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Abstract
Efficient and precise targeted insertion holds great promise but remains challenging in plant genome editing. An efficient non
homologous end-joining-mediated targeted insertion method was recently developed by combining clustered regularly inter
spaced short palindromic repeat (CRISPR)/Streptococcus pyogenes CRISPR-associated nuclease 9 (SpCas9) gene editing with 
phosphorothioate modified double-stranded oligodeoxynucleotides (dsODNs). Yet, this approach often leads to imprecise in
sertions with no control over the insertion direction. Here, we compared the influence of chemical protection of dsODNs on 
efficiency of targeted insertion. We observed that CRISPR/SpCas9 frequently induced staggered cleavages with 1-nucleotide 5′ 
overhangs; we also evaluated the effect of donor end structures on the direction and precision of targeted insertions. We dem
onstrate that chemically protected dsODNs with 1-nucleotide 5′ overhangs significantly improved the precision and direction 
control of target insertions in all tested CRISPR targeted sites. We applied this method to endogenous gene tagging in green 
foxtail (Setaria viridis) and engineering of cis-regulatory elements for disease resistance in rice (Oryza sativa). We directionally 
inserted 2 distinct transcription activator-like effector binding elements into the promoter region of a recessive rice bacterial 
blight resistance gene with up to 24.4% efficiency. The resulting rice lines harboring heritable insertions exhibited strong re
sistance to infection by the pathogen Xanthomonas oryzae pv. oryzae in an inducible and strain-specific manner.
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Introduction
Recent advances in clustered regularly interspaced short 
palindromic repeat (CRISPR)/CRISPR-associated nuclease 9 
(Cas9)-mediated genome editing allow the introduction of in
tended genetic modifications at predefined target sites (Chen 
et al. 2019). The engineered CRISPR/Cas system involves 
searching, binding, and introducing double- or single-stranded 

DNA breaks within a target site directed by single-guide RNAs 
(sgRNAs). The resulting double-strand breaks (DSBs) induced 
by the Cas nuclease can be repaired via either error-prone 
DNA repair pathways, such as classical nonhomologous end- 
joining (c-NHEJ) and microhomology-mediated end-joining 
(MMEJ), or by a more precise homology-directed repair 
(HDR) (Nambiar et al. 2022). Depending on the intended 
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mutation type, the end-joining repair has been primarily used 
to introduce small insertions or deletions (InDels) at targeted 
sites with apparent stochastic characteristics. HDR is often the 
preferred pathway to generate precise targeted modifications 
such as targeted knock-in and site-directed nucleotide substi
tutions (Anzalone et al. 2020).

Targeted HDR-mediated modifications generally have a 
much lower efficiency compared to end joining-based mod
ifications (Chen et al. 2019). In recent years, the NHEJ path
ways have been tested for efficient targeted insertions, 
primarily in animal systems (Yamamoto and Gerbi 2018). 
These approaches however often suffer from imprecise out
comes with small InDels at the junction sequences and weak 
control over the direction of the insertion (Yamamoto and 
Gerbi 2018). To improve the directional control and preci
sion of NHEJ-mediated targeted insertions, one strategy, 
also known as end capture, has been developed by generat
ing compatible cohesive ends between target sites and donor 
DNA molecules (Orlando et al. 2010; Maresca et al. 2013). 
Indeed, improved targeted insertions were achieved by mak
ing compatible 3′ overhangs between target sites and donor 
DNA with a pair of nucleases, such as zinc finger nucleases 
(ZFNs) and transcription activator-like effector nucleases 
(TALENs), in the fruit fly (Drosophila melanogaster), zebrafish 
(Danio rerio), mouse (Mus musculus), and human cell lines 
(Yamamoto and Gerbi 2018). In contrast to these recent ef
forts to develop the NHEJ-mediated targeted insertion ap
proaches in mammalian systems, very few studies have 
explored their potentials in plants (Weinthal et al. 2013; 
Dong and Ronald 2021). NHEJ-based approaches may pro
duce similar outcomes in plants, as the key components in
volved in the NHEJ pathway, such as Ku70/80, Ligase IV, 
and X-RAY REPAIR CROSS COMPLEMENTING 4 (XRCC4), 
are well conserved between vertebrates and plants. 
However, homologs for several key NHEJ proteins involved 
in processing and rejoining of the DNA ends have yet to be 
identified in flowering plants, such as DNA-dependent pro
tein kinase (DNA-PK), XRCC4-like factor (XLF), and 3 mem
bers of X-family DNA polymerases (Manova and Gruszka 
2015; Miller et al. 2021). Thus, it remains to be determined 
whether NHEJ-mediated approaches, such as the direct 
ligation-based end capture approach, might perform effect
ively in plants as in mammalian systems.

Recently, Lu et al. demonstrated NHEJ-mediated targeted 
insertions in rice (Oryza sativa) by using blunt-ended double- 
stranded oligodeoxynucleotides (dsODNs) that were chem
ically protected at both ends (Lu, Tian, et al. 2020). When 
combined with Streptococcus pyogenes Cas9 (SpCas9) (re
ferred as Cas9 hereafter), efficient targeted insertion events 
were obtained but often with small InDels at the target sites. 
In addition, most insertions occurred in 2 opposite directions 
at nearly equal frequencies. Importantly, this study opened 
the avenue to improve NHEJ-based targeted insertions in 
plants. However, CRISPR/Cas9 was thought to be unsuitable 
for the NHEJ-based direct end capture approach because it 
was initially proposed to predominantly generate 

blunt-ended cleavage (Jiang and Doudna 2017). However, in
creasing evidence indicates that wild-type Cas9 frequently in
duces 1-nucleotide (1-nt) 5′ overhang at target sites (Zuo 
and Liu 2016; Lemos et al. 2018; Shi et al. 2019; Hussmann 
et al. 2021). This observation prompted us to evaluate 
whether a simple CRISPR/Cas9 system might be leveraged 
to achieve targeted insertions with improved direction con
trol and higher precision through NHEJ.

In this study, we quantitatively compared the influence of 
chemical protection on the efficiency of dsODN-based inser
tion via the NHEJ pathway. We also evaluated the effect of 
the donor end structures (blunt or 5′ 1-nt overhang) on the 
direction and precision of targeted insertion events at different 
Cas9 target sites using green foxtail (Setaria viridis) protoplasts. 
Our results indicate that dsODN donors with 5′ 1-nt overhangs 
improve directional control and precision for NHEJ-based tar
geted insertions. This observation suggested that the staggered 
cleavage events induced by CRISPR/Cas9 can be harnessed to 
improve NHEJ-mediated targeted insertions in plant genomes. 
Furthermore, the use of dsODN in this approach brings at least 
2 research applications within reach in plants. First, it could fa
cilitate endogenous protein tagging. Fusing endogenous genes 
with sequences encoding luminescent or affinity tags, many of 
which are the size of dsODNs used in this study, would help 
characterize protein subcellular localization and function, as ef
ficient approaches are underdeveloped in plant species (Lu, 
Ronald, et al. 2020). The second potential application is to en
gineer cis-regulatory elements to enable the generation of 
quantitative phenotypic variation by fine-tuning gene expres
sion (Rodríguez-Leal et al. 2017). To date, most of these studies 
have deleted cis-regulatory regions (Li et al. 2020). While insert
ing new regulatory elements in the promoter regions offers 
great potential to generate novel traits through rewiring 
gene expression, such possibilities have not been tapped 
in plants largely due to the lack of efficient targeted inser
tion technique. In this study, we applied the NHEJ-based 
directionally targeted insertion approach to endogenous 
gene tagging in S. viridis and to engineering cis-regulatory 
element (CRE) to confer bacterial blight (BB) disease resist
ance in rice. Together, our study demonstrates the feasibil
ity and efficacy of achieving directional and precise 
targeted insertions using Cas9 through the classic NHEJ 
pathway in plants. This approach should open many op
portunities for basic and applied research in plant genome 
engineering.

Results
Quantitative comparisons of end protection 
for efficient dsODN-based targeted insertion in 
plant cells
While previous studies have reported improved targeted in
sertion efficiency using dsODN with both 5′ and 3′ phos
phorothioate modifications in human cell lines and rice 
(Tsai et al. 2015; Li et al. 2016; Lu, Tian, et al. 2020), how these 
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modifications influence the efficacy of targeted insertions has 
not been thoroughly investigated in a quantitative manner. 
In this study, we quantified dsODN-based targeted insertion 
frequencies with distinct phosphorothioate modifications. 
As outlined in Fig. 1A, using an efficient protoplast transfec
tion system in S. viridis (Weiss et al. 2020), we cotransfected 
mesophyll protoplasts with synthesized dsODN donors and a 
DSB-inducing Cas9 construct (Supplemental Fig. S1). We 
evaluated the efficiencies of targeted insertion by the high- 
throughput sequencing after a 48-h incubation. We used 2 
targets, located in the MS26 and MS45 genes described pre
viously (Weiss et al. 2020), for insertion sites (Fig. 1B). We de
signed and constructed the 34-bp dsODN donor with the 
following features: (i) a 12-bp sequence sharing homology 
with the MS26 site but not the MS45 site at each side of 
the Cas9-cutting site and (ii) a 10-bp internal sequence 
(Fig. 1B). This dsODN donor design allowed us to test tar
geted insertions that resulted not only from the classical 
NHEJ pathway but also from the MMEJ pathway with the 
homologous sequences to the MS26 site (Fig. 1B) (Sakuma 
et al. 2016; Wierson et al. 2020).

We synthesized the dsODNs with 5′ phosphorylation and 
3 types of phosphorothioate linkage at either the 5′, 3′, or 
both 5′ and 3′ ends (Fig. 1C). When we tested the dsODNs 
without phosphorothioate modification or with only 5′ 
phosphorothioate linkage in protoplasts, we obtained very 
low levels of targeted insertion in the MS26 and MS45 tar
geted sites (0% to 1.2%; Fig. 1C). By contrast, when we deliv
ered dsODNs with 3′ phosphorothioate modifications, the 
targeted insertion frequencies increased to 51.1% and 
27.8% in MS26 and MS45 sites, respectively (Fig. 1C). 
Similarly, with dsODNs containing phosphorothioate modifi
cations at the 5′ and 3′ ends, we obtained high frequencies of 
targeted insertions in MS26 (45.3%) and MS45 (34.3%) 
(Fig. 1C). Thus, the 3′ modification appears to be critical to 
achieving efficient dsODN-based targeted insertions. 
Further investigation would be required to understand the 
underlying mechanism. Nonetheless, there were no statistic
ally significant differences for targeted insertion frequencies 
between dsODNs with 3′ alone or with 5′ and 3′ modifica
tions at the MS26 and MS45 sites (P-values from a 2-tailed 
paired t-test: 0.49 at MS26 and 0.54 at MS45). To minimize 
the possible complications that could be derived from poten
tial 5′ DNA end resections, we chose 5′ and 3′ modifications 
for subsequent donor design.

Targeted insertions of chemically protected dsODN 
through the c-NHEJ pathway
We investigated the roles of the 2 end-joining pathways, 
c-NHEJ and MMEJ, in dsODN-based targeted insertion. The 
dsODN with the 12-bp homologous sequences at the MS26 
site allowed us to discriminate between targeted insertion 
events from the c-NHEJ and MMEJ-mediated products. If tar
geted insertions are generated through c-NHEJ, the size of in
sertions would be close to the full length, i.e. 34 bp, with a 

duplication of the 12-bp homologous sequence on each 
side. On the contrary, if a targeted insertion is mediated by 
the MMEJ pathway, the 12-bp homologous sequences 
would base pair with the targeted sequences, leading to 
the insertion of the 10-bp internal sequence without dupli
cation of homologous sequences. We thus examined all in
sertion events from protoplasts transfected with dsODNs 
containing either the 3′ phosphorothioate alone or 5′ and 
3′ phosphorothioate modifications at the MS26 site 
(Fig. 1, D and E). In each experiment, we identified 2 classes 
of insertions: 1-bp insertions and dsODN-based targeted in
sertions (Fig. 1D). Most targeted insertion events had a size 
of 34 bp (Fig. 1D), with a few being 35-bp or smaller with 
InDels at the junction sites (Figs. 1, D and E, and S2). We no
ticed a 22-bp insertion event when using 3′ or 5′and 3′ 
modified dsODN, which was consistent with a DNA repair 
product via homology-dependent repair at the 5′ junction 
but via NHEJ at the 3′ junction (Supplemental Fig. S2). This 
structure can be explained by the synthesis-dependent 
strand annealing (SDSA) or 1-sided invasion (OSI) model, 
in which the combination of HDR and NHEJ occurs at differ
ent junctions (Puchta 2005). Alternatively, this event can be 
explained by the combination of MMEJ repair at 1 side and 
NHEJ repair at the other. In addition, we detected a low fre
quency of targeted 68-bp insertions using the 3′ phosphor
othioate dsODN (Fig. 1D). Sequencing revealed 2 copies of 
dsODNs being inserted in a head-to-tail fashion at the tar
get site. Taken together, our results suggest that most phos
phorothioate modified dsODNs tested here appeared to be 
integrated into the targeted site via the c-NHEJ pathway.

CRISPR/Cas9 staggered cleavage enables directional 
dsODN-based targeted insertion (DOTI)
All dsODN described above were blunt ended. When we ana
lyzed the orientations of targeted insertions from either 3′ or 5′ 
and 3′ phosphorothioate-modified dsODN groups, we de
tected the 2 possible orientations in nearly equal frequencies 
at the MS26 and MS45 sites (Fig. 2A). While Streptococcus pyo
genes Cas9 was initially thought to generate blunt cleavage 
3-bp upstream of the PAM sequence (−3 position), increasing 
evidence suggests that this Cas9 can also cleave the nontar
geted strand at the −4 position, thus producing 5′ 1-nt over
hangs in human cell lines (Fig. 2B) (Molla and Yang 2020; 
Schmid-Burgk et al. 2020). This staggered cleavage may lead 
to specific 1-bp insertions or 1-bp deletions at the −4 position 
via c-NHEJ (Fig. 2B). When we analyzed the sequencing reads 
from the transfected protoplasts without dsODN donor, we 
detected 1-bp InDels at the −4 position with frequencies of 
56% (MS26) and 34% (MS45) (Fig. 2B). We also assessed the 
Cas9-induced mutation profiles from 8 additional targeted 
sites from the S. viridis genome. We obtained frequencies of 
1-bp InDels at the −4 position ranging from 4.8% to 77.6%, 
with an average frequency at 37.8% (Supplemental Fig. S3A). 
These observations suggest that staggered cleavage at the 
Cas9-targeted sites also occurs prevalently in plants.
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However, 1-bp InDel events can be derived from blunt 
cleavage, followed by repair via c-NHEJ. To test the occur
rence of Cas9-induced staggered cleavage, we hypothesized 
that the use of dsODN with a complementary 1-nt 5′ over
hang would capture the staggered cleavage product and gen
erate targeted insertion events in a directional manner 
(Fig. 2C). Accordingly, we designed 2 phosphorothioate- 
modified dsODN donors with 1-nt 5′ overhangs, 1 containing 
complementary A/T overhangs (A at the 5′ end, T at the 3′ 
end), and the other having noncomplementary C/G over
hangs. Using the same protoplast transfection and sequen
cing procedures described above, we observed targeted 
insertion frequencies of 16.7% (MS26) and 27% (MS45) out 
of all mutations with the A/T-overhang dsODNs, while we 
detected lower targeted insertion frequencies with the C/G 
overhang donor at the MS26 (4.0%) and MS45 (5.7%) sites 

(Supplemental Fig. S3B). Nevertheless, when we examined 
the orientation of targeted insertions in these samples, 
most targeted insertions with the complementary 
A/T-overhang dsODNs were in the intended orientation at 
the MS26 (78% in forward orientation) and MS45 site (88% 
in reverse orientation) (Fig. 2D). By contrast, with the non
complementary C/G-overhang donor, the majority of tar
geted insertions appeared to be in orientation opposite to 
those with the A/T-overhang donor, with 66% at MS26 and 
72% at MS45 (Fig. 2D). This result can be explained by non
canonical base pairing, i.e. G:T and C:A, between the over
hangs from the dsODN donor and the targeted sites. 
We hypothesize that this cleavage mode can be harnessed 
to enable directionally targeted insertions with 1-nt comple
mentary 5′ overhang donors, which we call directional 
dsODN-based targeted insertion (DOTI).

MS26

MS45

CGTCCTCTCGTGGATCCTGGTTCACA

CACGACAAGGAGGAATTCTGCGG

5' TCCTCTCGTGGACGGATATCGCTCCTGGTTCACA 3'
3' AGGAGAGCACCTGCCTATAGCGAGGACCAAGTGT 5'

5' TCCTCTCGTGGACGGATATCGCTCCTGGTTCACA 3'
3' AGGAGAGCACCTGCCTATAGCGAGGACCAAGTGT 5'
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Figure 1. Influence of phosphorothioate modifications on dsODN-based targeted insertion efficiency. A) Diagram of protoplast-based assay for 
evaluating the outcome of targeted insertions (TIs). B) Design of a blunt-ended dsODN donor for the MS26 and MS45 sites. A 10-bp internal se
quence flanked by 12-bp homologous to the MS26 site is shown. The protospacer adjacent motif (PAM) is underlined; arrowheads are Cas9 cleavage 
sites. C) Normalized frequency of TIs at the MS26 and MS45 sites. Chemical modifications of individual dsODNs are shown under the x-axis with 5′ 
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DOTI improves the precision of targeted insertions in 
a directional manner
Previous studies reported that blunt-ended dsODNs often 
lead to high frequencies of imprecise targeted insertion events 
with small InDels at the junction sites (Lu, Tian, et al. 2020). 
We hypothesized that these small InDels result from the 
1-nt 5′ overhangs generated by Cas9 staggered cleavage. 
We thus investigated whether the DOTI approach with its 
5′ 1-nt complementary overhangs might affect the precision 
of dsODN-based targeted insertions. To this end, we analyzed 
5′ and 3′ junctions of individual targeted insertions using end- 
protected dsODNs with either blunt or 5′ 1-nt A/T overhangs 
at the MS26 and MS45 sites (Fig. 2E). We examined the frac
tion of precise (seamless) targeted insertions in each orienta
tion, designated as precise forward (PF) and precise reverse 
(PR), by dividing the number of sequencing reads with seam
less junctions in each orientation by the total number of reads 
containing an insertion at the intended target site. We mea
sured similar fractions of seamless insertions in the PF and PR 

orientations with blunt donors using 3′ or 5′ and 3′ modifica
tions (33.7% [PF, 3′], 30.95% [PR, 3′], 32.4% [PF, 3′ and 5′], and 
31.7% [PR, 3′ and 5′] at the MS26 site; 13.2% [PF, 3′], 16.6% 
[PR, 3′], 10.55% [PF, 3′ and 5′], and 11.1% [PR, 3′ and 5′] at 
the MS45 site; Fig. 2E). By contrast, the fraction of precise in
sertions with 1-nt 5′ A/T overhang dsODN increased by 90% 
(from 32.4% to 60.9%) in the PF direction at the MS26 site and 
by 272% (from 11.1% to 30.1%) in the PR direction at the 
MS45 site (Fig. 2E). Importantly, we barely detected precise in
sertions in the opposite orientation at both targeted sites 
(Fig. 2E). Taken together, we conclude that dsODNs with 
1-nt 5′ complementary overhangs improve the efficiency of 
precise targeted insertion in a directional manner.

DOTI enables efficient endogenous protein tagging in 
S. viridis
We tested DOTI for endogenous protein tagging in S. viridis 
protoplasts. We designed single-guide RNAs (sgRNAs) to tar
get either the 5′ end or 3′ end of 3 endogenous genes in S. 
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viridis, histone H2A.W (H2A.W, Sevir.9G453900), Ubiquitin 
(Ubi, Sevir.5G079801), and a transcription factor, a homolog 
of Arabidopsis (Arabidopsis thaliana) CIRCADIAN CLOCK 
ASSOCIATED 1 (CCA1, Sevir.6G053000) (Supplemental Data 
Set 1). We tagged these genes with a sequence encoding 
the small subunit of NanoLuciferase (SmBiT or HiBiT) 
(Dixon et al. 2016). The HiBiT subunit consists of an 
11-amino acid peptide that interacts with the large subunit 
(LgBiT) to form a functional luciferase protein (Fig. 3A). 
The tagged protein can be detected and quantified using a 
luminescence assay (Schwinn et al. 2018). Because of its small 
size and high affinity, the HiBiT peptide has been used to tag 
endogenous proteins in mammalian systems (Schwinn et al. 

2018). To test the effectiveness of the HiBiT tagging system in 
plant cells, we codelivered the Cas9-expressing construct 
with a phosphorothioate-modified dsODN containing a 
33-bp HiBiT sequence and 1-nt 5′ complementary overhangs 
for each target site (Supplemental Data Set 1). Compared to 
the donor-only control groups, we detected significant luci
ferase activity in the H2A.W, Ubi, and CCA1 samples with 
both dsODN and Cas9, with values of 1,118, 4,186, and 
2,401 relative luminescence units (RLUs), respectively 
(Fig. 3B). To directly compare the effects of blunt or 5′ 1-nt 
overhang donors on the orientation and precision of tar
geted insertions, we assessed the normalized frequencies of 
targeted insertions with each donor type by high-throughput 
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sequencing. We obtained comparable normalized frequen
cies of targeted insertions with blunt and overhang donors 
at each targeted site (Fig. 3C). An examination of the frac
tions of targeted insertions in the intended orientation (for
ward orientation) at each site revealed that the protoplasts 
transfected with overhang donors exhibit significantly higher 
rates of insertions in the intended orientation than those 
treated with the blunt-ended donors for all 3 sites 
(Fig. 3D). In addition, we compared the fractions of seamless 
targeted insertions between the blunt-ended and overhang 
dsODNs at all 3 sites. The dsODN with 1-nt 5′ complemen
tary overhangs outperformed the blunt-ended donor with 
3.3- and 1.8-fold higher precise targeted insertions at the 
H2A.W and Ubi sites, respectively (50.55% vs. 15.15% at 
H2A.W; 71.75% vs. 39.1% at Ubi; Fig. 3E). Taken together, 
DOTI enabled efficient targeted insertions at all 3 sites in 
the preferred orientation with improved precision.

To address whether 1-nt 5′ overhang donors might com
promise the overall targeted insertion efficiencies, we com
pared the efficiencies of targeted insertions between the 
blunt and overhang donors at all 5 sites tested so far. We ob
served no significant difference at any of the tested sites except 
for the H2A.W site, for which the overall targeted insertion ef
ficiencies using the overhang donor were significantly higher 
than those using the blunt donor (Supplemental Fig. S4). 
Thus, the 1-nt 5′ overhang donors do not appear to negatively 
affect targeted insertion efficiency.

Next, we used DOTI to tag CCA1 with a widely used epitope 
tag, 3× FLAG (corresponding to a 66-bp sequence). We pro
duced the dsODN donor containing the sequence encoding 
3× FLAG with a phosphorothioate linkage and 1-nt 5′ A/T 
overhangs (Supplemental Data Set 1) before codelivering it 
with the corresponding Cas9 construct. After a 48-h incubation, 
we collected the transfected protoplasts for protein extraction 
and immunoblot analysis with an anti-FLAG antibody. 
Consequently, we detected a protein with the expected mo
lecular weight protein (M.W. = ∼59.03 kD) for CCA1 in proto
plasts cotransfected with the Cas9 construct and dsODN 
donor, in contrast to the donor-only control (Fig. 3F).

DOTI enables CRE engineering to confer BB disease 
resistance in rice
We applied DOTI to CRE engineering. Previous studies de
monstrated that xa23, a recessive allele of the BB R gene 
Xa23, can be activated by inserting the TAL effector 
AvrXa23-binding element (EBE) of the Xa23 promoter into 
the promoter region of the xa23 allele using a low-efficiency 
HDR-based approach. This insertion via knock-in resulted in 
resistance to the pathogen Xanthomonas oryzae pv. oryzae 
(Xoo) expressing AvrXa23 (Wei et al. 2021). In this study, 
we designed 2 distinct dsODN donors based on 2 different 
TAL EBEs identified from the SUGARS WILL EVENTUALLY 
BE EXPORTED TRANSPORTER 14 (OsSWEET14) gene: 1 
(31 bp) recognized by the TAL effectors AvrXa7 and 
PthXo3 present in most Asian Xoo isolates and the other 

(25 bp) recognized by the TAL effector TalC present in all 
African Xoo isolates (Fig. 4A) (Antony et al. 2010; Chen 
et al. 2010; Oliva et al. 2019). We identified a Cas9 target 
site between 86- and 108-bp upstream of the transcription 
start site (upstream of a putative TATA box) of xa23 
(Fig. 4A). We synthesized dsODNs with 5′ phosphorylation 
together with 5′ and 3′ phosphorothioate modifications 
and 1-nt 5′ C/G overhangs complementary to the predicted 
overhangs induced by staggered cleavage at the targeted site 
(Fig. 4A and Supplemental Data Set 1).

We cobombarded individual dsODNs with the 
Cas9-expressing plasmid into rice calli derived from imma
ture embryos of the Kitaake cultivar (a BB-susceptible rice 
cultivar). We selected hygromycin-resistant calli to identify 
stable transgenic events (T0) and extracted genomic DNA 
to use as template for PCR amplification using EBE-specific 
and xa23 gene-specific primers in both forward (+) and re
verse (−) orientations (Fig. 4A and Supplemental Data Set 
1). In the transformation group with the dsODN containing 
the AvrXa7/PthXo3 EBE, among 41 hygromycin-resistant calli 
screened, we determined that 10 calli (24.4%) have targeted 
insertions in the intended orientation (forward), with an
other 4 calli (9.7%) with targeted insertions in the reverse 
orientation (Fig. 4B). Notably, we identified 2 PCR products 
from T0 callus #54 in the reverse orientation. The larger am
plicon possessed 2 copies of the dsODN inserted at the tar
geted site. In the transformation group with the dsODN 
containing the TalC EBE, we detected targeted insertions in 
5 out of 64 (7.8%) hygromycin-resistant calli with the in
tended orientation (forward), with 1 callus (1.6%) identified 
a targeted insertion in the reverse orientation (Fig. 4B). Taken 
together, targeted insertions from both transformation 
groups were inserted in the intended orientation at higher 
frequencies than those in the reverse orientation.

We regenerated T0 plants from targeted insertion-containing 
calli and evaluated them for resistance to BB. We used 2 Xoo 
strains in this study, an Asian Xoo strain, PXO86, carrying the 
AvrXa7 TAL effector, and an African Xoo strain, AXO1947, har
boring the TalC effector. After inoculation, we measured the 
length of lesions from the leaves of 2 T0 plants per dsODN. 
When inoculated with PXO86, the leaves of plants carrying 
an insertion for the AvrXa7/PthXo3 EBE (T0 plant #74) showed 
greater BB resistance (shorter lesions) but exhibited a suscep
tible phenotype against AXO1947 (longer lesions) (Fig. 4C; 
Oliva et al. 2019). Similarly, the leaves from the plant harboring 
an insertion for the TalC EBE (T0 plant #9) developed short le
sions when inoculated with AXO1947 but remained susceptible 
to PXO86 (Fig. 4C).

Inheritance of EBE insertions in T1 rice plants
To investigate the inheritability of these targeted insertions, 
we collected seeds from 6 independent T0 plants: 4 plants 
containing the AvrXa7/PthXo3 EBE, including plant #74, 
and 2 plants containing the TalC EBE, including plant #9. 
For each T1 progeny, we performed PCR amplification using 
Xa23 gene-specific primers followed by restriction enzyme 
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digestion. Insertion of the AvrXa7/PthXo3 EBE added a SexAI 
site at the targeted site, while insertion of the TalC EBE added 
an AlwNI site. We identified homozygous and heterozygous 
insertion events at the target sites (Supplemental Fig. S5, A 
and B). We confirmed individual homozygous events by 
Sanger sequencing for the T1 progeny of plants #74 
(AvrXa7/PthXo3 EBE) and #9 (TalC EBE) (Supplemental 
Fig. S5, C and D).

We evaluated the induction of Xa23 expression in homo
zygous T1 progeny from T0 plants #74 and #9. At 24-h post
infection with PXO86 and AXO1947 respectively, we 
collected the inoculated leaves for total RNA extraction 
and RT-PCR using Xa23-specific primers with the ACTIN 
gene as internal control (Fig. 4D and Supplemental Data 
Set 1). In T1 plants containing the AvrXa7/PthXo3 EBE, 
we observed induction of Xa23 expression following PXO86 
infection, but not with AXO1947. Similarly, in the T1 plants 
harboring the TalC EBE, Xa23 expression was induced in re
sponse to AXO1947 but not PXO86 infection (Fig. 4D). In 

addition, we challenged a total of 69 T1 plants with homozy
gous targeted insertions derived from the 6 T0 edited plants 
with their respective Xoo strains to evaluate their resistance. 
All T1 plants carrying the AvrXa7/PthXo3 EBE showed resist
ance to BB (short lesions) caused by PXO86 but were suscep
tible to AXO1947 (long lesions) (Supplemental Fig. S6, A and 
B); and all T1 plants containing the TalC EBE were resistant to 
AXO1947 but susceptible to PXO86 (Supplemental Fig. S5, A 
and B). Taken together, our data demonstrate that DOTI can 
be used to effectively engineer CREs. Targeted insertion of 
TAL EBEs into the promoter region activated expression of 
the R gene Xa23 in response to the Xoo strain expressing 
the cognate TAL effector.

Discussion
In this study, we sought to improve the precision and direc
tion control of dsODN-based targeted insertion. To this end, 
we thoroughly evaluated the effects of phosphorothioate 
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modifications on the efficacy of dsODN-based targeted inser
tion in the model plant, S. viridis. The use of phosphor
othioated dsODN was first reported in human cell lines to 
increase targeted insertion efficiency (Tsai et al. 2015; 
Malinin et al. 2021). The phosphorothioate modification in 
the phosphate backbone protects DNA molecules from deg
radation by cellular exonucleases. However, 2 major distinc
tions are noteworthy between our results and previous 
observations in nonplant systems. First, previous studies in 
human cell lines indicated that phosphorothioate modifica
tions were required at both the 5′ and 3′ ends of dsODNs to 
achieve efficient insertions (Tsai et al. 2015; Malinin et al. 
2021). Second, in animal and human cell line systems, the 
c-NHEJ and MMEJ pathways both mediate efficient targeted 
insertion (Sakuma et al. 2016; Wierson et al. 2020). By con
trast, our study indicates that the phosphorothioate linkage 
at the 3′ rather than the 5′ end of dsODN donors is more 
critical to substantially improve targeted insertion efficiency. 
One hypothesis is that, in S. viridis protoplasts, 3′ to 5′ end 
resections, potentially mediated by a 3′ to 5′ exonuclease 
(such as the Meiotic Recombination 11 [Mre11] homolog) 
in the unprotected 3′ end of the dsODN donor may lead 
to extensive DNA resections and then dsODN degradation 
(Symington 2016). On the contrary, 5′ to 3′ end resections 
would be limited at the unprotected 5′ end. Thus, the 3′ ra
ther than 5′ end must be protected in dsODNs to prevent 
them from degradation in plant cells. Further investigation 
will be required to address these questions.

Our results suggest that targeted integration of chemically 
protected dsODN donors appears to be primarily through 
the c-NHEJ pathway in plant cells. In our previous study 
on CRISPR/Cas9-induced mutagenesis in S. viridis, we de
monstrated that c-NHEJ is the major pathway to generate 
small InDels at the MS26 and MS45 sites. We only observed 
MMEJ-mediated mutations at an average frequency of 
3.5%, with microhomology sequences ranging from 2 to 
12 bp (Weiss et al. 2020). Based on this observation, we de
signed dsODNs with 12 bp of microhomology sequences to 
evaluate MMEJ-mediated targeted insertions in this study. 
However, further investigation with various sizes of microho
mology sequences will be needed to thoroughly study the 
choice in pathways for targeted insertion using chemically 
modified dsODNs. In addition, the current data cannot com
pletely rule out the possibility that the 1-nt overhangs can be 
used as MMEJ substrates to facilitate targeted insertions. 
Such possibilities should be systematically tested using plants 
defective in the MMEJ or c-NHEJ pathway, such as mutants in 
DNA Pol θ, Ku70/Ku80, or Ligase IV (Miller et al. 2021).

SpCas9 was initially thought to only generate blunt cleavage 
(Jiang and Doudna 2017). Thus, all phosphorothioate- 
modified dsODNs used in previous studies have been blunt 
ended (Lu, Tian, et al. 2020; Malinin et al. 2021). However, in 
agreement with recent research in human cell lines, we deter
mined that SpCas9 can frequently induce staggered cleavage 
and generate 1-nt 5′ overhangs at the −4 position upstream 
of the PAM sequence in plants (Molla and Yang 2020; 

Schmid-Burgk et al. 2020). An alternative model is that, instead 
of being produced from staggered cleavage, the overhang 
structure is generated by an end-processing protein through 
the addition of 1-nt at the Cas9-induced blunt end. 
Recently, the end-processing protein, DNA polymerase λ, 
was shown to be responsible for 1-bp insertions in yeast 
(Saccharomyces cerevisiae) and human cell lines (Lemos 
et al. 2018; Hussmann et al. 2021). Because this X-family 
DNA polymerase possesses nearly no activity to transfer nu
cleotides to DNA blunt ends (Stinson et al. 2020), the 1-bp in
sertions are most likely derived from Cas9-induced staggered 
cleavage. Moreover, sequence and epigenetic features were de
monstrated to influence the 1-bp InDel frequencies in human 
cell lines and plants (Schep et al. 2021; Weiss et al. 2022). In this 
study, we observed highly variable frequencies of 1-bp InDels, 
ranging from 4.8% to 77.6%, at individual Cas9 target sites. 
Thus, Cas9 staggered cleavage does not appear to occur 
with the same frequencies at different target sites. The ratio 
between staggered and blunt cleavages likely depends on se
quence and chromatin contexts. A large-scale analysis with 
additional Cas9 target sites would be helpful to uncover the 
principles determining these 2 distinct cleavage modes.

The prevalence of Cas9 staggered cleavage prompted us to 
design dsODN donors with 1-nt 5′ overhangs complemen
tary to the cleaved targeted site. The use of sticky-ended 
dsODNs demonstrated directionally targeted insertions 
with improved precision compared to blunt-ended donors. 
In all sites tested in S. viridis, DOTI donors led to most tar
geted insertions being in the intended direction, ranging 
from 65.4% to 92.4%. This significantly improved precision 
was also observed in 4 out of 5 sites when DOTI donors 
were compared to blunt donors (Figs. 2E and 3E). The differ
ent frequencies of seamless directionally targeted insertions 
may result from varied staggered versus blunt cleavage 
rates at different sites. Understanding the factors determin
ing these 2 cleavage modes would help further improve 
the frequencies of precise and direction-controllable 
NHEJ-mediated insertions. In addition, an alternative strategy 
would be to screen for Cas9 variants with increased staggered 
cleavage rates. In a recent study, the Cas9 variant Cas9_LZ3 
was shown to mediate an increased frequency of staggered 
cleavage in human cell lines (Schmid-Burgk et al. 2020; 
Bermudez-Cabrera et al. 2021). It would be interesting to 
test whether this Cas9 variant can improve directionally tar
geted insertions using the DOTI donors in plants.

The development of the precise and directional 
dsODN-based targeted insertion approach, DOTI, opens op
portunities for many applications. In this study, we success
fully tagged 3 endogenous genes with 2 different tags, a 
33-bp sequence (encoding the 11 amino acids of the small 
nanoLuciferase subunit [HiBiT]) and a 66-bp sequence (en
coding the 22 amino acids of a 3× FLAG epitope). An effi
cient HiBiT tagging system would enable antibody-free 
protein detection and quantification that are not well devel
oped in plant cells (Schwinn et al. 2018). In addition, efficient 
epitope tagging of endogenous transcription factors would 
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make it possible to directly study the gene regulatory net
work their control with their native expression levels as op
posed to an overexpression approach (Tu et al. 2020). 
Moreover, we demonstrated that DOTI can be applied to 
CRE engineering to confer disease resistance in an inducible 
and pathogen-specific manner. Given a large number of CREs 
being identified in response to biotic and abiotic stresses 
(Schmitz et al. 2022), this approach offers opportunities to 
engineer new biotic and abiotic tolerance traits.

While S. pyogenes Cas9 was the only Cas system tested for 
directionally targeted insertions in this study, a similar ap
proach can be readily extended to other overhang-producing 
Cas systems, such as Cas12a or paired Cas9 or Cas12a nu
cleases. One advantage of using 2 Cas nucleases is to reduce 
the formation of multimeric dsODNs due to their comple
mentary ends. In addition, although only short DNA se
quences (25 to 66 bp) were used in this study, this approach 
offers opportunities to integrate large DNA fragments in a pre
cise and directional manner. Combined with recombinase 
technology, our approach would allow to first insert recom
binase recognition sites (typically 30 to 200 bp; Coates et al. 
2005) as dsODN donors precisely and with high efficiency, fol
lowed by integrating large DNA fragments at predefined target 
sites. One limitation of this study is that direct delivery of 
modified dsODNs requires either protoplast or biolistic-based 
transformation methods. The biolistic approach was previous
ly shown to result in either simple or complex insertion events 
in transformed plants (Liu et al. 2019). Here, all targeted inser
tion events generated through biolistic transformation ap
peared to be simple insertions at the target site, with the 
exception of 1 example in which 2 copies of the dsODN se
quence were inserted as a tandem repeat. However, it is very 
likely that dsODNs can be inserted elsewhere in a nontargeted 
fashion. The nontargeted insertions can be segregated out 
through crossing. Nevertheless, our study demonstrates the 
feasibility to achieve directionally targeted insertions with im
proved precision via the classic NHEJ pathway. We anticipate 
continuous improvement of this approach for higher effi
ciency and with potentially less destructive delivery methods, 
such as the nanoparticle-based transformation approach 
(Cunningham et al. 2018), in future studies.

Methods and materials
Plant materials and growth conditions
Green foxtail (S. viridis) accession ME034V was used for the iso
lation of mesophyll protoplasts. Seeds were sown on soil (BM2 
seed germination mix from Berger Inc., QC, Canada), and seed
lings were allowed to grow for 3 weeks in a 26 °C (day)/22 °C 
(night) temperature cycle under a 16-h light/8-h dark photo
period (light intensity 100 µmol/m2/s; fluorescent lamps from 
Conviron, CA), with 50% relative humidity in the plant growth 
chamber. The plants were watered and fertilized every other day.

The rice (O. sativa) japonica variety Kitaakewas was grown 
in the University of Missouri greenhouse in a 30 °C (day)/26 ° 

C (night) temperature cycle under a 12-h light/12-h dark 
photoperiod, with 80% to 85% relative humidity. The soil 
for growing rice was collected from the field in Bradford 
Research Center, Columbia, MO, USA.

Plasmid constructs and dsODN preparation
The plasmids containing the CRISPR sgRNAs for MS26 and 
MS45, the mGFP reporter, and the Cas9 cassette were used 
as mentioned in the previous study (Weiss et al. 2020). The 
plasmids harboring the sgRNAs individually targeting 3 
Setaria genes, H2A.W (pTW128), CCA1 (pJK12), and 
Ubiquitin (pJK16), were assembled into the pMOD_B2303 
construct using a Golden Gate assembly method (Čermák 
et al. 2017). Similarly, the plasmids expressing the other 5 
sgRNAs listed in Supplemental Data Set 1 were assembled 
into the pMOD_B2303 construct. These plasmids were fur
ther assembled with pMOD_A1110 (containing SpCas9) 
and pMOD_C3003 (containing the mGFP coding sequence) 
into the destination vector pTRANS100, by following the 
Golden Gate assembly method (Čermák et al. 2017). The re
sulting constructs were used for protoplast transfection 
using a NucleoBond Xtra plasmid Midi kit (Macherey-Nagel 
GmbH & Co.KG, Duren, German) according to the manufac
turer’s protocol.

The sgRNA to target the xa23 promoter was constructed 
according to the detailed protocol that was previously de
scribed (Char et al. 2019). Briefly, 2 oligonucleotides forming 
a double-stranded oligonucleotides with 19 base pairs to tar
get xa23 promoter as the spacer sequence of sgRNA and ap
propriate 4-nt 5′ overhangs were designed and cloned into 
pENTR-gRNA1 sequentially using BtgZ1and BsaI restriction 
sites (Supplemental Table S1). The sgRNA cassette was mo
bilized into the JD633-ccdB SpCas9 binary vector (a gift gen
erously provided by Jorge Dubcovsky’s lab) (Debernardi et al. 
2020) via the Gateway recombination reaction using LR clo
nase (Thermo Scientific, MA, USA). Escherichia coli strain 
EPI300 (LGC Biosearch Technologies) was used to transform 
the CRISPR construct and grown in Luria–Bertani medium 
containing 25 μg/mL of kanamycin (Thermo Scientific, MA, 
USA).

For dsODN preparation, complementary single-stranded 
ODNs were synthesized by Integrated DNA Technologies 
(Coralville, IA, USA) and mixed in equimolar concentration. 
The mixed oligos were incubated at 94 °C for 2 min and grad
ually cooled to room temperature for annealing. The oligo
nucleotide sequences used for dsODN preparation are 
listed in Supplemental Data Set 1.

Protoplast isolation, transfection and 
high-throughput sequencing assay
S. viridis leaves from ∼3-wk-old seedlings were used for 
protoplast isolation and transfection by following a protocol 
as described previously with slight modifications (Weiss et al. 
2020). For protoplast transfection, 20 pmol of dsODN and 15 
μg of Cas9 plasmid were incubated with 200,000 cells in 20% 
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(w/v) polyethylene glycol (PEG) solution (pH 5.7). 
Transfected cells were washed twice and incubated in W5 
buffer (2 mM MES pH 5.7, 150 mM NaCl, 125 mM CaCl2, and 
5 mM KCl) in the dark at room temperature for 48 h. 
Transfection efficiency of the transfected protoplast was 
monitored through the fluorescence derived from the 
mGFP reporter gene. All transfection experiments were per
formed in 3 independent replicates for each treatment.

After 48 h of incubation, the protoplasts were collected by 
centrifugation at 100 × g for 5 min at room temperature for 
genomic DNA extraction and high-throughput sequencing 
as described previously (Weiss et al. 2020). In brief, PCR amp
lification was performed using primers flanking each target 
site. A GoTaq Green Master Mix (Promega Corp., Madison, 
WI, USA) was used following the manufacturer’s instruction, 
with an annealing temperature of 55 to 58 °C and an exten
sion time of 1 min. PCR amplicons were sequenced using the 
Illumina paired-end amplicon sequencing service at Genewiz 
Inc. (South Plainfield, NJ, USA). The raw sequencing reads 
were processed and analyzed using CRISPRESSO2 with the 
parameters: (−max_paired_end_reads_overlap 200 −min_ 
average_read_quality 30 –amplicon_min_alignment_score 
60 –ignore_substitutions –plot_window_size 60 –min_ 
frequency_alleles_around_cut_to_plot 0.05 –max_rows_ 
alleles_around_cut_to_plot 100) (Clement et al. 2019). The 
sequencing reads with different mutation types were called 
and categorized in the CRISPRESSO output files with a cutoff 
value of 0.2% (the minimum percentage of the total read 
numbers required for a mutation-containing sequence to 
be classified as a true editing event). In each sample, to calcu
late the normalized target insertion frequencies, the number 
of reads containing the intended insertion was divided by the 
total number of reads with any mutation at the target site.

Bioluminescence detection and immunoblot analysis
The protoplast samples transfected with constructs carrying 
the HiBiT tag were analyzed using a Nano-Glo HiBiT Lytic 
Detection System (Promega Corp., Madison, WI). As per 
the manufacturer’s instructions, protoplasts were resus
pended in HiBiT lytic reagent and homogenized for 10 min 
on an orbital shaker, followed by another 10-min incubation 
without shaking. The luminescence activity was recorded 
with an integration time of 10 s with a GloMax Explorer 
System (Promega Corp., Madison, WI, USA).

Immunoblots were used to detect protein harboring a 3× 
FLAG epitope tag. Protoplasts were resuspended in protoplast ly
sis buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 0.1% [v/v] 
Tween 20, 1 mM phenylmethylsulfonyl fluoride [PMSF], 10% 
[v/v] glycerol, and 1% [v/v] ReadyShield Protease Inhibitor 
Cocktail [Sigma-Aldrich, St. Louis, MO, USA]) for 20 min on a sha
ker at 4 °C. Total protein content in the supernatant was esti
mated using a Pierce BCA protein assay kit (Thermo Scientific, 
Rockford, IL, USA). The protein samples were denatured at 65 
°C in 1× LDS sample buffer (Invitrogen, Waltham, MA, USA) 
with 2.5% (v/v) β-mercaptoethanol for 5 min. Equal amount of 
protein was electrophoresed on 10% NuPAGE Bis-Tris gels in 

1× MES (2-[N-morpholino] ethane sulfonic acid) SDS buffer 
(Invitrogen, Waltham, MA, USA) and transferred to a nitrocellu
lose membrane (BioRad, Hercules, CA, USA). The membrane was 
stained with Ponceau S for 1 min and washed immediately with 
TBS. The membrane was then blocked with 5% (w/v) BSA and 
incubated with a primary antibody (Monoclonal ANTI-FLAG 
M2 antibody, 1:1,000; from Sigma-Aldrich, St. Louis, MO, USA) 
overnight at 4 °C. Membranes were washed and incubated 
with a secondary antibody (goat antimouse AP, 1:15,000; Sigma 
Aldrich, St. Louis, MO, USA). The membrane was washed with 
TBS with 0.1% (v/v) Tween 20 (TBS-T) and developed using fresh
ly dissolved NBT/BCIP (NBT/BCIP Ready-to-Use Tablets, Roche, 
11697471001) solution until a band appeared.

Rice transformation and genotyping for targeted 
insertion events in transgenic calli and plants
The rice cultivar Kitaake was used for biolistic-mediated trans
formation based on the protocol described previously (Frame 
et al. 2000; Banakar and Wang 2020). Briefly, Kitaake callus cells 
were induced on callus induction medium (Murashige and 
Skoog [MS] salts) (Cat. #, M519, PhytoTech Labs, Lenexa, 
Kansas, USA) and 2,4-D (2 mg/L, Cat. #, D309, PhytoTech 
Labs) for 10 d before particle bombardment with a biolistic 
gun. Four hours before particle bombardment, the calli were 
cultured on osmotic MSD (MS + 2,4-D) medium (MS + vita
min, 4.44 g/L, sucrose, 30 g/L, 2,4-D, 2 mg/L, Gelzan, 4.6 g/L, 
and pH, 5.8, all from PhytoTech Labs). Callus cells derived 
from embryo scutellum were cobombarded with a mixture 
of Cas9/sgRNA and dsODNs at a ratio of 0.1 pmol:10 pmol 
coated onto gold particles (Cat. #, 165232, Bio-Rad) (Li et al. 
2016). DNA-coated gold particles were bombarded onto rice 
callus cells using a PDS-1000 He system (BioRad, Hercules, 
CA, USA) at the University of Missouri plant transformation 
facility. One shot with 650-psi rupture disk was performed 
for each plate of callus cells. The bombarded callus cells 
were kept in the dark for 20 h before transfer onto the MSD 
medium containing 50 mg/L of hygromycin (Cat. #, H7772-1G, 
Sigma, MO, USA).

To screen for targeted insertion events, genomic DNA was 
extracted from rice calli or leaves from T0 and T1 generation 
plants using the CTAB method (Murray and Thompson 
1980). Insertion-specific and Xa23 gene-specific primers 
(xa23_F1, xa23_F5, xa23_R5, xa23_F6, xa23_R6, and xa23_R7; 
Supplemental Data Set 1) were used to detect the candidate 
AvrXa7/PthXo3 and TalC EBEs knock-in events. PCR products 
were sequenced by Sanger sequencing at the University of 
Missouri DNA core facility to confirm the presence of insertion 
events. Restriction digestion was also used to confirm the inser
tion events by digesting the PCR amplicons derived from the 
flanking primers with SexAI for AvrXa7/PthXo3 EBE insertion 
or AlwNI for TalC EBE insertion.

Bacterial resistance assays
Xoo strain PXO86 and AXO1947 were used for BB disease as
say using the leaf tip clipping method (Yang and Bogdanove 
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2013). Xoo cells were grown on TSA (1% [w/v] tryptone, 1% 
[w/v] sucrose, 0.1% [w/v] glutamic acid, 1.5% [w/v] agar, and 
pH 6.8) plates for 2 to 3 d at 28 °C. Bacterial cells were scraped 
from the plates and resuspended in sterile water to an OD600 

of 0.5. Rice leaves of 2-mo-old T0 plants were inoculated. 
Lesion length (cm) was measured 14 d after inoculation.

RNA isolation and gene expression analysis
A syringe without a needle was used to infiltrate bacterial in
ocula into newly emerged leaves of T1 plants. The infiltrated 
leaf segments were collected 24 h after Xoo inoculation for 
total RNA extraction using TRIZOL reagent (Cat. #, 
15596018, Thermo Scientific, MA, USA) according to the 
manufacturer’s instructions. Total RNA samples (1 µg each) 
were treated with DNase I (Cat. #, 7326828, Bio-Rad, CA, 
USA) before reverse transcription in a 20-µL reaction using 
the iScript cDNA synthesis kit (Cat. #, 1708891, Bio-Rad, 
CA, USA). The resulting first-strand cDNA samples were di
luted 10 times with RNAse-free water and used for end-point 
PCR to determine the induction of Xa23 in the EBE knock-in 
plants.

Accession numbers
All sequencing data in this study were deposited to GenBank 
under accession number PRJNA874417. Gene IDs: SvMS26, 
Sevir.9G530800; SvMS45, Sevir.9G459500; SvH2A.W, 
Sevir.9G453900; SvUbi, Sevir.5G079801; SvCCA1, Sevir.6G053000; 
Xa23, KP123634; xa23, LOC_Os11g37620; OsSWEET14, 
LOC_Os11g31190; and Osactin, LOC_Os03g50885.
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