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Abstract
Grain chalkiness is an undesirable agronomic trait that negatively affects both the yield and quality of rice (Oryza 
sativa). The molecular mechanisms underlying chalky grain phenotype have remained largely unclear. In this study, 
we selected the rice variety HK300 with a high chalkiness, and ZR24D with a low chalkiness, as experimental 
materials and systematically characterized the reasons of grain chalkiness formation at molecular level by means of 
RNA-seq analysis. Analysis results revealed that the differentially expressed genes (DEGs) in these two rice varieties 
were significantly enriched in transcriptional regulation, sucrose and starch metabolism, and phytohormone signal 
transduction. Moreover, we found the expression of 13 genes related to trehalose pathway (4 out of 14 TPS genes 
and 9 out of 13 TPP genes in rice genome) were significantly different between the two varieties, indicating 
trehalose synthesis pathways may contribute to the increased chalkiness formation. Notably, the number of DEGs 
associated with the signal transduction pathway for indole-3-acetic acid (IAA), which has been rarely studied 
for its involvement in chalkiness formation, was the highest among those associated with plant hormone signal 
transduction. Among them, the expression of two IAA receptor genes, OsAFB3 and OsAFB5, were significantly lower 
in HK300 than that in ZR24D through RNA-seq and qRT-PCR. Furthermore, we newly validated the two genes 
negatively regulated the formation of chalkiness through gene knockout. Our findings provided the theoretical 
basis and novel gene resources for molecular breeding aimed at improving rice quality.
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Introduction
Rice is the staple food for over the half of the world pop-
ulation (Yang et al. 2021). Historically, breeders have 
focused on increasing rice yields to satisfy the escalat-
ing food demands of a growing population (Yang et al. 
2021). Advances in breeding technology, particularly the 
use of heterosis, have substantially enhanced these yields 
(Gong et al. 2017). However, as living standards improve, 
the demand for high-quality rice is gradually rising. Thus, 
breeders are now also prioritizing improvements in rice 
quality (Gao et al. 2024). Quality traits of rice include 
its appearance, milling properties, nutritional value, and 
cooking and eating characteristics (Custodio et al. 2019). 
A key quality issue is chalkiness-an opaque feature in the 
rice endosperm that negatively affects its appearance and 
its milling, cooking, and eating quality (Misra et al. 2019). 
Thus, reducing chalkiness in rice grain is essential for 
enhancing their overall quality.

The chalkiness formation in rice is closely associated 
with the development of its endosperm, which under-
goes four stages: coenocyte stage, cellularization stage, 
aleurone layer and starchy endosperm cells differen-
tiation stage, and stored substances accumulation stage 
(Wu et al. 2016). This process is governed by multiple 
genes. OsKRP1, OsKRP2, OsENL1 and OsGCD1 are all 
involved in the regulation of cell cycle, loss function of 
those genes results in abnormal endosperm development 
(Hara et al. 2015; Huang et al. 2017; Ajadi et al. 2019). 
MADS-box family transcription factors (TFs) play a 
role in cellularization and storage material accumulation 
regulation. Dysregulation of OsMADS78, OsMADS79 
and OsMADS87 accelerates the cellularization process 
in rice endosperm, resulting in impaired starch granules 
(SGs) (Chen et al. 2016; Paul et al. 2020). OsMADS1, 
OsMADS7 and OsMADS29, affect the content of starch 
and the fine structure of SGs in the endosperm through 
regulating starch synthesis genes expression (Zhang et al. 
2018; Liu et al. 2023a, b).

Starch is the predominant storage substance in rice 
endosperm, comprising more than 80% of its dry weight 
(Fan et al. 2022). Several genes, such as OsGIF2, OsAG-
PS2b and OsAGPL2, encoding ADP-glucose pyro-
phosphorylase (AGP) subunits, are essential for starch 
synthesis in rice endosperm (Wei et al. 2017). Loss func-
tion of these genes resulted in the obstruction of starch 
synthesis and chalkiness worsened (Wei et al. 2017). 
Waxy (Wx) genes encode granule-bound starch synthase 
I (GBSSI), which utilizes ADP-glucose to synthesize amy-
lose in the endosperm. To date, at least nine allelic varia-
tions at the Wx loci have been identified, with the content 
of amylose and the structure of SGs closely associated 

with these variations (Tang et al. 2024). Amylopectin is 
typically synthesized from adenosine diphosphate glu-
cose (ADPG) through the catalytic actions of soluble 
starch synthase (SS), starch branching enzyme (SBE), and 
debranching enzyme (DBE) (Huang et al. 2021). Abnor-
mal expression of genes encoding these enzymes can 
lead to abnormal SG structure (Chao et al. 2019; Jin et al. 
2023).

Trehalose is a stable non-reducing disaccharide that 
is mainly synthesized in plants through the trehalose-
6-phosphate synthase/trehalose-6-phosphate phos-
phatase (TPS/TPP) pathway (Martins et al. 2013). In 
Arabidopsis, trehalose-6-phosphate (T6P), the core inter-
mediate product in the trehalose synthesis pathway, reg-
ulates starch metabolism through posttranslational redox 
activation of AGPase and starch degradation (Kolbe et al. 
2005; Martins et al. 2013). In cereals, TPP/TPS pathway 
is involved in the regulation of grain phenotypes forma-
tion, and apart from the known molecular mechanism of 
TaTPP-7 A in wheat regulating starch synthesis and grain 
filling mainly through T6P-SnRK1 pathway and sugar-
ABA interaction, other regulatory modes are still sketchy 
(Li et al. 2019; Liu et al. 2023a, b; Miret et al. 2024).

Indole-3-acetic acid (IAA) is an important signal-
ing molecule, essential for development processes in 
higher plants (Zhang et al. 2020). Quantitative studies 
on IAA in rice endosperm have shown that the content 
vary with endosperm development (Kabir et al. 2017). 
The synthesis of IAA is activated at 3 days after flower-
ing (DAF), and as storage substances accumulate, the 
IAA content in the endosperm also increases rapidly 
(Zhang et al. 2020). OsTAR1, OsYUC9 and OsYUC11 are 
the key enzymes in the IAA biosynthesis. In the mature 
seeds of osyuc11 mutant, SGs were loosely packed and 
many grains appeared chalky (Xu et al. 2021). Similarly, 
the ostar1 and osyuc9 strains exhibited increased grain 
chalkiness comparable with the osyuc11 mutant (Xu et 
al. 2021). The IAA signaling transduction has also been 
extensively studied, mainly involves three types of pro-
teins: SCFTIR1/AFB E3 ubiquitin ligases (encoded by 
TIR1/AFB genes), Aux/IAA repressor proteins and auxin 
response factors (ARFs). ARF proteins bind to promot-
ers to activate or repress target genes. Aux/IAA repressor 
proteins inhibit ARF proteins activity. TIR1/AFB pro-
teins, which are receptors for IAA, mediate the ubiquiti-
nation and subsequent degradation of Aux/IAA proteins, 
thus freeing ARF to regulate gene expression (Shi et al. 
2023). However, there is limited research on the involve-
ment of IAA signaling transduction pathway in the for-
mation of rice chalkiness.
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The findings of extensive research indicate that rice 
quality formation is a complex process, determined by 
multiple biological pathways. Here, we examined a rice 
variety, HK300, exhibits poor quality traits, particularly 
severe chalkiness, with a chalky grain rate exceeding 98%. 
To investigate the mechanisms underlying chalkiness in 
HK300 and to enhance rice quality, we used ZR24D as 
a control, which has a significantly lower chalky grain 
rate of 8.4%, and RNA-seq was conducted on seeds 
from both HK300 and ZR24D at 5, 7 and 10 DAF. Our 
enrichment analysis revealed significant activity in gene 
ontology (GO) terms related to transcription regulator 
activity and DNA-binding transcription factor activity 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways involved in starch and sucrose metabolism as 
well as plant hormone signal transduction. Differentially 
expressed genes (DEGs) analysis indicated significant 
changes in the expression of genes associated with early 
endosperm development, carbon partitioning, sugar 
transport, starch biosynthesis and degradation, stor-
age material accumulation, the trehalose pathway, and 
phytohormone signal transduction throughout seed 
development. Moreover, we newly confirmed that two 
IAA receptor proteins, OsAFB3 and OsAFB5, which are 
involved in IAA signal transduction, negatively regulated 
rice chalkiness. Our findings systematically clarified the 
potential molecular mechanisms underlying chalki-
ness formation and provide a theoretical basis and new 
genetic resources for improving rice quality.

Materials and methods
Plant Materials
ZR24D, a rice variety with a low percentage of chalky 
grains, was obtained from the Rice Research Institute 
at the Guangxi Academy of Agricultural Sciences in 
Guangxi, China. By contrast, HK300, a rice variety with 
a high percentage of chalky grains, was obtained from 
Guangdong Gudao Agriculture Co., Ltd. Nipponbare 
served as the genetically modified background material. 
osafb3-5 and osafb3-6 were the homozygous knock out 
lines of OsAFB3, and osafb5-9 and osafb5-10 were the 
homozygous knock out lines of OsAFB5. All these mate-
rials were cultivated under normal field management 
conditions at the experimental field of the Grain Crop 
Research Institute of the Hubei Academy of Agricultural 
Sciences, Hubei, China.

Phenotypic Evaluation
The grain length, width, and thickness of mature and 
plump seeds from each strain were measured using 
a vernier caliper. At least 50 seeds from each line were 
measured. The 1000-grain weight was determined by 
weighing 1000 seeds from each line using an electronic 
balance (Sunny Hengping Instrument, FA2004), and this 

procedure was performed independently three times. 
Mature and dried seeds were horizontally sliced into 
approximately 2-mm sections by using a dissecting knife, 
and these sections were observed and photographed 
under a stereomicroscope (Leica, S9D). The percentage 
of chalky grains for each line was assessed by visually 
examining the proportion of chalky seeds among 50 ran-
domly selected dehulled seeds. This process was repeated 
independently three times. At maturation stage, at least 
eight plants of each line in the middle of each plot were 
sampled and assessed for plant height, tiller number and 
spike number per plant.

Starch and Protein Content Measurement
Flour from polished rice was used to determine the con-
tents of total starch, amylose, amylopectin, total protein, 
albumin, prolamin, glutelin, and globulin. The starch 
contents were quantified using a plant starch content 
kit (QYS-234027), the amylose content was determined 
using an amylose content test kit (QYS-234044), and the 
amylopectin content was measured using an amylopec-
tin content test kit (QYS-234046). All three reagent kits 
were purchased from Qiyi Biological Technology Co., Ltd 
(Shanghai, China). The total protein content was mea-
sured using a Kjeldahl nitrogen analyzer. The contents 
of albumin, prolamin, glutelin, and globulin were deter-
mined as previously published methods (Hirano et al. 
1991).

Scanning Electron Microscopy Observation
Transverse sections (approximately 2 mm) of mature and 
dried seeds were attached to a sample holder by using 
conductive adhesive, uniform sprayed with gold using 
an ion sputtering coating instrument (Quorum SC7620). 
The SGs in endosperm were observed and photographed 
under the scanning electron microscope (ZEISS Gemi-
niSEM 300).

Obtaining Transcriptome Data
The development of rice endosperm is typically divided 
into four stages: coenocytic nuclear division from 0 to 
2 DAF, cellularization from 3 to 5 DAF, aleurone and 
starchy endosperm cells differentiation from 6 to 9 DAF, 
and storage substances accumulation from 6 to 20 DAF. 
Nuclear division and endosperm cell formation occur 
during the initial two stages, whereas starch and other 
storage substances predominantly accumulate during 
the latter two stages (Liu et al. 2022b). So, the seeds of 
ZR24D and HK300 at 5, 7 and 10 DAF were used for 
RNA-seq.  The samples were prepared using the follow-
ing steps: the number of days’ post-bloom for the seeds 
was marked using marker pens of different colors. Seeds 
at 5, 7 and 10 DAF were picked, immediately frozen in 
liquid nitrogen. Then send the sample to Tianjin Smart 
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Biotech Technology Co., Ltd. for RNA sequencing data 
acquisition and analysis. Fast Pure Plant Total RNA Iso-
lation Kit (Vazyme, RC401-01) was used to extract RNA 
from samples, then qualified RNAs were used for RNA-
seq libraries construction according to the NEB normal 
library construction method (Chen et al. 2018), and the 
sequencing platform was Illumina. The clean data was 
obtained by screening raw data using Sickle and SeqPrep 
software, then the clean reads were aligned to the refer-
ence genome (Os-Nipponbare version IRGSP-1.0).

Enrichment and Expression Pattern Analysis of DEGs
For each gene, transcript per kilobase per million mapped 
reads (TPM) based on the number of uniquely mapped 
reads was used to calculate the expression level. DESeq2 
R package were used for screening DEGs, |log2(fold 
change)| > 1 and False discovery rate (FDR) < 0.05 as the 
threshold. Methods for KEGG and GO enrichment anal-
yses were consistent with those used in previous study 
(Shi et al. 2023). The STEM (Short Time series Expres-
sion Miner) software performed clustering analysis on 
DEGs based on their expression trends, parameter set-
tings referred to previous studies, with a p-value < 0.05 as 
the threshold for screening significant enrichment pat-
terns (Liu et al. 2022a).

Preparation of Low and High Percentage of Chalky Grains 
Pools
To verify the correlation between the DEGs screened by 
RNA-seq and chalkiness formation, we constructed an F2 
population with HK300 and ZR24D as parents. The equal 
amount of seeds of 10 F2 plants with high percentage of 
chalky grains (more than 90%) and 10 F2 plants with low 
percentage of chalky grains (less than 10%) at 5, 7 and 
10 DAF were selected to extract total RNA to construct 
the high percentage of chalky grains pools (HP-5, HP-7, 
HP-10) and low percentage of chalky grains pools (LP-5, 
LP-7, LP-10).

RNA Isolation and Quantitative Real-time PCR
Samples were ground into powder in liquid nitrogen, and 
total RNA was extracted from the powdered samples by 
using the RNAsimple Total RNA kit (Tiangen, DP419). 
The reverse transcription kit (Takara, RR047Q) was used 
to synthesize the cDNA. Expression levels of genes were 
detected using quantitative real-time PCR (qRT-PCR) 
with the Applied Biosystems SYBR Green master mix for 
product amplification and the CFX96 Real-Time System 
(Bio-Rad) for signal collection. Three biological repli-
cates were performed for each sample, with OsActin1 as 
the reference gene. The relative expression levels of tar-
get genes were calculated using 2−△△ct method. Primer 
sequences are listed in Supplementary Table 10.

Gene Knockout Vectors Construction and Transformation
For the construction of knockout vectors for OsAFB3 and 
OsAFB5, specific target sites (​T​C​G​T​C​C​T​T​G​T​T​G​G​C​T​G​
T​C​A​G​G​G​G for OsAFB3 and ​G​T​C​C​A​G​G​T​C​G​T​C​G​T​C​G​
G​T​G​A​C​G​G for OsAFB5) were selected. The target site 
information was provided to Weimi Biotechnology Co., 
Ltd. for vector construction and genetic transformation. 
pYLCRISPR/Cas9Pubi-H binary vector was used as the 
vector backbones (Ma et al. 2015), Nipponbare served as 
the genetic transformation receptor, and mutations were 
confirmed through sequencing of the target sites.

Subcellular Localization
The subcellular localization of OsAFB3 and OsAFB5 
was investigated using the rice protoplast system. Pro-
toplasts were isolated from 1 to 2 week-old seedlings by 
using a previously described method (Shi et al. 2021). 
The open reading frame (ORF) sequences that lacking 
stop codons of OsAFB3 and OsAFB5 were inserted into 
the binary vector pCXUN, which fused with a C-termi-
nal GFP tag, and UBI promoter driven their expression 
(Chen et al. 2009). The resulting plasmid vectors were 
named OsAFB3-GFP and OsAFB5-GFP. OsbZIP63-RFP 
was used as a nuclear marker (Shi et al. 2021). Using the 
polyethylene glycol method, OsAFB3-GFP was alone and 
OsAFB5-GFP with the OsbZIP63-RFP were co-trans-
fected into the protoplasts. After transfection, the pro-
toplasts were cultured avoid light at 28  °C for 16–24  h. 
Subsequently, fluorescence in the protoplasts was 
observed and photographed using a Nikon C2-ER laser 
scanning confocal microscope.

Prediction of Interacting Proteins
The prediction of interacting proteins in this study was 
conducted on a multimodal protein interaction intel-
ligent selection platform based on AlphaFold Multimer 
(Hefei Kejing Biotechnology Co., Ltd). Firstly, the three-
dimensional structures of OsAFB3, OsAFB5 and 31 
AUX/IAA proteins were constructed using AlphaFold 
3. Then, the binding energy between bait protein and 
prey protein was calculated using HDOCK. It is gener-
ally believed that if the Hdock value is less than − 200, 
two proteins may interact with each other. Finally, the 
prediction template modeling score (pTM) and interface 
prediction template modeling score (ipTM) between the 
two proteins were calculated using AlphaFold 3. If the 
pTM + ipTM value is greater than 0.75, it indicates good 
docking effect and reliable results (Yan et al. 2020).

Data Analysis
The significance of differences in the study variables 
was determined using one-way analysis of variance with 
PASW Statistics version 18.0.
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Results
Assessment of the Grain Chalkiness of HK300 and ZR24D
HK300 and ZR24D are two conventional rice varieties. 
The grain dimensions of HK300—length (14.83  mm), 
width (3.26 mm), and thickness (2.61 mm)—were signifi-
cantly larger than those of ZR24D—length (10.50  mm), 
width (2.50  mm), and thickness (2.18  mm) (Fig.  1A–E). 
In addition, the 1,000-grain weight of HK300 was 50.39 g, 
which was significantly higher than that of ZR24D at 
27.90 g (Fig. 1F).

Chalkiness, an undesirable trait, affected rice grain 
quality and varied considerably between the two cul-
tivars. The percentage of chalky grains in HK300 was 
98.4%, significantly higher than that observed in ZR24D 
(8.4%) (Fig.  1G, J, M). Previous studies have linked 
chalkiness to the structure and storage materials of seed 

endosperm (Wu et al. 2022). Thus, we examined the 
transverse sections of mature seeds from both varieties 
by using a stereomicroscope. In the mature endosperm of 
HK300, large white areas were discovered, but there were 
few white areas in the transverse sections of the ZR24D 
mature seeds (Fig.  1H, K). Additionally, SGs in the 
mature endosperm of both varieties were analyzed using 
scanning electron microscopy. The SGs in HK300 were 
spherically and loosely arranged, with large air spaces vis-
ible (Fig. 1I). By contrast, the SGs in ZR24D were regular 
and tightly arranged, with no visible spaces (Fig. 1L). The 
contents of starch and protein in the mature endosperm 
of HK300 and ZR24D were also measured. The results 
indicated no significant difference in total starch content 
between the two varieties (Fig.  1N). However, HK300 
exhibited significantly lower amylose content and higher 

Fig. 1  Phenotypic investigation of HK300 and ZR24D. A, B Photographs of grain length (A) and width (B) of HK300 and ZR24D. C–F Quantification of grain 
length (C), width (D), thickness (E) and 1,000-grain weight (F) of HK300 and ZR24D. G Photograph of HK300 polished rice. H Image of transverse sections 
of HK300 mature seeds obtained by stereomicroscope. I Diagram of SGs structure of HK300 marked with the red box in (H) obtained by scanning electron 
microscopy. J Photograph of ZR24D polished rice. K Image of transverse sections of ZR24D mature seeds obtained by stereomicroscope. L Diagram of 
SGs structure of ZR24D marked with the red box in (K) obtained by scanning electron microscopy. M–P Quantification of chalky grain rates (M), starch 
contents (N), amylose contents (O) and amylopectin contents (P) of HK300 and ZR24D. In A, B, G and J, scale bars, 5 mm; H, K scale bars, 200 μm; I, L scale 
bars, 10 μm. In C–F, M–P, data represent the means ± SEM. Asterisks indicate significant differences (**p < 0.01)
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amylopectin content than ZR24D (Fig. 1O, P). Addition-
ally, the total protein content in HK300 was significantly 
higher than that in ZR24D, while the contents of albu-
min, prolamin, and globulin were significantly lower, and 
the glutelin content was substantially higher (Fig. S1).

These findings demonstrate that grain size of HK300 
is relatively large and has great potential for increasing 
yield, but the rice quality, particularly in terms of chalki-
ness, is more severely compromised in HK300.

Transcriptome Analysis of the Causes of Chalkiness 
Formation
To investigate the mechanisms behind chalkiness forma-
tion in HK300 endosperm, RNA-seq analysis was per-
formed on seeds at 5, 7 and 10 DAF from HK300 (H5, 
H7, H10) and ZR24D (Z5, Z7, Z10). After removing 
uncertain reads, low-quality reads, and adapters, a total 
of 22,029,526–40,199,362 clean reads were obtained, 
with an average Q30 score ranging from 93.44 to 95.43%. 
These clean reads were then aligned to the reference 
genome, achieving alignment rates between 94.27 and 
97.75%, and 27,438 genes were identified (Tables S1 and 
S2). Correlation analysis confirmed strong correlations 
among three replicates within the same group, indicating 
strong repeatability among biological replicates and the 
RNA-seq data was highly accurate (Fig. S2).

To characterize changes in gene expression during 
endosperm development, we identified DEGs based 
on the filter criteria of |log2(fold change)| > 1 and 
FDR < 0.05. In the comparison between H5 and H7, 7863 
DEGs were identified, with 3214 DEGs being upregu-
lated and 4649 being downregulated. In the comparison 
between Z5 and Z7, we identified 5732 DEGs, of which 
2115 were upregulated and 3617 were downregulated. In 
the comparison between H5 and H10, 8300 DEGs were 
identified, of which 4140 were upregulated and 4160 
were downregulated. In the comparison between Z5 and 
Z10, a total of 6750 DEGs were detected, consisting of 
2939 upregulated and 3811 downregulated genes. In the 
comparison between H7 and H10, 5409 DEGs were iden-
tified, of which 3747 were upregulated and 1662 were 
downregulated. In the comparison between Z7 and Z10, 
3063 DEGs were identified, of which 1939 were upregu-
lated and 1124 were downregulated (Fig. 2A, Table S3).

Venn diagrams were performed to illustrate the num-
bers of overlap and unique DEGs in the two varieties. 
The results showed that in 5 DAF vs. 7 DAF, 5 DAF vs. 
10 DAF and 7 DAF vs. 10 DAF comparison groups, the 
numbers of DEGs were huge different between the both 
materials (Fig.  2B). In addition, cluster analysis were 
conducted based on the expression patterns of all DEGs 
identified in the two varieties. Then we observed profile 
1 was significant enriched in both materials, the highest 
expression levels of these DEGs at 5 DAF, and then tend 

to remain unchanged. But profile 2, in which cluster the 
expression patterns of DEGs were first decline and then 
increase, was significant enriched in HK300 specifically 
(Fig. S3). Together, these analyses implied that there were 
significant differences in the number and expression 
trends of DEGs during seed development between the 
two materials.

To elucidate the molecular mechanisms underlying 
chalkiness formation, GO and KEGG analyses were per-
formed on the identified DEGs. GO enrichment analysis 
demonstrated that the DNA-binding transcription factor 
activity and transcription regulator activity within the 
molecular function category were significantly enriched 
in all six comparison groups (H5 vs. H7, H5 vs. H10, H7 
vs. H10, Z5 vs. Z7, Z5 vs. Z10 and Z7 vs. Z10) (Fig. 2C, 
Table S4). KEGG analyses revealed significant enrich-
ment in the pathways of starch and sucrose metabolism 
and plant hormone signal transduction across all the 
comparison groups (Fig.  2D, Table S5). These enrich-
ment results suggested that genes related to transcrip-
tion regulation, starch and sucrose metabolism, and plant 
hormone signal transduction may play crucial roles in 
endosperm development.

Functional Analysis of TFs during Endosperm Development
Numerous studies have reported the involvement of TFs 
in the formation of rice chalkiness (Juan et al. 2021). In 
the DEG analysis, 991 differentially expressed TFs were 
identified across the six comparison groups and classified 
into 48 types based on gene annotation (Os-Nipponbare 
annotation version 2022-09-01 ​h​t​t​p​​s​:​/​​/​r​a​p​​d​b​​.​d​n​​a​.​a​​f​f​r​c​​.​g​​o​
.​j​​p​/​d​​o​w​n​l​​o​a​​d​/​i​r​g​s​p​1​.​h​t​m​l), including ARF, bHLH, bZIP, 
ERF, MADS, MYB, NAC, NF-YA, WRKY and YABBY, 
etc. (Table S6). Venn diagrams revealed that 847 TFs 
exhibited differential expression in the H5 vs. H7, H5 vs. 
H10, and H7 vs. H10 groups, whereas 725 TFs showed 
expression changes in the Z5 vs. Z7, Z5 vs. Z10, and Z7 
vs. Z10 comparison groups. A total of 268 and 146 unique 
differentially expressed TFs were identified during endo-
sperm development of HK300 and ZR24D, respectively. 
Additionally, 579 differentially expressed TFs were found 
to overlap in both varieties during endosperm develop-
ment (Fig. 3A). Based on the expression patterns of dif-
ferentially expressed TFs in the two varieties, three 
clustering profiles were significant enriched in HK300, 
the highest expression levels at 5 DAF and the expression 
profile 4 tended to decrease in expression during devel-
opment, the TFs in profiles 1 and 5 showed first decrease 
and then increase in expression. Nevertheless, there were 
two significant clustering patterns in ZR24D, the highest 
expression levels of these TFs at 5 DAF as well, while the 
expression continues to decline (Fig. 3B). This indicated 
significant differences were existence in the expression 

https://rapdb.dna.affrc.go.jp/download/irgsp1.html
https://rapdb.dna.affrc.go.jp/download/irgsp1.html
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Fig. 2  Differential expression genes (DEGs) analysis. A The numbers of total, up- and down-regulated DEGs in the six comparison groups. B Venn dia-
grams illustrated the numbers of overlap and unique DEGs in six comparison groups. C Gene ontology (GO) terms DNA-binding transcription factor 
activity and transcription regulator activity were significantly enriched in all six comparison groups. a) indicated the numbers of DEGs related to the cor-
responding GO terms. D Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DEGs from the six comparison groups
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Fig. 3 (See legend on next page.)
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levels and trends of TFs during seed development 
between the two materials.

MADS-box containing TFs, believed to be involved in 
early endosperm development and regulation of starch 
metabolism related genes expression, showed varied 
expression patterns (Juan et al. 2021). Specifically, 31 
MADS-box TFs displayed differential expression lev-
els; OsMADS32 and OsMADS57 were upregulated 
in ZR24D but downregulated in HK300. OsMADS4 
and OsMADS55 showed decreased expression specifi-
cally in HK300, whereas the expression of OsMADS18, 
OsMADS37, OsMADS58 and OsMADS30 exhibited 
specifically downregulated in ZR24D. In ZR24D, the 
expression of OsMADS61 increased, whereas that 
of OsMADS73 remained unchanged in ZR24D but 
increased in HK300 (Fig. S4A). Significant differences 
in transcript accumulation were also noted in other TFs 
that have been reported to involve in chalkiness forma-
tion during endosperm development of the two varieties 
(Fu et al. 2010; Wang et al. 2015; Ren et al. 2021; Li et al. 
2022) (Fig. 3C). The differential expression of the above 
genes was verified in the seeds of HK300 and ZR24D 
through qRT-PCR (Fig.  3D and S4B). To eliminate the 
interference of genetic backgrounds of the 2 variet-
ies, we also detected the expression level changes of the 
aforementioned genes in the high and low percentage 
of chalky grains pools, results showed similar expres-
sion trends with the RNA-seq analysis (Table S7). These 
results together indicated that abnormal regulation of 
genes expression at any stages of grain development may 
contribute to the appearance of chalkiness in HK300.

Expression of Many Genes Related To Glycometabolism 
Were Changed in Chalkiness Formation in HK300
Starch, which constitutes to more than 80% of the dry 
weight of rice endosperm, is closely linked to grain 
chalkiness (Fan et al. 2022). In rice endosperm, sucrose 
is cleaved into glucose and fructose (Fan et al. 2019). 
These sugars are then converted into starch through the 
catalytic action of a series of enzymes (Meng et al. 2020; 
Huang et al. 2021; Liu et al. 2022b). In our DEGs analysis, 
significant differences in the expression of a large amount 
of genes involved in sucrose and starch metabolism were 
discovered during endosperm development in both vari-
eties (Figs. 4A and S5).

Trehalose, a nonreducing glucose disaccharide, affects 
starch synthesis through the trehalose pathway (Martins 

et al. 2013). This pathway involves two enzymes: treha-
lose-6-phosphate synthase (TPS), which catalyzes the 
movement of glucose from UDPG to glucose-6-phos-
phate (G6P) to form trehalose-6-phosphate (T6P), 
and trehalose-6-phosphate phosphatase (TPP), which 
dephosphorylates T6P to form trehalose (Martins et 
al. 2013). Our DEGs analysis identified multiple TPS 
and TPP genes that were differentially expressed dur-
ing endosperm development. OsTPS2 and OsTPS5 were 
upregulated in HK300, whereas their expression in 
ZR24D remained unchanged. OsTPS7 and OsTPS8 were 
downregulated in ZR24D; however, their expression 
remained unchanged in HK300 (Fig. 4A). The expression 
patterns of OsTPP3, OsTPP4 and OsTPP7 were similar in 
both varieties (Fig.  4A). OsTPP1, OsTPP6 and OsTPP9 
were downregulated in ZR24D, whereas in HK300, 
OsTPP1 and OsTPP6 expressions remained stable but 
OsTPP9 was upregulated (Fig. 4A). The expression levels 
of OsTPP2, OsTPP5 and OsTPP8 remained unchanged 
in ZR24D during endosperm development; however, 
OsTPP5 and OsTPP8 were downregulated and OsTPP2 
was upregulated in HK300 (Fig. 4A).

To validate these findings, we selected 30 genes for 
qRT-PCR analysis in the seeds of HK300 and ZR24D. 
The qRT-PCR results were consistent with the changes 
observed in the expression of the aforementioned DEGs 
(Fig. 4B and S6). In addition, we also detected these genes 
expression levels in the high and low percentage of chalky 
grains pools, results showed that the expression trends 
of the above genes were consistent with the RNA-seq 
analysis (Table S7). These results collectively indicated 
that grain chalkiness in HK300 may be related to sucrose 
metabolism, amylose synthesis, and starch degradation. 
It was worth noting that during this process, the expres-
sion of trehalose synthesis genes undergo significant 
changes, which may play a significant role in the forma-
tion of chalkiness.

IAA Signal Transduction May Play a Major Role in the 
Formation of Chalkiness
KEGG analysis revealed that a large amount of DEGs 
involved in plant hormone signal transduction were sig-
nificantly enriched (Fig.  2D). These DEGs were primar-
ily associated with six hormonal signaling pathways: 
Abscisic Acid (ABA), brassinolide (BR), ethylene (ET), 
IAA, jasmonic acid (JA), and salicylic acid (SA) (Fig.  5, 
Table S8). Notably, the number of DEGs refer to the IAA 

(See figure on previous page.)
Fig. 3  Differential expression transcription factors (TFs) analysis. A Venn diagrams illustrated the numbers of overlap and unique differential expression 
TFs in H5 vs. H7, H5 vs. H10, H7 vs. H10 (left) and in Z5 vs. Z7, Z5 vs. Z10, Z7 vs. Z10 (right). B The significantly enriched expression pattern clusters of dif-
ferential expression TFs in HK300 and ZR24D. X axis corresponds to the stages of grain, Y axis represents the expression change of differentially expressed 
TFs in the two varieties. The fold lines represent the TFs expression trends. The number in the upper left corner represents the expression pattern serial 
number, and the number in the lower left corner represents the p-value of the clustering pattern. C Heat map analysis of expression levels of partial TFs 
in HK300 and ZR24D. D qRT-PCR verification of the expression of TFs in HK300 (left, H5/H7/H10) and ZR24D (right, Z5/Z7/Z10). OsActin1 as the reference 
gene. Data represent the means ± SEM. Different letters represent significant differences (p < 0.05)
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signaling transduction pathway (58/115) was the highest 
among those associated with plant hormone signal trans-
duction (Fig. 5). In this pathway, multiple genes exhibited 
varying expression levels during endosperm development 
in both varieties (Table S8), suggesting that the formation 
of chalkiness in HK300 may result from the integrated 
effects of abnormal regulation of hormone signaling, 
especially the IAA signaling transduction pathway.

IAA Receptor Proteins OsAFB3 and OsAFB5 Negatively 
Regulated Chalkiness
In our DEGs analysis, the expression levels of OsAFB3 
and OsAFB5, which encode IAA receptor proteins, were 
significantly downregulated in HK300 during endosperm 
development, whereas no changes were observed in 
ZR24D (Table S8). Similar trends were qualified by qRT-
PCR (Fig.  6A, B). These results indicated OsAFB3 and 
OsAFB5 may be associated with the formation of chalki-
ness. To investigate the role of OsAFB3 and OsAFB5 in 
the development of grain chalkiness, functional knock-
out lines under the Nipponbare genetic background were 
constructed. Among them, two homozygous knock-
out strains for OsAFB3 (osafb3-5 and osafb3-6) and for 
OsAFB5 (osafb5-9 and osafb5-10) were selected for 
chalkiness assessment (Fig. 6C). The percentage of chalky 
grains in OsAFB3 and OsAFB5 homozygous knockout 
lines were exceeded 54.8% and 56% respectively, sig-
nificantly surpassing the percentage in Nipponbare, in 
which the rate of chalky grains was only 2.8% (Fig. 6D, E). 
Transverse sections of mature seeds from the knockout 
strains revealed large opaque areas, in contrast to the few 
white areas in Nipponbare (Fig.  6D). Furthermore, SGs 
in the mature seeds of the knockout strains were irregu-
larly shaped, loosely arranged, and displayed large gaps 
between SGs, unlike the tightly arranged, regular SGs in 
Nipponbare (Fig.  6D). These results indicated OsAFB3 
and OsAFB5 negatively regulated chalkiness in rice.

Starch and protein contents in the mature endosperm 
of Nipponbare, osafb3-5, osafb3-6, osafb5-9 and osafb5-
10 were also measured, which showed no significant dif-
ferences in the total starch content (Fig.  6F). However, 
the OsAFB3 and OsAFB5 knockout lines exhibited lower 

Fig. 5  Number of DEGs related to plant hormone signal transduction 
pathways in HK300 and ZR24D. The pie chart displays the number of 
genes involved in ABA, BR, ET, IAA, JA, SA signaling transduction pathways. 
The number represents the number of DEGs corresponding to hormone 
signal transduction, percentage represents the proportion of DEGs related 
to individual hormone signaling pathway to the total DEGs related to hor-
mone signaling pathways

 

Fig. 4  Expression analysis of starch and sucrose metabolism related genes in HK300 and ZR24D. A Reconstruction of the starch and sucrose metabolism 
pathway with DEGs identified in HK300 and ZR24D. Fru, fructose; Glu, glucose; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; T6P, trehalose-
6-phosphate; UDPG, UDP-glucose; G1P, glucose-1-phosphate; ADPG, adenosine diphosphate glucose. B Scatter plot of correlation between gene expres-
sion changes measured by RNA-seq and qRT-PCR. OsActin1 as the reference gene in qRT-PCR. Data represent means of three independent biological 
repeats. The correlation coefficient is represented by R2
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Fig. 6  Functional analysis of OsAFB3 and OsAFB5. A, B qRT-PCR detection of OsAFB3 (A) and OsAFB5 (B) expression levels in HK300 (left) and ZR24D 
(right). OsActin1 as the reference gene. Data represent the means ± SEM. Different letters represent significant differences (p < 0.05). C The results of DNA 
sequencing of sgRNA target sites of OsAFB3 and OsAFB5. D Photographs of Nipponbare, OsAFB3 and OsAFB5 knockout lines polished rice (left), scale bars, 
5 mm; Image of transverse sections of Nipponbare, OsAFB3 and OsAFB5 knockout lines mature seeds obtained by stereomicroscope (middle), scale bars, 
200 μm; Diagrams of SGs structure of Nipponbare, OsAFB3 and OsAFB5 knockout lines marked with the red box obtained by scanning electron micros-
copy (right), scale bars, 10 μm. E–H Quantification of chalky grain rates (E), starch contents (F), amylose contents (G) and amylopectin content (H) of 
Nipponbare, OsAFB3 and OsAFB5 knockout lines. Data represent the means ± SEM. Asterisks indicate significant differences (*p < 0.05, **p < 0.01). I, J Sub-
cellular localization of OsAFB3 (I) and OsAFB5 (J) in rice protoplasts. BF, Bright-field. Chlorophyll, auto fluorescence signals of chloroplasts. Scale bars, 5 μm
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Fig. 7 (See legend on next page.)
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contents of amylose, albumin, prolamin, and globulin 
and higher contents of amylopectin, total protein, and 
glutelin compared with Nipponbare (Fig. 6G, H and S7). 
These findings suggest that OsAFB3 and OsAFB5 may 
affect grain chalkiness by regulating the content of stored 
substances.

Subcellular localization studies of OsAFB3 and 
OsAFB5 were conducted in rice protoplasts. The results 
showed that OsAFB5 was predominantly found in the 
nucleus, whereas OsAFB3 was located in the cytoplasm 
outside the nucleus, mainly in chloroplasts (Fig. 6I, J). In 
rice genome, 31 Aux/IAA repressor proteins were identi-
fied (Shi et al. 2023), then, the Aux/IAA candidate inter-
acting proteins of OsAFB3 and OsAFB5 were predicted 
using AlphaFold Multimer. The results showed OsIAA4, 
OsIAA11, OsIAA19, OsIAA26 and OsIAA8 were most 
likely to interact with OsAFB3; while, the most likely 
to interact with OsAFB5 were OsIAA4, OsIAA26, 
OsIAA15, OsIAA1 and OsIAA14 (Table S9). Thus, these 
results indicated that the molecular mechanisms under-
lying the involvement of OsAFB3 and OsAFB5 mediated 
IAA signaling pathways in rice chalkiness formation may 
differ.

Phenotypic Investigation of osafb3 and osafb5 Plants
In order to investigate the effects of OsAFB3 and OsAFB5 
on plant growth and development, we examined the phe-
notypes of Nipponbare, osafb3-5, osafb3-6, osafb5-9 and 
osafb5-10 plants at maturity. The results showed that the 
plant height and panicle number per plant of osafb3 and 
osafb5 plants were significantly lower than Nipponbare, 
while, the tillering number were not significant differ-
ent (Fig.  7A, B). The grain length of osafb3 and osafb5 
were significantly longer than that in Nipponbare, how-
ever, there was no significant difference in grain width 
and grain thickness between Nipponbare and OsAFB3 
and OsAFB5 knock out plants (Fig.  7C, D). The pheno-
type investigation results suggested that the OsAFB3 and 
OsAFB5 might play multiple roles in plant development, 
besides negatively regulating chalkiness in rice.

Discussion
The formation of rice endosperm involves the transporta-
tion of organic assimilates produced by functional leaves 
(sources) through transport tissues to grains (reservoirs). 
This accumulation process is constrained by three fac-
tors: the supply capacity of the source, the storage capac-
ity of the reservoir, and the efficiency of the transport 

system. The coordination of this “source-flow-reservoir” 
relationship is crucial for preventing chalkiness. When 
the reservoir is large but the supply of assimilates is insuf-
ficient or/and transportation efficiency is low, chalkiness 
occurs (Zhou et al. 2009). In this study, the grain dimen-
sions of HK300 were determined as follows: length, 
14.83 mm; width, 3.26 mm; and thickness, 2.61 mm; but, 
the grain quality of HK300 was notably poor, especially 
in terms of chalkiness, with a chalky grain rate reach-
ing 98.4% (Fig.  1A–M). This suggests that the reservoir 
of HK300 is quite large, but the source supply capacity 
or the transport efficiency may not adequately support 
the reservoir’s capacity. Therefore, future strategies to 
improve rice quality should focus on enhancing the sup-
ply and transport capacities without altering the storage 
capacity, aiming to achieve high yield and high quality 
simultaneously.

Starch constitutes over 80% of the weight of polished 
rice and includes amylose and amylopectin, which are 
assembled into SGs (Fan et al. 2022). Thus, the propor-
tions of amylose and amylopectin significantly affect 
rice quality (Zhang et al. 2016). WCR1, an F-box pro-
tein-encoding gene, negatively regulates rice chalki-
ness. Knocking out this gene results in increased grain 
chalkiness and reduced amylose content (Wu et al. 2022). 
Similarly, sucrose synthase 3 (WBR7), a positive regula-
tor of chalkiness, affects rice quality; loss of WBR7 func-
tion reduces the white-belly rate (WBR) and increases 
amylose content in the endosperm (Shi et al. 2024). 
Additionally, OsNF-YB1 and OsNF-YC12 interact with 
OsbHLH144 to regulate Wx gene expression, with their 
knockouts leading to severe chalkiness and decreased 
amylose content (Bello et al. 2019). In our study, the 
expression levels of genes related to amylose synthesis, 
namely OsGBSS1 and OsGBSS2, differed significantly 
between ZR24D and HK300 during endosperm devel-
opment, with HK300 having a lower amylose content 
than ZR24D, whereas amylopectin content exhibited the 
opposite trend (Fig. 1N–P). These results suggested that 
the ratio of amylose to amylopectin is linked to the for-
mation of chalkiness in HK300. Adjusting this ratio in 
the endosperm might enhance the quality of HK300 in 
future.

In plants, trehalose is primarily synthesized through 
the TPP/TPS pathway, which involves two steps. Ini-
tially, TPS catalyzes the glucose shift from UDPG to 
G6P to synthesize T6P. Subsequently, TPP dephosphor-
ylates T6P, converting it into trehalose (Martins et al. 

(See figure on previous page.)
Fig. 7  Phenotypes of OsAFB3 and OsAFB5 knockout lines. A Photographs of Nipponbare, OsAFB3 and OsAFB5 knockout lines at mature stage. Scale bar, 
10 cm. B Quantification of plant height, tillering number and panicle number per plant of Nipponbare, OsAFB3 and OsAFB5 knockout lines. Data represent 
the means ± SEM. Asterisks indicate significant differences (*p < 0.05,**p < 0.01). C Photographs of grain length (scale bar, 1 cm), grain width (scale bar, 
5 mm) and grain thickness (scale bar, 5 mm) of Nipponbare, OsAFB3 and OsAFB5 knockout lines. D Quantification of grain length, width and thickness of 
Nipponbare, OsAFB3 and OsAFB5 knockout lines. Data represent the means ± SEM. Asterisks indicate significant differences (**p < 0.01)
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2013). Overexpression of rice TPP1 gene in developing 
maize ears reduced the T6P concentration and increased 
the sucrose concentration in ear spikelets, ultimately 
improved the harvest index (Nuccio et al. 2015). In bread 
wheat, TaTPP-6AL1 was associated with grain weight 
(Zhang et al. 2017). TaTPP-7 A enhances starch synthe-
sis and grain filling mainly through T6P-SnRK1 pathway 
in wheat (Liu et al. 2023a, b). TPP genes has been con-
firmed to contribute to the difference in distribution of 
assimilates in sweet and grain sorghum (Li et al. 2019). 
So, TPP/TPS pathway has been already believed to be 
associated with the formation of grain-related traits. The 
rice genome contains 14 TPS and 13 TPP genes (Ge et 
al. 2008). Our results revealed differences in the expres-
sion levels and patterns of 4 TPS genes and 9 TPP genes 
between the two varieties during endosperm develop-
ment (Fig. 4 and S6, Table S6). These findings suggested 
significant variations in the trehalose synthesis pathways 
between HK300 and ZR24D, which may contribute to the 
increased chalkiness in HK300 grains. Future research 
should explore the genes related to trehalose synthesis 
and the trehalose content in these varieties.

IAA is crucial for rice endosperm development, with 
its content sharply increasing during the early stage 
(1–14 DAF) of endosperm development (Xu et al. 2021). 
Knocking out the key genes involved in IAA biosynthe-
sis, such as OsTAR1, OsYUC9 and OsYUC11, led to an 
increase in chalkiness (Xu et al. 2021). The IAA signaling 
transduction pathway, well-documented in plant biology. 
In maize, auxin response factor, ARFTF17, regulates the 
expression of auxin transporter gene, PIN1. Null muta-
tion of ARFTF17 leads to an increase and dense arrange-
ment of starch granules and protein bodies in endosperm 
cells (Wang et al. 2024). Although recent study has found 
that knocking out OsIAA19 increases chalkiness in rice 
seeds, there is still limited research on the involvement 
of IAA signaling pathway in chalkiness formation (Jia et 
al. 2024). This study involved DEGs analysis, focusing 
on plant hormone signal transduction, to identify genes 
associated with ABA, BR, ET, SA, JA and IAA signal-
ing transduction pathways. Interestingly, IAA-related 
DEGs outnumbered those related to the other pathways 
(Fig.  5, Table S8). This suggested that although the for-
mation of chalkiness in HK300 grains is collectively reg-
ulated by multiple phytohormone interactions, the IAA 
signaling transduction pathway may play a predominant 
role in this process. Additionally, IAA receptor protein 
genes OsAFB3 and OsAFB5 knockout lines have a higher 
chalky grain rate highlighting the importance of IAA 
signaling in the formation of chalkiness (Fig.  6). Gener-
ally, grain size usually affects the chalkiness of rice and 
the grain length is believed in inversely proportional to 
the degree of chalkiness (Hu et al. 2015; Wang et al. 2015; 
Choi et al. 2018). In this study, we also investigated the 

grain size of Nipponbare, OsAFB3 and OsAFB5 knockout 
lines. The results showed that grain length of osafb3-5, 
osafb3-6, osafb5-9 and osafb5-10 plants were significantly 
longer than that of Nipponbare, but the grain width and 
grain thickness were not significantly different (Fig.  7C, 
D). Together, these results indicated that OsAFB3 and 
OsAFB5 negatively regulated chalkiness and dysfunction 
of OsAFB3 and OsAFB5 made chalkiness more severe not 
by regulating grain size in rice. We also utilized the mul-
timodal protein interaction screening platform based on 
Alpha Fold Multimer to identify Aux/IAA proteins that 
may interact with OsAFB3 and OsAFB5 (Table S9). These 
proteins may participate in the formation of rice chalki-
ness. The interaction partners of OsAFB3 and OsAFB5 
and the molecular mechanisms of IAA signaling pathway 
affecting chalkiness will be our focus of attention.

Conclusion
In this study, we systematically elucidated the possible 
molecular mechanisms underlying the formation of rice 
chalkiness, and found that the genes associated with early 
development of endosperm, amylose formation, and the 
trehalose pathway may play the major role in grain chalk-
iness of HK300. We also found multiple phytohormones 
may integrated affect the chalkiness of HK300, and con-
firmed that IAA receptor protein OsAFB3 and OsAFB5 
negatively regulates chalkiness.
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