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Dear Editor,
Genome editing technology is being rapidly adopted for gene
function studies in plants (Gao, 2021). The delivery of the Cas
(CRISPR-associated) nucleases and single-guide RNAs (sgRNAs)
into plant cells is commonly accomplished by Agrobacterium-
mediated transformation. Although Arabidopsis (Arabidopsis
thaliana) is easy to transform, the generation of biallelic-edited
plants requires screening of many plants in subsequent genera-
tions. Here, we describe the optimization of an engineered
Tobacco rattle virus (TRV)-based vector for in planta delivery of
sgRNAs fused to tRNA isoleucine sequence (sgRNA–tRNAIleu)
that can induce efficient multiplex somatic and biallelic herita-
ble editing in a single generation in Arabidopsis that express
SpCas9.

Recently, we demonstrated that sgRNA fused to tRNA iso-
leucine (tRNAIleu) moves efficiently and induces high effi-
ciency heritable editing in SpCas9 expressing transgenic
Nicotiana benthamiana (Ellison et al., 2020). Therefore, we
tested editing in Arabidopsis using TRV with sgRNA tar-
geted to PHYTOENE DESATURASE3 (AtPDS3) fused to
tRNAIleu (Supplemental Figure S1). Agrobacterium harboring
TRV1 and TRV2::sgRNAAtPDS3-tRNAIleu were delivered into
Col-0 expressing SpCas9 (Col-0::SpCas9) by syringe

infiltration of leaves, agro-pricking, and agro-flooding meth-
ods (see Supplemental Text S1 for details) (Supplemental
Figure S2). About 3% (1/36) and 8% (3/36) of the plants
showed photobleached regions on the systemic leaves with
leaf infiltration and agro-pricking methods, respectively
(Supplemental Figure S3A). With agro-flooding, about 22%
of the plants (8/36) showed the photobleaching phenotype
(Supplemental Figure S3B) indicating that the agro-flooding
is more efficient for sgRNA delivery into Arabidopsis.

In N. benthamiana, sgRNA fused to Arabidopsis Flowering
Locus T without the start codon (mAtFT) and tRNA methio-
nine (tRNAMet) also facilitate efficient TRV movement
(Ellison et al., 2020). Therefore, we evaluated the movement
of TRV with sgRNAAtPDS3 fused to mAtFT and tRNAMet

(Supplemental Figure S1) in Arabidopsis using agro-flooding
method. A substantially higher amount of virus was
detected in systemic leaves of TRV2::sgRNAAtPDS3-tRNAIleu

infected plants compared with sgRNAAtPDS3 fused to mAtFT,
tRNAMet, or sgRNAAtPDS3 alone (Figure 1A) indicating that
the tRNAIleu facilitates better TRV movement in
Arabidopsis. This contradicts our recent report that both
tRNAIleu and mAtFT promote better TRV movement in N.
benthamiana (Ellison et al., 2020). We presume this is
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Figure 1 Efficient somatic and heritable editing in AtPDS3 using TRV with tRNAIleu. A, The inclusion of tRNAIleu in TRV promotes enhanced sys-
temic movement. Comparison of systemic movement of TRV with indicated sequences. Relative levels of TRV RNA2 were measured by reverse
transcription quantitative PCR (RT-qPCR) using PROTEIN PHOSPHATASE 2A (AtPP2A) as a reference. Data from three replicates were combined
and values are shown as mean ± SD. C, Mock-treated Col-0. B, Schematic of TRV RNA2 vector with sgRNAAtPDS3 fused to tRNAIleu (top) and plant
phenotype (bottom). White photobleached regions on the leaves indicate loss of AtPDS3 function. 2�p35S, duplicated Cauliflower mosaic virus
(CaMV) 35S promoter; CP, coat protein; Rz, self-cleaving ribozyme; NOSt, nopaline synthase terminator. C, White photobleaching phenotype in
some cauline leaves, stem and flowers (middle panels), and in siliques (right panels) of plants infected with TRV1 + TRV2::sgRNAAtPDS3-tRNAIleu

compared with TRV1 + TRV2::sgRNAAtPDS3 (left panels). The right panel in each group is an enlarged version of part of the left panel. D, The phe-
notype of M1 progenies of seeds collected from a parental plant infected with TRV1 + TRV2::sgRNAAtPDS3-tRNAIleu. White photobleached seed-
lings are indicative of biallelic editing and loss of AtPDS3 function. E, Indel mutation frequencies in selected eight white and eight green progenies
from two parents assessed by NGS of amplicons spanning the AtPDS3 target site.
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Figure 2 Efficient multiplex somatic and heritable editing using TRV augmented with tRNAIleu. A, Schematic of TRV RNA2 vector with
sgRNAAtCHLI1 and sgRNAAtCHLI2 fused to tRNAIleu with a 23-bp spacer (top) and plant phenotype (bottom). White albino and yellow leaves indi-
cate editing and loss of function of both AtCHLI2 and AtCHLI2. 2�p35S, duplicated Cauliflower mosaic virus (CaMV) 35S promoter; CP, coat

(continued)
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because the AtFT protein is the mobile form and not the
AtFT mRNA in Arabidopsis (Corbesier et al., 2007; Jaeger
and Wigge, 2007).

In the agro-flooded Col-0::SpCas9 plants with
TRV2::sgRNAAtPDS3-tRNAIleu, we not only observed photo-
bleaching phenotype in leaves (Figure 1B) but also in
some of the rosette and cauline leaves as well as the sili-
ques and seed pods (Figure 1C and Supplemental Figure
S4). Sanger sequencing followed by ICE analysis (https://
ice.synthego.com/#/) (Hsiau et al., 2019) of
PCR-amplified products spanning the target site using
DNA extracted from the photobleached leaves in
Figure 1B confirmed the mutations in the AtPDS3
(Supplemental Figure S3C). We also estimated the so-
matic editing by analyzing leaf tissue from completely
photobleached regions, regions with overlapping photo-
bleached and green (referred to as mosaic regions) and
the green regions from plants showing photobleaching
(Figure 1B). The editing efficiency was 60%–99% in the
completely photobleached regions, 20%–70% in the mo-
saic regions, and 0%–26% in the green regions
(Supplemental Figure S5).

Next, we assessed the heritability of AtPDS3 editing by col-
lecting seeds from the aforementioned parent plants in
three batches between principal growth stage 8–5 days after
principal growth stage 6.9 (Boyes et al., 2001) that we refer
to here as early-, middle-, and late-stage developed seeds.
We observed a few photobleached seedlings from late-stage
developed seeds. From the middle-stage, 39%–60% of the
progeny seedlings were completely photobleached, indicat-
ing biallelic mutations in AtPDS3 compared with about 4–
6% in TRV2 with sgRNAAtPDS3 alone (Figure 1D and
Supplemental Figure S6A and B). Next-generation sequenc-
ing (NGS) of the amplicons of the progeny white seedlings
from two parents showed indel frequencies ranging from
86% to 93% and 95% and 99% (Figure 1E and Supplemental
Table S1). In green seedlings, indel frequency ranged from
57% to 62% (Figure 1E and Supplemental Table S2). Sanger
sequencing and ICE analysis of white progeny seedlings from
two additional parents showed indel frequencies of 88%–
99% and 93%–99% (Supplemental Figure S6C). We also
tested whether TRV is transmitted to the mutant progeny
by RT-PCR and found no evidence for the virus in the prog-
enies (Supplemental Figure S7). These results indicate that
TRV2::sgRNAAtPDS3-tRNAIleu induces high-efficiency somatic
and heritable editing in Arabidopsis.

To test the feasibility of multiplex editing, we targeted
Magnesium-chelatase subunit 1 (AtCHLI1) and Magnesium-che-
latase subunit 2 (AtCHLI2) involved in chlorophyll synthesis.
For this, we generated TRV2 with two sgRNAs that target
both genes in tandem with a 23-base pair spacer (Figure 2A).
The TRV2::sgRNAAtCHLI1-tRNAIleu-S-sgRNAAtCHLI2-tRNAIleu-
infected plants exhibited a yellow or white leaf color pheno-
type starting 15–20 days post-transplanting after agro-
flooding (Figure 2A and Supplemental Figure S8). NGS of the
amplicons detected indel frequencies of 79%–94% in AtCHLI1
and 45%–66% in AtCHLI2 (Figure 2B and Supplemental
Tables S3 and S4). We were unable to estimate the heritability
of multiplex editing because the parent plants showing phe-
notypes produced very few seeds and most of the progeny
resulting from these seeds died.

To assess the heritability of multiplex editing, we targeted
TRIPTYCHON (AtTRY) and CAPRICE (AtCPC), which function
as negative regulators of trichome development and display
increased trichomes on leaves of double mutants, leading to
a clustered leaf trichomes phenotype (Schellmann et al.,
2002; Wang et al., 2015). We introduced TRV1 and TRV2
with a sgRNA fused tRNAIleu that targets both AtTRY and
AtCPC (TRV2::sgRNAAtTRY/AtCPC-tRNAIleu) (Figure 2C) by
agro-flooding into Col-0::SpCas9 plants. Clustered trichomes
on the leaves and the stems were visible in plants approxi-
mately 15–20 days post-transplanting (Figure 2C and
Supplemental Figure S9A). The somatic editing frequencies
ranged from 70% to 83% in the AtCPC and 71% to 76% in
the AtTRY (Figure 2D and Supplemental Tables S5 and S6).
In the next generation, about 12%–38% of the progeny
plants exhibited the clustered leaf trichomes (Figure 2E and
Supplemental Figure S9B and C). The NGS of the amplicon
of progenies from three different parents detected indel fre-
quencies ranging from 89% to 92%, 84% to 89%, and 68% to
93% in the AtCPC gene (Figure 2F, top panel and
Supplemental Table S7) and 79% to 82%, 65% to 86%, and
69% to 88% in the AtTRY gene (Figure 2F, bottom panel
and Supplemental Table S8). Furthermore, 100% of the M2
progenies displayed the clustered leaf trichomes (Figure 2G
and Supplemental Figure S9D). Thus, TRV with tRNAIleu

induces highly efficient multiplex heritable knockout muta-
tions in Arabidopsis.

The optimized and simple agro-flooding method combined
with TRV augmented with tRNAIleu described here is very effi-
cient for inducing somatic and heritable multiplex editing in
SpCas9 expressing Arabidopsis. Biallelic mutants can be

Figure 2 (Continued)
protein; Rz, self-cleaving ribozyme; and NOSt, nopaline synthase terminator. B, Indel mutation frequencies in AtCHLI1 and AtCHLI2 from six inde-
pendent plants showing albino and yellow leaves phenotype. C, Schematic of TRV RNA2 vector with sgRNA targeting both AtTRY and AtCPC
fused to tRNAIleu (top) and plant phenotype (bottom). Trichomes on the leaves and stems are due to editing and loss-of-function of both AtTRY
and AtCPC. D, Indel mutation frequencies in AtTRY and AtCPC from four independent parent plants showing leaf trichome phenotype. E, The
phenotype of M1 progenies of seeds collected from a parental plant infected with TRV1 + TRV2::sgRNAAtTRY/AtCPC-tRNAIleu. Trichomes on leaves
and stems are indicative of biallelic editing in both AtTRY and AtCPC. F, Indel mutation frequencies in five M1 progenies of three independent
parent plants were assessed by NGS of amplicons spanning the AtCPC (top panel) and AtTRY (bottom panel) target sites. G, The phenotype of
M2 progenies of seeds collected from an M1 progeny. All progenies showed leaf trichome phenotype.
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generated in a single generation and it also facilitates uncover-
ing lethal phenotypes because the phenotype is visible in the
original virus-infected plants. Although TRV can transiently in-
vade the meristem (Martin-Hernandez and Baulcombe, 2008),
the addition of tRNAIleu is essential to achieve efficient herita-
ble editing in N. benthamiana (Ellison et al., 2020) and in
Arabidopsis (this report). Enhanced systemic movement facili-
tated by tRNAIleu perhaps leads to more virus invading into
the meristem which, in turn, promotes editing in higher num-
bers of germline cells. In summary, the engineered TRV is an
efficient viral vector for gene editing in N. benthamiana
(Ellison et al., 2020); and gene (this report) and epigene
(Ghoshal et al., 2020) editing in Arabidopsis.
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