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Virus-induced genome editing (VIGE) using compact RNA-
guided endonucleases is a transformational new approach in 
plant biotechnology, enabling tissue-culture-independent and 
transgene-free genome editing (Hu et al. 2025; Liu et al. 2025; 
Weiss et  al.  2025). We recently established a VIGE approach 
for heritable editing at single loci in Arabidopsis by delivering 
the compact genome editor ISYmu1 TnpB (Ymu1) and its guide 
RNA (gRNA) via Tobacco Rattle Virus (TRV) (Weiss et al. 2025). 
Here, we greatly improved this approach by devising a multiple 
gRNA expression system and by utilising an engineered high-
activity Ymu1 variant (Ymu1-WFR) (Zhou et al. 2026) to develop 
an efficient multiplexed genome editing platform.

TRV is a bipartite RNA virus composed of RNA1 and RNA2. 
To evaluate TRV-mediated multiplexing capabilities, we co-
delivered RNA1 with two RNA2 vectors encoding either AtPDS3 
gRNA12 or AtCHLl1 gRNA4 to Arabidopsis (Figure S1A), two 
gRNAs with high activity (Weiss et  al.  2025). Amplicon se-
quencing (amp-seq) revealed editing almost exclusively at one 
target site or the other (Figure S1B), suggesting viral superinfec-
tion exclusion (Perdoncini Carvalho et al. 2022). We therefore 
sought to develop a system in which both gRNAs could be ex-
pressed on a single RNA2 vector.

First, to find the optimal gRNA structure we identified the pre-
cise omega RNA (ωRNA) sequence via small RNA sequencing 
(RNA-seq) in E. coli, and found it to be 127-nucleotides (nt) in 
length (Figures S2A, S2B). In addition, we tested various ωRNA 

lengths and found that 127-nt gave the highest editing in pro-
toplasts (Figures S2C, S2D). Using the 127-nt ωRNA, we tested 
multiplexed arrays featuring tRNA, HDV, HDV-HH or a repeat 
as gRNA processing elements using an Arabidopsis protoplast 
assay (Figure S2E, S2F). Amp-seq analysis showed that while 
all designs enabled editing, HDV-based designs performed best 
at simultaneously editing both sites in protoplasts (Figure S2G). 
Furthermore, polymerase chain reaction (PCR) using primers 
spanning both sites suggested the occurrence of large deletions 
between the two target sites (Figure S2H). These experiments 
identified the HDV and HDV-HH designs as the top performing 
multiplexing arrays, and that Ymu1 TnpB can generate large de-
letions between two targeted sites.

To minimise RNA2 cargo size, the HDV multiplex array was se-
lected for TRV-mediated multiplexed editing in planta. Initially, 
we designed two RNA2 vectors targeting AtCHLl1 (gRNA4) and 
AtPDS3 (gRNA12), incorporating a tRNAIleu mobility sequence 
at the 3′ end of the cargo to facilitate systemic movement and her-
itability (Figure S3A). gRNA4 targets the gene body of AtCHLl1 
(biallelic edits create yellow tissue sectors) and gRNA12 targets 
the promoter region upstream of the AtPDS3 transcription start 
site (no visible phenotype). After delivering TRV vectors, we did 
not observe any phenotypic evidence of editing. Suspecting inef-
ficient mobility or processing of the RNA2 cargo, we tested three 
additional constructs containing a tRNAIleu downstream of each 
HDV ribozyme (Figure 1A). After TRV delivery, yellow sectors 
appeared on leaves for all three vectors, indicating biallelic edits 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2026 The Author(s). Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons 
Ltd.

https://doi.org/10.1111/pbi.70644
https://doi.org/10.1111/pbi.70644
https://orcid.org/0000-0002-2373-0802
https://orcid.org/0000-0003-3847-1652
mailto:doudna@berkeley.edu
mailto:jacobsen@ucla.edu
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fpbi.70644&domain=pdf&date_stamp=2026-03-17


4359Plant Biotechnology Journal, 2026

FIGURE 1    |    Heritable and transgene-free multiplexed genome editing in Arabidopsis via viral delivery of Ymu1. Details provided in Supporting 
Information.
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at AtCHLl1 (Figure  1B). Yellow sectored plants infected with 
vectors pTW2278 and pTW2279 displayed average editing effi-
ciencies of 25.6% for AtCHLl1 and 30.2% for AtPDS3 (Figure 1C), 
and those infected with pTW2498 showed 31.3% for AtCHLl1 
gRNA4 and 5.2% for AtCHLl1 gRNA6 (Figure 1D).

We recently engineered a highly active Ymu1 variant (Ymu1-
WFR) (Zhou et  al.  2026). To evaluate Ymu1-WFR efficiency 
using TRV, we targeted three published AtCHLl1 target sites: 
gRNA4, gRNA6 and gRNA9 (Weiss et  al.  2025). Infected 
plants showed a strong yellow phenotype for all three gRNAs 
(Figure  1E). Amp-seq revealed average editing efficiencies of 
18.6%, 14.7% and 9.8%, respectively, much higher (up to 9.8-fold) 
than wild type (WT) Ymu1 (Weiss et al. 2025) (Figure 1F).

To assess the impact of the WFR variant on multiplexed edit-
ing efficiency, we replaced the WT Ymu1 sequence in pTW2278, 
pTW2279 and pTW2498 with Ymu1-WFR (Figure  S3B). 
Following TRV delivery, we observed much more pronounced 
phenotypic evidence of editing than with WT Ymu1 (Figure 1G 
compared with Figure 1B). Amp-seq of yellow sectored plants 
confirmed enhanced editing: pTW2657 and pTW2658 averaged 
48.9% for AtCHLl1 (gRNA4) and 41.3% for AtPDS3 (gRNA12) 
(Figure 1H), while pTW2655 averaged 45.3% and 28.1% at the 
two AtCHLl1 sites (Figure  1I). Consistent with the protoplast 
result (Figure S2H), PCR analysis using primers spanning the 
AtCHLl1 gRNA4 and gRNA6 sites revealed large deletions 
(Figure S3C,D).

To characterise germline transmission of multiplexed AtPDS3 
gRNA12 and AtCHLl1 gRNA4 edits, we selected two plants 
infected with WT Ymu1 (pTW2278_17 and pTW2278_54) 
and two plants infected with Ymu1-WFR (pTW2658_5 and 
pTW2658_80). We observed yellow progeny at frequencies of 
4.7% and 1.7% using WT Ymu1, and 6.1% and 12.9% with Ymu1-
WFR (Figure 1J; Figure S3E, Table S1). Among the yellow seed-
lings, the majority of them harboured biallelic edits at both loci 
(Figure  1J; Figure  S3F). Additionally, targeting AtCHLl1 with 
two gRNAs, gRNA4 and gRNA6 (using pTW2655), resulted in 
24.1% and 8.2% yellow seedlings, with 36/158 (22.8%) of the 
progeny harbouring homozygous large deletions between the 
two targets (Figure 1J; Figure S3G–I). These data demonstrate 
that TRV effectively delivers Ymu1-WFR and multiple gRNAs 
for efficient multiplexed germline editing, that biallelic editing 
at one locus is highly predictive of biallelic editing at the second 
target site, and that co-targeting the same gene gave progeny 
with large deletions between the two target sites.

By optimising the gRNA array design, and incorporating the 
highly active engineered Ymu1-WFR variant, we developed an 
efficient multiplexed editing platform that bypasses the need for 
transgenesis. Given the broad host range of TRV, we anticipate 
this approach will be adaptable to many crop species, for exam-
ple tomato where germline editing has already been demon-
strated (Liu et  al.  2025). Additionally, the ability to generate 
large deletions should expand this system's utility for regulatory 
element engineering. Finally, this multiplexed system may en-
able the study of embryonic lethal genes by utilising AtCHLl1 as 
a visual marker; the yellow somatic sectors should facilitate the 
identification of tissue harbouring biallelic knockout of a gene 
of interest.
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