAG

AAGGACGGCCATGGCGATTTCGCAT

CCGATGATCTTCTGATAGATGGATC

CCTGAAGATCACCCTGTGCT

GCAGTCTCCAGCTCCTGTTC
TTAGGGGCTTCGTGCCAACCAACGAGTTTTAGAGCTAGAAATAGCAAGTTAARATAAGGCTAGTCCGTTATCAACTTGARAAAGTGGCACCGAGTCGGTGCTTTTITTTG
GGCCCAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCGTTGGTTGGCACGAAGCCCC
GGGTAATGAACTCGCTCTGC

TGGCGTCAAGAACTTCCTTTG

GAAACACATCACCTAGGCGG

GGGCGTGAGGAAGTACGAAA

GGCATGCACGAATCACACCT

CAACCACGGTCARAACAAGGC

GAAGGCTTGGACCTTTGGGAG

CCACCGCACAAAGGTCAATC

CAGTGAAGAGAAACCCTTAGGTCGACGGTCGTGCAGCTGGAGTTTTAGAGCTAGAAATAG

sgRNA:7xT:PspOMI GTCGTTGAGTGGGGCCCAARAAAAGCACCGACTCGGTGCCACTT

Supplemental Table 2-1 Primers and oligos used in this study
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Preface
An in planta gene editing approach was developed wherein Cas9 transgenic

plants are infected with an RNA virus that expresses single guide RNAs
(sgRNASs). The sgRNAs are augmented with sequences that promote cell-to-cell
mobility. Mutant progeny are recovered in the next generation at frequencies
ranging from 65 to 100%; up to 30% of progeny derived from plants infected with
a virus expressing three sgRNAs have mutations in all three targeted loci.
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Introduction
Gene editing with sequence-specific nucleases offers great promise for

advancing basic and applied plant research(127). Realizing this promise,
however, is not without challenges. For example, nearly all heritable mutations
created through gene editing rely on the use of tissue culture, which has many
drawbacks: it works with limited species and genotypes, requires considerable
time and may cause unintended changes to the genome and epigenome(128).
To avoid tissue culture, attempts have been made to achieve transformation by
delivering transgenes to meristems or egg cells; however, this has really been
successful only with Arabidopsis thaliana and its close relatives(129, 130).
Clearly, there is a need for novel, alternative approaches to deliver gene editing

reagents to create edited plants more efficiently.

Ribonucleic acid viruses have largely been unexploited as vectors for
plant genetic modification, the exception being their use for viral-induced gene
silencing (VIGS) wherein a fragment of a host gene expressed by a viral vector
triggers silencing of the gene in the host plant(52). As vectors, RNA viruses are
handicapped by limited cargo capacity, which is typically <1 kb, precluding their
use for delivery of gene editing reagents such as Cas9 from Streptococcus
pyogenes (4.1 kb). Several groups, however, have used RNA viruses to deliver
sgRNAs to transgenic plants expressing Cas9 (refs. (51, 55, 70, 71)). This
approach typically results in low frequencies of gene editing in somatic cells, and
recovery of mutant progeny is rare. Heritable editing events were recovered in

only one study, and at a frequency of 1/438 seedlings(51).

We reasoned that heritable gene edits could be generated at higher
frequencies using RNA viral vectors if the sgRNA could gain better access to the
germline. In plants, there are many examples of endogenous mobile RNA
sequences, one of which is encoded by Flowering Locus T (FT)(131, 132). FT is
transcribed in leaf vascular tissue and then moves to the shoot apical meristem
to induce flowering(132). FT RNA has previously been demonstrated to enable
cell-to-cell movement when fused to a messenger RNA that binds green
fluorescent protein (GFP)(133). We hypothesized that, if fused to a sgRNA, FT
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might promote entry into the shoot apical meristem and create heritable gene
edits at higher frequencies (Figure 3-1A,B). To test this hypothesis, we added
the A. thaliana FT coding sequence to the 3'-end of a sgRNA that targets all
alleles of phytoene desaturase (PDS) in Nicotiana benthamiana (Figure 3-1A and
Supplemental Table 3-6). Loss of PDS function results in photo-bleaching due to
a lack of photoprotective carotenoids(134). We also generated sgRNAs fused to
a mutant FT (bearing a mutation in the start codon, mFT) and a truncated FT,
both of which have been shown to promote mobility of GFP-encoding RNAs to

the meristem(72) (Supplemental Table 3-6).

Targeted Mutagenesis in Somatic Cells
The sgRNAs fused to FT sequences were cloned into a tobacco rattle

virus (TRV) vector that can be delivered to plants via infection by Agrobacterium
tumefaciens(135) (Figure 3-1A,B). A. tumefaciens strains with TRV vectors were
infiltrated into leaves of a transgenic line of N. benthamiana that

expresses SpCas9 (ref. (108)). To determine whether the addition of FT
sequences affected sgRNA function, DNA was prepared from the infiltrated
tissue and assessed for mutations at PDS. Frequencies of mutagenesis were
comparable between those sgRNAs with FT sequences and a control
(Supplemental Figure 3-1 and Supplemental Table 3-1A). Approximately

2.5 weeks after infiltration, bleached spots began to appear on the upper
systemic leaves of infected plants (Figure 3-1C). This phenotype became more
prominent in newly emerging leaves as the plant matured. In several cases, the
entire upper growing portion of the plant was completely white (Figure 3-1D).
Next-generation sequencing (NGS) suggested that the bleached phenotype was
due to loss of PDS function; mutagenesis frequencies in the eighth systemically
infected leaf exceeded 80% (Figure 3-1E and Supplemental Table 3-1B). Vectors
with unmodified sgRNAs also resulted in gene editing in systemic leaves, as
previously observed(51), although at a lower average frequency and with greater

variability.
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Targeted Mutagenesis in Germline Cells
We next tested whether the high editing efficiency observed in systemic

leaves resulted in germline modifications that were transmitted to seedlings.
Parental plants infected with TRV vectors expressing mobile sgRNAs produced
some fully bleached seedlings (Figure 3-1H), which would be expected if
germline mutations occurred at all PDS alleles. This was in fact the case, as
genotyping of seedlings derived from infected parents indicated that up to 65% of
seedlings contained a mutation in at least one PDS allele (Figure 3-1F and
Supplemental Table 3-3). The effectiveness of FT in increasing mutagenesis was
also evident by the abundance of heritable heterozygous and bi-allelic mutations
when FT was added (Figure 3-1G). There was no significant difference in editing
efficiency between the functional FT, mFT and truncated FT constructs tested,
and no effect was observed on flowering time. High editing efficiency with the
modified sgRNAs was not a property unique to the PDS locus. Similar
frequencies of somatic editing were observed at a second locus,

namely AGAMOUS (AG sgRNAL1), and mutations in AG were transmitted to the
next generation at frequencies as high as 100% (Supplemental Figure 3-2 and
Supplemental Tables 3-2 and 3-4). These mutations were fixed and transmitted

for two generations (Supplemental Figure 3-3 and Supplemental Table 3-5).

Effects of Alternative Mobile Motifs on Germline Mutagenesis
Flowering Locus T is not the only RNA that moves between cells. Plant

phloem exudates contain many transfer RNA-like sequences capable of cell-to-
cell movement(73). We tested whether methionine, glycine and isoleucine tRNAs
could improve editing efficiency when individually fused to the 3'-end of the PDS
SgRNA. As observed with FT, infected plants became photo-bleached
(Supplemental Figure 3-4) and produced some fully photo-bleached seedlings
(Supplemental Figure 3-5B). Several bleached or green seedlings were
genotyped and confirmed to have mutations in PDS (Supplemental Figure 3-6).
We performed quantitative PCR with reverse transcription (RT-gPCR) on RNA
extracted from systemically infected leaves, and found a higher amount of viral
RNA produced from TRV vectors with sgRNAs augmented with FT, truncated FT
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or tRNAs relative to vectors lacking augmented sgRNAs (Supplemental Figure 3-
5A). This suggests that RNA mobility sequences increase overall virus
accumulation which, in turn, results in higher frequencies of heritable gene
editing. The increase in viral abundance is transient, however, as we did not

detect any evidence of viruses in progeny (Supplemental Figure 3-7).

Multiplexed Germline Mutagenesis
One advantage of the CRISPR/Cas9 system is that several loci can be

targeted at once by simultaneous expression of multiple sgRNAs (multiplexing).
Multiple, functional sgRNAs have previously been expressed from viruses(70),
and we designed three vector architectures expressing three mobile sgRNAs
augmented with truncated FT. The sgRNAs target PDS and two sites in AG. The
individual sgRNAs were either arranged in tandem or separated by either a 23-
base pair (bp) spacer or a tRNA, the latter being processed from the RNA,
resulting in release of the three sgRNAs(136) (Figure 3-2A). A variety of editing
outcomes were observed in the progeny of plants infected with the three vector
architectures. Vectors with the 23-bp spacer were capable of inducing a 4.05-kb
deletion between the two AG sgRNA target sites in multiple progeny (Figure 3-
2B). When single sgRNA vectors were co-infected, no progeny had edits in more
than one target, consistent with reports of TRV superinfection exclusion(137).
Heritable editing efficiencies from multiplexed vectors at each individual locus
were comparable to the delivery of single sgRNAs per se, and we were
frequently able to recover plants with mutations at two or three targeted loci
(Figure 3-2B-D and Supplemental Table 3-7).

Experimental Conditions Promoting Germline Mutagenesis
Although several groups have used RNA viral vectors to express sgRNAs

for plant gene editing(51, 55, 70, 71), only one report documented the generation
of heritable mutations and then only at a very low frequency(51). We observed
several examples of non-augmented sgRNAs that resulted in lower, but
nonetheless readily detectable, frequencies of heritable gene editing (Figure 3-
1F and Supplemental Figure 3-2). A notable difference between our experiments

and those previously performed is that we pooled seeds from the entire plant,
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including pods distal to the point of infiltration. Seed pods that develop later have
a much higher fraction of progeny with mutations (Supplemental Figure 3-8). In a
previous report of low-frequency mutagenesis, only the first pods were
analysed(51). Growth conditions or parameters that affect the extent of virus
infection may also impact mutagenesis frequency. We observed an impact of
growth conditions on heritable editing frequency (Supplemental Figure 3-9);
however, a systematic study is required to determine specific environmental

factors that may promote higher editing frequencies.

Conclusion
We report a method to achieve highly efficient, multiplexed, heritable gene

editing using RNA viral vectors. The method reduces the need for tissue
culture—a current bottleneck in plant gene editing. Only an initial Cas9
transgenic plant needs to be generated, which can be used repeatedly to create
almost unlimited genetic diversity. Furthermore, the method could be used to
create precise DNA sequence changes by infecting transgenic plants expressing
other gene editing reagents such as base editors. Because TRV is widely used
as a VIGS vector for gene function studies in both crop and model plants(52),
TRV vectors expressing mobile sgRNAs can probably be used to create heritable
gene edits in diverse plant species, helping to realize the promise of plant gene

editing for advancement of basic and applied plant research.
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Methods
Vector Construction: Schematics of vectors to clone augmented sgRNAs are

shown in Supplemental Figure 3-10. The FT mobility sequence was isolated by
first extracting RNA from the Columbia ecotype of A. thaliana using a TRIzol
RNA extraction protocol (Invitrogen). The FT mRNA sequence was PCR
amplified from the isolated RNA using a PCR with a reverse transcription (RT—
PCR) kit (QIAGEN) and primers PP331 and PP332 (all primers are listed in
Supplemental Table 3-6). The FT sequence was added to the 3'end of a sgRNA
targeting the PDS locus of N. benthamiana (PDS, Niben101Scf14708g00023.1).
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This was accomplished by PCR amplification of the sgRNA sequence using
primers EE562 and EE267, and PCR amplification of the FT cDNA using primers
EE271 and EE272. All PCR reactions for cloning were performed with Q5 DNA
polymerase (New England Biolabs). The resulting PCR products were then
cloned into the TRV2 cloning vector, pEE083 (vector sequences have been
uploaded to Addgene). Cloning was accomplished by the addition of 0.5 pl of
each PCR product to a mixture of 1 pl of pEE083 (50 ng), 0.5 ul of Aarl restriction
enzyme (Thermo Fisher Scientific), 0.4 ul of Aarl oligonucleotide (Thermo Fisher
Scientific), 1 ul of T4 DNA ligase (New England Biolabs), 2 yl of T4 DNA ligase
buffer (New England Biolabs) and 14.1 ul of distilled H20. The reaction mixture
was then cycled 10%(37°C/5 min + 16°C/10 min) plus 37°C/10 min plus

80°C/5 min, to create pEE391. mFT and truncated FT vectors were added to the
3'end of the sgRNA by amplifying the FT complementary DNA using primers
EE273 and EE272 (mFT) or EE273 and EE274 (truncated FT). These PCR
products were combined with the previously amplified sgRNA and added to the
pEEO83 cloning vector in the same manner, to create pEE392 (MFT sgRNA) or
pEE393 (truncated FT sgRNA). Unmodified control sgRNA vectors were created
by PCR amplification of the sgRNA sequence using primers EE562 and EE282
and assembling the amplification products into pEE083 to create pEE390.

Vectors targeting AGAMOUS (AG, Niben101Scf122059g00011.1) were
assembled in the same manner as the PDS vectors, with the exception that
primer EE659 was used instead of EE562 to amplify sgRNA. This created AG-
targeting vectors pEE386 (unmodified sgRNA control), pEE387 (FT sgRNA),
pPEE388 (MFT sgRNA) or pEE389 (truncated FT sgRNA). To facilitate rapid
assembly of unique modified sgRNA sequences, we developed a cloning vector
that uses one unique forward primer (containing the sgRNA target of interest),
one constant reverse primer and one plasmid for PCR amplification and
assembly of the vector (pEE515; Supplemental Figure 3-10). We recommend
using the truncated mFT to reduce the potential effects of early or delayed
flowering, even though no differences in flowering were observed in N.

benthamiana.
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Spacer and direct-repeat multiplexed vectors were assembled, by PCR
amplification with Q5 DNA polymerase, the mobile sgRNAs from the pEE515
template using forward primers EE659 (AG sgRNA1), EE884 (PDS) or EE885
(AG sgRNAZ2) and reverse primers EE886, EE867, EE274 (respectively, spacer)
or EE765,EE766,EE274 (respectively, direct repeat). Each PCR amplicon (0.5 pl)
was combined and cloned into pEE515 using the same protocol listed above to
create pEE531 (spacer) or pEE495 (direct repeat). tRNA multiplexed vectors
were created by first assembling a vector with a single guide by PCR
amplification of the mobile sgRNA using EE659 and EE733, with pEE515 as a
template, and tRNA using EE734 and EE735 with pMOD_B2303 (ref. (79)) as a
template. Each PCR amplicon (0.5 pl) was combined and cloned into pEE515.
This template was then used for PCR amplification of each mobile sgRNA using
EE659 and EE736, EE884 and EE738, and EE885 and EE274. PCR amplicons
were combined and cloned into pEES515 to create pEE491.

To generate vector SPDK3876 (TRV-RNA2-pPEBV-MCS), the pea early
browning virus (PEBV) promoter and a multiple cloning site were PCR amplified
using SP9008 and SP5411 and cloned into pYL156 (ref. (135)) that had been
digested with Aatll and Xmal. To generate vectors SPDK3888 (TRV-RNA2-
pPEBV-tRNA'®), SPDK3889 (TRV-RNA2-pPEBV-tRNAMe) and SPDK3902 (TRV-
RNA2-pPEBV-tRNACY), the annealed primer pairs SP8781 + 8782,

SP8783 + 8784 and SP8779 + 8780, corresponding to different tRNA sequences,
were cloned into SPDK3876 digested with Sacl and Xmal. The sgRNA-targeting
PDS was added by annealing SP8790 + 8791 and 8788 + 8789 and cloning the
fragments into vectors 3888, 3889 and 3902 digested with Xbal and Sacl.

Infection of N. benthamiana and assay of somatic cell-editing efficiency:
Agrobacterium tumefaciens strain GV3101 was used to deliver all vectors into N.
benthamiana (GenBank: PRINA170566). Cultures containing the vector of
interest were grown in lysogeny broth (LB) medium overnight and prepared for
leaf infiltration by centrifugation for 10 min at 2,500 relative centrifugal force

(RCF). The LB medium was discarded, and A. tumefaciens cells were
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resuspended in 4 ml of agro-infiltration buffer (10 mM MgClz, 10 mM 2-(N-
morpholino) ethanesulfonic acid, pH 5.6). This suspension was again placed in a
centrifuge for 10 min at 2,500 RCF and the agro-infiltration buffer discarded. The
pelleted cells were resuspended in agro-infiltration buffer to ODeoo = 0.6. At this
point each TRV2 vector was mixed in a 1:1 ratio with the TRV1 vector pNJB069,
and incubated at room temperature for 3 h. After incubation the resuspended
cells were infiltrated into 6-week-old N. benthamiana plants overexpressing Cas9
at the underside of the fifth true leaf, using a needle-less syringe(138). N.
benthamiana plants were grown in a growth chamber (Conviron) under 26/22-°C
day/night condition with a 12/12-h day/night light cycle, a light intensity of

100 pymol m~2 and 50% humidity.

Deoxyribonucleic acid was extracted from the infiltration site of N.
benthamiana leaves 2 weeks after infiltration, to assay the ability of modified
sgRNA to cleave DNA. DNA was extracted from the eighth systemic leaf
approximately 6 weeks after infiltration, to assay the ability of modified sgRNA to
enhance somatic cell editing through systemic infection. Two separate 8-mm leaf
punches were extracted from the infiltrated site or on either side of the eighth
systemic leaf midrib, approximately 4 mm from the base of the leaf. These
punches were combined and used for genomic DNA extraction using a
cetyltrimethylammonium bromide (CTAB) protocol(139). To quantify editing
efficiency, a PCR reaction was performed using this genomic DNA as a template,
primers RN468 and RN473 (PDS) or EE693 and EE697 (AG) and a PHIRE Plant
Direct PCR Kit (Thermo Fisher Scientific). The resulting amplicons were purified
using a Gel Purification Kit (QIAGEN) and sent for Amplicon-EZ (Genewiz) NGS.
Paired-end .fastq files resulting from NGS were analysed using CRISPR RGEN

Tools(140) with a 40-bp comparison range to determine indel frequency.

Assay of fixed indels in infected N. benthamiana progeny: After a period of
approximately 2 months post infiltration, or when at least eight seed pods had
developed and opened, seed was collected from infected plants and all pods

from a given plant were pooled. Seeds were sterilized with 50% bleach, placed
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on % Murashige and Skoog medium + 50 ng ul-* kanamycin plates and
maintained at 25°C with a 16/8-h day/night cycle. After growth to the 4—6-leaf
stage, DNA was extracted using a CTAB protocol(139). Each purified DNA
sample, representing one seedling, was used as a template for a PHIRE Plant
Direct (Thermo Fisher Scientific) or Q5 DNA polymerase PCR reaction. Primers
EE552 and EE504_R, EE653 and EE655, or EE628 and EE631 were used to
amplify the PDS, AG sgRNAL1 or AG sgRNA2 locus, respectively. Large deletions
in the AG locus were detected by PCR amplification of the locus with oEE628
and oEE655. These PCR amplicons were purified using a PCR Purification Kit
(QIAGEN) or an ExoSAP-IT (Thermo Fisher Scientific) and sent for Sanger
sequencing. ICE software v.2.0 (Synthego) was used to quantify indel frequency.
Due to noise in ICE-based indel detection, we used the following parameters to
call genotypes: 0—-10% indels, WT; 35-65% indels, heterozygous mutation
(WT/indel); 85-100% indels, bi-allelic mutation. All seedlings assayed fell within

these ranges.

Quantitative real-time PCR analysis: Total RNA was extracted using TRIzol
reagent (Life Technologies) and treated with DNase | RNase free (New England
Biolabs). First-strand cDNA was synthesized used SuperScript Il reverse
transcriptase (Life Technologies) and TRV-specific primer SP9239; the control
was the NbPP2A-specific primer SP8061. RT-gPCR was performed using the
Bio-Rad CFX96 qPCR instrument (Bio-Rad) with iTag Universal SYBR Green
Supermix (Bio-Rad), 2.5 uM each of TRV-specific primers (SP9238 + 9239) or
NbPP2a-specific primers (SP8060 + 8061) and 5% diluted first-strand cDNA.
Data presented were normalized for NbPP2A expression level.

RT-PCR: Total RNA was extracted as described for the RT—gPCR analysis. RT—
PCR was performed on a subset of the samples by carrying out first-strand cDNA
synthesis in the same manner as the RT-qPCR analysis. First-strand cDNA

(1 pl) was used in a 20-pl PCR reaction with 5 uM each of TRV-specific primers
(SP9238 + 9239) or NbPP2a-specific primers (SP8060 + 8061). PCR conditions
included a denaturing step of 95°C/3 min plus 40%(95°C/5 s plus 60°C/30s). RT—
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PCR was performed on the remainder of the samples by QIAGEN OneStep RT—
PCR using 50 ng of RNA, TRV-specific primers RN321 and RN322 and Efla
control gene-specific primers AJ172 and AJ173. The PCR conditions consisted
of 50°C/30 min, 95°C/15 min, 35%(95°C/30 s plus 58°C/30 s plus 72°C/1 min) plus
72°C/10 min and 80 °C/5 min. About 10 pl of PCR products was analysed by

agarose gel electrophoresis.
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Figure 3-1 Heritable gene editing using RNA viruses and mobile sgRNAs.
(A) sgRNAs were modified by the 3' addition of RNA sequences that promote
mobility. Many of these mobility motifs contain secondary structures,
hypothesized to be important for function. Modified sgRNAs were cloned into a
TRV vector for replication and systemic plant infection. RDRP, RNA-dependent
RNA polymerase; MP, movement protein; CP, coat protein; PeBV, pea early
browning virus subgenomic promoter; RZ, terminating ribozyme. (B) Overview of
the method for creating heritable gene edits. RNA viral vectors expressing a
modified sgRNA were used to infect Cas9-expressing plants; gene editing
occurred as the virus moved systemically throughout the plant. After the plant
matures, seed is collected and progeny have mutations in the desired locus. (C)
Phenotype of N. benthamiana plants infected with TRV expressing a modified
sgRNA targeting PDS. The plant shown was photographed approximately

4 weeks after agro-infiltration. White blemishes are indicative of loss of PDS
function. The observed phenotype appears approximately 2.5 weeks after agro-
infiltration and increases in intensity as the plant matures. (D) Phenotype of
infected N. benthamiana plants approximately 10 weeks after agro-infiltration.
Left and right photographs show a plant not infected and a plant infected with
TRV expressing modified sgRNASs targeting PDS, respectively: note the white
blemishes on the lower leaves and that the upper portion of the plant is
completely white. White areas were observed on all 11 independent biological
replicates. (E) Editing efficiency of mobile sgRNAs targeting PDS at the eighth
systemic leaf (eight leaves above the infiltrated leaf). A higher average editing
frequency and lower variance is observed for FT (n=3 independent biological
replicates, ¥=0.97+0.02), mFT (n=5, ¥=0.88+0.05), or truncated FT (n=3,
%=0.90%0.04) compared to an unmodified sgRNA (n=5, x=0.61+0.29). The higher
variability from the unmodified sgRNA is likely due to inconsistent viral
movement. Editing efficiency was calculated by NGS of PCR amplicons spanning
the targeted locus; frequency equals the fraction of reads, with indels divided by

the total number of reads. Each dot represents one plant replicate. Bars indicate
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the mean editing frequency, with error bars representing +s.d. (F) Heritable gene
editing from RNA viral vectors. sgRNAs modified with FT (n=3 independent
biological replicates, x=0.58+0.13, p-value= 0.018) or mFT (n=2, ¥=0.59+0.01, p-
value= 0.009) produce significantly higher frequencies of heritable editing
compared to an unmodified sgRNA (n=3, x=0.19+0.07). Up to 65% of progeny
genotyped contained an indel mutation. Seeds were collected from the entire
plant and pooled. Heritable editing frequency is the fraction of progeny containing
an indel in at least one allele, divided by the total number of progeny genotyped.
Each dot represents the heritable editing frequency in progeny of one parent
replicate infected with TRV expressing sgRNAs with FT (n=23, 17 or 28
progeny), mFT (n =10 or 17) or no modification (n=13, 19 or 13). Bars indicate
the mean editing frequency, with error bars representing +s.d. Asterisks indicate
statistically significant differences compared with the unmodified sgRNA, by two-
sided Student’s t-test, *P <0.05, **P <0.01. (G) Mobile sgRNAs produce a higher
portion of bi-allelic and heterozygous mutations compared to unmodified
sgRNAs. Heterozygous mutant progeny contain one wild-type allele and one
mutant allele; bi-allelic mutant progeny contain mutations in both alleles. The
percentage of each genotype was determined by the fraction of progeny
containing that genotype divided by total progeny assessed. The same progeny
used to determine heritable editing frequency in f were used to calculate
genotype percentage. h, PDS knockout phenotype in N. benthamiana seedlings.
Several seedlings from parents infected with TRV expressing a modified sgRNA
targeting PDS were completely white, indicating a heritable complete knockout of
PDS and validation of genotyping results. When extracting DNA for genotyping,
white seedlings were chosen in proportion to the number of white versus green
seedlings. White seedlings were observed from all five independent biological

replicates that had been infected with TRV expressing modified sgRNASs.
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Figure 3-2 Multiplexed heritable gene editing using an RNA virus and
mobile sgRNAs. (A) Three TRV2 vectors were tested for their ability to create
heritable mutations at multiple loci. Each vector expressed three sgRNAs
(PDS3, AG sgRNA1 and AG sgRNAZ2); all sgRNAs were fused to the truncated
FT motif to enhance mobility. The vectors differed in terms of sequences
separating the sgRNAs: a tRNA (vector tRNA multiplexed vector (MpV)), a 23-bp
spacer sequence (vector S MpV) and a 4-bp cloning site (vector DR MpV). (B)
Some progeny of plants infected with the spacer multiplexed vectors sustained a
4.05-kb deletion resulting from loss of DNA between the AG sgRNA1

and AG sgRNA2 target sites. The gel shows PCR amplification products from
WT and two independent mutant progeny from one parent infected with the
spacer multiplexed vector next to a 1-kb plus DNA ladder. (C) Ten progeny were
genotyped from a N. benthamiana parent infected with the spacer MpV. Both bi-
allelic and multiplexed mutations were recovered. The target locus is indicated on
the left, while P1, P2 and so on indicate individual progeny genotyped. (-)
indicates a base pair deletion; inserted bases are preceded with a (+) and the
nucleotide inserted. (D) Multiplexed RNA viral vectors produce heritable
modifications in multiple loci. The editing frequency observed at each targeted
locus with multiplexed vectors is similar in frequency to that observed with
vectors expressing single guides (shown on the left; AG sgRNAL (n=8
independent biological replicate parents, x=0.86+0.14), PDS3 (n=5 parents,
¥=0.58+0.09), or AG sgRNA2 (n=3 parents, ¥=0.53+0.35). Single sgRNA vectors
co-infected into the same plant do not reliably produce heritable edits. Large
error bars are the result of inconsistencies, with one parent producing high
frequencies of editing at one locus and very low frequencies at another. No
progeny with multiplexed gene edits from co-infected vectors was observed. Co-
infection: n = 3 independent biological replicate parents (AG sgRNA1
¥=0.33+0.42, PDS3 ¥=0.52+0.50, AG sgRNA2 x=0+0, 2 Loci x=0+0, 3 Loci
x¥=0£0). Multiplexed heritable editing was observed with all three vector designs
tested. tRNA multiplexed, n =2 independent biological replicates (AG sgRNA1
x¥=0.72+0.39, PDS3 ¥=0.95+0.07, AG sgRNA2 ¥=0.11+0.16, 2 Loci ¥=0.72+0.39,
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3 Loci x=0.11+0.16). Spacer multiplexed, n = 3 independent biological replicates
(AG sgRNAL1 x¥=0.57+0.21, PDS3 x¥=0.70+0.10, AG sgRNA2 x¥=0.33+0.06, 2 Loci
¥=0.60£0.20, 3 Loci x=0.27£0.06). Direct-repeat multiplexed, n = 2 independent
biological replicates (AG sgRNA1 ¥=0.53+£0.13, PDS3 ¥=0.80+0.14, AG sgRNA2
x¥=0.10£0.14, 2 Loci x=0.55%0.07, 3 Loci x=0x0). Heritable editing at each locus
is the ratio of progeny with modifications at that locus to the total number of
progeny with that locus genotyped. Heritable editing frequency in two loci is the
ratio of progeny with modifications in at least two loci to the total number of
progeny with at least two loci genotyped. Heritable editing frequency in three loci
is the ratio of progeny with modifications in three loci to the total number of
progeny with all three loci genotyped. Each dot represents the heritable editing
frequency of sgRNA progeny from one parent replicate. Bars indicate the mean

editing frequency, with error bars representing +s.d.
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sgRNAs does not inhibit editing activity. There are no significant differences
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in editing efficiency when the sgRNA is either unmodified (n=5 independent
biological replicates, x=0.73+0.27) or modified with FT (n=3, ¥=0.61+0.19, p-
value= 0.477), mFT (n=5, ¥=0.87+0.05, p-value= 0.328), or truncated FT (n=3,
¥=0.88+0.03, p-value= 0.286). The modified or unmodified sgRNAs were
expressed from TRV vectors, and tissue was collected from the infiltrated site

in N. benthamiana leaves. Collecting tissue from the infiltrated site allows for
examination of sSgRNA function alone. DNA was extracted from the infiltrated site
two weeks after infiltration. The targeted locus was PCR amplified and
sequenced using Next Generation Sequencing (NGS). The Y axis denotes the
fraction, displayed as a percentage, of reads with indels at the targeted locus
divided by the total number of reads. Each dot represents one plant replicate.
Bars indicate the mean editing frequency; error bars represent + standard
deviation. Asterisks indicate statistically significant differences compared with the
unmodified sgRNA by the two-sided Student’s t-test, NS > 0.05, *<0.05, **<0.01.
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Supplemental Figure 3-2 Modified sgRNAs enable high frequencies of
somatic and heritable editing at the AG locus. (A) Editing efficiency of vectors
targeting AG at the eighth systemic leaf. sgRNAs modified with FT (n=3
independent biological replicates, x=0.73+0.19), mFT (n=3, x=0.81+£0.09), or
Truncated FT (n=2, x=0.85+0.03) yield higher average editing frequencies and
lower variance compared to unmodified sgRNAs (n=4, ¥=0.29+0.29). Tissue was
collected approximately 6 weeks after infiltration. The Y axis is the percentage of
NGS reads with indels divided by the total number of reads. Each dot represents
one plant replicate. Bars indicate the mean editing frequency; error bars
represent + standard deviation. (B) sgRNAs modified with FT (n=3 independent
biological replicates, ¥=0.89+0.10, p-value= 0.002) or mFT (n=3, ¥=0.87+0.22, p-
value= 0.011) or Truncated FT (n=2, x=0.81+0.06, p-value= 0.004) produce
significantly higher frequencies of heritable editing compared to unmodified
sgRNAs (n=3, ¥=0.10£0.13). In some cases, 100% of progeny contained a
mutation. Heritable editing frequency is the fraction, displayed as a percentage,
of progeny that contained an indel in at least one allele divided by the total
number of progeny genotyped. Each dot represents the heritable editing
frequency in progeny of one parent replicate infected with TRV expressing either
unmodified sgRNAs (n =13, 16, or 17) or modified with FT (n=20, 11, or 14
progeny), mFT (n=18, 21, or 19) or Truncated FT (n=20 or 17). Bars indicate
the mean editing frequency; error bars represent + standard deviation. Asterisks
indicate statistically significant differences compared to the unmodified sgRNA by
the two-sided Student’s t-test, *<0.05, **<0.01. (C) Modified sgRNAs produce a
higher portion of bi-allelic and heterozygous mutations compared to unmodified
sgRNAs. In one case, 100% of progeny contained bi-allelic mutations. The
percentage of each zygosity was determined by the fraction of progeny that
contained that genotype divided by total progeny assessed. The same progeny
used to determine heritable editing frequency were used to calculate the

genotype percentages.
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Supplemental Figure 3-3 Inheritance of gene edits at the N. benthamiana

b
M2: +T / +T 100%
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AG locus. (A) Genotypes of progeny from parents with observed +T/-7bp
mutations. One seedling (M1) produced from a parent plant (MO) infected with
TRV vectors expressing a SgRNA with Truncated FT had +T/-7bp mutations

in AG. This plant was grown to maturity and seeds were collected from the first
seed pod. Nineteen progeny of this plant were genotyped, and an approximate
Mendelian inheritance was observed. (B) Genotypes of progeny from parents
with observed +T/+ T mutations. One seedling (M1) from a parent plant (MO)
infected with TRV vectors expressing a sSgRNA with truncated FT had +T/+ T
mutations in AG alleles. This plant was grown to maturity and seeds were
collected from the first seed pod. Nineteen progeny of this plant were genotyped,
and the expected Mendelian inheritance was observed. Genotypes were
determined through DNA extraction of each progeny, amplification of

the AG locus, Sanger sequencing, and detection of indels by ICE (Synthego).

Due to noise in ICE analyses, the following parameters were used to call
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genotype: 0%-10%=WT, 35%-65%= heterozygous (WT/indel), 85%-100%=Dbi-

allelic mutation.

Supplemental Figure 3-4 Phenotypes of plants infected with TRV vectors
expressing sgRNAs that target N. benthamiana PDS. Pictures of plants were
taken between four and eight weeks after infection. The pictures display some of
the typical phenotypes observed from either (A) a non-infected plant or plants
infected with a TRV vector expressing (B) a non-augmented sgRNA, (C) an FT-
augmented sgRNA, (D) a mFT-augmented sgRNA, (E) a truncated FT-
augmented sgRNA, (F) a glycine tRNA-augmented sgRNA, (G) a methionine
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tRNA-augmented sgRNA, (H) an isoleucine tRNA-augmented sgRNA. Similar
phenotypes were observed in three independent experiments, and each

experiment consisted of 2—3 independent plants.

a Quantification of TRV-RNA2 expression sgNbPDS
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Relative expression of TRV-RNA2 to NbPP2A

TRV-sgNbPDS-tRNAMet TRV-sgNbPDS-tRNA!eu

Supplemental Figure 3-5 TRV2 abundance reflects heritable editing
efficiency. (A) Relative TRV2 RNA levels were measured by quantitative real-
time PCR relative to the control, PP2A. (B) Green and bleached plant
phenotypes of progeny from parental plants infected with a TRV2 vector
expressing sgNbPDS, sgNbPDS-tRNA'"®Y, sgNbPDS-tRNAVet, or sgNbPDS-
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tRNASY, Frequencies of heritable editing correlate with viral abundance in the
parent generation. About 50—60 progeny seeds from a pod from the top of the
parent plants were planted on soil in individual pots. Pictures were taken 10-14

days post-seeding. This experiment was repeated twice with similar results.
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Progeny 1-White sgNbPDS-tRNAlkeu Progeny 1-White sgNbPDS-tRNAMet

Homolog 1 Homolog 1

WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagttaag WT: gcaaaggaatttgttatgtt TTGGTAGTAGCGACTCCATGgggcataagttaag

Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGAC----Tggggcataagttaag (-4) Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGA CATGgggcataagttaag 3)

Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCCATGgggcataagttaag (+1) Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTC-ATGgggcataagttaag )

Homolog 2 Homolog 2

WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagtttag WT: gcaaaggaatttgttatgtt TTGGTAGTAGCGACTCCATGgggcataagtttag

Allele 1: gcaaaggaatttgttatgttTTGGTAGTA- ggcataagtttag (-12) Allele 1: gcaaaggaatttgttatg ggcataagtttag (-23)

Allele 2: gcaaaggaatttgttatgttTTGGTAGTA ggcataagtttag (-12) Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGAC--~-ATGgggcataagtttag (-3)
Progeny 5-White Progeny 5-White

Homolog 1 Homolog 1

WT: gcaaaggaatttgttatgttTTGGETAGTAGE CATGgggcataagttaag WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagttaag

Allele 1: gcaaagga (-46) Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCAATGgggcataagttaag (+1)

Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTC-ATGgggcataagttaay (-1) Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCAATGgggcataagttaag (+1)

Homolog 2 Homolog 2

WT: gcaaaggaatttgttatgttTTGGETAGTAGCGACTCCATGgggcataagtttag WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagtttag

Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACT-CATGgggcataagtttag (-1) Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCCATGgggcataagtttag (+1)

Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCCATGgggcataagtttag (+1) Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCCATGgggcataagtttag (+1)
Progeny 6-White Progeny 6-White

Homolog 1 Homolog 1

WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagttaag WT: gcaaaggaatttgttatgttTTGGTAGT? ACTCCATGgggcataagttaag

Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCCATGgggcataagttaag (+1) Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACTC-ATGgggcataagttaag 1)

Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCCATGgggcataagttaag (+1) Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTC-ATGgggcataagttaag 1)

Homolog 2 Homolog 2

WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagtttag WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagtttag

Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCCATGgggcataagtttag (+1) Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCTATGgggcataagtttag (C to T)

Allele 2: gcaaaggaatttgttatgttTTGGTAGTA-—————————— gggcataagtttag (-11) Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCTATGgggcataagtttag (C to T)
Progeny 7-Green Progeny 7-Green

Homolog 1 Homolog 1

WT: GACTCCATGgggcataagttaag WT: gcaaaggaatttgttatgttTTGGTAGTA ACTCCATGgggcataagttaag

Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagttaay (0) Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGAC---ATGgggcataagttaag (-3)

Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagttaag (0) Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGAC---ATGgggcataagttaag (-3)

Homolog 2 Homolog 2

WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagtttag WT: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagtttag

Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGA---CATGgggcataagtttag (-3) Allele 1: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagtttag (0)

Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGA---CATGgggcataagtttag (-3) Allele 2: gcaaaggaatttgttatgttTTGGTAGTAGCGACTCCATGgggcataagtttag (0)

Supplemental Figure 3-6 Mutation types identified at the NbPDS locus in progeny plants derived from a parental
plant infected with sgNbPDS-tRNA'"e" or with sgNbPDS-tRNAMet, DNA fragments flanking the NbPDS target site from
progeny plants were cloned and 6—10 clones were sequenced. For each plant, the wild type sequence is shown at the top
and the target site is shown in red and the protospacer adjacent motif (PAM) is underlined. Number of base addition (+) or

deletion () are shown on the right.
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Supplemental Figure 3-7 TRV is not transmitted to the next generation. RT-
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PCR was performed using total RNA extracted from progeny heterozygous for
mutations at PDS of plants infected with TRV editing vectors. (A) Progeny RNA
from a parental plant infected with TRV-sgNbPDS-tRNAMe! (lanes 1-2) and TRV-
sgNbPDS-tRNA'U (lanes 3—4), TRV-infected control (lane 5) and mock-infected
control plant tissue (lane 6) using primers that amplify the TRV 3’-end (upper
panel) and endogenous NbPP2A gene (bottom panel). Lane 7, TRV plasmid
template used in PCR as a positive control. (B) Progeny RNA from parental plant
replicate 1 infected with TRV-sgNbPDS-FT (lanes 10-17), TRV-infected control
(lanes 9, 19, and 29) and water control (lanes 8, 18, and 28) using primers that
amplify TRV across the sgNbPDS-FT insert (upper panel) and

endogenous NbEF1a gene (bottom panel). (C) Progeny RNA from parental plant
replicate 2 infected with TRV-sgNbPDS-FT (lanes 20-27). (D) Progeny RNA
from parental plant replicate 3 infected with TRV-sgNbPDS-FT (lanes 30-37).
Lanes M1, 100 bp DNA ladder; M2, 1 kb DNA ladder; M3, NEB 1 kb+ ladder.
Conclusions were the same for experiments performed at different institutions:
the experiment in panel (A) was performed at UC Davis; the experiments in

panels B—D were performed at the University of Minnesota.
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Supplemental Figure 3-8 Heritable editing frequency increases as the
infected plant matures. (A) Green and bleached plant phenotypes of progeny
from parental plants infected with a TRV vector expressing sgNbPDS-tRNAeY,
sgNbPDS-tRNAMet or sgNbPDS-tRNACY, About 50-60 progeny seeds from a
pod from the top of the parent plants (top panels), a pod from middle of the
parent plants (middle panels) and a pod from base of the parent plants (bottom
panels) were planted on soil in individual pots. Pictures were taken 10-14 days
post-seeding. Similar phenotypes were observed in two independent
experiments. (B) Ratio of bleached progeny to total number of progeny from

individual seed pods. Parental plants were infected with a TRV vector expressing
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sgNbPDS (Unmodified sgRNA, n =3 independent biological
replicates),sgNbPDS-Truncated FT (TRV2-NbPDS-AtFT, n=3), sgNbPDS-

tRNA"®Y (n = 2), sgNbPDS-tRNAMet (n = 2), or sgNbPDS-tRNACY (n=2). Seeds

were collected from each seed pod individually with Seed Pod 1 being the first

emerged seed pod and ascending vertically. Thirty to sixty progeny were
phenotyped per pod. Three infected parent replicates were collected per
treatment. Each shape corresponds to one infected parent replicate. Each line
corresponds to the mean percentage of bleached progeny from each modified or

unmodified sgRNA treatment.
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Supplemental Figure 3-9 Growth conditions affect heritable editing
frequency. Bleached progeny (%) indicates the ratio of bleached progeny to
green progeny. Parental plants were infected with a TRV vector expressing
sgNbPDS (TRV2-sgNbPDS) or sgNbPDS-Truncated FT (TRV2-sgNbPDS-AtFT).

Progeny were collected from the entire infected parent plant and 150-300
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seedlings were phenotyped. TRV2-sgNbPDS infected plants were grown at two
different conditions: 22°C with 24 h light (n=2 independent biological replicates,
x%=0.004£0.005) or 26°C day/22 °C night with a 12 hour day/night cycle (n=3,
%=0.034%0.039). All TRV2-sgNbPDS-AtFT were grown at 26°C day/22°C night
with a 12 hour day/night cycle (n=3, x=0.421+0.125). Each dot represents one
plant replicate. Bars indicate the mean editing frequency; error bars represent £

standard deviation.
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Overall Everall
Replicate eplicate
Plant Editing Plant Editing
Modification [Number |[Frequency}d Most Common Indels Type [Frequency Modification [Number [Frequency 4 Most Common Indels Type [Frequency
WT ITAGTAGCGACTCCATGGGGCA WT ITAGTAGCGACTCCATGGGGCA
Reference Reference
Plant1  [87.3% TAGTAGCGACTCCCATGGGGCA HC [19.5% Plant 1  [83.8% ITAGTAGCGACTC-ATGGGGCA  [1bp [20.4%
ITAGTAGCGACTC-ATGGGGCA  |1bp [18.2% [TAGTAGCGACTCCCATGGGGCA RHC [17.9%
TAGTAGCGAC---ATGGGGCA F3bp [15.9% TAGTAGCGAC---ATGGGGCA 3bp [15.1%
[TAGTAGC-—---ATGGGGCA L6bp ¥.5% ITAGTAGC------ ATGGGGCA t6bp K.1%
Plant 2 [82.5% TAGTAGCGACTCCCATGGGGCA HC [20.7% Plant 2 [82.3% ITAGTAGCGACTC-ATGGGGCA  [1bp 20.1%
TAGTAGCGACTC-ATGGGGCA  |1bp [17.4% [TAGTAGCGACTCCCATGGGGCA KC [19.8%
[TAGTAGCGAC---ATGGGGCA F3bp [14.9% [TAGTAGCGAC---ATGGGGCA I3bp [14.6%
s TAGTAGC-—---ATGGGGCA L6bp B.6% ITAGTAGC------ ATGGGGCA t6bp 4.3%
Eﬂ Plant 3 26.0% TAGTAGCGACTCCCATGGGGCA HC [5.8% Plant 3 86.0% ITAGTAGCGACTCCCATGGGGCA HC [20.7%
b TAGTAGCGACTC-ATGGGGCA  |1bp [5.8% T [TAGTAGCGACTC-ATGGGGCA  |1bp [18.3%
% [TAGTAGCGAC---ATGGGGCA F3bp [5.1% £ [TAGTAGCGAC---ATGGGGCA I3bp [16.2%
g TAGTAGCGACTCCAATGGGGCA HA [1.3% TAGTAGC------ ATGGGGCA 6bp 4.3%
S Plant 4 91.9% TAGTAGCGACTCCCATGGGGCA HC [21.8% Plant 4 86.7% ITAGTAGCGACTC-ATGGGGCA  [1bp [19.1%
TAGTAGCGACTC-ATGGGGCA  }1bp [19.5% [TAGTAGCGACTCCCATGGGGCA RC [17.9%
TAGTAGCGAC---ATGGGGCA F3bp [16.0% [TAGTAGCGAC---ATGGGGCA 3bp |16.9%
TAGTAGCGACTCCAATGGGGCA HA [5.0% ITAGTAGC------ ATGGGGCA 6bp |#.1%
Plant 5 78.1% TAGTAGCGAC---ATGGGGCA F3bp [16.2% Plant 5 94.3% ITAGTAGCGACTC-ATGGGGCA  [1bp [20.5%
TAGTAGCGACTCCCATGGGGCA HC |14.9% [TAGTAGCGACTCCCATGGGGCA RHC [17.9%
TAGTAGCGACTC-ATGGGGCA  }|1bp [12.5% ITAGTAGCGAC---ATGGGGCA 3bp |17.8%
TAGTAGCGACTCCAATGGGGCA A [5.3% ITAGTAGCGACTCCAATGGGGCA KA W.7%
Plant 1  [82.4% TAGTAGCGACTC-ATGGGGCA  }1bp [19.7% Plant 1  [90.0% ITAGTAGCGAC---ATGGGGCA I3bp [20.9%
TAGTAGCGACTCCCATGGGGCA HC |16.3% ITAGTAGCGACTC-ATGGGGCA  [1bp [19.7%
TAGTAGCGAC---ATGGGGCA F3bp [16.0% [TAGTAGCGACTCCCATGGGGCA KC [17.2%
TAGTAGC------ATGGGGCA L6bp [5.6% ITAGTAGCGACTCCAATGGGGCA A H.8%
Plant 2 [48.9% TAGTAGCGAC---ATGGGGCA F3bp [12.0% £ Plant 2 [85.1% ITAGTAGCGAC---ATGGGGCA 3bp [19.1%
— ITAGTAGCGACTC-ATGGGGCA  |1bp [10.5% :03 TAGTAGCGACTCCCATGGGGCA HC [18.3%
- TAGTAGCGACTCCCATGGGGCA HC P.6% g ITAGTAGCGACTC-ATGGGGCA  [1bp [14.9%
[TAGTAGC------ATGGGGCA Febp [2.4% E ITAGTAGC------ ATGGGGCA F6bp ¥.6%
Plant3  [51.3% TAGTAGCGAC---ATGGGGCA F3bp 9.2% Plant 3  [88.9% [TAGTAGCGACTC-ATGGGGCA  |1bp [20.1%
TAGTAGCGACTC-ATGGGGCA  [1bp [8.9% [TAGTAGCGACTCCCATGGGGCA RC [17.8%
TAGTAGCGACTCCCATGGGGCA HC [B.0% [TAGTAGCGAC---ATGGGGCA 3bp [15.3%
TAGTAGC------ATGGGGCA Febp [2.1% ITAGTAGCGACTCCAATGGGGCA A [5.1%
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Supplemental Table 3-1A Somatic editing results at the N. benthamiana
PDS locus in the infiltrated leaf. Editing frequencies of the 4 most commonly
observed mutations at the infiltrated site from vectors targeting PDS. (B) Editing
frequencies of the 4 most commonly observed mutations in the 8th systemic leaf
from vectors targeting PDS. Editing frequencies were determined through Next
Generation Amplicon Sequencing of the targeted locus. For each plant replicate,
only a portion of the overall editing frequency is shown; the overall editing
frequency is higher due to several low percentage mutations. Modification refers
to the 3’ modification to the sgRNA . Plant number refers to the plant replicate.
Overall replicate editing frequency indicates the fraction, displayed as a
percentage, of reads with indels at the targeted locus divided by the total number
of reads. Editing result is the sequence result of the targeted locus. The
protospacer adjacent motif (PAM) is underlined, and the sgRNA target includes
the preceding base pairs. Deleted bases are indicated by dashed lines; added
bases are highlighted in red. Type indicates the observed indel and frequency is
the fraction, displayed as a percentage, of NGS reads with the observed indel

divided by total reads.
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Overall Overall
Modification :I::ntber E;ﬂ:'::te 4 Most Common Indels Type [Frequency Modification:llj::ltber 2::::::?8 4 Most Common Indels Type [Frequency
Frequency Frequency

WT WT
TAGTAGCGACTCCATGGGGCA TAGTAGCGACTCCATGGGGCA

Reference - Reference ——

Plant 1 39.8% TAGTAGCGACTC-ATGGGGCA |1bp [8.4% Plant 1  194.6% TAGTAGCGAC---ATGGGGCA F3bp [23.4%
TAGTAGCGAC---ATGGGGCA F3bp [8.1% TAGTAGCGACTC-ATGGGGCA  |1bp [19.0%
TAGTAGCGACTCCCATGGGGCA HC |.0% TAGTAGCGACTCCCATGGGGCA HC [7.7%
TAGTAGC------ ATGGGGCA Febp B.2% TAGTAGC------ ATGGGGCA F6bp 14.9%

Plant 2 94.9% TAGTAGCGACTC-ATGGGGCA  |1bp [16.9% Plant 2 86.5% TAGTAGCGAC---ATGGGGCA 3bp [19.2%
TAGTAGCGACTCCCATGGGGCA HC [11.1% TAGTAGCGACTC-ATGGGGCA  |1bp [19.0%
TAGTAGCGA----ATGGGGCA F4bp 6.2% TAGTAGCGACTCCCATGGGGCA [FC P.5%

<z( TAGTAGC------ ATGGGGCA Febp #.3% TAGTAGC------ ATGGGGCA 6bp |5.0%
ﬁn Plant 3 29.0% TAGTAGCGACTC-ATGGGGCA |1bp 6.3% Plant 3 87.4% TAGTAGCGACTC-ATGGGGCA  [1bp [20.7%
g TAGTAGCGAC---ATGGGGCA F3bp 4.5% = TAGTAGCGAC---ATGGGGCA 3bp [18.9%
% TAGTAGCGACTCCCATGGGGCA HC H.5% E TAGTAGCGACTCCCATGGGGCA #C P.8%
g TAGTAGCGA----ATGGGGCA F4bp [1.9% TAGTAGCGA----ATGGGGCA F4bp [7.1%
5 Plant 4 87.4% TAGTAGCGACTC-ATGGGGCA }1bp [15.0% Plant 4 [95.9% TAGTAGCGACTC-ATGGGGCA  |1bp [21.2%
TAGTAGCGACTCCCATGGGGCA HC [12.1% TAGTAGCGAC---ATGGGGCA 3bp [14.6%
TAGTAGCGAC---ATGGGGCA F3bp [12.0% TAGTAGCGACTCCCATGGGGCA HC |10.5%
TAGTAG-------ATGGGGCA F7bp A4.5% TAGTAGCGA----ATGGGGCA F4bp 8.3%

Plant 5 55.5% TAGTAGCGACTC-ATGGGGCA 1bp [11.0% Plant5 [84.2% TAGTAGCGACTC-ATGGGGCA  |1bp [18.4%
TAGTAGCGAC---ATGGGGCA 3bp [10.1% TAGTAGCGAC---ATGGGGCA 3bp [15.3%
TAGTAGCGACTCCCATGGGGCA HC [|5.7% TAGTAGCGACTCCCATGGGGCA HC 6.6%
TAGTAGC------ ATGGGGCA Febp B.7% TAGTAG-------ATGGGGCA F7bp |5.4%

Plant 1 98.9% TAGTAGCGAC---ATGGGGCA F3bp [22.0% Plant1 [93.1% TAGTAGCGAC---ATGGGGCA 3bp [19.3%
TAGTAGCGACTC-ATGGGGCA |1bp [18.9% TAGTAGCGACTC-ATGGGGCA  |1bp [17.3%
TAGTAGCGACTCCCATGGGGCA HC [7.4% TAGTAGCGACTCCCATGGGGCA C [B.0%
TAGTAGCGA----ATGGGGCA F4bp [7.2% TAGTAGCGA----ATGGGGCA F4bp 6.7%

Plant 2 97.6% TAGTAGCGAC---ATGGGGCA F3bp |24.0% £ Plant2 [85.2% TAGTAGCGAC---ATGGGGCA F3bp [17.9%

- TAGTAGCGACTC-ATGGGGCA |1bp [14.8% E TAGTAGCGACTC-ATGGGGCA  [1bp [15.4%
= TAGTAGCGA----ATGGGGCA F4bp 8.8% 9 TAGTAGCGACTCCCATGGGGCA FC P.9%
TAGTAGCGACTCCCATGGGGCA HC [5.5% E TAGTAGCGA----ATGGGGCA F4bp [5.2%

Plant 3 95.2% TAGTAGCGAC---ATGGGGCA F3bp |20.2% Plant3 190.9% TAGTAGCGAC---ATGGGGCA F3bp [18.8%
TAGTAGCGACTC-ATGGGGCA |1bp [18.1% TAGTAGCGACTC-ATGGGGCA  [1bp [15.7%
TAGTAGCGACTCCCATGGGGCA HC [12.2% TAGTAGCGACTCCCATGGGGCA C [10.4%
TAGTAGCGA----ATGGGGCA F4bp [7.6% TAGTAGCGA----ATGGGGCA F4bp 4.4%
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Supplemental Table 3-1B Somatic editing results at the N. benthamiana
PDS locus in the 8th systemically infected leaf. Editing frequencies of the 4
most commonly observed mutations at the infiltrated site from vectors targeting
PDS. b) Editing frequencies of the 4 most commonly observed mutations in the
8th systemic leaf from vectors targeting PDS. Editing frequencies were
determined through Next Generation Amplicon Sequencing of the targeted locus.
For each plant replicate, only a portion of the overall editing frequency is shown;
the overall editing frequency is higher due to several low percentage mutations.
Modification refers to the 3’ modification to the sgRNA. Plant number refers to the
plant replicate. Overall replicate editing frequency indicates the fraction,
displayed as a percentage, of reads with indels at the targeted locus divided by
the total number of reads. Editing result is the sequence result of the targeted
locus. The protospacer adjacent motif (PAM) is underlined, and the sgRNA target
includes the preceding base pairs. Deleted bases are indicated by dashed lines;
added bases are highlighted in red. Type indicates the observed indel and
frequency is the fraction, displayed as a percentage, of NGS reads with the

observed indel divided by total reads.
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Overall Overall
Replicate Replicate
Plant Editing Plant Editing
Modification [Number _ |[Frequency |4 Most Common Indels Type [Frequency Modification [Number_ _[Frequency |4 Most Common Indels Type [Frequency
‘:;erence TGARAGAAACAATTGAGAGGT ‘I’Rv;‘erence TGAAAGARACAATTGAGAGGT
Plant 1 66.1% TGAAAGAARCAATTTGAGAGGT +T  [17.2% Plant1 [79.0% TGAAAGARACAATTTGAGAGGT +T  41.4%
TGAAAGA-————— TGAGAGGT -6bp |4.9% TeARAGA-—————— TGAGAGGT -6bp [4.2%
TGAAAGAAA—-——TGAGAGGT -4bp 4.1% TGAAAGAR————— TGAGAGGT -5bp [4.0%
TGARAGARACAR-TGAGAGGT -1bp [3.9% TGAAAGAAACAATTAGAGAGGT +A  [3.9%
Plant2 |19.5% TGAAAGAARCAATTTGAGAGGT +T  [6.6% Plant2 [90.0% TGAAAGAAACAATTTGAGAGGT +T  |14.0%
‘z': TGAAAGA-————— TGAGAGGT -6bp |1.5% e TCARAGA-—————— TGAGAGGT -6bp [6.9%
) TGAAAGAA————— TGAGAGGT -Sbp |1.4% E TGAAAGRA— GAGAGGT -6bp [5.4%
-§ TGAAAGAAACAA-TGAGAGGT -1bp [1.2% TGAAAGAAA———-TGAGAGGT -4bp [5.2%
ES Plant3  119.1% TCGAARGAAACAATTTGAGAGGT [*T  [B.1% Plant3 [73.0% TGAMAGAAACAATTTGAGAGGT  [*T  [16.4%
g TGAARGAAACAA-TGAGAGGT -1bp [1.7% TGARAGAAA-——-TGAGAGGT 4bp [6.1%
5 TCARRGAA—————— GAGAGGT -6bp [1.4% TcARAGA - TGAGAGGT [6bp [4.4%
TGAAAGA-————- TGAGAGGT -6bp [1.4% TGARAGAAACAA-TGAGAGET -1bp [3.7%
Plant4 [5.5% TGAAAGAARCAATTTGAGAGGT +T  |3.9% Plant1 83.2% TCAAAGAAACAATTTGAGAGGT +T  [28.4%
TGAAAGAAACAA-TGAGAGGT -1bp [1.0% TGARAGAAACAA-TGAGAGET -1bp [5.8%
TGAARGAAA-———TGAGAGGT -dbp [0.7% E 'TGARAGA—————— TGAGAGGT -6bp 5.0%
TGAAAGA—————— TGAGAGGT L6bp [0.5% H GAARGAA GAGAGGT [6bp [3.8%
Plant 1 94.5% TGARAGAAACAATTTGAGAGGT +T  [36.7% E Plant2 [87.6% TGAAAGARACAATTTGAGAGGT +T [17.1%
TGARRGAAR-———TGAGAGGT -4bp [7.3% = TGAARGA—————— TGAGAGGT 6bp [7.3%
TGARAGAAAC-——TGAGAGGT -3bp [6.3% TGAARGAAACRA-TGAGAGGT -1bp [6.8%
TGAARG——————— TGAGAGGT -7bp [5.0% TGARAGAR————— TGAGAGGT -5bp 5.1%
Plant 2 67.6% TGAAAGAAACAATTTGA&GT +T  [23.9% .
- TGAAAGA—————— TGAGAGGT -6bp 14.0%
w TGAARGAARCAA-TGAGAGGT -1bp 13.8%
TGAAAGAA—————— GAGAGGT -6bp |3.8%
Plant3  |57.5% TGAAAGARACAATTTGAGAGGT +T  [16.4%
TGAARGAAACAA-TGAGAGGT -1bp 13.9%
TGAARGAAR-———TGAGAGGT -4bp (3.1%
TGAAAGAA—————— GAGAGGT -6bp 13.1%
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Supplemental Table 3-2 Somatic editing results at the N. benthamiana AG
locus. Editing frequencies of the 4 most common observed indels in the 8th
systemic leaf from vectors targeting AG. Editing frequencies were determined
through Next Generation Amplicon Sequencing of the targeted locus. Editing
frequencies were determined through Next Generation Amplicon Sequencing of
the targeted locus. For each plant replicate, only a portion of the overall editing
frequency is shown; the overall editing frequency is higher due to several low
percentage mutations. Modification refers to the 3’ modification to the sgRNA .
Plant number refers to the plant replicate. Overall replicate editing frequency
indicates the fraction, displayed as a percentage, of reads with indels at the
targeted locus divided by the total number of reads. Editing result is the
sequence result of the targeted locus. The protospacer adjacent motif (PAM) is
underlined, and the sgRNA target includes the preceding base pairs. Deleted
bases are indicated by dashed lines; added bases are highlighted in red. Type
indicates the observed indel and frequency is the fraction, displayed as a

percentage, of NGS reads with the observed indel divided by total reads.
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Replicate

Modification :?:;';ter :(;:it:ghle Progeny Allele 1 Genotype IType [Progeny Allele 2 Genotype [Type
Frequency
WT TAGTAGCGACTCCATGGGGCA ITAGTAGCGACTCCATGGGGCA
Reference
Parent1 [23% TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCCATGGGGCA RHC  [TAGTAGCGA----ATGGGGCA F4bp
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGT---------ATGGGGCA FSbp
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCCATGGGGCA HC [TAGTAGCGACTCCCATGGGGCA iC
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
Parent2 [11% TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
ITAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
<zt TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACT--ATGGGGCA  [2bp
© TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
- TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
2 TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
:g ITAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
E TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
=] TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCCATGGGGCA HC
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
Parent3 3% TAGTAGCGACTCCATGGGGCA T _[TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCCATGGGGCA iC
ITAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T _[TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T _[TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCCATGGGGCA pC
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTC-ATGGGGCA  flbp
TAGTAGCGACTCCATGGGGCA T _[TAGTAGCGACTCCATGGGGCA T
Parent1 [60% TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTC-ATGGGGCA  Flbp
[TAGTAGCGACTCCCATGGGGCA HC [TAGTAGCGACTCCCATGGGGCA iC
TAGTAGCGACTC-ATGGGGCA  |1bp [TAGTAGCGACTCCCATGGGGCA HC
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCCATGGGGCA pC
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTC-ATGGGGCA flbp
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T _[TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGAC---ATGGGGCA  [3bp
ITAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
Parent2 [59% TAGTAGCGACTC-ATGGGGCA  |1bp [TAGTAGCGACTCCCATGGGGCA C
TAGTAGCGACTC-ATGGGGCA | 1bp [TAGTAGCGACTC-ATGGGGCA  1bp
— TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTC-ATGGGGCA  Flbp
E TAGTAGCGACTCCATGGGGCA T _[TAGTAGCGACTC-ATGGGGCA _ Flbp
ITAGTAGCGAC---ATGGGGCA I3bp [TAGTAGCGACTCCCATGGGGCA HC
TAGTAGCGACTCCATGGGGCA T [TAGTAGCG-----ATGGGGCA F6bp
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTA-------- ATGGGGCA FSbp
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCCATGGGGCA [C
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
ITAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTC-ATGGGGCA flbp
TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTC-ATGGGGCA  Flbp
TAGTAGCGACTCCATGGGGCA T _[TAGTAGCGACTCCATGGGGCA T
[TAGTAGCGACTCCATGGGGCA T [TAGTAGCGACTCCATGGGGCA T

109



Modification

Parent
Number

Replicate
Heritable
Editing
Frequency

IProgeny Allele 1 Genotype

Type

IProgeny Allele 2 Genotype

Type

WT
Reference

[TAGTAGCGACTCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

FT

Parent 1

65%

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGACTCCATGGGGCA

WT

[TAGT............AGTTTA

F19bp

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCCATGGGGCA

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCG......... ATAAGT

F12bp

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACT--ATGGGGCA

F2bp

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTC-ATGGGGCA

F1bp

TAGTAGCGACTC-ATGGGGCA

Flbp

[TAGTAGCGACTC-ATGGGGCA

Flbp

TAGTAGCGACTC-ATGGGGCA

Flbp

[TAGTAGCGACTC-ATGGGGCA

F1lbp

[TAGTAGCGACTC-ATGGGGCA

Flbp

[TAGTAGCGACTC-ATGGGGCA

Flbp

[TAGTAGCGACTC-ATGGGGCA

F1bp

[TAGTAGCG-----ATGGGGCA

L6bp

TAGTAGCGA----ATGGGGCA

Fbp

[TAGTAGC------ATGGGGCA

F7bp

[TAGTAGCGACTC-ATGGGGCA

Flbp

[TAGTAGCG-—--ATGGGGCA

F6bp

[TAGTAGCGA----ATGGGGCA

4bp

[TAGTAGCGA----ATGGGGCA

F4bp

TAGTAGCG--—-ATGGGGCA

L6bp

[TAGTAGCG-——-ATGGGGCA

L6bp

TAGTAGCG---—-ATGGGGCA

F6bp

[TAGTAGCG--—--ATGGGGCA

F6bp

[TAGTAGCGACTC-ATGGGGCA

F1bp

[TAGTAGCG-——--ATGGGGCA

L6bp

Parent 2

65%

TAGTAGC------ATGGGGCA

F7bp

[TAGTAGCGACTCCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCCATGGGGCA

rC

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGA----ATGGGGCA

F4bp

[TAGTAGC------ATGGGGCA

F7bp

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

[TAGTAGCGA----ATGGGGCA

Fdbp

[TAGTAGCGA----ATGGGGCA

F4bp

TAGTAGC-----ATGGGGCA

I7bp

[TAGTAGCGACTC-ATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

[TAGTAGCGA----ATGGGGCA

4bp

[TAGTAGCGAC---ATGGGGCA

TAGTAGCGACTCCATGGGGCA

WT

GTTTT......... TAGAATT

TAGTAGCGAC-—-ATGGGGCA

I3bp

[TAGTAGCGACTCCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

TAGTAGC------ATGGGGCA

F7bp

[TAGTAGCGAC---ATGGGGCA

[TAGTAGCGACTCCCATGGGGCA

[TAGTAGCGACTCCCATGGGGCA

TAGTAG--———-, ATGGGGCA

}7bp

[TAGTAGCGACTCCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

Parent 3

43%

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTC-ATGGGGCA

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCCATGGGGCA

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTC-ATGGGGCA

Flbp

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

e AGTTTAG

F22bp

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGAC---ATGGGGCA

F3bp

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCCATGGGGCA

tC

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTC-ATGGGGCA

F1lbp

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCCATGGGGCA

tC

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCCATGGGGCA

rC

[TAGTAGCGACTC-ATGGGGCA

Flbp

[TAGTAGCGACTC-ATGGGGCA

F1lbp

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTC-ATGGGGCA

Flbp

[TAGTAGCGACTCCCATGGGGCA

rC

[TAGTAGCGACTC-ATGGGGCA

Flbp

[TAGTAGCGACTCCCATGGGGCA

rC

[TAGTAGCGACTCCATGGGGCA

WT

[TAGTAGCGACTCCATGGGGCA

WT
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Supplemental Table 3-3 Heritable editing results at the N. benthamiana PDS
locus. Genotypes of progeny infected with TRV vectors expressing modified or
unmodified sgRNAs targeting PDS. White seedlings were observed from
unmodified sgRNAs at a frequency of 5%, 0%, and 0% from Parents 1, 2, and 3,
respectively. White seedlings were observed from FT modified sgRNAs at a
frequency of 16%, 28%, and 22% from Parents 1, 2 and 3, respectively and from
mFT modified sgRNAs at a frequency of 34% and 15% from Parents 1 and 2.
White versus green plants were genotyped in the same proportion as the
observed phenotype. Each row represents an individual progeny genotype.
Seeds from infected parents with 8 or more seed pods were pooled and
germinated on ¥2 MS plates. Genotypes were determined through DNA
extraction of each progeny, amplification of the PDS locus, Sanger sequencing,
and ICE (Synthego) based indel sequence analysis. Modification refers to the 3’
modification to SgRNA sequences. Parent number refers to the parent plant
replicate. Replicate heritable editing frequency indicates the fraction, displayed
as a percentage, of progeny with a genotype indicating an indel in at least one
allele divided by the total number of progeny assayed. Allele genotype indicates
the sequencing result of the PDS locus. Due to noise in ICE based indel
detection, the following parameters were used to call genotype: 0%-10%=WT,
35%-65%= heterozygous (WT/indel), 85%-100%=Bi-allelic mutation. The
protospacer adjacent motif (PAM) site is underlined; the sgRNA target includes
the preceding base pairs. Deleted bases are indicated by dashed lines while

added bases are highlighted in red. Type indicates the observed indel.
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Replicate
Heritable
rent  [Editing
lodification Frequency Progeny Allele 1 Genotype [lype Progeny Allele 2 Genotype Type
TGAAAGAAACAATTGAGAGGT [TGAAAGAAACAATTGAGAGGT
Parent1 % TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT [TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT  [TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT [TGAAAGAAACAATTGAGAGGT |[WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT |WT [TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
Parent 2 [25% TGAAAGAAACAATTGAGAGGT WT  TGAAAGAAACAATTGAGAGGT WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTTGAGAGGT (T
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT |WT TGAAAGAAACAATTTGAGAGGT HT
< TGAAAGAAACAATTGAGAGGT [WT GCAGT......... AAAGCTT 27bp |
4 TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
Fi TGAAAGAAACAATTGAGAGGT [WT [TGAAAGAAACAATTGAGAGGT [WT
3 TGAAAGAAACAATTGAGAGGT [WT  TGAAAGAAACAATTTGAGAGGT BT
% TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
E TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
5 TGAAAGAAACAATTGAGAGGT [WT [TGAAAGAAACAATTGAGAGGT |WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT |[WT
TGAAAGAAACAATTGAGAGGT |WT [TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
Parent3 £% TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT WT  TGAAAGAAACAATTGAGAGGT WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT [TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT IWT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT  TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTTGAGAGGT [T
TGAAAGAAACAATTGAGAGGT |[WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT  [TGAAAGAAACAATTGAGAGGT |WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT |WT [TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
Parent 1 [85% TGAAAGAAACAATTGAGAGGT [WT [TGAAAGAAACAATTTGAGAGGT RT
[TGAAAGAAACAAT-GAGAGGT 1bp [TGAAAGAAACAATTTIGAGAGGT WT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTTGAGAGGT [T TGAAAGAAACAATTTGAGAGGT pT
TGAAAGAAACAATTTGAGAGGT BT  TGAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACAATTGAGAGGT |WT TGAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACA-—-GAGAGGT 3bp [TGAAAGAAA——-GAGAGGT Sbp_|
TGAAAGAAACAAT-GAGAGGT  |1bp TGAAAGAAACAATTTGAGAGGT pT
TGAAAGAAACAAT-GAGAGGT 1bp [TGAAAGAAACAATTIGAGAGGT hT
TGAAAGA----—-GAGAGGT 7bp [TGAAAGAAACAATTTIGAGAGGT W1
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTTGAGAGGT [T
TGAAAGAAACAATTGAGAGGT |WT [TGAAAGAAACAATTTGAGAGGT pT
TGAAAGAAACAATTGAGAGGT [WT  [TGAAAGA--—-— —~GAGGT Sbp_|
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
TGAAAGAAACAATTGAGAGGT |WT [TGAAAGA-—-—--GAGGT Sbp_|
TGAAAGAAACA-—-GAGAGGT 3bp [TGAAAGAAA----GAGAGGT Sbp_|
TGAAAGAAACA-—-GAGAGGT 3bp [TGAAAGAAACAATTTGAGAGGT KT
TGAAAGAAACAAT-GAGAGGT 1bp [TGAAAGAAA-----GAGAGGT Shp
TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
Parent2 [82% TGAAAGAAACAATTGAGAGGT [WT TGAAAGAAACAATTGAGAGGT [WT
- 8bp [TGAAAGAAACAATTTGAGAGGT HT
Iy - 6bp [TGAAAGAAACAATTTGAGAGGT WT
- GAGAGGT 10bp TGAAAGAAACAATTTGAGAGGT BT
TGAAAGAAACAATTTGAGAGGT [T TGAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACAAT-GAGAGGT  |1bp TGAAAGAAACAATTTGAGAGGT pT
TGAAAGAAACAATTGAGAGGT WT  TGAAAGAA------! GAGAGGT 6bp
TGAAAGAAACA--GAGAGGT 3bp [TGAAAGAAACAATTTIGAGAGGT T
TGAAAG GAGAGGT 8bp [TGAAAGAAACAATTTGAGAGGT [T
TGAAAG GAGAGGT 8bp [TGAAAGAAACAAT-GAGAGGT _ |1bp
TGAAAGAAACAATTGAGAGGT [WT [TGAAAGAAACAATTGAGAGGT |WT
Parent 3 [100% TGAAAGAAACAATTTGAGAGGT HT  [TGAAAGAAACAATTTGAGAGGT p#T
TGAAAGAAACAATTAGAGAGGT (A  [TGAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACAAT-GAGAGGT  |1bp [TGAAAGA--—--GAGAGGT 7bp_|
TGAAAGAAACAATTTGAGAGGT BT [TGAAAGAAACAATTTGAGAGGT HT
IG————- GAGAGGT 13bp TGAAAGAAACAATTTGAGAGGT W1
TGAAAGAAACAA--GAGAGGT | 2bp TGAAAGAAACAA--GAGAGGT  f2bp
TGAAAGAAACAATTTGAGAGGT [T TGAAAGAAACAATTTGAGAGGT pT
TGAAAGAAACAATTTGAGAGGT BT  TGAAAGAAACAATTTGAGAGGT HT
TGAAAG GAGAGGT 7bp [TGAAAGA-------GAGAGGT 7bp
TGAAAGAAACAATTTGAGAGGT BT  TGAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACAATTAGAGAGGT A TGAAAGAAACAATTAGAGAGGT (A
TGAAAGAAACAATTAGAGAGGT A TGAAAGAAACAATTTGAGAGGT pT
[TGAAAGAAACAATTTGAGAGGT BT [TGAAAGAAACAATTTGAGAGGT KT
TGAAAGAAAC--—-GAGAGGT 4bp [TGAAAGAAACAATTTGAGAGGT HT
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Replicate
Modification [parent He.riAlabIe Progeny Allele 1 Genotype [Type Progeny Allele 2 Genotype Type
Number Editing
Frequency
JWT Reference GAAAGAAACAATTGAGAGGT TGAAAGAAACAATTGAGAGGT
Parent 1 [100% [TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAAT-GAGAGGT _ H1bp [TGAA—-—--——-—-GAGGT 12bp
TGAAAGAAACAATTTGAGAGGT #T [TGAAAGAAACAATTTGAGAGGT T
[TGAAAGAAACAATTTGAGAGGT HT  [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAAC----GAGAGGT F4bp TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTGAGAGGT WT [TGA-—-—-- -t GAGGT 13bp
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACA---GAGAGGT 3bp
[TGAAAGAAACAAT-GAGAGGT _ 1bp TGAAAGAAACAATTTGAGAGGT [T
TGAAAGAAACAATTGAGAGGT WT [[GAAAGA—-—GAGAGGT 7bp
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTGAGAGGT T [TGAAAGAAAC---GAGAGGT 4bp
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAAC—GAGAGGT 4bp
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACA---GAGAGGT 3bp
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAA-—-—GAGAGGT 6bp
[TGAAAGAAA--—---GAGAGGT Sbp [TGAAAGAAACAATTTGAGAGGT HT
Parent 2 62% [TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT |WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT [WT
[TGAAAGAAACAATTGAGAGGT WT [GTTTA.........AAATGTT 178bp
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT T
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT [WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT [WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT [WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT W1
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT [WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
& [TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT WT
E [TGAAAGAAACAATTTGAGAGGT HT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTTGAGAGGT HT [TGAAAGAAACAATTTGAGAGGT WT
[TGAAAGAAAC----GAGAGGT 4bp [TGAAAGAAAC----GAGAGGT Fbp
[TGAAAGAAACAATTAGAGAGGT A [TGAAAGAAACAATTAGAGAGGT [+A
[TGAAAGAAACAATTTGAGAGGT HT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAAC-—GAGAGGT 4bp [TGAAAGAAAC—GAGAGGT 4bp
[TGAAAGAAAC-——-GAGAGGT 4bp [[GAAAGAAACAATTTGAGAGGT BT
[TGAAAGAAACAATTTGAGAGGT {T [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAAC-—-GAGAGGT 4bp [TGAAAGAAAC—GAGAGGT 4bp
[TGAAAGAAAC-—-GAGAGGT 4bp [[GAAAGAAACAATTTGAGAGGT HT
Parent 3 [100% [TGAAAGAAACAATTTGAGAGGT {1 [TGAAAGAAACAAT-GAGAGGT 1bp
TGAAAGAAACAATTTGAGAGGT T [TGAAAGAAACAATTTGAGAGGT i1
[TGAAAGAAACAATTTGAGAGGT HT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAA- AGAGGT Sbp [TGAAAGAA------GAGAGGT 6bp
[TGAAAGAAACAAT-GAGAGGT Fibp TGAAAGAAACAAT-GAGAGGT  |1bp
[TGAAAGAAACAATTTGAGAGGT #T [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTAGAGAGGT A [TGAAAGAAACAATTTGAGAGGT WT
[TGAAAGAAACAATTTGAGAGGT #T  [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAA------GAGAGGT 6bp [[GAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACAATTTGAGAGGT HT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAAT-GAGAGGT _ 1bp [TGAAAGAAACAATTTGAGAGGT BT
[TGAAAGAAACAATTTGAGAGGT {T [TGAAAGAAACAATTTGAGAGGT WT
TGAAAGAAACAATTTGAGAGGT #T [TGAAAGAAACAATTTGAGAGGT T
[TGAAAGAAA-----GAGAGGT 5bp [[GAAAGAAACAATTTGAGAGGT pT
[TGAAAGAAACAATTTGAGAGGT H#T  [TGAAAGAAACAATTTGAGAGGT T
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACA---GAGAGGT F3bp [TGAAAGAA GAGAGGT 6bp
[TGAAAGAAACA-—-GAGAGGT _ |3bp TGAAAGAAACA-—-GAGAGGT 3bp
[TGAAAGAAACAATTTGAGAGGT KT  [TGAAAGAAACAATTTGAGAGGT HT
Parent 1 B5% [TGAAAGAAACAATTTGAGAGGT HT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTTGAGAGGT HT [TGAAAGAAACAATTTGAGAGGT WT
[TGAAAGAA------GAGAGGT 6bp TGAAAGAAACAATTTGAGAGGT WT
[TGAAAGA--—-—-GAGAGGT 7bp [TGAAAGAAACAATTTGAGAGGT T
[TGAAAG. GAGAGGT 7bp TGAAAGAAACAATTTGAGAGGT WT
[TGAAAG GAGAGGT 7bp [TGAAAGAAACAATTTGAGAGGT [T
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT T
[TGAAAGAAACAATTTGAGAGGT {T [TGAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACAATTTGAGAGGT #T [TGAAAGAAACAATTTGAGAGGT T
[TGAAAGAAACAATTTGAGAGGT HT  [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAAT-GAGAGGT 1bp
TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT |WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAAC-—-GAGAGGT 4bp [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT |WT
TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT (T
= [TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
2 [TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
k| [TGAAAGAAACAATTTGAGAGGT #T [TGAAAGAAACAATTTGAGAGGT [T
g [TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
= Parent 2 [76% [TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAAC-—GAGAGGT 4bp [[GAAAGAAACAATTTGAGAGGT [T
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAAC-—GAGAGGT 4bp
[TGAAAGAAACAATTTGAGAGGT HT  [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTTGAGAGGT HT  [TGAAAGAAACAATTTGAGAGGT T
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT |WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT T
[TGAAAGAAACAATTTGAGAGGT #T [TGAAAGAAACAATTTGAGAGGT WT
[TGAAAGAA-——---GAGAGGT 13bp
[TGAAAGAAACAATTGAGAGGT MWT [TGAAAGAAACA---GAGAGGT 3bp
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT [WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTTGAGAGGT #T [TGAAAGAAACAATTTGAGAGGT HT
TGAAAGAAACAATTTGAGAGGT HT [TGAAAGAAACAATTTGAGAGGT HT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAA----—-GAGAGGT 6bp
[TGAAAGAAACAATTTGAGAGGT {T [TGAAAGAAACAATTTIGAGAGGT WT
[TGAAAGAAACAATTGAGAGGT WT [TGAAAGAAACAATTGAGAGGT [WT
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Supplemental Table 3-4 Heritable editing results at the N. benthamiana AG
locus. Genotypes of progeny infected with TRV vectors expressing modified or
unmodified sgRNAs targeting AG. Each row represents an individual progeny
genotype. Seeds from infected parents with 8 or more seed pods were pooled
and germinated on %2 MS plates. Genotypes were determined through DNA
extraction of each progeny, amplification of the AG locus, Sanger sequencing,
and ICE (Synthego) based indel detection analyses. Modification refers to the 3’
modification to sgRNA sequences. Parent number refers to the parent plant
replicate. Replicate heritable editing frequency indicates the fraction, displayed
as a percentage, of progeny with a genotype indicating an indel in at least one
allele divided by the total number of progeny assayed. Allele genotype indicates
the sequencing result of the AG locus. We used the following parameters to call
genotype: 0%-10%=WT, 35%-65%= heterozygous (WT/indel), 85%-100%=Bi-
allelic mutation. The protospacer adjacent motif (PAM) site is underlined; the
gRNA target includes the preceding base pairs. Deleted bases are indicated by
dashed lines while added bases are highlighted in red. Type indicates the

observed indel.
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