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Simple Summary

Small-grained rice is valuable for hybrid seed production and food markets, but devel-
oping high-quality small-grained varieties is challenging. This study aimed to use the
CRISPR/Cas9 gene-editing technique to modify the OsVIN2 gene in rice variety MH86,
hoping to reduce grain size while improving quality. We successfully edited OsVIN2,
resulting in rice grains that were shorter and narrower than normal. The edited rice also
had better quality: less chalkiness, more protein (11.0%), and optimized cooking texture.
Importantly, other plant traits like growth and seed-setting remained unaffected. This
method provides an effective way to breed high-quality small-grained rice, which can
lower hybrid seed production costs and meet consumer demand for better-tasting rice.

Abstract

Small-grained rice varieties are highly valued in hybrid seed production and food markets
because of their unique advantages in mechanized seed production and cooking qualities.
Developing new varieties combining small grain size with high nutritional and cooking
quality represents an important breeding objective. The OsVIN2 gene has been identified as
a key regulator involved in carbohydrate metabolism and grain development in rice. In this
study, a CRISPR/Cas9-mediated gene-editing approach was employed to precisely modify
the OsVIN2 gene in the restorer line MH86 of high-quality rice varieties. Compared with
the wild-type plants, the frameshift mutant seeds showed a significant reduction in length
and width by 19.9% and 15.2%, respectively, leading to a 39.2% decrease in thousand-grain
weight. Notably, the mutant exhibited improved quality traits, including a decrease of
16.6% in amylose content, an increase of 11.0% protein, and a 77.5% and 84.7% decrease in
chalkiness rate and chalkiness degree, respectively. These results demonstrate that targeted
editing of OsVIN2 is a promising approach for creating novel small-grained rice germplasm
with superior quality attributes.
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1. Introduction
Rice grain size, a key agronomic trait, not only determines grain yield but also influences

grain quality and application scenarios [1,2]. Among diverse grain size variants, small-grained
rice germplasm represents a crucial component of rice genetic diversity. It provides valuable
genetic resources for dissecting the molecular regulatory network of grain shape and also has
significant practical value in hybrid rice seed production [1–3]. Specifically, small-grained
male sterile lines can reduce the male-to-female seed ratio during mechanical mixing, lower
seed production costs, and improve seed propagation efficiency [4]. Additionally, small-
grained rice meets diversified market demands, as it is preferred for traditional snacks and
high-quality congee in some regions [5,6]. Thus, developing efficient strategies to create
high-quality small-grained rice germplasm is needed in rice breeding.

In recent years, CRISPR/Cas9-mediated gene editing technology has revolutionized
crop germplasm innovation due to its high efficiency, precision, and simplicity [7]. This
technology has been widely applied to modify grain size-related traits in rice. For example,
targeted mutation of GS3 (a major negative regulator of grain length) or GW2 (a negative
regulator of grain width) via CRISPR/Cas9 increased grain length or width effectively in
many rice varieties [8–10], confirming that CRISPR/Cas9 is a powerful tool for grain size
modification.

To date, numerous genes regulating rice grain size have been identified, but their
application in small-grained germplasm creation remains limited. This is mainly due to
two constraints. On the one hand, a large proportion of the identified grain size-related
genes are negative regulators [11]. Their loss-of-function mutations typically increase grain
size, rendering them unsuitable for creating small-grained varieties via gene editing. On
the other hand, the few positive regulators that can reduce grain size when edited often
exert adverse effects on other agronomic traits. For instance, the mutation of the OsCSLD4
gene reduced grain size, but it led to side effects on agronomic traits such as poor plant
growth, reduced plant yield, and decreased bacterial blight resistance [12]. Therefore, the
key challenge lies in selecting suitable target genes that can synchronously optimize grain
size and quality without adverse effects on other agronomic traits.

OsVIN2 could be an optimal candidate target gene for creating small-grained rice
germplasm. Two independent studies have demonstrated that loss of OsVIN2 function can
effectively reduce grain size [13,14]. OsVIN2 encodes a vacuolar invertase, which influences
sugar composition, transport, and starch accumulation [13–15]. Specifically, in OsVIN2
loss-of-function mutants, starch composition is altered significantly [13]. Since starch
accumulation is a key determinant of rice eating quality and affects various traits such as
amylose content (AC), gelatinization temperature (GT), gel consistency (GC), chalkiness
rate (CR), and chalkiness degree (CD) [16–18], it is worth further investigating whether
editing OsVIN2 impacts rice eating quality.

MH86 is a widely used indica restorer line in hybrid rice production, with high com-
bining ability, strong disease resistance, and good grain quality [19,20]. However, its grain
size is larger than the ideal small-grained type for mechanical seed production. Notably,
gene function in rice often shows genetic background dependence. For example, knockout
of QSOXL1 significantly reduces seed dormancy levels in japonica varieties, Nanjing7, and
Nanjing35, but has no effect on seed dormancy in N22 (an Aus rice variety) [21]. Whether
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OsVIN2 editing can modify grain size and quality in MH86 remains untested, and thus
experimental validation is needed to clarify its efficacy in this genetic background.

In this study, we aim to edit the rice gene OsVIN2 using CRISPR/Cas9 technology to
develop new quality-improved germplasm resources of small-grain rice. We hypothesize
that precision modification of OsVIN2 can simultaneously reduce grain size and improve
quality traits, such as amylose content. This research provides a new approach for breed-
ing small-grain varieties, holding important implications for broader crop improvement
strategies.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The elite indica rice variety Minghui86 (MH86) was used as the wild-type (WT) control
and transformation recipient. All WT and transgenic plants were grown in the experimental
field of Fuzhou Agricultural Station (26.08◦ N, 119.28◦ E), Fujian Province, under natural
conditions. The growing season spanned from late April to early October, with standard
agronomic management including regular irrigation, fertilization, and pest control. For
trait stabilization, 15 T2 homozygous mutants were selected for phenotypic analysis to
avoid segregating effects.

2.2. sgRNA Design and Vector Construction

The OsVIN2 gene (Os02g0106100) sequence of MH86 was retrieved from the Rice
Genome Annotation Project (RGAP, http://rice.plantbiology.msu.edu/, accessed on 28
December 2025). A 20-bp sgRNA target sequence (5′-TGGCGGTCCTCTCCGGCGTC-3′)
was designed in the first exon using CRISPR-P 2.0 (http://skl.scau.edu.cn/targetdesign/,
accessed on 28 December 2025) [22], ensuring high specificity and minimal off-target
potential. Complementary oligonucleotides (Table S1) were synthesized, annealed to form
dimers, and cloned into the CRISPR/Cas9 vector pYLCRISPR/Cas9 [23], which contains
the Cas9 gene driven by the maize Ubiquitin promoter and the sgRNA under the rice
U6 promoter.

2.3. Agrobacterium-Mediated Rice Transformation

The recombinant vector was introduced into Agrobacterium tumefaciens strain
EHA105 via electroporation. Calli induced from mature embryos of MH86 were infected
with the positive Agrobacterium cultures. Transformation procedures, including callus in-
duction, co-cultivation, selection (hygromycin 50 mg/L), and plant regeneration, followed
the protocol described by Hiei et al. [24]. Regenerated T0 plants were transplanted to the
field and selfed to produce T1 and T2 generations.

2.4. Genotyping and Off-Target Analysis

Genomic DNA was extracted from young leaves using the CTAB method [25]. The target
region of OsVIN2 was amplified with specific primers (F: 5′-CGCTTCCCTACTCCTACTCG-3′,
R: 5′-CATCAGCCTCACCATCTCCT-3′) (Table S1) under the following conditions: 94 ◦C for
5 min; 35 cycles of 94 ◦C for 30 s, 58 ◦C for 30 s, 72 ◦C for 30 s; and 72 ◦C for 10 min. PCR
products were Sanger-sequenced, and mutation types were identified by comparing with
WT sequences using DNAMAN 9.0. For off-target detection, 6 potential sites predicted by
CRISPR-P were amplified and sequenced in homozygous mutants.

2.5. Agronomic Trait Measurement

At maturity, 15 T2 plants from each mutant line (osvin2-#4, #19) and WT were ran-
domly selected for trait analysis. Plant height (distance between the ground surface
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and the tip of the main panicle), tiller number(number of tillers at maturity), panicle
length(distance between the rachis and the tip of the main panicle), and grain number per
panicle were recorded (15 plants). Grain length and width were measured using a digital
caliper (n = 300 grains per line). 1000-grain weight was determined using three replicates of
fully filled grains. All data are presented as mean ± standard deviation (SD), and statistical
significance was determined using Student’s t-test (p < 0.01).

3. Results
3.1. CRISPR/Cas9 Target Site Selection for the OsVIN2 Gene

Firstly, sequence analysis revealed that the OsVIN2 gene contains three exons. Con-
sidering that the first exon of OsVIN2 encodes a conserved domain critical for vacuolar
invertase activity, we envision designing a target site within this region. Based on analysis
from the prediction website, a sgRNA with high specificity was selected (Figure 1A). To
ensure the suitability of this sgRNA in our selected material (MH86, which is an elite
indica rice variety with high yield potential and moderate grain quality), we then amplified
the sequence flanking this sgRNA in MH86. Sequence alignment results indicated that
the sequence at this site in MH86 is identical to that in reference genome Nipponbare
(Figure S1). Therefore, this sgRNA was prioritized for subsequent vector construction.

Figure 1. sgRNA Targeting Site and Genomic Sequence Variations in osvin2 Mutants Relative to
MH86. (A). The exons and sgRNA1 in the OsVIN2 gene (Os02g0106100) sequence are indicated by
black boxes and red font respectively, and protospacer adjacent motif (PAM) in gene is indicated
asterisks. (B). The sequencing results of the T0 mutant of OsVIN2 show that the inserted part is
indicated by green letters, the number of missing bases is indicated by “-”, and the number on the
right indicates the number of bases that have been reduced or inserted compared to OsVIN2. Those
without insertion or reduction are wild type (WT).

3.2. CRISPR/Cas9-Mediated Mutagenesis of OsVIN2

The CRISPR/Cas9 expression vector harboring sgRNA was introduced into MH86
calli via Agrobacterium tumefaciens-mediated transformation, and a total of 30 independent
T0 transgenic plants were regenerated. Genomic DNA extracted from young leaves was
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used to amplify and identify the mutations of OsVIN2 gene. Sequencing results showed
that 18 plants (60.0% efficiency) carried mutations in OsVIN2, including 5 homozygous
mutants, 6 biallelic mutants, and 7 heterozygous mutants (Table 1). Most mutations were
small deletions (1–20 bp), accounting for 74.2% of edited alleles, while one line exhibited
a large-fragment editing with a 205-bp deletion (Figure 1B; Table S2). These findings
demonstrated efficient editing of OsVIN2 using this sgRNA via the CRISPR/Cas9 system.

Table 1. T0 plants transformed with Cas9/sgRNA constructs targeting the homologous sequences of
OsVIN2 genes.

Variety No. of Transgenic
Plants

No. of Plants with
Mutations (%)

No. of
Homozygous
Mutants (%)

No. of Biallelic
Mutants (%)

No. of
Heterozygous
Mutants (%)

MH86 30 18 (60) 5 (16.6) 6 (20.0) 7 (23.3)

3.3. Putative Off-Target Analysis

Off-target effects have long been a major concern in the CRISPR/Cas9 system. Thus,
evaluating the off-target effects by detecting mutations in potential off-target sequences
remains an essential step. Therefore, we used the online tool OffTarget (http://skl.scau.
edu.cn/offtarget/, accessed on 28 December 2025) to predict potential off-target sites of
sgRNA-OsVIN2. Subsequently, 5 homozygous mutants with distinct mutation (osvin2-#2,
#4, #5, #19, #9) were selected to assess the predicted off-target sequences. PCR identification
results showed that no mutations were detected in the transgene-free mutant lines (Table 2,
Figure S2). These results indicated that the designed sgRNA exhibits high specificity in
inducing mutations in the OsVIN2 gene, thereby ensuring the reliability of subsequent
phenotypic analyses.

Table 2. Evaluation of potential off-target sites.

Target Name of Putative
Off-Target Sites

Putative Off-Target
Locus Putative Off-Target Sequence No. of Mismatch

Bases
No. of Plants
Examined

No. of Indel
Mutations

sgRNA

OFF1 chr01: 24753948 TGGTCGTCTTCTCCGGCGTC GGG 3 5 0
OFF2 chr02: 21042203 TGAAGGTGCTCTCCGGCGTC AGG 3 5 0
OFF3 chr01: 22880578 CGGCGATCCACTCCGGCGCC AGG 4 5 0
OFF4 chr03: 35220013 TGGCGGTGGTCGCCGACGTC AGG 4 5 0
OFF5 chr09: 15493407 TGCTCGTCCTCTTCGGCGTC AGG 4 5 0
OFF6 Chr01: 26653040 GGGAGGTCCTCGCCGGCGAC AGG 4 5 0

3.4. Phenotypic Analysis of Grain Size in OsVIN2 Mutants

To evaluate the effect of OsVIN2 mutants on grain size, we measured grain dimensions
of homozygous transgene-free T2 mutants (osvin2-#4, #19) and wild-type MH86. Compared
with wild type, the mutant seeds showed a significant reduction in both length (19.9%)
and width (15.2%), resulting in a 39.2% decrease in 1000-grain weight (Figure 2). Notably,
the seed setting rate of OsVIN2 mutants remained unaffected (Figure 2), indicating that
the mutation specifically targeted grain size without influencing reproductive output.
Scanning electron microscopy of the lemma and palea revealed that the outer epidermal
cells of mutants were smaller than those of wild-type plants, with no significant change
in cell number (Figure 3). For cell counting, 10 randomly selected regions per lemma
were analyzed, and 20 grains per line were measured. This indicated that the reduced
grain size in osvin2 mutants was primarily caused by suppressed cell expansion rather
than altered cell division—consistent with the role of vacuolar invertases in regulating
cell turgor pressure [26]. These findings confirmed that OsVIN2 effectively regulated cell
expansion to determine grain size in rice.
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Figure 2. The grain phenotype differences between MH86 and osvin2 mutants. (A). The morphology
of rice grains after the growth of osvin2 mutant plants. Scale bar, 1 cm. (B). Grain width, grain length,
1000-grain weight and seed setting rate of MH86 and osvin2 mutants. NS, no significant difference.
Data are presented as mean ± SD. Student’s t-test was used to generate the p-values (** p < 0.01).

Figure 3. Scanning electron microscopic observation of spikelet lemma in MH86 and osvin2 mutants.
(A). Scanning electron microscopy was used to observe the outer epidermal cells of mature seeds of
the osvin2 mutant. Scale bar, 50 µm. (B). Presents the comparative analysis of outer integument cell
characteristics among the above materials, specifically including, comparison of outer cell length,
comparison of outer cell width, and comparison of outer cell number. NS, no significant difference.
Data are presented as mean ± SD. Student’s t-test was used to generate the p-values (** p < 0.01).
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3.5. osvin2 Mutants Confer Superior Grain Quality

With growing consumer demand, rice quality has become a primary focus in rice
breeding. This complex trait encompasses multiple dimensions including grain appearance,
cooking properties, eating quality, and nutritional value. Accordingly, we analyzed key
quality traits of polished grains from osvin2 T2 mutants to evaluate improvements in
grain quality. The results showed that compared with the wild type, osvin2 mutant grains
exhibited superior grain appearance, characterized by significantly reduced chalkiness rate
and chalkiness degree (Figure 4A–C). Furthermore, the protein content of osvin2 mutants
was 10.1%, higher than the 9.1% in the wild type (Figure 4D). Amylose content (AC) is a
critical factor determining rice’s cooking and eating quality. In general, high AC results
in distinct, firmer grains, while lower AC yields a softer, stickier texture. Expectedly, the
amylose content in osvin2 mutants was noticeably lower than that in wild type (Figure 4E).
However, no significant differences were observed in alkali spreading value, gel consistency,
grain length/width ratio, or total starch content between osvin2 mutants and the wild
type (Figure 4F–I). Collectively, these analyses demonstrate that osvin2 mutants exhibit
improved rice quality, specifically manifested in enhanced visual appearance, increased
protein content, and optimized amylose content.

Figure 4. Comprehensive Comparison of Rice Grain Quality Traits between MH86 and osvin2
mutants. (A) Appearance of polished grains of MH86 and osvin2 mutants. Scale bar, 1 cm (B–I). The
analysis and comparison charts of the chalkiness rate (B), chalkiness degree (C), protein content (D),
amylase content (E), alkali spreading value (F), gel consistency (G), grain length/width ratio (H) and
total starch content (I) of MH86 and osvin2 mutants are presented respectively. NS, no significant
difference. Data are presented as mean ± SD. Student’s t-test was used to generate the p-values
(** p < 0.01).
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3.6. Agronomic Traits of osvin2 Mutants

To assess the impact of OsVIN2 on other agronomic traits, we investigated the field
performance of T2 mutants. The results showed that the plant height and tiller number of
osvin2 mutants remained unchanged (Figure 5A,B). Additionally, panicle number per plant
and grain number per panicle of osvin2 mutant lines were comparable to those of the wild
type (Figure 5C,D). Importantly, critical growth stages such as heading date and maturity
were unaffected in osvin2 mutants (Figure 5E), ensuring their adaptability to local cropping
systems. Nevertheless, due to the reduced grain size and decreased 1000-grain weight of
the osvin2 mutants, this results in a significant reduction (27.3–30.3%) in grain yield per
plant (Figure 5F). These findings indicated that osvin2 mutants had minimal impact on
overall plant architecture. The observed yield adjustment was a specific consequence of the
targeted grain size modification, rather than a broad disruption of plant growth.

Figure 5. Plant Phenotypic Comparison and Analysis of Major Agronomic Traits between MH86 and
osvin2 mutants. (A) The plant phenotypes of MH86 and osvin2 mutant. Scale bar, 20 cm. (B) Plant
height, Tiller number of MH86 and osvin2 mutants. (C–F) Panicle number per plant (C), Grain number
per panicle (D), Days to flowering (E) and grain yield per plant (F) of MH86 and osvin2 mutants. NS,
no significant difference. Data are presented as mean ± SD. Student’s t-test was used to generate the
p-values (** p < 0.01).

4. Discussion
The development of small-grained rice varieties holds significant practical value for

advancing mechanized hybrid rice seed production. Their reduced grain size facilitates
precise mechanical sorting during seed production, which can simplify large-scale cultiva-
tion, standardize seed quality, and reduce labor costs associated with traditional manual
sorting [3,4]. Although this study did not directly measure mechanization efficiency, the
size difference between mutant and WT grains (19.9% shorter and 15.2% narrower) pro-
vides a theoretical basis for mechanical separation. This study demonstrates that targeted
editing of OsVIN2 can simultaneously improve grain quality, including decreased amylose
content and palatability, highlighting the multifaceted advantages of this approach.

Previous research cloned a completely recessive grain size QTL gene, TGW5FH212,
which is a weak allele of the known D1 gene. The introduction of TGW5FH212 converts con-
ventional male sterile lines into small-grained sterile lines, increasing grain number while
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reducing grain size, thus providing a solution for low-cost, high efficiency mechanized
hybrid rice seed production. However, it also results in a dwarf phenotype in NILFH212 [4].
In contrast, the osvin2 mutants in this study only showed a significant improvement in
grain shape (Figures 2 and 3), without affecting other key agronomic traits such as tiller
number, seed-setting rate, and flowering time (Figure 5). This minimal impact on overall
plant architecture offers a feasible strategy for enhancing the efficiency of hybrid rice seed
production.

The identification of OsVIN2 as a positive regulator of grain weight provides a new
molecular target for grain size regulation. Frameshift mutations in the first exon stably pro-
duce a small-grain phenotype, demonstrating that disrupting this vacuolar invertase gene
is a feasible and actionable methodological approach for reducing grain weight without
major pleiotropic effects. Unlike traditional breeding methods that often introduce linked
undesirable traits, our approach enables targeted modification of grain size while improv-
ing rice quality without significantly compromising important agronomic characteristics
such as plant type. The OsVIN2-edited lines developed in this study can be integrated into
elite male sterile backgrounds to breed small-grained sterile lines suitable for mechanized
hybrid seed production.

5. Conclusions
In summary, this study successfully demonstrated that CRISPR/Cas9-mediated tar-

geted editing of the OsVIN2 gene in the elite indica restorer line MH86 is an effective
strategy for creating novel small-grained rice germplasm with superior quality attributes.
By precisely modifying the first exon of OsVIN2, we achieved a significant reduction in
grain size (19.9% shorter and 15.2% narrower) without compromising key agronomic traits
such as tiller number, seed-setting rate, heading date, and plant architecture. Furthermore,
the edited lines exhibited substantial improvements in grain quality, including increased
protein content, and optimized amylose content. The high specificity of the designed
sgRNA, confirmed by the absence of off-target mutations, ensures the reliability and safety
of the edited germplasm for future breeding applications. This research not only identifies
OsVIN2 as a robust molecular target for synchronously regulating rice grain size and quality
but also provides a practical framework for accelerating the development of small-grained
rice varieties suitable for mechanized hybrid seed production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology15010064/s1, Figure S1: Exon sequence of the OsVIN2
gene in MH86 material; It is consistent with the Os02g0106100 gene sequence, indicating that the
OsVIN2 gene expression cassette in the edited material is intact without genomic variations that
significantly affect gene function. Figure S2. The genomic locations and sequence information of
potential off-target sitesOFF-target sites 1 to 6. Table S1. List of primers used in this study. Table S2.
Genotypes of T0 mutant plants in MH86.
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