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Abstract 
Rice grain width is intricately governed by multiple aspects of grain development, such as cell division and expansion, 
thereby affecting overall grain morphology. Several key genes were identified and studied for their role in regulating 
grain width. OsSPL16/GW8 is a positive regulator of grain width by boosting grain weight, a major determinant of 
grain yield. The GW8 mRNA transcripts are cleaved by miR156, leading to reduced gene expression. In this study, 
we employed the CRISPR/Cas9 system to generate gw8 mutants with a disrupted GW8-miR156 binding site to 
enhance both grain morphology and yield in the ASD16 rice genetic background. Agrobacterium-mediated rice genetic 
transformation resulted in the generation of 25 putative gw8 mutants. Sanger sequencing revealed the presence of 
mutations within and outside the GW8-miR156 module. Notably, plants harboring mutations disrupting the GW8-
miR156 module exhibited an altered grain morphology with awn and poor grain set. Further research is needed to 
unravel the pleiotropic effects associated with the GW8-miR156 module in rice.
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INTRODUCTION
Rice is an important cereal crop widely consumed by the 
majority of the global population. As the world’s population 
continues to expand, there is a pressing need to increase 
grain yields to meet rising food demands. Rice grain 
yield depends on three primary components, panicles 
per plant, grains per panicle, and grain weight. The rice 
grain weight is mainly determined by length, width, and 
thickness (Chen et al., 2021; Wang et al., 2022). The 
structure of the rice grain is complex, consisting of the 
embryo and endosperm surrounded by a thin seed coat 
and enveloped by a hull. The endosperm, the main edible 
part of the rice plant, constitutes the majority of the mature 
seed, storing starches and essential nutrients. Moreover, 
the spikelet hull, comprising the palea and lemma, not 

only acts as a protective covering but also influences 
the grain-filling capacity (Juliano and Tuaño, 2019). 
Recent research has provided insights into the underlying 
mechanisms governing the grain size of rice. The first 
QTL to be successfully cloned in rice was GRAIN WIDTH 
2 (GW2), which encodes a RING-type E3 ubiquitin ligase 
that negatively regulates cell count and size. A deletion 
of 67 bases in the 3’ splice site of the 6th intron of the 
GW2 gene resulted in the development of wider grains 
and sturdier culms in rice, which in turn led to enhanced 
grain yield (Yamaguchi et al., 2020). Additionally, the 
downregulation of OsGW2 in indica rice genotypes 
through RNAi technology resulted in wider and heavier 
grains (Verma et al., 2021). The GS3 gene, located in 
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the pericentromeric region of the third chromosome, also 
governs the size of rice grains. Loss-of-function mutations 
in the N-terminal region of the GS3 protein result in the 
production of slender rice grains (Takano-Kai et al., 2009). 
The WIDE AND THICK GRAIN 1 (WTG1) gene plays 
a crucial role in regulating the size and shape of grains 
through cellular expansion mechanisms. When WTG1 is 
over-expressed, it leads to the development of narrow, 
thin, and elongated grains. In contrast, the γ-induced 
wtg1 mutation results in wider and shorter grains with an 
increased abundance of grains per panicle (Huang et al., 
2017). The GSE5 gene is recognized as a prominent QTL 
influencing rice chalkiness, demonstrating pleiotropic 
effects on both chalkiness and grain shape. Through 
genetic analysis, it was determined that GSE5 operates 
as a dominant gene affecting grain length and as a semi-
dominant gene influencing grain width and chalkiness. 
(Jiang et al., 2022). The GSE9 gene contributes to the 
grain morphological differences between indica and 
japonica rice varieties (Chen et al., 2023).

The SQUAMOSA-PROMOTER BINDING PROTEIN-
LIKE (SPL) genes are a specialized group of transcription 
factors that play multiple roles in various developmental 
processes, including those related to phase transitions 
in reproductive structures such as flowers and grains  
(Xie et al., 2006; Li et al., 2022; Liu et al., 2016). Specifically, 
two SPL genes, OsSPL13 and OsSPL16, have been 
found to regulate grain size and shape in rice (Xie et al., 
2006). OsSPL13 or GLW7 is involved in regulating the 
length and thickness of rice grains but does not influence 
grain width (Si et al., 2016). The OsSPL16 or qGW8  
(Grain Width 8) gene expedites the grain filling and 
increases grain width. OsSPL16 enhances latitudinal 
expansion through the stimulation of cell proliferation 
but inhibits longitudinal expansion by suppressing 
cell elongation (Wang et al., 2012). OsSPL16 is also 
one of the 11 SPL genes that are potential targets of 
a highly conserved microRNA, OsmiR156 (Wang et 
al., 2012; Wang and Zhang, 2017). Elevated levels 
of mature miR156 transcripts lead to a substantial 
decrease in OsSPL16 expression, ultimately causing 
a reduction in the size of rice grains. However, 
transgenic overexpression of SPL16/GW8 is shown 
to enhance both cell division and grain filling, leading 
to positive effects on grain width and overall rice yield  
(Wang et al., 2012). Additionally, SPL16/GW8 regulates 
grain size by binding to the promotor of the GW7 gene 
and repressing GW7 gene expression (Wang et al., 2015).

The mechanism of CRISPR/Cas9 involves directing 
the Cas9 enzyme to the target region in the genome 
through a small-guide RNA (sgRNA), upon reaching 
its designated target within the genome, the Cas9 
enzyme initiates a break in both strands of the DNA. 
Subsequently, this double-stranded break is repaired by 
the repair machinery inherent to the cell, resulting in the 
installation of specific modifications to the DNA (Jiang and  

Doudna, 2017). The CRISPR/Cas9 system possesses 
the ability to expedite the breeding process and introduce 
desirable traits into crops by optimizing the shape, size, 
and quality of crops, and it is a promising tool for crop 
improvement (Jaganathan et al., 2018). In this study, we 
attempted to generate gw8 mutants with mutations in the 
miR156 binding site to enhance both grain morphology 
and yield in the rice variety ASD16.

MATERIALS AND METHODS
Development of the CRISPR/Cas9 construct: The gene 
sequence and structure information of OsSPL16/GW8 
(BGIOSGA029051) were retrieved from the Ensembl 
Plants database. The GW8 gene is composed of four 
exons with a CDS of 1,248 bp and a translation length 
of 415 amino acids. The sgRNA targeting the miR156 
binding site present in the fourth exon was designed (Fig. 
1A) using the web tool CRISPR-GE (Xie et al., 2017). 
Suitable adaptor sequences were added at the 5’ end of 
the oligos (Fig. 1A). The annealed oligos were ligated 
into the linearized binary vector pRGEB32 (Addgene 
plasmid # 63142; http://n2t.net/addgene:63142; RRID: 
Addgene_63142) at the BsaI site. The recombinant 
plasmid harboring the GW8-sgRNA expression cassette 
(Fig. 1B) was transformed into E. coli, and subsequently 
mobilized into the Agrobacterium and used as the 
inoculum for the co-cultivation.

Genetic transformation:The putative mutants were 
generated by using immature embryos of ASD16 as 
explants, employing the Agrobacterium-mediated genetic 
transformation method suggested by Hiei and Komari 
(2008) with minor modifications (Nithya et al., 2020; 
Arulganesh et al., 2021; Kumam et al., 2021) (Fig. 1C). 

Genotyping of putative gw8 mutants: Genomic DNA was 
isolated from wild-type (WT) and putative gw8 mutants. 
The PCR confirmation of the presence of exogenous 
genetic elements such as the hpt and cas9 genes in the 
T0 plants was performed using gene-specific primers 
(Table 1). The target protospacer region was amplified 
using target-specific primers (Table 1) and Sanger 
sequenced (Biokart, Bengaluru). The CRISPR edits were 
analyzed using the online tool DSDecodeM (Liu et al., 
2015). The T0 plants with mutations progressed through 
T1 and T2 generations to confirm the stable inheritance of 
the mutation.

RESULTS AND DISCUSSION
Previous studies have indicated that modifying the 
GW8-miR156 regulatory module has the potential for 
developing rice varieties with enhanced grain yield and 
improved grain quality (Wang et al., 2012). However, 
there are no reports on targeted editing of the miR156 
binding site present in the OsSPL16/GW8 gene. Hence, 
we attempted to disrupt the GW8-miR156 binding site 
through the CRISPR/Cas9 system to study changes in 
grain morphology. 
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Fig. 1. CRISPR/Cas9-mediated editing of GW8-miR156 module. A) Gene structure and location of sgRNA 
target site in SPL16/GW8 gene. B) Physical map of pRGEB32-GW8-sgRNA construct. C) Agrobacterium-
mediated rice genetic transformation of ASD16. D) PCR analysis for the presence of hpt and Cas9 genes in 
representative edited events. E) DNA traces of target region in homozygous gw8 mutants (T2). Nucleotides 
highlighted in green represent the miR156 binding site, ‘i’ denotes insertion, ‘d’ denotes deletion, and ‘s’ 
denotes substitution. 
 
 
 
 

Molecular characterization of edited plants: A short-guide 
RNA targeting the miR156 binding site present in the 
fourth exon of the GW8 gene was cloned and mobilized 
into Agrobacterium. A total of 25 independent transgenic 
events were generated in cv. ASD16 with a transformation 
efficiency of 2.53% (Table 2). All the putative T0 events 

were positive for the hpt and cas9 genes (Table 2,  
Fig. 1D). Sanger sequencing of the target region revealed 
the presence of mutations in twelve mutants, indicating 
a mutation efficiency of 48% (Table 2). All twelve events 
were advanced to the T1 generation, and six events were 
identified to be homozygous mutants. Subsequently, 

Fig. 1. CRISPR/Cas9-mediated editing of GW8-miR156 module

A) Gene structure and location of sgRNA target site in SPL16/GW8 gene. B) Physical map of pRGEB32-GW8-sgRNA construct. 
C) Agrobacterium-mediated rice genetic transformation of ASD16. D) PCR analysis for the presence of hpt and Cas9 genes in 
representative edited events. E) DNA traces of target region in homozygous gw8 mutants (T2). Nucleotides highlighted in green 
represent the miR156 binding site, ‘i’ denotes insertion, ‘d’ denotes deletion, and ‘s’ denotes substitution.
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Table 1. Primers used in this study

Name of the 
gene/ selection 
marker

Forward and reverse primers
(5’--- 3’)

PCR temperature profile Amplicon 
size

hpt hpt F: GCTGTTATGCGGCCATTGGTC
hpt R: GCCTCAGAAGAAGATGTTG

94 °C for 5 mins
94 °C for 45 secs
58 °C for 45 secs     30 cycles
72 °C  for 45 secs
72 °C  for 10 mins

686 bp

cas9 cas9 F: CTTCTGGCGGTTCTCTTTAG
cas9 R: TGCTGTTTGATCCGTTGTTC

95 °C for 5 mins 
95 °C for 45 secs
52 °C for 45 secs     30 cycles
72 °C for 45 secs
72 °C for 10 mins

478 bp

GW8-Exon 4 GW8 F: AACCGAGGAGAGCCCATACT
GW8 R: CATGAGAACGGCAGAGACGA

95 ˚C for 5 mins 
95 ˚C for 45 secs
59 ˚C for 45 secs    30 cycles
72 ˚C for 45 secs
72 ˚C for 10 mins

678 bp

Table 2.  Agrobacterium-mediated transformation of ASD16

Variety Number of 
co-cultivated 

embryos

Number 
of events 

regenerated

Transformation 
efficiency#

(%)

Number of
hpt & cas9

positive 
events

Number of 
plants with 
mutation

Mutation 
efficiency* (%)

ASD16 986 25 2.53 25 12 48

#Transformation efficiency = (Number of events regenerated/ Total number of embryos co-cultivated) × 100
*Mutation efficiency = (Number of events with mutation/ Total number of events regenerated) × 100

these six events, comprising four with indels outside the 
miR156 binding site and two with indels within the miR156 
binding site, were further advanced to the T2 generation. 
Sanger sequencing of the target region of T2 plants 
revealed that the mutations were inherited, as observed 
in the T1 generation. The nucleotide changes outside the 
miR156 binding site were limited to one base pair in all 
four mutants. Conversely, the two mutants with mutations 
within the miR156 binding site had larger deletions of 16 
bp and 10 bp (Fig. 1E, Table 3). 

Phenotypic alterations in grain morphology: Plants with 
mutations outside the miR156 binding site displayed 
grain morphology similar to the wild-type. Conversely, 
plants with mutations disrupting the miR156 binding site 
displayed a distinct grain morphology characterized by 
awn. The grain length in mutants increased to 9.7 mm 
from 7.1 mm (ASD16-WT), while the average grain width 
in mutants decreased to 2.6 mm from 3.2 mm (ASD16-
WT) (Fig. 2). This resembles the traits found in wild 
rice, where it yields fewer lengthy grains accompanied 
by extended awns that play a vital role in both seed 
dispersal and protecting seeds from being consumed 
by granivores (Hua et al., 2015). Through millennia of 
selective breeding, plant breeders have selected and 
cultivated rice plants with shorter and awnless grains, 
more grains per panicle, all of which contribute to the 
ease of post-harvest processing and storage (Bessho- 
Uehara et al., 2021). 

Furthermore, a reduced number of filled grains per 
panicle (approximately 20 grains per panicle) and an 
increased presence of chaffy spikelets were observed in 
the plants with mutations within the miR156 binding site. 
The plants with mutations outside the miR156 binding 
site also exhibited reduced panicle length and had poor 
grain set (Fig. 2). Awns play a role in altering the structure 
of spikelets, leading to increased spikelet sterility and 
grain enlargement. This phenomenon can be attributed 
to the distribution of photosynthetic assimilates toward 
the rapidly growing longer awns in rice, resulting in a 
reduction in spikelet fertility. Consequently, awns compete 
for assimilates during the growth of the ovary, resulting 
in a further decrease in rice grain yield (Rebetzke et al., 
2016). This is in contrast with other cultivated cereals that 
retain longer awns, such as wheat and barley. In these 
grains, awns serve as important photosynthetically active 
organs that aid in grain filling, accounting for 30–50% of 
the total grain weight (Lu and Lu, 2004). 

Awn development is a complex trait regulated by many 
genes, including An1, An2, Laba1, and many others 
(Luong et al., 2022; Luo et al., 2013; Hua et al., 2015). 
GAD1 encoding EPFL peptide regulates grain number, 
grain length, and awn development in rice. The non-
functional gad1 gene resulted in an increased number 
of grains per panicle, shorter grains, and awnless 
phenotypes in cultivated rice (Jin et al., 2023). There is no 
direct evidence linking the GW8-miR156 module to awn 
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Fig. 2. Phenotypic observation of gw8 mutants. A) Panicle morphology. B) Grain morphology. 
 
 
 

 
formation in rice. However, further research is needed to 
elucidate the signaling networks through which SPL16/
GW8 influences awn development in rice.

Hence, we conclude that the targeted editing of the 
GW8-miR156 module via the CRISPR/Cas9 tool resulted 
in the development of gw8 mutants exhibiting wild rice 
characteristics. Over-expression of SPL genes is often 
associated with negative pleiotropic effects. Hence, 
novel strategies have to be adopted for fine-tuning the 
expression levels of SPL genes for positive regulation. 
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