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Precise gene insertion using homology-directed repair (HDR) in Clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9)-mediated gene editing has emerged as a powerful tool
for plant genome modification, offering unprecedented control over genetic alterations. This study successfully
applied this technology to TBR225, a major rice variety in Vietnam, aiming to overexpress the OsNRAMP7
gene by inserting a 35S constitutive promoter. Our research addressed the need for efficient methods to enhance
specific gene expression in crop plants, with a focus on improving this economically important rice variety. We
designed and implemented a single vector system comprising gRNA and Cas9 expression constructs, along with a
donor DNA repair template containing the 35S promoter. The system was delivered via Agrobacterium-mediated
transformation to TBR225 rice. Our results demonstrated the successful insertion of the 35S promoter upstream
of the OsNRAMP7 open reading frame in TBR225, leading to significantly increased OsNRAMP?7 expression in
edited lines. Notably, we obtained homozygous transgene-free OsNRAMP7-overexpressing TBR225 lines in the T,
generation, confirming stable transmission of the desired modification in this Vietnamese rice variety. These results
validate the effectiveness of CRISPR/Cas9-mediated HDR for precise genetic modifications in TBR225 rice. This
successful research on Vietnam's major rice variety offers a valuable approach for crop improvement and functional
genomics studies, potentially accelerating the development of rice varieties with enhanced traits such as stress
tolerance or nutrient use efficiency.

1. INTRODUCTION

[3]. The advent of gene editing technologies has offered a more

Rice (Oryza sativa L.) is a member of the Poaceae family, a
monocotyledonous plant with a diploid genome (2n = 24). As one of
the world's most important staple crops, rice has been at the forefront
of modern crop development efforts. The Green Revolution in the
1960s marked a significant milestone in rice breeding [1]. Since then,
advances in molecular biology and genetics, especially the advent of
new breeding techniques have further accelerated rice improvement
programs.

To determine the function of a gene in a plant genome,
researchers have traditionally relied on gene overexpression
and/or repression strategies [2]. However, these conventional
methods, based on gene transformation, often involve random
integration of gene constructs, leading to unpredictable results
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precise approach by enabling targeted insertion or modification of
regulatory elements at specific genomic locations.

Clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9) has
revolutionized the field of gene editing, providing researchers
with a powerful tool for precise genetic modifications. The pivotal
breakthrough came in 2012 when Emmanuelle Charpentier and
Jennifer Doudna demonstrated that the CRISPR/Cas9 system
could be programmed to cut specific DNA sequences, laying the
foundation for its use as a genome editing tool [4], a discovery
that was later awarded the Nobel Prize in Chemistry in 2020. This
technology has proven invaluable for studying gene function and
enhancing crop traits.

While CRISPR/Cas9 has been widely adopted for
gene knockouts, its application in gene upregulation through
homology-directed repair (HDR) is still evolving, particularly
in rice [5]. HDR-based gene editing requires the simultaneous
delivery of both the CRISPR/Cas9 expression system and the
DNA repair template into the cell. This process can be achieved
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through various methods, including Agrobacterium-mediated
transformation, particle bombardment, viral vectors, and protoplast
transformation. Among these, Agrobacterium-mediated gene
transfer remains the most popular method in plants due to several
advantages such as simplicity, high efficiency, low copy number
integration, wide host range, and capacity to transfer large DNA
fragments [6]. Consequently, researchers are actively developing
strategies to optimize HDR-based gene editing methods, with a
particular focus on improvements to Agrobacterium-mediated
delivery systems [7]. This study introduces a novel single-vector
system that combines the CRISPR/Cas9 expression cassette and
donor DNA template for HDR. This approach aims to simplify
delivery and potentially increase the efficiency of precise genetic
modifications.

The natural resistance-associated macrophage protein
(NRAMP) gene family in rice plays crucial roles in metal ion
transport. While several NRAMP genes have been characterized
in rice, the specific function of OsNRAMP?7 in metal transport
remains unclear. This gene has not been previously studied
to elucidate its role in metal homeostasis in rice, making it
an intriguing target for functional genomics research [8&].
Furthermore, TBR225, a major commercial rice variety in
Northern Vietnam, is known for its high yield, good quality, and
early maturity. While TBR225 has been successfully gene-edited
using NHEJ, no CRISPR/Cas9-mediated HDR has been reported
for this variety [9,10]. Applying HDR-mediated gene editing to
TBR225 faces several challenges common to rice gene editing.
First, indica rice varieties like TBR225 have lower gene transfer
efficiency compared to japonica varieties [10,11]. Second,
HDR efficiency is very low and varies significantly between
different rice varieties [5], necessitating tailored approaches for
TBR225. Third, gene transfer methods are limited for TBR225,
with only Agrobacterium-mediated transformation reported
successful [10,11], while other high-efficiency methods have
not yet been published. Therefore, there is difficulty in applying
traditional multi-vector gene editing systems to hard-to-transform
commercial rice varieties like TBR225.

Our research focuses on three main objectives: (i)
Design a single vector system for CRISPR/Cas9-mediated HDR in
rice; (i1) Demonstrate HDR for precise insertion of a constitutive
promoter to enhance gene expression; (iii) Advance precision
genetic modifications in the TBR225 cultivar. By targeting
OsNRAMP7, we aim to showcase the potential of our approach
in studying previously uncharacterized genes. The insertion of a
constitutive promoter upstream of OsNRAMP?7 could lead to its
overexpression, potentially shedding light on its function in metal
transport and homeostasis in rice. This research demonstrates the
broader applicability of our HDR-based gene editing approach for
functional genomics studies and genetic improvements in rice and
other crop plants.

2. MATERIALS AND METHODS

2.1. Plant Growth Conditions

The rice cultivar TBR225 [9] was obtained from ThaibinhSeed Cor.
(Vietnam). Rice plants were cultivated in a controlled environment
net-house under the following conditions: temperature range of
28°C-32°C and relative humidity of 80%—85%.

2.2. Bacterial Strains and Culture Conditions

Escherichia coli TOP10 and Agrobacterium tumefaciens EHA105
strains were provided by the Department of Molecular Pathology,
Agricultural Genetics Institute (Vietnam). £. coli TOP10 was cultured
in Luria-Bertani (LB) medium at 37°C, while A. tumefaciens EHA105
was cultured in LB medium at 28°C. Both media were supplemented
with appropriate antibiotics as per strain requirements.

2.3. gRNA Design

A fragment of OsNRAMP7 was amplified by polymerase chain
reaction (PCR) from TBR225 rice genomic DNA using specific
primers (NRAMP7-F: 5-TGTTGCCTAGTGGAGTCGTG-3" and
NRAMP7-R: 5-TGAACAGCCACAGCTTCCTC-3") (Fig. la). PCR
conditions were 35 cycles of 94°C/30, 55°C/30, and 72°C/40 seconds.
The amplified fragment was sequenced, and gRNA target sequences for
editing TBR225 OsNRAMP7 were designed based on this sequence
using three bioinformatics tools: CRISPR-P v2.0 [12] for sequence
and GC content determination, Mfold v2.3 [13] for secondary structure
analysis, and CCTop [14] for off-target score identification.

2.4. Vector Construction

Vector construction (Fig. 1b) was performed using complementary
oligonucleotides gRNA-F (5'-gttGCCATGGATTTGGAGATGGG-3")
and gRNA-R (5-aaaCCCATCTCCAAATCCATGGC-3") with
3-bp overhangs, synthesized by Phusa Biochem (Vietnam). These
oligonucleotides were heat-denatured, annealed, phosphorylated,
and cloned into the Lgul site downstream of the OsU6 promoter on
a modified sgRNA expression vector [15], creating the recombinant
vector pEN-gRNA. A donor DNA template fragment, previously
generated in the cloning vector pJET1.2/35S by Nanning GenSys
Biotechnology (China), was excised and ligated into both Notl and
BamHI sites on the pPEN-gRNA vector. All inserted fragments were
sequence-verified. The donor DNA template fragments and sgRNA
expression cassette were then integrated into the gateway destination
vector pCas9 [16] using Gateway LR clonase (Thermo Fisher
Scientific). The resulting final construct, pCas9/gRNA-35Sx2, was
validated by Sanger sequencing of the insertion junctions.

2.5. Rice Transformation

The pCas9/gRNA-35Sx2 vector was transformed into 4. tumefaciens
EHA105 via heat shock, and the resulting transformant was
used for TBR225 rice transformation as described previously
[11]. Briefly, Agrobacterium-infected calli were selected using
Hygromycin-containing medium, followed by transfer to a
regeneration medium to enable transgenic plant growth. Transgenic
lines were screened from all regenerated plants through PCR using
primer pairs Ubi-F/Cas9-R  (5'-CCCTGCCTTCATACGCTATT-
3'/5'-GCCTCGGCTGTCTCGCCA-3") and HPT-F/
HPT-R (5'-AAACTGTGATGGACGACACCGT-3'/5'-
GTGGCGATCCTGCAAGCTCC-3") specific for Cas9 and HPT
marker gene, respectively. Transgene-free plants were selected by
PCR with primer pairs Ubi-F/ Cas9-R, U6-F/gRNA-R, and HPT-F/
HPT-R. OsActin was used as a control of the PCR experiment.

2.6. Mutation Analysis

To determine the insertion of the 35S promoter at the target
site, two specific primer pairs were designed: NRAMP7-
t-F (5'-GGCAGTAGTACAAGTGAGAGGA-3')/NRAMP7-
t-R (5'-GGGGAAGTCCGAGATCGAG-3") and 35S-F
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Figure 1. CRISPR/Cas9-mediated HDR strategy for inserting the 35S promoter into the OsSNRAMP7 locus of TBR225
rice. (a) Genomic structure of OsNRAMP?7, showing exons and the CRISPR/Cas9 target site. The homology arms (HA1 and
HAZ2) flanking the target site are indicated, along with their lengths and the target site sequence. (b) Schematic representation of
the HDR strategy and T-DNA constructs. Donor DNA template contains the 35S promoter with a duplicated enhancer (355 x 2)
flanked by homology arms (HA1 and HA2). pEN-Y3 vector carries the OsU6 promoter-driven gRNA scaffold and the donor DNA
template. pCas9 vector contains the Cas9 expression cassette driven by the Zm Ubiquitin promoter (Ubi::Cas9) and the hygromycin
phosphotransferase (HPT) selection marker. HA: homology arm; TS: CRISPR/Cas9 target site; attL/attR: Gateway recombination
sites; HPT: hygromycin phosphotransferase; ccdB-CmR: bacterial counterselection markers; LB: left border; RB: right border; 35S:
cauliflower mosaic virus 35S promoter. Arrows indicate primer positions for PCR analysis.

These  primers

and "homozygous mutation" were used to describe transgenic plants

amplified the genomic area containing the CRISPR/Cas9 target site and
a part of the 355 promoter. Genomic DNA was extracted from transgenic
T, plant leaves using the CTAB method. PCR was conducted using 50
ng of extracted DNA as a template, with the two diagnostic primer pairs
and a positive control pair (5-AGGCGCTGCTCAACTTCCCG-3’
and 5'-CACGCACTCACCGTCGCTCA-3') specific to OsEFla. The
amplified products from NRAMP7-t-F/NRAMP7-t-R primers were
directly sequenced using the Sanger method. Sequences obtained from
wild-type and transgenic plants were compared using CRISP-ID v1.1
8 to identify mutations [17]. The amplicon resulting from line #33 was
cloned into pGEM-T for sequencing. The terms "heterozygous mutation"

containing 35S insertion mutations on one and both alleles, respectively.

2.7. Gene Expression Analysis

Total RNA was isolated from rice leaves at the 3-leaf stage for gene
expression analysis using GeneJET Plant RNA Purification Kit from
Thermo Scientifics. The purity and concentration of extracted RNA
samples were checked by UV-Vis Spectrometers (Thermo Scientifics);
RNA integrity was assessed on 1.0% agarose gel. Using an oligo (dT)
primer, one pg of RNA was reverse-transcribed, followed by PCR
amplification with OsNRAMP7-specific primers (RT-NRMAP7-F:
5'-CGATGTCCTGAACGAGTGGC-3' and RT-NRMAP7-R:
5'-GAAGGACTTGCGGATGGTGG-3"). PCR was performed for
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33 cycles on an Eppendorf Mastercycler ep Gradient S. Target gene
expression was normalized to OsEFlo [10]. PCR products were
visualized by 1.0% agarose gel electrophoresis, and the resulting
images were analyzed using Imagel v1.1 software. The OsNRAMP7
band intensity was normalized to the corresponding OsEF/a band
from the same cDNA sample.

3. RESULTS

3.1. Design of a Single CRISPR/Cas9 Vector System for HDR-
Mediated Insertion of 35S Into TBR225 OsNRAMP7

A single vector system was designed to insert the 35S constitutive
promoter into the TBR225 genome for OsNRAMP7 overexpression.
This system comprises three key components: (i) a gRNA expression
construct targeting the site (target site - TS) upstream of OsNRAMP7's
open reading frame, (ii) a Cas9 protein expression construct driven
by the ZmUbiquitin promoter on the pCas9 vector, (iii) a donor DNA
repair template (NRAMP7-35S) containing the 35S promoter flanked
by two homology arms and TS sequences at both the ends of fragment
(Fig. 1b). This design enables simple delivery of the entire gene editing
system via Agrobacterium-mediated transformation. The CRISPR/
Cas9 complex creates double-strand breaks at the TS and cleaves the
NRAMP?7-35S fragments, which serve as donor repair templates. This
process inserts the 35S promoter upstream of OsNRAMP?7 around TS
via the HDR mechanism, resulting in a recombinant 35S::OsNRAMP7
construct in the TBR225 genome.

3.2. Validation of Cloning Vectors

To create the TBR225 OsNRAMP7-targeting gRNA expression
cassette (Fig. 1b), we treated the pEN-V3 vector system with Lgul
before ligating it to a 21-bp gRNA fragment. To confirm the successful
insertion of gRNA, we subjected the resulting plasmid (pEN-V3/
gRNA) to PCR using gRNA- and vector-specific primer pairs (Fig.
2a). We then inserted a 1.2 kb donor DNA template, excised from
the cloning vector pJET1.2, into both No#l and BamHI sites of the
pEN-V3/gRNA vector (Fig. 1b). We validated these recombinant
vectors by restriction digestion (Fig. 2b and c). Next, we combined
the recombinant construct (containing the gRNA expression cassette
and two donor DNA template fragments) with the Cas9 expression
cassette on the pCas9 vector via Gateway cloning reaction. Finally, we
verified the presence of all required cassettes - including gRNA, Cas9,
and marker gene (hygromycin phosphotransferase - HPT) expression
constructs, as well as the donor DNA template - on the recombinant
pCas9 vector through PCR and sequencing (Fig. 2d). The resulting
vector was then used for further TBR225 rice transformation via
Agrobacterium.

3.3. Generation of Transgenic TBR225 Rice Expressing
CRISPR/Cas9 for OsNRAMP?7 Targeting

We transformed the T-DNA containing the OsNRAMP7-targeting
gRNA expression cassette and donor DNA template fragment into
A. tumefaciens strain EHA105. Embryogenic calli derived from
mature TBR225 embryos were then inoculated and co-cultured
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Figure 2. Validation of recombinant vectors. (a) PCR confirmation of gRNA sequence insertion into pEN-V3 vector. (b)
Restriction digestion analysis of pEN-gRNA plasmid with the first donor DNA template fragment inserted. (c) Restriction digestion
analysis of pEN-gRNA plasmid with the second donor DNA template fragment inserted. (d) PCR confirmation of pCas9 vector
recombined with gRNA expression cassette and two donor DNA template fragments. (e) Sequencing confirmation of pCas9 vector
recombined with gRNA expression cassette and two donor DNA template fragments. M: 1.0 kb DNA ladder; B: Blank control; V:
Tested plasmid (PCR template); HA: Homology arm.
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Figure 3. Stages of TBR225 rice transformation. (a) Callus formation: Rice
calli on co-cultivation medium after Agrobacterium infection. (b) Selection:
Transformed calli on selection medium containing 50 mg/l hygromycin,
eliminating non-transformed tissue. (c) Shoot regeneration: Initial emergence
of shoots from successfully transformed and selected calli. (d) Plantlet
development: regenerated plantlets in glass tubes for shoot elongation and
root formation.

Table 1. Result of TBR225 rice transformation.

Sample No. sample Ratio (%)*
Agrobacterium-inoculated callus 8542 100
Hygromycin-resistant callus 2867 33.56
Regenerated plant 565 6.61
Plant with positive Actin PCR 565 6.61
Plant with positive HPT PCR 215 2.52
Plant with positive Cas9 PCR 215 2.52

*Number of positive samples/total Agrobacterium-inoculated calli) x 100%.

with the transformed Agrobacteria. We screened for transgenic T,
individuals using hygromycin selection, leveraging the HPT marker
gene present on the foreign vector. The results of the Agrobacterium-
mediated transformation of TBR225 rice are shown in Figure 3. The
transformation efficiency of TBR225 (Table 1) reached 33.56% for
resistant callus production and 4.86% for resistant plant regeneration.
We obtained a total of 415 independent regenerated shoots, all of
which exhibited normal root system development after 30 days of
growth on the rooting medium.

We isolated genomic DNA from regenerated T,
plants for PCR analysis using primer pairs specific for the
internal control gene OsActin, Ubiquitin::Cas9 cassette,
and HPT marker gene. Our analysis revealed that 215
transformed plants contained the amplicon fragment of
targeted T-DNA regions, with sizes coinciding with that
of the positive control. This indicated the successful
integration of the foreign T-DNA into the TBR225 genome.
The selection efficiency of the antibiotic was approximately
38.05%. This finding suggests that maintaining antibiotics
in the regeneration medium, although potentially reducing
regeneration efficiency, ensures selective efficiency.

3.4. Insertion of 35S Promoter at Target Site

Mutation genotyping of the transgenic lines was performed using
two primer pairs: NRAMP7-t-F/NRAMP7-t-R for the ~0.4-kb
endogenous OsNRAMP?7 fragment; 35S-F/NRAMP7-t-R for the
~0.3-kb recombinant fragment containing part of the 35S promoter
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Figure 4. Molecular characterization of T, transgenic TBR22S5 rice lines. (a) PCR analysis of transgene integration. Top:
OsActin (endogenous control); middle: HPT (selectable marker gene); bottom: Ubi::Cas9 cassette. (b) 35S promoter insertion
detection. PCR analysis using three specific primer pairs to confirm 35S promoter integration. (¢) CRISPR/Cas9 editing
confirmation. Sequence alignment of transgenic line #33 and wild-type (WT) around the target site. Arrow: intended CRISPR/Cas9
target site; solid line: 35S promoter sequence; dashes (-): gaps in the alignment; asterisks (***): start codon (ATG). (d) OsNRAMP7
expression analysis. RT-PCR results for edited lines (#33, #35, #36, #44, #52) and non-edited line (#60). OsEF 1o internal control.
M: 1.0 kb ladder, B: blank control; WT: wild-type plant. Primer sequences used for all analyses are provided in Table S1.
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Primers Primer sequence (5'-3") Gene/Vector Experiment
NRAMP7-F TGTTGCCTAGTGGAGTCGTG OsNRAMP7 OsNRAMP7 amplification
NRAMP7-R TGAACAGCCACAGCTTCCTC OsNRAMP7 OsNRAMP?7 amplification
NRAMP7-t-F GGCAGTAGTACAAGTGAGAGGA OsNRAMP7 Mutation detection
NRAMP7-t-R GGGGAAGTCCGAGATCGAG OsNRAMP7 Mutation detection
RT-NRMAP7-F  CGATGTCCTGAACGAGTGGC OsNRAMP7 Gene expression analysis
RT-NRMAP7-R  GAAGGACTTGCGGATGGTGG OsNRAMP7 Gene expression analysis
35S-F CCCACTATCCTTCGCAA 358 Mutation detection
HPT-F AAGGAGGTGATCCAGCC HPT Vector validation, Transgenic plant screening
HPT-R GAGTTTGATCCTGGCTCAG HPT Vector validation, Transgenic plant screening
OsNRAMP7
HA1-F GGGTGGTACCCACCATCCCC Vector validation
(Left homology arm)
OsNRAMP7
HA2-R GGGCGGTCGCCTCGTAGGCG Vector validation
(Right homology arm)
pEN-F GTACAAAAAAGCAGGCT pEN-V3 Vector validation
pEN-R GTACAAGAAAGCTGGGT pEN-V3 Vector validation
Ter-R AAGCACCGACTCGGTGCCAC pEN-V3 Vector validation
Ubi-F CCCTGCCTTCATACGCTATT pCas9 Vector validation, Transgenic plant screening
Cas9-R GCCTCGGCTGTCTCGCCA pCas9 Vector validation, Transgenic plant screening
gRNA-F gttGCCATGGATTTGGAGATGGG  gRNA gRNA designing, Vector validation
gRNA-R 2aaCCCATCTCCAAATCCATGGC  gRNA gRNA designing, Vector validation
OsEFla-F AGGCGCTGCTCAACTTCCCG OsEFla Gene expression analysis
OsEFla-R CACGCACTCACCGTCGCTCA OsEFla Gene expression analysis
OsActin-F TGATGGTGTCAGCCACACT OsActin Transgenic plant screening
OsActin-R TGGTCTTGGCAGTCTCCATT OsActin Transgenic plant screening
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and OsNRAMP7 (Fig. 4b). A ~1.2-kb recombinant OsNRAMP7
fragment was amplified in 6 lines (#33, #35, #36, #44, #52, #55),
indicating exogenous DNA insertion into the TBR225 genome.
The 35S-F/NRAMP7-t-R primer pair amplified the specific ~0.3
kb recombinant fragment in 5 of these 6 lines (#33, #35, #44, #52,
#55), confirming correct 35S promoter insertion. In contrast, line
#36 showed the amplicon with 35S-F/NRAMP7-t-F (Fig. 4b) but
not 35S-F/NRAMP7-t-R, suggesting an inverse insertion of 355
promoter. Among the 6 mutant lines, 5 (#35, #36, #44, #52, #55)
exhibited heterozygous insertion (two amplicons of ~0.4 and ~1.2
kb in size), while line #33 showed homozygous insertion (a unique
~1.2-kb amplicon). Sequencing of PCR products confirmed the
presence of the 35S promoter upstream of the OsNRAMP7 ORF
in this mutant line (Fig. 4c). These results demonstrate successful
HDR-mediated insertion mutation using a combination of CRISPR/
Cas9 expression construct and DNA donor template within a single
transformation vector.

3.5. Expression Analysis of 35S-Inserted OsNRAMP7 Gene

To evaluate the effectiveness of CRISPR/Cas9-induced mutation,
we analyzed the expression of the recombinant OsNRAMP7 gene
in six T, edited lines using RT-PCR. We included two control lines:
TBR225 transgenic line (#60) without insertion mutation and an
edited line (#35) carrying an inverse 35S promoter insertion. The RT-
PCR results revealed that all edited lines with correct 35S promoter
insertion exhibited significantly higher OsNRAMP7 expression levels
compared to the control line #60 (Fig. 4d). Notably, there was no

significant difference in OsNRAMP7 mRNA expression between
lines #60 (no insertion) and #35 (predicted inverse insertion). These
findings suggested that the CRISPR/Cas9-induced insertion of the 355
constitutive promoter at the 5’-UTR site successfully increased the
transcription of the target gene OsNRAMP?7. This demonstrates the
effectiveness of our gene editing approach in enhancing OsNRAMP7
expression in the edited rice lines.

3.6. Obtaining Homozygous Transgene-Free OsNRAMP?7-
Overexpressing TBR225 Line

To confirm the overexpression of the target gene in edited TBR225 rice
plants resulting from the insertion of the 35S promoter, we genotyped
Tl individuals propagated from T line #33. Among 20 tested plants,
8 showed negative PCR results with three primer pairs specific for
gRNA, Cas9, and HPT expression cassettes, while they showed
positive results in control PCR of OsActin, proving the absence of
transgenes in their genome (Fig. 5a). This T-DNA segregation ratio
is consistent with Mendel's 3:1 genetic segregation ratio (y* < 0.381).
Moreover, we obtained specific amplicons of ~0.4 and ~1.2 kb with
primer pairs 35S-F/NRAMP7-t-R and NRAMP7-t-F/NRAMP7-
t-R, respectively, from all T, plants (Fig. 5b). Notably, we observed
an overexpression of OsNRAMP7 in T progenies similar to their T,
parent line (Fig. 5c). These results indicated that the homozygous
35S-insertion mutation was stably transmitted to the next generation,
resulting in the overexpression of the target gene in T, transgene-free
edited TBR225 rice.
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Figure 5. Molecular characterization of the T1 progeny of line #33. (a) Transgene segregation analysis in T, population derived
from the T line #33. Top: OsActin (endogenous control); middle: HPT (selectable marker gene); bottom: Ubi::Cas9 cassette.
(b) 35S promoter insertion confirmation. PCR analysis using two specific primer pairs to validate correct 35S promoter integration.
(c) OsNRAMP?7 expression analysis. RT-PCR results for edited lines (#33.1, #33.2, #33.3) and wild-type (WT). OsEFIo: internal
control. M: 1.0 kb ladder, B: blank control; P: positive control (genomic DNA as PCR template); WT: wild-type plant; #33.1 -
#33.20: T, plants derived from the T line #33.

4. DISCUSSION

Promoter editing for precise control of target gene expression
represents an advanced approach in plant biotechnology, with
significant implications for rice and other crops [18]. In contrast
to conventional gene overexpression methods, promoter editing
minimizes unintended consequences by avoiding the production of
unnecessary proteins associated with marker or reporter genes and
preventing genome disruption due to random transgene insertion. This
precision approach reduces energy waste, mitigates potential negative
impacts on plant growth, and addresses biosafety concerns [19,20].

A straightforward strategy involves the direct insertion
of an endogenous or exogenous promoter upstream of the target
gene's open reading frame, utilizing either HDR [21] or NHEJ
[22] mechanisms. These inserted promoters can be either
constitutive or inducible, offering flexibility in gene expression
control. Notable examples of this approach include the work
by Cermak et al. [23] who inserted a constitutive 35S promoter
upstream of the SIANTI gene in tomato using homologous
recombination, resulting in overexpression of the target gene
and increased pigment production [23]. Similarly, researchers
employed CRISPR-Cas9 technology to insert the native maize

GOS2 promoter into the 5'-untranslated region of the ARGOSS
gene, creating a new ARGOSS variant with significantly elevated
transcript levels compared to the native allele [21]. In our study,
we achieved substantial enhancement of OsNRAMP?7 expression
in a transgene-free rice line with 35S promoter integration. This
result, corroborated by similar findings from other researchers,
demonstrates the effectiveness of the precise promoter insertion
strategy in modulating gene expression, offering a promising
alternative to conventional methods using recombinant gene
overexpression T-DNA vectors for plant genetic engineering.
While gene editing via the HDR mechanism is not novel,
researchers continue to refine this system, particularly in rice.
Previous studies predominantly employed multi-vector systems,
utilizing at least two separate vectors to deliver sgRNA, Cas9
complex, and template DNA constructs into cells [22,24]. This
approach offers flexibility but complicates the transformation
process. Virus-based systems have been developed to address
transformation challenges [25], but they suffer from limited cargo
capacity. Recent advancements include the use of RNA templates
combined with sgRNA expression constructs in single-vector
systems, enabling efficient induction of nucleotide substitution
mutations in rice [26,27]. Barone ef al. [28] pioneered a selectable
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marker-free intra-genomic gene targeting method in maize, where
the donor DNA template, along with the Cas9/gRNA expression
cassettes, were pre-integrated into the T-DNA, and subsequently,
the donor DNA was excised by the Cas9/gRNA complex. We have
successfully adapted this strategy for rice, with a key modification:
our T-DNA contains two donor DNA template sequences instead
of one, potentially enhancing gene editing efficiency. This single-
vector system aims to overcome the challenges faced by indica
rice varieties with low gene transformation efficiency, such as
TBR225, because it requires only one step instead of several steps
in the gene transfer process, compared to multi-vector and virus-
based systems.

A significant challenge in gene editing systems is the
prolonged activity of CRISPR/Cas9, which can result in more
extensive genetic modifications than initially intended. This
can complicate the interpretation of experimental results and
potentially affect the outcomes of gene therapy approaches
[29,30]. Our study introduces a novel gRNA expression structure
design, positioned between two donor DNA template fragments
(Fig. 1b). While not experimentally verified in this study, this
design aims to mitigate the issue of prolonged CRISPR/Cas9
activity. The rationale is that if both template fragments are
removed, the gRNA expression construct would also be excised
from the rice chromosome. This approach builds upon a similar
strategy employed by Tan et al. [31], who successfully developed
a CRISPR/Cas9-mediated HDR auto-excision system for the
efficient removal of marker genes from transgenic plants. The
primary challenge with this method is ensuring the CRISPR/Cas9
complex functions effectively to accurately excise the donor DNA
template fragment. Additionally, low copy numbers of the donor
DNA template fragment can reduce the efficiency of the HDR
process [32]. However, these issues can be addressed through
in vivo or in vitro validation of the designed sgRNA and by
increasing the number of donor DNA template fragments inserted
into the T-DNA vector. Our results demonstrated success using a
single vector carrying one well-designed gRNA and two donor
DNA template copies, offering a promising solution to enhance
gene editing precision and efficiency in rice.

The efficiency of HDR in gene editing remains a
significant challenge, particularly in rice [5]. The low efficiency
of HDR-mediated gene insertion in rice is further illustrated
by several studies. For instance, Dong et al. [22] attempted to
insert a 5.2 kb carotenoid biosynthesis cassette into the Kitaake
rice genome using CRISPR/Cas9. While they obtained 8 out of
55 regenerated plants carrying the insertion fragment, only one
plant contained the DNA insertion with the correct orientation.
Notably, subsequent analyses suggested that the insertion process
occurred through NHEJ rather than HDR, highlighting the cellular
preference for this repair pathway [22]. Li et al. [33] reported a
modest success rate of 2.2% for targeted gene insertions. Another
study focusing on two rice varieties, Nangeng 9108 and BL3045,
initially showed promising results with an HDR-mediated insertion
efficiency of 20.9%. However, the percentage of transgenic plants
carrying the correct insertion was significantly lower, reaching only
3.8% [34]. In this study, our work on TBR225 rice yielded a mere
2.79% efficiency for 35S promoter insertion via HDR, contrasting
sharply with previous studies reporting a 90% indel mutation rate
through NHEJ in the same variety [ 10]. These findings underscore
that HDR efficiency in rice depends on multiple factors, including

CRISPR/Cas system components, donor template and sgRNA
design, delivery method, target sequence, and rice genotype. The
preference of cells to repair double-strand breaks through NHEJ
rather than HDR further complicates the process. To enhance
HDR efficiency in rice and overcome the cellular preference for
NHE]J, several strategies could be explored [5]. These include
cell cycle synchronization to target S and G2 phases, suppression
of the NHEJ pathway, optimization of donor DNA design, use
of HDR enhancers, exploration of Cas9 variants and fusion
proteins, improved delivery methods, temperature modulation,
and use of tissue-specific promoters. These approaches aim to
increase the precision of gene editing, reduce off-target effects,
improve integration rates of large DNA fragments, and potentially
lower regeneration times. Implementing these methods could
significantly improve the overall success rate of targeted gene
insertions in rice, although their effectiveness may vary depending
on the specific target gene and tissue type. Despite the challenges,
we successfully demonstrated the potential for introducing a new
promoter to control target gene expression, as evidenced by the
increased expression in rice line #33, even with the presence of
indel mutations. This variability in success rates highlights the
complexity of achieving efficient and precise DNA insertions in
rice using HDR-mediated gene editing, emphasizing the need for
continued research and optimization in this field.

As mentioned above, the length of homology arms
and donor DNA template being particularly crucial which can
influence the efficiency of HDR-mediated gene editing. Previous
studies have successfully used homology arms of varying lengths,
ranging from a few dozen to over 1,000 base pairs (bp), with
donor DNA templates extending to several thousand bp [5].
Longer homology arms generally increase HDR efficiency up to
a certain point [20]. However, the size of the T-DNA can affect its
integration into the plant genome, with larger inserts potentially
having lower integration rates [35]. Therefore, in our study, we
designed homology arms of approximately 150 bp to minimize
the size of the single T-DNA vector, facilitating efficient gene
transfer via Agrobacterium-mediated transformation. While this
approach proved successful, the insertion efficiency was not high.
This occurrence may be related to the design of homology arms
[5], highlighting the complexity of gene editing outcomes and the
need for further research in this area.

Our findings underscore the challenges and intricacies
involved in HDR-mediated gene editing, particularly in TBR225
rice. They also emphasize the importance of optimizing various
parameters, such as homology arm design and donor DNA
template length, to improve editing efficiency and accuracy.

5. CONCLUSION

This study successfully demonstrated precise genetic modification of
TBR225 rice using CRISPR/Cas9-mediated HDR. We implemented
a single vector system to insert the 35S promoter upstream of
OsNRAMP?7 in this Vietnamese rice variety, generating and validating
transgenic rice lines. Results confirmed successful 35S promoter
insertion, leading to significant OsNRAMP7 overexpression in
edited lines, including homozygous transgene-free OsNRAMP7-
overexpressing TBR225 lines. Our HDR-based editing approach for
TBR225 rice enables precise genetic modification in one generation,
unlike traditional breeding's multi-generation process. It creates
transgene-free lines while avoiding undesired genetic material
introduction. This research advances precise genome editing in
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economically important rice varieties, providing a valuable resource
for studying the role of OsNRAMP?7 in rice biology, particularly metal
ion transport. Our study lays the groundwork for enhancing traits
like stress tolerance and nutrient use efficiency in rice, opening new
avenues for crop improvement and functional genomics studies in
Vietnamese rice varieties, potentially contributing to food security and
sustainable agriculture.
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