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Summary

� Rice (Oryza sativa) caryopses supply essential carbohydrates, energy, and protein to over

half the world’s population. Caryopsis quality depends on the biosynthesis, modification, and

accumulation of primary and secondary metabolites during maturation. Yet, the regulatory

and biochemical pathways remain poorly understood. Emerging evidence implicates transcrip-

tion factors, particularly MYB family members, in this regulation.
� In this study, the function of R2R3 MYB transcription factor OsMYB94 in regulating meta-

bolic pathways underlying rice caryopsis maturation and quality formation was characterized

using integrative approaches.
� OsMYB94 orchestrates secondary metabolism (for protection), reserve accumulation (for

energy storage), reactive oxygen species homeostasis (for antioxidant defense), and hormo-

nal signaling (for desiccation and dormancy) to ensure proper maturation and high-quality

formation of rice caryopses. osmyb94 caryopses exhibit poor appearance quality, milling

quality, and eating and cooking quality, correlating with incomplete caryopsis filling, thinner

aleurone and coat layers, reduced starch and triglyceride accumulation, disrupted lipid

metabolism, and downregulation of genes associated with ripening-related metabolic path-

ways. Furthermore, the OsMYB94-OsLTPL12 module is a key regulator of rice caryopsis

glossiness.
� This study highlights that OsMYB94 is a master regulator of metabolic pathways associated

with rice caryopsis maturation and quality formation, offering a genetic target for improve-

ment.

Introduction

Rice (Oryza sativa) is a staple food for over half of the global
population, providing essential carbohydrates, energy, and
protein. In some developing countries, it supplies > 75% of
daily calories (Ge et al., 2023; Shi et al., 2023). It also contains
various bioactive compounds that support health beyond nutri-
tion (Abid et al., 2024). As demand grows, grain quality has
become key to marketability, with consumers increasingly prefer-
ring high-quality rice (Zhao et al., 2022). Key quality traits
include appearance quality (AQ), milling quality (MQ), nutri-
tional quality (NQ), and eating and cooking quality (ECQ). AQ,
determined by shape (length, width, or length–width ratio),
chalkiness (opaque endosperm areas), transparency (transparent
or glutinous), and color (white, brown, red, or black; Lou
et al., 2025; Zhao et al., 2022), influences visual appeal and

market acceptance, and affects other quality traits (Gong
et al., 2017; Zhao et al., 2022). ECQ, defined by appearance
amylose content (AAC), gel consistency (GC), and gelatinization
temperature (GT), is the most decisive factor for consumer pre-
ference and market value (Bao, 2019; Lou et al., 2025). MQ,
depending on brown rice yield (BRY) and head rice yield (HRY),
determines final yield and income (Bao, 2019). NQ, influenced
by starch, proteins, lipids, vitamins, minerals, and phytochem-
icals, is increasingly valued by consumers (Birla et al., 2017).
Understanding the molecular mechanisms of caryopsis quality
formation is thus vital for rice production, trade, consumption,
and human health.

Rice caryopsis quality is affected by genetic difference among
cultivars, environmental and managemental factors, and their
interactions (Bao, 2019; Zhao et al., 2022; Lou et al., 2025). It is
genetically controlled and can be improved through breeding,
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with high-quality rice varieties as a key breeding goal. Grain
shape and chalkiness have been studied for decades, leading to
the identification of numerous quantitative trait loci (QTLs) and
genes (Zhao et al., 2022; Ren et al., 2023; Yan et al., 2023;
Zhang et al., 2023; L. Chen et al., 2024). By contrast, transpar-
ency and color, two AQ-related traits, have been studied only in
specific regions and landraces (Zhang et al., 2019; Xia
et al., 2021; Lu et al., 2023; Lap et al., 2024), resulting in limited
and fragmented knowledge of their regulation. Given the wide
range of evaluation indices of rice ECQ, the underlying regula-
tory mechanisms remain largely unknown (Lou et al., 2025),
even though consumers in temperate Asia favor japonica rice for
its glossy appearance and soft, glutinous texture (Park
et al., 2019). Genetic understanding of MQ and NQ is even
more limited (Birla et al., 2017; Bao, 2019).

The rice caryopsis maturation process involves two stages: early
maturation (7–20 d after pollination (DAP)), characterized by car-
yopsis coat development and caryopsis filling, and late maturation
(from 21 DAP onward), marked by desiccation tolerance acquisi-
tion, protective compound biosynthesis, and dormancy induction
(Wu et al., 2016a,b; Shi et al., 2025). The spatial and temporal
control of these processes relies on a signaling network involving
hormonal, transcriptional, and metabolic components (Gutierrez
et al., 2007). The formation of rice caryopsis quality depends on
the biosynthesis, modification, and accumulation of primary and
secondary metabolites during maturation, especially caryopsis fill-
ing (Fitzgerald et al., 2009; Ma et al., 2023). However, the regula-
tory and biochemical pathways underlying quality traits,
particularly their subtle qualitative and quantitative variations,
remain poorly understood. Growing evidence shows that tran-
scription factors, particularly MYB (the v-myb avian myeloblasto-
sis viral oncogene homolog) family members, play important roles
in this process (Li et al., 2022; Zhao et al., 2022; Du et al., 2025;
Shi et al., 2025). For example, the MYB61–SWB9–GA loop coor-
dinates starch biosynthesis and amylopectin chain length; its dis-
ruption increases grain chalkiness (Chen et al., 2025). OsMYB73
interacts with OsNF-YB1 to regulate storage compound accumu-
lation by targeting OsISA2, OsLTPL36, and OsYUC11; OsMYB73
mutation reduces grain filling rate and weight but increases grain
length and chalkiness (S. Liu et al., 2025). OsMYB44 negatively
regulates grain weight by suppressing starch synthesis; knockout
increases grain length, width, and 1000 grain weight, while over-
expression has the opposite effect (B. Liu et al., 2025; Y. Liu
et al., 2025). Recently, OsMYB99 was reported to modulate grain
wax biosynthesis and redox homeostasis, chalkiness, and HRY;
mutation of OsMYB99 reduces wax biosynthesis, increases reactive
oxygen species (ROS) in endosperm, and leads to higher chalki-
ness and lower HRY (Yu et al., 2026). These findings highlight
the roles of MYB transcription factors as key regulators of storage
substance accumulation and grain quality.

In this study, we characterized the R2R3 MYB transcription
factor OsMYB94 in regulating metabolic pathways underlying
rice caryopsis maturation and quality. We reveal the crucial role
for OsMYB94-OsLTPL12 in caryopsis glossiness and in epicuti-
cular lipid deposition and intracellular lipid trafficking, linking

surface barrier formation with internal storage accumulation,
thus coordinating rice caryopsis quality.

Materials and Methods

Plant materials and growth conditions

Wild-type (WT) 9522 (Oryza sativa L. ssp. japonica) was grown
in Minhang (31°040N, 121°450E; Shanghai, China) and Linshui
(18°300N, 110°020E; Hainan, China) under standard field condi-
tions (10 rows of each genotype with a row spacing of 0.20 m;
each row was 1 m in length with 15 seeds sown). Filed manage-
ments were performed following local agricultural practices to
minimize damages caused by drought, pests, and diseases. Fertili-
zer application included 300 kg ha�1 compound fertilizer (nitro-
gen : phosphorous : potassium (N : P : K) = 15% : 15% :
15%) and 250 kg ha�1 urea applied at the sowing and jointing
stages, respectively. For luciferase (LUC) and transcriptional
activity assays, tobacco plants (Nicotiana benthamiana) were
grown in a glasshouse at 23°C under a 16 h : 8 h, light : dark
photoperiod.

Determination of agronomic traits, and fresh and dry
weight of developing caryopsis

At grain maturity, plants were randomly sampled to measure
plant height, tiller number, panicle length, and panicle weight.
All measurements included 20 individuals.

Developing grains were sampled at 7, 14, 21, 28, and 35 DAP
from the middle portion of panicles of uniformly flowering
plants. For each time point, 100 grains of each genotype were
collected from 10 to 15 representative panicles as one biological
replicate, and three biological replicates were performed. After
dehulling, fresh caryopses were immediately weighed and
recorded for fresh caryopsis weight, and then oven-dried at
105°C for 1 h, followed by drying at 70°C to constant weight
(typically 48–72 h). Dry caryopsis weight was then measured
using an electronic balance with 0.001 g precision. Fresh or dry
caryopsis weight was expressed as g per 100 seeds.

Plant mutagenesis and transformation

For knockout mutants of OsMYB94, OsLTP5 and OsLTPL12 in
the background of 9522 were generated by Clustered Regularly
Interspaced Short Palindromic Repeats and CRISPR-Associated
Protein 9 (CRISPR-Cas9). Target sequences against the first exon
of each gene were designed via CRISPR direct website (Naito
et al., 2015), incorporated into a sgRNA expression cassette, and
cloned into pYLCRISPR–Cas9Pubi–H66. Rice seed embryos
were transformed via Agrobacterium tumefaciens. Transgenic
plants were genotyped by PCR and Sanger sequencing. Homozy-
gous progeny plants for OsMYB94 (≥ T2 generation) and
OsLTP5/12 (T0 generation) were used for analysis. For the com-
plementation construct pOsMYB94::OsMYB94-eGFP, the
3000-bp upstream region of OsMYB94 (promoter and 50
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untranslated region) and the 1801-bp OsMYB94 genomic region,
including the 30 untranslated region, were fused to the enhanced
green fluorescent protein (eGFP) fragment into the HindIII and
SpeI restriction sites of pCAMBIA1301 by In-Fusion cloning
(Takara, Kusatsu, Japan). The constructed vector was introduced
into osmyb94-1 calli using Agrobacterium-mediated transforma-
tion. Primers are listed in Supporting Information Table S1.

Appearance quality and eating and cooking quality
determination

Mature rice caryopses were analyzed using a Wanshen Rice Qual-
ity Analyzer (SE-C0, China) to measure caryopsis AQ traits: car-
yopsis length, width, area, glossiness (red-green-blue (RGB)
index and mean gray value), chalkiness (degree and rate), and
HRY, as well as caryopsis weight, size, and 100-caryopsis weight.
For ECQ analysis, apparent amylose content (AAC) was deter-
mined by iodine colorimetry following Chinese National Stan-
dard GB/T 15683-2008. GC was assessed as described previously
(Cagampang et al., 1973). Pasting viscosity was evaluated with a
Rapid Visco Analyzer (RVA-TecMaster; Perten Instruments)
using the Standard 1 profile (AACC Method 61-02.01), measur-
ing peak viscosity (PKV), hot paste viscosity (HPV), cool paste
viscosity (CPV), breakdown (BDV = PKV � HPV), setback
(SBV = CPV � PKV), consistency (CSV = CPV � HPV), peak
time, and pasting temperature (PaT) in Rapid Visco Units
(RVU). All measurements included four biological replicates.

Subcellular localization, histochemical GUS staining, and
GFP signal observation

For subcellular localization, the OsMYB94 open reading frame
without a stop codon was cloned into the pUBC-GFP-DEST
vector. The fusion constructs and an empty control vector were
separately transformed into tobacco leaves, and GFP fluorescence
was detected using a Leica SP5 Confocal Microscope. The cell
nucleus was stained with 40,6-diamidino-2-phenylindole (DAPI).
For b-glucuronidase (GUS) observation, the putative OsMYB94
promoter (3 kb upstream of ATG) was amplified by PCR and
cloned into the EcoRI/NcoI sites of pCAMBIA1305 and trans-
formed via A. tumefaciens. Tissues from positive transformants
were stained with histochemical GUS solution (G3061; Solarbio,
Beijing, China). Primers are listed in Table S1. For GFP signal
observation, developing caryopses of pOsMYB94::OsMYB94-
eGFP transgenic lines at 21 DAP were cut into 0.5-mm thin
slices, and GFP fluorescence was detected using a Leica SP5 Con-
focal Microscope.

Semi-section and observation

Developing rice caryopsis (21–28 DAP) from WT and osmyb94
were fixed in freshly prepared Formalin-Aceto-Alcohol using
vacuum infiltration until tissues sank and then incubated at 4°C
for 24 h in fresh fixative solution (Wu et al., 2016a,b). Subse-
quent sample dehydration, prestaining, preinfiltration, and
embedding in Technovit 7100, as well as polymerization, were

performed as described previously (Wu et al., 2016a,b).
Semi-thin sections (2–3 lm) were cut using a Leica RM2265
microtome, stained with 0.1% toluidine blue (30–60 s),
mounted with neutral resin, and imaged on a Nikon Eclipse 80i
microscope.

Electron microscopy observation

Mature rice caryopses were used for cryo-scanning electron
microscopy (cryo-SEM), scanning electron microscopy (SEM),
and transmission electron microscope (TEM) observations. For
cryo-SEM observation, freshly harvested mature caryopses were
rapidly frozen in liquid nitrogen, and transferred to a
cryo-preparation chamber (PP3010T; Quorum, Laughton, UK).
Samples were fractured, sublimed at �90°C for 10 min to
remove surface frost. Imaging was performed on a cryo-SEM
(JSM-7900F; JEOL, Tokyo, Japan) at �140°C under high
vacuum without sputter-coating with gold layers. For SEM, car-
yopses were mounted on aluminum stubs with conductive tape
and sputter-coated with a 10-nm gold layer (EMICE AFS2 FC7
TIC3X; Lecia, Wetzler, Germany). Surface morphology was
observed using a Hitachi SU8600 SEM. For TEM, caryopsis har-
vested 35 DAP were fixed in 2.5% glutaraldehyde, washed three
to four times with 0.1 M PBS, postfixed with 1% osmium tetr-
oxide (OsO4) at 4°C for 1 h, and dehydrated in a graded ethanol
series (30, 50, 70, 90, and 100%), 30 min each step, and
sputter-coated with a gold layer. Imaging was observed and cap-
tured on a Hitachi HT7800 TEM.

Metabolic measurements

Cuticular waxes were extracted and analyzed as described pre-
viously (Shi et al., 2022) from 20 mature caryopses, and wax
components were quantified based on peak area integration with
the internal standard and expressed by unit/caryopsis or unit/dry
weight.

The determination of medium- and long-chain fatty acids
(MLCFAs) was performed with gas chromatography mass spec-
trometry (GC-MS) as described previously (Li et al., 2015).
Briefly, ground caryopsis samples were extracted with chloroform
and 0.9% NaCl, and the organic phase was re-extracted twice
with dichloromethane. Combined extracts were dried under N2

and transesterified in methanol containing 5% H2SO4 at 80°C
for 2 h. Fatty acid methyl esters (FAMEs) were partitioned into
n-hexane, washed with water, dried under N2, and resuspended
in isooctane for analysis on an Agilent 7820 GC coupled to an
Agilent 5977 MS with a CP-Sil 88 column (100 m 9

0.25 mm 9 0.25 lm). Helium was used as the carrier gas at a
rate of 1.0 ml min�1; 1 ll was injected with a 10 : 1 split. The
oven program was 100°C for 5 min, ramped to 240°C at 4°C
min�1, and held for 15 min. MS detection used electron impact
(EI) and single ion monitoring (SIM) mode (inlet 260°C; quad-
rupole 150°C; m/z 30–550).

Total triglycerides were extracted using the Triglyceride Con-
tent Assay Kit (BC0620-50T/48S; Solarbio). The total starch
content was measured using the Total Starch Assay Kit and
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Amylose Assay Kit (Megazyme, Bray, Ireland). The absorbance
was measured at 510 nm using a multifunctional microplate
reader (Multiskan GO; Thermo Fisher Scientific, Waltham, MA,
USA), and the starch content was quantified by referring to a glu-
cose standard curve. Crude protein content was measured based
on the Kjeldahl method. Two hundred milligrams of ground
powder samples was digested with 5 ml concentrated H2SO4

and H2O2 at 380°C until the solution became clear. After remov-
ing residual H2O2, the digest was cooled, quantitatively trans-
ferred, and brought to 50 ml with water. Quantification was
performed using a B€uchi automated Kjeldahl nitrogen analyzer
(K-370, Switzerland).

RT-qPCR and RNA-Seq analysis

For reverse transcription quantitative polymerase chain reaction
(RT-qPCR), total RNA from various rice tissues was extracted
using the FastPure Plant Total RNA Isolation Kit (Nanjing
Vazyme Biotech Co. Ltd, Nanjing, China). The cDNA was
synthesized using the FastKing RT Kit (with gDNase; Tiangen,
China). The RT-qPCR analysis was performed on a LightCycler
96 (Roche) with SuperReal PreMix Plus (SYBR Green, Tiangen,
China) with three biological replicates. The expression of OsActin
was used as an internal control. All primers used are listed in
Table S1.

For RNA-Seq, developing grains were harvested at 7, 14, 21,
28, and 35 DAP. After meticulous removal of the lemma and
palea, resulting caryopsis were promptly frozen in liquid nitrogen
and stored at �80°C until RNA extraction. RNA extraction,
library construction, and sequencing were performed by OEBIO-
TECH (Shanghai, China) using an Illumina Novaseq 6000 plat-
form. After filtering, clean reads were mapped to the rice reference
genome using HISAT2, and fragments per kilobase million
(FPKM) of each gene was calculated and the read counts were gen-
erated by HTSeq-count. Principal component analysis (PCA) was
performed using R (v.3.2.0) to evaluate the biological duplication
of samples. Differential expression analysis was performed using
DESeq2. Q value < 0.05 and fold change > 2 or fold change
< 0.5 was set as the threshold for significantly differentially
expressed genes (DEGs). Hierarchical cluster analysis of DEGs
was performed using R (v.3.2.0) to demonstrate the expression
pattern of genes in different groups and samples. The radar map
of top 30 genes was drawn to show the expression of upregulated
or downregulated DEGs using R packet ggradar. Based on the
hypergeometric distribution, Gene Ontology (GO), Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway, Reactome,
and WikiPathways enrichment analysis of DEGs were performed
to screen the significant enriched term using R (v.3.2.0). R
(v.3.2.0) was used to draw the column diagram, the chord dia-
gram, and bubble diagram of the significant enrichment term.

DAP-Seq and data analysis

Genomic DNA from mature rice caryopsis was isolated using
MICH DNA Clean Beads (Bluescape Hebei Biotech, Hebei,
China). Libraries were constructed with the MICH TLX

DNA-Seq Kit (Bluescape Hebei Biotech). Halo-OsMYB94
fusion protein was expressed using the TNT SP6 Coupled Wheat
Germ Extract System (Promega), immobilized on Magne Halo-
Tag Beads (Promega), and incubated with the DNA library (Bar-
tlett et al., 2017). After three washes to remove unbound DNA,
OsMYB94-bound fragments were eluted, PCR-amplified, and
sequenced on an Illumina NovaSeq platform (150 bp paired-
end). Clean reads were aligned to the rice reference genome using
BWA-MEM (Vasimuddin et al., 2019). OsMYB94-binding sites
were identified with MACS2 callpeak (fold enrichment > 2,
q < 0.05; Zhang et al., 2008). The HOMER software (Heinz
et al., 2010) was used to map the distribution of DAP-Seq peaks
within 1-kb regions upstream and downstream of transcription
start sites (TSS). Motif discovery was performed using the
MEME-CHIP software (Machanick & Bailey, 2011). Peaks were
annotated using the CHIPSEEKER software (Yu et al., 2015) and
visualized in INTEGRATIVE GENOMICS VIEWER (IGV, v.2.8.2). GO
enrichment analysis was performed using the Gene Ontology
Resource database (http://geneontology.org/).

Dual-luciferase and transcriptional activity assays

For dual-LUC assays, the OsLTP5 and OsLTPL12 promoters
were amplified and cloned into pGreenII-0800-LUC as repor-
ters, and the OsMYB94 CDS was inserted into the pGreenII-
0000 vector as the effector. These vectors were co-transformed
into tobacco leaves and cultured overnight at 22°C in the dark.
LUC activity was measured using a Dual-Luciferase Reporter
Assay System (Promega), with Renilla luciferase (REN) as an
internal control.

For transcriptional activity assays, full-length OsMYB94 cod-
ing DNA sequence (CDS) or VP16 (constitutive transcriptional
activator) was fused to GAL4BD to generate effector vectors,
with 5 9 GAL4-LUC as the reporter, and 35S:: REN and 35S::
GFP as internal and external controls, respectively.
Co-transformation and LUC/REN measurements followed the
same protocol as in the dual-LUC assays.

Yeast one-hybrid assay

The full-length OsMYB94 CDS and 1000-bp promoter regions
OsLTP5 and OsLTPL12 were cloned into the pB42AD and
pLacZi vectors, respectively. The plasmids were co-transformed
into the yeast strain EGY48 and grown on SD/�Trp/�Ura med-
ium and then spotted onto D/�Trp/�Ura medium supplemen-
ted with 1 9 BU salts, 2% (w/v) galactose, 1% (w/v) raffinose,
and 80 mg l�1 X-gal for interaction tests.

ChIP-qPCR

The chromatic immunoprecipitation (ChIP)-qPCR assay was
performed as per a previously reported method with minor modi-
fications (Bowler et al., 2004). Caryopses of 7, 14, 21, 28, and 35
DAP (c. 2 g) from WT and pOsMYB94-OsMYB94-eGFP trans-
genic plants were cross-linked in 1% (v/v) formaldehyde and
ground in liquid nitrogen. The chromatin was sonicated, and
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then, the DNA fragments were incubated with GFP-Trap Mag-
netic Agarose (ChromoTek, Munich, Germany). Immunopreci-
pitated DNA was analyzed by quantitative PCR using OsLTP5
and OsLTPL12 primers (Table S1). Samples before precipitation
were used as input controls, and the result was a comparison of
the enrichment levels of target genes between the enrichment area
and the nonenrichment area of the promoter.

Results

OsMYB94 is highly expressed in developing caryopsis and
its encoded protein acts as a transcriptional activator

In Arabidopsis, AtMYB94 and its orthologs (AtMYB30,
AtMYB31, AtMYB60, and AtMYB96) belong to the first clade
of the R2R3-MYB family (Dubos et al., 2010), and these genes
are upregulated in the stem epidermis (Suh et al., 2005), partici-
pating in plant development and stress responses. In Arabidopsis,
AtMYB94 and AtMYB96 function as master regulators of tran-
scription, influencing seed germination, anthocyanin accumula-
tion, and particularly cuticular wax biosynthesis in the aerial
parts of vegetative organs under abiotic stresses (Seo et al., 2011;
Lee et al., 2016; Lee & Seo, 2019), while AtMYB31 regulates
wax biosynthesis in reproductive tissues and contributes to
seed development (Shi et al., 2022). In rice, OsMYB94
(LOC_Os08g33940) is phylogenetically close to AtMYB94,
AtMYB96, and AtMYB31, with particularly a high motif similar-
ity to AtMYB94 (Fig. S1). Its function in caryopsis chalkiness
and HRY was recently reported (Yu et al., 2026).

RT-qPCR was performed to analyze the spatio-temporal
expression of OsMYB94 as an initial step in its functional charac-
terization. OsMYB94 was found to be ubiquitously expressed in
both vegetative and reproductive tissues, with higher levels in
reproductive tissues, including flowers and developing caryopsis
(hull-removed). Expression level in caryopsis was high at 7 DAP,
increased further at 14 DAP, peaked at 21 DAP, and gradually
declined thereafter, remaining relatively high at 35 DAP
(Fig. 1a). Correspondingly, GUS signals were detected in both
vegetative and reproductive tissues of pOsMYB94-GUS trans-
genic plants (Fig. 1b). Notably, strong GUS signals were
observed in developing caryopsis from 3 to 35 DAP (Fig. 1c),
particularly in the aleurone layer and caryopsis coat (seed coat
and pericarp), as well as the embryo and starchy endosperm
(Fig. 1c). These results suggest that OsMYB94 plays a critical role
in rice caryopsis maturation and quality formation. Confocal
imaging of 21 DAP seed sections from the pOsMYB94::
OsMYB94–eGFP line revealed GFP signal exclusively in outer
grain layers, strongest in the epidermis (Fig. 1d). In dorsal sec-
tions, GFP signal formed a thin, continuous layer; in ventral sec-
tions, it was thicker and more intense. Merged images confirmed
its co-localization with peripheral grain tissues, indicating
OsMYB94 is specifically expressed in outer grain coat–associated
cell layers at this stage (Fig. 1d). The dorsal–ventral asymmetry
suggests spatial regulation during caryopsis maturation, support-
ing the critical role of OsMYB94 in rice caryopsis maturation and
quality formation.

Subsequent assays determined the subcellular localization and
transcriptional activity of OsMYB94. Transient expression assay
in tobacco leaves with pUBC::OsMYB94-GFP indicated that
GFP-tagged OsMYB94 colocalized with DAPI in tobacco nuclei
(Fig. 1e), confirming its nuclear targeting (Yu et al., 2026). A
transcriptional activation assay in tobacco leaves revealed that
GAL4BD:OsMYB94 significantly increased the LUC/REN ratio
vs control, similar to the strong positive activator GAL4BD:VP16
(Fig. 1f). Thus, OsMYB94 functions as a bona fide transcription
factor.

OsMYB94 is required for caryopsis coat and aleurone layer
development and caryopsis filling

Loss-of-function mutants of OsMYB94 were generated through
CRISPR/Cas9-mediated genome editing in the japonica rice vari-
ety 9522 to characterize its function. Two distinct alleles were
obtained (Fig. S2a): one with an A insertion (osmyb94-1) and the
other with an A deletion (osmyb94-2), both causing frameshift
mutations. AlphaFold-based structural prediction showed both
mutations significantly altered protein folding compared with
WT OsMYB94, suggesting impaired structural stability or func-
tional conformation (Fig. S2b). Thus, these mutants, primarily
osmyb94-1, were selected for further analyses.

Two osmyb94 mutants exhibited notable disparities in plant
height, tiller number, panicle length, and panicle weight com-
pared with WT plants, regardless of growth seasons or locations
(Fig. S3). This finding indicates that OsMYB94 plays essential
roles in both vegetative and reproductive development in rice,
consistent with its expression patterns, unlike alleles in the Nip-
ponbare (Nip) background, which show no significant differences
in these traits (Yu et al., 2026).

Given the higher expression patterns of OsMYB94 in develop-
ing caryopsis (Fig. 1), caryopsis-related phenotypes were closely
examined. Caryopses from WT and mutants were sampled and
photographed at 3–35 DAP, corresponding to key developmen-
tal stages as described previously (Wu et al., 2016a,b). Although
morphological differences between WT and mutants were detect-
able early, the most evident divergence occurred at 21 DAP,
when mutant caryopsis remained green (Fig. 2a). Caryopsis fill-
ing rates were consistently lower in mutants than in WT, with
significantly reduced fresh weight of 100 developing caryopsis
from 7 to 35 DAP and lower dry weight, particularly from 21 to
35 DAP (Fig. 2b), underscoring OsMYB94’s critical role in car-
yopsis filling and reserve accumulation. Histological analysis of
aleurone structure at 21 and 28 DAP revealed remarkably
reduced aleurone thickness in mutants on both ventral and dorsal
sides, with a greater reduction dorsally (Fig. 2c–f). Additionally,
altered thickness and structure of the caryopsis coat were
observed in mutants (Fig. 2d–g). Staining with I2-KI plus Sudan
III (Fig. S4a) and toluidine blue (Fig. S4b) in mature rice caryop-
sis further confirmed the thinner aleurone layer and altered car-
yopsis coat in mutants. Such structural changes may result in
metabolic alterations in mutant endosperms, as both caryopsis
coat and the aleurone layers play key roles in nutrient storage
and maternal transport of nutrients to developing caryopsis
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(Liang et al., 2025). These findings suggest that OsMYB94 is
required for aleurone development, caryopsis coat formation,
and caryopsis filling, thus caryopsis quality formation.

OsMYB94 is essential for caryopsis AQ and ECQ,
particularly glossiness

The osmyb94 mutants severely impaired grain AQ traits: Mature
mutant caryopsis exhibited significantly reduced length, width,

perimeter, and 100-caryopsis weight, along with increased chalki-
ness degree and chalkiness rate, altering overall caryopsis appear-
ance (Fig. S5).

A striking change was that mutant caryopsis appeared less glossy
than WT (Fig. 3a), confirmed by a lower mean gray value (Fig. 3b)
and RGB index (Fig. 3c). Notably, mutants also exhibited signifi-
cant alterations in ECQ parameters, including significantly reduced
GC (Fig. 3d), PaT (Fig. 3e), setback (Fig. 3f), and final viscosity
(Fig. 3g), together with a significantly increased AAC (Fig. 3h).

Fig. 1 Expression patterns of
OsMYB94, subcellular localization, and
transcriptional activity of its encoded
protein in rice. (a) The spatial and
temporal expression pattern of
OsMYB94 revealed by reverse
transcription quantitative polymerase
chain reaction (RT-qPCR). Data are
mean � SD (n = 3 biological
replicates). DAP, days after pollination.
(b) Images of b-glucuronidase (GUS)-
stained vegetative, reproductive tissues,
and developing caryopses at 3–35 DAP.
(c) Images of GUS-stained developing
caryopses at 14–35 DAP.
(d) Fluorescence signals of OsMYB94-
eGFP in transverse sections of
developing caryopses at 21DAP. GFP
fluorescence (green) reveals the spatial
distribution of OsMYB94 protein in
seed tissues, with merged images
combining GFP and bright-field signals.
(e) Subcellular localization of the
OsMYB94–GFP fusion protein in
Nicotiana benthamiana epidermal cells
observed by confocal microscopy.
(f) Transcriptional activity assay
showing the transcriptional activity of
OsMYB94. Data are mean � SD (n =3
biological replicates). GFP, green
fluorescent protein.
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Because changes in AQ and ECQ traits, particularly chalki-
ness, transparency, glossiness, and GC, are consistently linked to
coordinated changes in major storage compounds (starches, pro-
teins, and lipids), we measured these reserves in WT and mutant
caryopsis. Mutant caryopsis showed markedly reduced total

starch (Fig. 3i) and triacylglycerol (TAG) content (Fig. 3j), and a
slightly nonsignificantly increased crude protein level (Fig. 3k).
SEM revealed looser, structurally altered starch granules in the
belly region of mutant caryopsis, contrasting with the dense poly-
gonal granules in WT caryopsis (Fig. S4c). These results indicate

Fig. 2 OsMYB94 influences caryopsis filling
and aleurone development in rice. (a)
Dynamic morphological changes in wild-type
(WT) and osmyb94-1 developing caryopses
from 3 to 35 d after pollination (DAP). (b)
Dynamics of fresh and dry caryopses weight
of WT and osmyb94mutants during
caryopsis maturation, respectively. Data are
mean � SD (n = 3 biological replicates).
(c, e) Semi-thin sections of developing
caryopses of WT and osmyb94-1 at 21 DAP
(c) and 28 DAP (e), showing different
changes in the thickness of the aleurone layer
(AL) and the caryopsis coat. The AL is
indicated by orange bar; EN, endosperm.
(d, f) Quantification of the thickness of the AL
in caryopses of WT and osmyb94-1 at 21
DAP (d) and 28 DAP (f). Data are mean � SD
(n = 6 biological replicates). P values (two-
tailed Student’s t-test) are shown for
comparisons betweenWT and mutants.
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that OsMYB94 regulates reserve accumulation, thus contributing
to caryopsis AQ and ECQ formation.

OsMYB94 plays a pivotal role in lipid metabolism in rice
caryopsis

Cryo-SEM analysis showed that mature mutant caryopsis had a
smooth surface without any obvious epicuticular wax crystals as
observed in WT (Fig. 4a). This finding is consistent with the
report that change in glossiness reflects the changes in the quan-
tity, composition, or crystal structures of epicuticular waxes on
aerial plant surfaces (Aharoni et al., 2004). GC-MS results con-
firmed significant reductions in total waxes in mutant caryopsis,
primarily due to lower fatty acids and primary alcohols (Figs 4b,
S6a). These findings support OsMYB94’s role in regulating wax
biosynthesis and deposition in rice caryopsis (Yu et al., 2026).
TEM observation further revealed markedly reduced thickness of
the cuticle and caryopsis coat in mutant caryopsis (Fig. S4d),
indicating OsMYB94’s role in forming the caryopsis cuticular
lipidic barrier and caryopsis coat.

Given the role of lipids in caryopsis glossiness (Xia
et al., 2022), we measured MLCFA levels in mature caryopsis of
WT and mutant using GC-MS. Total MLCFAs were signifi-
cantly lower in the mutant, mainly due to reduced unsaturated

MLCFAs (UMLCFAs), with no significant change in saturated
forms (Figs 4c, S6b). This indicates that OsMYB94 regulates
both epicuticular and intracellular lipid metabolism, consistent
with TEM observations in which mutant caryopsis showed
loosely packed endosperm cells, enlarged intercellular spaces, and
disorganized lipid droplets in the aleurone layer (Fig. 4d, S4f).
Combined with the TAG content data (Fig. 3j), these results
indicate that OsMYB94 is a key regulator of lipid homeostasis in
developing rice caryopsis, orchestrating cuticular lipid metabo-
lism and storage lipid accumulation.

Pearson correlation analysis revealed significant correlations
between metabolites and AQ/ECQ parameters (Fig. 4d). Car-
yopsis glossiness-related RGB index positively correlated with
starch, protein, and wax (primary alcohol), while mean gray value
correlated only with starch. GC positively correlated only with
wax (primary alcohol); PaT positively correlated with lipid,
including triglyceride, MLCFA, and wax (fatty acid); AAC nega-
tively correlated with UMLCFA. Caryopsis shape traits (length,
width, and 100-caryopsis weight) all positively correlated with
wax (primary alcohol and fatty acid), triglyceride, and UMLCFA,
while chalkiness negatively correlated with UMLCFA, triglycer-
ide, and protein. Protein and UMLCFA exhibited the most cor-
relations with quality traits, followed by starch, triglyceride, and
wax (primary alcohol and fatty acid). These findings supported

Fig. 3 Mutation ofOsMYB94 impairs
caryopsis appearance quality (AQ) and
eating and cooking quality (ECQ) traits
in rice. (a) Representative images of
caryopses from wild-type (WT) and
osmyb94mutants, showing contrasting
caryopsis glossiness. Bar, 1 cm. (b, c)
Quantitative indicators of caryopsis
glossiness: mean gray value (b) and
red-green-blue (RGB) index (c) of WT
and osmyb94mutants. (d–h)
Quantification of ECQ-related traits: gel
consistency (d), pasting temp (e),
setback (f), final viscosity (g), and
appearance amylose content (h) of WT
and osmyb94mutants. (i–k)
Quantification of starch (i), triglyceride
(j), and crude protein (k) of WT and
osmyb94mutants. Data are
mean � SD (n = 4 biological
replicates). P values (two-tailed
Student’s t-test) are shown for
comparisons betweenWT and mutants.
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that OsMYB94 regulates AQ and ECQ by modulating the meta-
bolic base of caryopsis quality formation.

OsMYB94 regulates metabolic pathways associated with
caryopsis maturation

Rice seed development consists of two phases: embryo morpho-
genesis and maturation (Wu et al., 2016a,b; Shi et al., 2025).
Since OsMYB94 mutation did not impact embryo morphogen-
esis, as shown by caryopsis morphology (Fig. 2a) and embryo via-
bility (Fig. S4e), we concentrated on the maturation process to

understand OsMYB94’s molecular role and its impact on caryop-
sis AQ and ECQ. RNA-Seq was performed on developing car-
yopsis harvested at 7, 14, 21, 28, and 35 DAP. PCA of 30
transcriptomes (2 genotypes 9 5 time points 9 3 biological
replicates) showed stage-specific transcriptomic dynamics in WT
and disrupted, delayed dynamics in osmyb94 mutants (Fig. 5a),
underscoring OsMYB94’s essential regulatory role in caryopsis
maturation. The number of DEGs between mutant and WT
increased from 1500 at 7 DAP to 3782 at 14 DAP, peaked at
8062 at 21 DAP, then declined to 6140 at 28 DAP, and dropped
sharply to 1683 at 35 DAP (Fig. 5b). This pattern confirms

Fig. 4 Mutation ofOsMYB94 suppresses cuticular wax deposition and intracellular lipid accumulation in rice caryopsis. (a) Cryo-scanning electron
microscopy (cryo-SEM) images of wax crystals absent in osmyb94-1 mutant but present in wild-type (WT) mature caryopsis surface. (b) Quantification of
wax components: total waxes, total fatty acid, and total primary alcohol on the epidermis of WT and osmyb94-1 caryopses. Data are mean � SD (n = 3
biological replicates). (c) Quantification of intracellular medium- and long-chain fatty acids (MLCFAs), unsaturated MLCFAs (UMLCFAs), and saturated
MLCFAs (SMLCFAs) in WT and osmyb94-1 caryopses. Data are mean � SD (n = 3 biological replicates). (d) Transmission electron microscopy (TEM)
images of lipid bodies (LB) and protein bodies (PB) in the aleurone layer of WT and osmyb94-1 caryopses. (e) Correlation heatmap between caryopsis
nutrient traits (starch, amylose, triglyceride, protein, SMLCFA, UMLCFA, and wax-related indices) and Rapid Visco Analyzer (RVA)/cooking quality
parameters (pasting temp, gel consistency, final viscosity, and breakdown). Statistical significance is indicated by asterisks (*, P < 0.05; **, P < 0.01),
numbers are Pearson correlation coefficient. Bar: (a) 5 lm; (d) 2 lm.
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OsMYB94’s critical role in regulating early maturation processes
of caryopsis coat development (7–18 DAP) and filling (7–20
DAP), as well as late maturation stages, including desiccation and
dormancy (from 21 DAP onward; Wu et al., 2016a,b).

As OsMYB94 is a transcription activator, the downregulated
DEGs across caryopsis developmental stages were analyzed

(Table S2). KEGG enrichment showed that OsMYB94 regulates
multiple metabolic processes, specifically ‘biosynthesis of second-
ary metabolites’ and ‘metabolic pathways’ in all caryopsis samples
from 7 to 35 DAP (Fig. 5c; Table S3). GO analysis confirmed
this, with the ‘metabolic process’ term enriched in the ‘Biological
Process (BP)’ category at all five stages (Fig. S7; Table S4).
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Fig. 5 Mutation ofOsMYB94 disrupts
caryopsis maturation and predominantly
affects metabolic pathways in rice. (a)
Principal component analysis (PCA) of
transcriptomes of wild-type (WT) and
osmyb94-1mutants across whole
caryopsis maturation stages, showing
clustering of mutant caryopses from 7
to 28 d after pollination (DAP) with WT
caryopses from 7 to 14 DAP.
(b) Scatterplot of dynamic multigroup
differences of differentially expressed
genes (DEGs). (c) Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway
enrichment of downregulated genes
across five caryopsis maturation stages,
showing top 8 or 10 categories. Red
lettered categories indicate the most
common enriched ones across five
stages. Color denotes significance
(�log10

P value). (d) Heatmap showing
expression patterns of representative
genes involved in fatty acid metabolism
in WT and osmyb94 across stages (z-
score).
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Notably, ‘fatty acid metabolism’ and ‘fatty acid elongation’ were
enriched solely at 21 DAP, highlighting a specific window for
lipid metabolism regulation (Fig. 5c). DEGs involved in wax,
cutin, and suberin (Fig. S8; Table S5), starch and sucrose meta-
bolism, amino acid metabolism, SWEET (sugars will eventually
be exported transporter) and MATE (multidrug and toxic com-
pound extrusion)-mediated transport (Fig. S9; Table S6), lipid
metabolism (Fig. S10; Table S7), secondary metabolism
(Fig. S11; Table S8), soluble storage protein (SSP) and oil (Cals)
accumulation, desiccation (late embryogenesis abundant proteins
(LEAs), dehydrins (DHNs), heat shock proteins (HSPs), raffi-
nose family oligosaccharides (RFOs), dormancy (DOG1L;
Fig. S12; Table S9), redox homeostasis (Fig. S13; Table S10),
hormone biosynthesis and signaling (Fig. S14; Table S11), and
aleurone formation) (Fig. S15; Table S12) exhibited stage-
specific expression patterns during caryopsis maturation. This
result indicates that OsMYB94 is a master activator of caryopsis
maturation, providing physical protection and chemical defense
by driving the synthesis of secondary metabolites (such as wax,
cutin, and pigments) in the caryopsis coat, storing reserves,
enhancing antioxidant capacity, and establishing desiccation tol-
erance and primary dormancy.

Venn diagram analysis (Fig. S16; Table S13) revealed both
stage-specific and shared gene sets, with 21 DAP caryopsis show-
ing the largest number of uniquely repressed genes, and substan-
tial overlap in downregulated DEGs was observed among 14, 21,
and 28 DAP caryopsis. Notably, KEGG analysis enriched DEGs
involved in ‘cutin, suberin and wax biosynthesis’, ‘fatty acid
degradation’, ‘fatty acid elongation’, ‘fatty acid biosynthesis’, and
broader ‘lipid biosynthesis’ categories were frequently downregu-
lated from 7 to 35 DAP, showing a stage-specific pattern
(Fig. 5d; Table S3): generally induced in WT but markedly
repressed in osmyb94 caryopsis. These results indicate that
OsMYB94 is required for coordinated activation of metabolic
pathways of primary metabolites (lipid, starch and sucrose, and
protein) and secondary metabolites (cutin, suberin and wax, and
others) during caryopsis maturation, particularly from 14 to 28
DAP. These results were further supported by GO analysis under
the ‘Biological Process (BP)’ category, the term of ‘metabolic pro-
cess’ appeared across all five stages and the term of ‘ripening’
appeared in caryopsis at 14, 21, and 28 DAP (Fig. S7; Table S4).
Expression patterns of five genes, fatty alcohol biosynthesis gene
FAR4 (Guan et al., 2023) and aleurone development-related
TA1, RECA3, TWINKLE, and GW2 (Liang et al., 2025), were
validated by RT-qPCR (Figs S8b, S15b), which verified the relia-
bility of RNA-Seq. Together, these findings indicate that
OsMYB94 coordinates both primary and secondary metabolic
pathways associated with caryopsis protective layer formation,
reserve accumulation, desiccation and dormancy, thus influen-
cing caryopsis maturation and quality.

DNA Affinity Purification-Seq (DAP-Seq) reveals genome-
wide binding features of OsMYB94

OsMYB94 regulates diverse metabolic processes, making it chal-
lenging to distinguish direct from indirect targets using RNA-Seq

alone. To address this, we integrated DAP-Seq to identify
OsMYB94’s binding sites and direct target genes. DAP-Seq con-
sistently detected a total of 3375 enriched peaks, corresponding
to 5622 genes (Fig. 6a,b; Table S14), in both biological repli-
cates. The binding sites ranged from 194 to 3284 bp
(Table S15), and the binding sites were highly centered on TSS
(Fig. S17a). Moreover, the binding sites of OsMYB94 were dis-
tributed evenly across the length of all 12 chromosomes, suggest-
ing that OsMYB94 exerts a broader regulatory role of OsMYB94
across chromosomes without a specific preferred chromosome
(Fig. S17b). GO analysis of promoter-associated targets showed
significant enrichment in ‘lipid transport’, ‘amino acid biosyn-
thetic process’, ‘fatty acid elongation’, and ‘very long chain fatty
acid biosynthetic process’ (Fig. S17c; Table S15-2). Most bind-
ing peaks were within promoter regions (1408 peaks, 28.5%),
followed by distal intergenic regions and introns (Fig. 6b), which
is consistent with OsMYB94 being a TF with DNA binding and
transcription regulatory activity. KEGG analysis further con-
firmed pathways highly consistent with RNA-Seq results, such as
‘phenylalanine, tyrosine and tryptophan biosynthesis’, ‘biosynth-
esis of secondary metabolites’, ‘cutin, suberin and wax biosynth-
esis’, and ‘biosynthesis of amino acids’ (Fig. S18; Table S15-5).

DAP-Seq identified cis-elements bound by OsMYB94
included the known typical R2R3-MYB recognition motifs
CCTAAC and CAACTAA (Li et al., 2025; Fig. 6d) and novel
motifs (Fig. 6d; Table S16). The most enriched motif identified
with MEME was represented by YYCCCAMC-
TACCHHCHHHHHY, which accounted for 1999 OsMYB94
binding peaks (Table S16). Other detected motifs, CAACCAAT-
CACAA and ATGCGGCGTGGCGCGCTC, were present in
334 and 156 OsMYB94 binding peaks, respectively (Table S16).

OsMYB94 directly regulates genes involved in lipid
transport

The intersection of downregulated DEGs from RNA-Seq and
DAP-Seq targets identified 161 potential direct OsMYB94-
regulated genes with stage-specific patterns (Fig. 6e; Table S15-
1). KEGG analysis revealed that these genes are enriched in sec-
ondary metabolism, including ‘phenylpropanoid biosynthesis’,
particularly in lipid metabolism, including ‘fatty acid elongation’,
‘glycerophospholipid metabolism’, ‘linoleic acid metabolism’,
‘glycerolipid metabolism’, and ‘ether lipid metabolism’ (Fig. 6f;
Table S15-4). We concentrated on 17 genes shared at 14, 21,
and 28 DAP (Fig. 6g). These genes, highly expressed in WT
seeds as predicted from the Evorepro database (https://evorepro.
sbs.ntu.edu.sg/), included six genes associated with lipid metabo-
lism, five genes with seed development, and one with secondary
metabolism (Fig. 6g). These results indicate that OsMYB94
directly regulates genes involved in the developmental regulation
of lipid and secondary metabolism, contributing to caryopsis
development followed by quality formation.

Dual-LUC analysis in tobacco leaves verified OsMYB94’s
direct activation of two OsLTPs, OsLTP5 (Fig. 7a) and
OsLTPL12 (Fig. 7b), which was supported by yeast one-hybrid
(Y1H) assays (Fig. 7c), clear OsMYB94 enrichment peaks in the
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promoters of OsLTP5 and OsLTPL12 revealed by DAP-Seq ana-
lysis (Fig. 7d), and their significantly reduced expressions in
osmyb94 mutants revealed by RT-qPCR and RNA-Seq
(Fig. S19). ChIP-qPCR results in pOsMYB94::OsMYB94-eGFP
lines confirmed the in vivo binding of OsMYB94 to the promo-
ters of OsLTP5 and OsLTPL12: strong enrichment was detected

at the P1 region of the OsLTP5 and at the P3 region of the
OsLTPL12 promoters (Fig. 7e), but not at P2 or P4 regions lack-
ing canonical MYB-binding elements. This result indicates speci-
fic OsMYB94 binding to discrete cis-elements within the
promoters of OsLTP5 and OsLTPL12 in vivo. Collectively, these
findings demonstrated that OsMYB94 directly binds to and

Fig. 6 Genome-wide identification of
OsMYB94 binding sites and binding
motifs by DAP-Seq and identification of
its direct targets combined with RNA-
Seq in rice caryopsis. (a) DAP-Seq using
two biological replicates revealed high-
confidence OsMYB94 binding sites. (b)
Genomic distribution of OsMYB94
binding peaks across annotated
features. (c) Top enriched Kyoto
Encyclopedia of Genes and Genomes
(KEGG) pathways of OsMYB94-bound
genes associated with OsMYB94
binding peaks of promoters. (d) De
novo–enriched DNA-binding motifs
identified by DAP-Seq with
corresponding E-values. (e) UpSet plot
of overlap of downregulated genes in all
five caryopsis maturation stages and
bound promoter-related genes in DAP-
Seq. (f) Top enriched KEGG pathways
of the full set of intersecting genes
defined in (e); dot size indicates gene
counts and color denotes significance
(�log10

P value). (g) Heatmap showing
expression profiles of the 17 identified
direct OsMYB94 target genes
highlighted by the yellow bar in (e)
across five caryopsis maturation stages
(z-score).
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activates OsLTP5 and OsLTPL12, manipulating epicuticular and
intracellular lipid homeostasis, thereby impacting reserve accu-
mulation and ultimately caryopsis quality.

Knockout mutants of OsLTP5 and OsLTPL12 were generated
using the CRISPR/Cas9 system (Fig. S20). osltpl12 but not osltp5
mutant (T0) caryopses exhibited remarkably reduced glossiness

Fig. 7 Mutation ofOsLTP5 andOsLTPL12 in rice
resembles glossiness phenotype to osmyb94. (a,
b) Dual-luciferase (dual-LUC) assays showing the
activation ofOsLTP5 andOsLTPL12 promoters
by OsMYB94 in tobacco leaves. Representative
pseudo color luminescence images and
quantification of relative LUC activity (LUC/
Renilla luciferase (REN)) are shown; REN served
as the internal control. Data are mean � SD
(n = 6 biological replicates). Asterisks indicate
significant differences from the control
determined by two-tailed Student’s t-test (**,
P < 0.01). (c) Yeast one-hybrid (Y1H) assays
demonstrating binding of OsMYB94 to the
promoters ofOsLTP5 andOsLTPL12 (growth on
selective media indicates binding). CK+, positive
LacZi+ positive AD; CK-, pB42AD-
OsMYB94 + pLacZi-empty. Positive LacZi and
positive AD plasmids were both from the EGY48-
LacZ Yeast One-Hybrid Interaction Proving Kit
(cat no.: YH3010; Coolaber, Beijing, China). (d)
OsMYB94 binding peaks (Repeats 1 and 2) and
negative control (mock) over theOsLTP5 and
OsLTPL12 loci as determined by DAP-Seq. (0 to
115) and (0 to 60) represent the intensity of
binding as reflected by the heights of the peak.
P1, P2, P3, and P4 indicate the regions examined
by chromatic immunoprecipitation (ChIP)-qPCR.
(e) ChIP-qPCR assay in developing caryopses of
pOsMYB94::OsMYB94-eGFP in the promoter
regions ofOsLTP5 andOsLTPL12 indicated in
(d). Data are mean � SD (n = 3 biological
replicates). *, P < 0.05; ****, P < 0.0001; ns,
nonsignificant (Student’s t-test). IgG,
immunoglobulin G. (f) Representative images of
mature caryopses from wild-type (WT) and
osltp5 and osltpl12mutant lines, showing
different glossiness. (g–l) Caryopsis mean gray
value (g), red-green-blue (RGB) index (h),
chalkiness rate, chalkiness degree (j), wax
content (k), and medium- and long-chain fatty
acid (MLCFA) contents (l) in WT and osltp

caryopses. Data are mean � SD (n = 3 or 4
biological replicates). Statistical significance was
determined by two-tailed Student’s t-test.
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(Fig. 7f), mean gray value (Fig. 7g), and RGB index (Fig. 7h).
Both mutant caryopses exhibited a higher chalkiness degree
(Fig. 7i) and chalkiness rate (Fig. 7j), significantly lower HRY
(Fig. S21f), and no changes in other AQ parameters (Fig. S21b–
e). Notably, osltpl12 but not osltp5 caryopsis exhibited lower total
wax and primary alcohol than WT (Fig. 7k); however, both
exhibited a significant reduction in C24:0 FA (Fig. S22a). These
results confirmed the roles of OsLTP5 and OsLTPL12 in wax
production and caryopsis AQ formation, particularly OsLTPL12
in glossiness. The similar yet distinct phenotypes compared with
osmyb94 mutants supported their genetic interaction. MLCFAs
were quantified in mature osltp mutant caryopses (Figs 7l, S22b).
Total MLCFA levels in osltp5 and osltpl12 mutants were not sig-
nificantly lower than those in WT, but monounsaturated
MLCFAs were markedly reduced in both osltp5-8 and osltpl12-
10, whereas saturated MLCFAs were significantly reduced only
in osltp5-8 (Fig. 7l). These results indicate that OsLTP5 and
OsLTPL12 promote the accumulation of MLCFAs, particularly
monounsaturated species, supporting their roles in lipid transport
or deposition during caryopsis maturation.

Discussion

Rice caryopsis quality is a complex trait shaped by natural adapta-
tion and human preferences (Fitzgerald et al., 2009; Cheng
et al., 2022). A variety’s quality reputation depends on stable
expression across seasons, but the underlying genetic and environ-
mental drivers remain unclear. Quality is typically assessed
through AQ, ECQ, NQ, and MQ properties (Cheng et al.,
2022). Although these traits interact, their biochemical and mole-
cular mechanisms are poorly understood. Previous studies have
identified transcriptional regulators of grain size (Zhao
et al., 2022; Ren et al., 2023), starch and seed storage protein bio-
synthesis, and chalkiness (Zhao et al., 2022; L. Chen et al., 2024).
By contrast, regulation of NQ (Zafar & Xu, 2023), ECQ (Lou
et al., 2025), and caryopsis glossiness remains largely unexplored.
Here, we show that OsMYB94 regulates metabolic pathways dur-
ing caryopsis maturation, directly influencing multiple quality
traits and revealing key links between metabolism and quality.
Our findings broaden the functional scope of OsMYB94 and
identify a novel regulatory module for breeding high-quality rice.

OsMYB94–OsLTPL12 directly regulates caryopsis
glossiness

Caryopsis glossiness, a key AQ trait, is often overlooked because
it manifests mainly in cooked rice (Park et al., 2019). The Wx
gene negatively regulates crude fat contents in caryopsis; higher
crude fat levels correct with greater cooked-rice luster (Xia
et al., 2022). Although rice caryopsis lipids are low in abundance
(Chang et al., 2024), their concentration in the endosperm and
aleurone layer strongly influences AQ, ECQ, MQ, and NQ
(Zhou et al., 2024). Yet, the regulatory mechanisms linking lipid
metabolism to grain quality remain unclear.

In osmyb94 mutants, reduced glossiness was the most promi-
nent AQ change (Fig. 3a), reflected by a lower mean gray value

(Fig. 3b) and RGB index (Fig. 3c). This resulted from signifi-
cantly fewer epicuticular wax crystals (Fig. 4a) and reduced total
wax, mainly primary alcohols and fatty acids (Fig. 4b). Notably,
C18:1 fatty acid, a key precursor of cuticular lipid biosynthesis
(Joub�es & Domergue, 2018), was significantly depleted in both
wax (Fig. S6a) and intracellular UMLFAs (Fig. 4c). Unlike
AtMYB94/MYB96 (Seo et al., 2011; Lee et al., 2016; Castorina
et al., 2020) and ZmMYB94 (Castorina et al., 2020), which pro-
mote wax accumulation in vegetative tissues under stresses,
OsMYB94 is highly expressed in flowers and developing car-
yopses (Fig. 1a) and is constitutively required for caryopsis filling
(Figs. 2a,b), coat formation, and cuticle development (Figs S4a,
b,d, S6a). This reveals evolutionary specialization within the
MYB94 subclade: OsMYB94 repurposes the conserved wax-
regulatory pathway to protect enclosed caryopses, even though
they are covered by lemma and palea, indicating that surface wax
directly determines caryopsis glossiness.

Among detected wax components, primary alcohols strongly
correlated with RGB index but not with mean gray value, which
only correlated with starch (Fig. 4e). Primary alcohols and fatty
acids also positively correlated with other AQ traits (caryopsis
length, width, and 100-caryopsis weight) and ECQ traits (AAC,
GC, and PaT). By contrast, intracellular saturated or UMLCFAs
correlated only with AQ traits, not glossiness (Fig. 4e), further
supporting the specific role of epicuticular wax in caryopsis glos-
siness. RNA-Seq revealed downregulation of wax-related genes:
regulators (OsWR1 and OsWR4), fatty alcohol synthesis (OsFAR1
and OsFAR4), LCFA biosynthesis (OsKCS1/KCS6/KCS7/KCS8/
KCS16), wax biosynthesis (OsCER1/CER2/CER3 and OsGL1-2),
and wax modification (CYP96B5 and OsWSD1; Fig. S8). These
findings position OsMYB94 as a master regulator of wax deposi-
tion in rice caryopsis, particularly alcohol-forming pathways,
likely via coordinated control of OsFAR1/FAR4 (Guan
et al., 2023) and upstream activators OsWR1/WR4 (Wang
et al., 2012; Fig. S8). Notably, OsWR1-OsFAR1 acts at 7 DAP,
while OsWR4-OsFAR4 functions from 14 to 28 DAP (Fig. S8),
revealing stage-specific regulation of wax biosynthesis by
OsMYB94.

RNA-Seq data show that OsMYB94 directly regulates OsLTP5
and OsLTPL12, two LTP genes involved in cuticular wax trans-
port (Fig. S10). Previous studies linked OsLTPL36 to rice seed
development and germination (Wang et al., 2015), and TaLTP3
to extracellular wax crystal formation in wheat (Zhao
et al., 2021). Here, RNA-Seq and DAP-Seq co-identified
OsLTP5 and OsLTPL12 as direct OsMYB94 targets (Fig. 6g),
validated by biochemical (Fig. 7a–e) and genetic (Fig. 7e–l)
assays. osltp5 and osltpl12 mutants phenocopied osmyb94: Both
showed increased chalkiness (Fig. 7i,j) and reduced HRY
(Fig. S21f); osltpl12 additionally exhibited lower caryopsis glossi-
ness (Fig. 7h). OsLTPL12’s stronger effect on chalkiness corre-
lates with its higher basal expression (Fig. S10). Thus,
OsMYB94–OsLTP5/OsLTPL12 forms a regulatory module that
links wax precursor export from the endosperm to grain quality:
By promoting VLCFA (very long chain fatty acid) transport for
cuticle formation, it depletes endosperm lipid reserves, thereby
modulating chalkiness, glossiness, and MQ. This module is a
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precise breeding target; moderate repression could optimize cuti-
cular protection and lipid accumulation, improving translucency
and yield without sacrificing stress tolerance.

This study shows that OsMYB94 regulates multiple processes
beyond wax transport: seed maturation (OsLEA5L; Huang
et al., 2018), seed longevity (OsLOX3; Xu et al., 2015), grain
weight (OscHSP70-4; Z. Zhang et al., 2025), grain development
(OsCYP71A9; Lei et al., 2018), caryopsis mineral composition
(OsEXPB8; Pasion et al., 2023), secondary metabolism (OsOSC8;
Ma et al., 2024), phosphatidic acid biosynthesis and dehydration
response (OsPLDdelta1; Katagiri et al., 2001), and TAG metabo-
lism (LOC_Os03g22670; Jin et al., 2024).

OsMYB94 is a master regulator of rice caryopsis maturation
and quality

This study shows that OsMYB94 regulates key vegetative traits
(plant height and tiller number) and reproductive traits (panicle
length and weight; Fig. S3e), and caryopsis filling (Fig. 2a,b),
aleurone layer formation (Figs 2c–f, S4a,b), cuticular barrier
development (Figs 4a, S3a,d), HRY, and seed setting rate
(Fig. S5h,i). OsMYB94 also determines caryopsis quality attri-
butes across three categories: AQ (shape, Fig. S5b–d; glossiness,
Figs 3a–c, S5a; chalkiness, Fig. S5f,g), MQ (HRY, Fig. S5h), and
ECQ (AAC content, Fig. 3h; GC and PaT Fig. 3d–g). These
findings establish OsMYB94 as a central, multifunctional regula-
tor of grain productivity and quality, consistent with the broader
roles of plant R2R3 MYB transcription factors (Hwang
et al., 2025). The milder phenotypes reported by Yu et al. (2026)
likely stem from differences in genetic background or develop-
mental timing, reflecting the context-dependent activity of MYB
proteins (Imran et al., 2025).

OsMYB94 knockout significantly reduced caryopsis starch
(Fig. 3i), triglyceride (Fig. 3j), and UMLCFA (Fig. 4c), with only
a nonsignificant slight increase in crude protein (Fig. 3k). This
confirms OsMYB94’s central role in regulating caryopsis filling
and reserve accumulation, directly impacting MQ, AQ, and
ECQ. Consistent with this, caryopsis reserves strongly correlated
with AQ (caryopsis length/width) and ECQ (AAC, GC, and PT;
Fig. 4e). This result was supported by top enriched KEGG path-
ways of ‘Metabolic pathways’ and ‘Biosynthesis of secondary
metabolites’ across five maturation stages in RNA-Seq (Fig. 5c;
Table S2) and dynamic changes in the expression of DEGs invol-
ving starch/sucrose metabolism, amino acid metabolism,
SWEET/MATE-mediated transport (Fig. S9), lipid metabolism
(Fig. S10), seed storage proteins, caleosins, desiccation protec-
tants (Fig. S12), and aleurone development (Fig. S15). Key
DEGs are associated with filling (OsSWEET1a/4/15, S. Zhang
et al., 2025, Ma et al., 2023; OsGFD1, Sun et al., 2023; OsSS-
SIIb, Yamakawa et al., 2007); maturation (OsAMY1A/C and
OsAMY3A/D/E, Damaris et al., 2019); dormancy (OsISA1, Du
et al., 2018); grain size/weight (OsSUS1-3, Fan et al., 2019;
OsGFD1, Sun et al., 2023); yield (OsAAP15/AAP11, Yang
et al., 2023); and glutelin (OsGLUA3, Chen et al., 2022). Collec-
tively, OsMYB94 coordinates metabolic homeostasis during car-
yopsis maturation to orchestrate multiple quality traits.

RNA-Seq revealed that OsMYB94 orchestrates metabolic
reprogramming during early-to-late caryopsis maturation. In
WT, transcriptomes shift sequentially: from aleurone and cuticle
formation (Figs S8, S10, S15) to caryopsis filling and lipid meta-
bolism (Figs S9, S10), and then to protective compound bio-
synthesis and secondary metabolism (Figs S11, S12). In osmyb94
mutants, this progression is severely impaired at 21–35 DAP,
with strong downregulation of genes for wax biosynthesis
(Fig. S8), caryopsis filling (Fig. S9), and desiccation tolerance
and dormancy (Fig. S12), confirming OsMYB94’s stage-specific
regulatory role. By contrast, OsMYB73 promotes starch, lipid,
and storage compound accumulation via OsNF-YB1, OsLTPL36,
and OsYUC11 to support grain filling and endosperm develop-
ment (S. Liu et al., 2025).

Compared with starch (Fig. 3i) and crude protein (Fig. 3k),
changes in total TAG (Fig. 3j), MLCFA (Fig. 4c), and wax
(Fig. 4b) were more pronounced in osmyb94 caryopses, reveal-
ing a previously unrecognized link between cuticular lipid bar-
rier formation on the caryopsis surface and lipid storage
organization in the endosperm and aleurone. OsMYB94 acts as
a rice-specific master regulator that coordinates grain maturation
and structural integrity by mediating lipid communication
between maternal (caryopsis coat) and filial (aleurone/endos-
perm) tissues. Its loss disrupts both cuticular barrier formation
and storage compound accumulation, compromising caryopsis
quality. Unlike Arabidopsis’ LAFL network (LEC1, ABI3,
FUS3, and LEC2), which regulates seed filling, desiccation tol-
erance, and dormancy and requires partners like ZOU or WRI1
for cuticle development (Gazzarrini & Song, 2024), OsMYB94
functions independently: LAFL genes are conserved in rice (Xue
et al., 2012) but show no differential expression in osmyb94 car-
yopses across five developmental stages (Table S2), confirming
OsMYB94 operates independently of the LAFL pathway. This
underscores evolutionary divergence in seed maturation regula-
tion between rice and Arabidopsis. However, the signals sensed
by OsMYB94 and its stage-specific regulatory mechanism
remain unknown.

OsMYB94 maintains ROS and hormone homeostasis to
promote caryopsis maturation

Phytohormones regulate caryopsis filling and quality formation
(Zhang et al., 2020; Pankaj et al., 2025; B. Liu et al., 2025).
Their levels fluctuate dynamically during development via bio-
synthesis, metabolism, and transport; disruptions impair grain
filling and reproductive development (Zhang et al., 2020; B. Liu
et al., 2025). However, regulatory mechanisms remain unclear.
ROS are essential for rice seed germination and dormancy
(Kumar et al., 2021; Rattanawong et al., 2021), but their roles in
caryopsis maturation remain unknown. RNA-Seq data showed
that abscisic acid (ABA), auxin, cytokinin, ethylene, and gibberel-
lic acid (GA) all contribute to caryopsis maturation, with ABA
and ethylene being upregulated in the late stages (Fig. S14;
Table S11), consistent with their known roles in grain filling,
coat formation, and endosperm development (Pankaj
et al., 2025; B. Liu et al., 2025). This extends phytohormone
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functions from endosperm development (Zhang et al., 2020) to
whole, caryopsis maturation and quality. In osmyb94 caryopses,
downregulated DEGs are associated with dormancy (OsA-
BA8ox1, Fu et al., 2022; OsNCED3, Chen et al., 2023); caryopsis
size (OsSMOS1, Wang et al., 2024; OsD2, Kim et al., 2022);
yield (OsGA20ox1, Wu et al., 2016c; OsPIN5b, Lu et al., 2015);
and tillering (OsPIN2, Chen et al., 2012; OsSAUR27, Ma
et al., 2020). Redox-related genes, particularly iron–sulfur cluster
(Fe-S) and metallothionein (MT) genes, are enriched in caryopsis
maturation (Fig. S13), supporting ROS involvement in embryo
development, vigor, and dormancy (Shi et al., 2025). Downregu-
lated ROS scavenging DEGs are associated with grain filling/size
(OsMT2b, Yu et al., 2026, J. Chen et al., 2024), Fe homeostasis
in caryopsis (OsIRO2, Ogo et al., 2011), and germination
(OsROBHH, Liu et al., 2012).

Phytohormones integrate developmental and environmental
signals; ROS are metabolic byproducts of respiration, photo-
synthesis, and oxidative processes during maturation. Their cross-
talk is therefore critical for understanding joint roles in
maturation and grain quality. OsMYB94 emerges as a key regula-
tor: It coordinates phytohormone signaling and metabolism,
and, consistent with growing evidence of bidirectional
phytohormone-ROS crosstalk (F�abregas et al., 2026), also modu-
lates ROS homeostasis. RNA-Seq identified OsMYB94 and its

downstream targets (Figs S13–S14; Tables S10–S11) as prime
candidates for mechanistic study.

In summary, OsMYB94 orchestrates secondary metabolism
(for protection), reserve accumulation (for energy storage), ROS
homeostasis (for antioxidant defense), and hormonal signaling
(for desiccation and dormancy) to ensure proper maturation and
high-quality grain formation (Fig. 8).
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Fig. 8 Proposed model for OsMYB94-mediated regulation of metabolic pathways associated with caryopsis maturation and quality formation in rice. A
diagram framework showing that OsMYB94 coordinately modulates multiple biological processes during caryopsis maturation, including secondary
metabolism associated with physiological and chemical protection, reserve accumulation for energy storage, hormonal signaling linked to desiccation and
dormancy, and reactive oxygen species (ROS) homeostasis for antioxidant defense. This coordinated activation ensures proper caryopsis maturation and
high-quality caryopsis formation. Statistical significance (P values) for stage-specific significant transcriptomic changes in both primary (light green) and
secondary (light blue) metabolic pathways between wild-type and osmyb94mutants, at five developmental stages, is shown beneath ‘Maturation’.
Asterisks beneath ‘Quality’ indicate significance levels of Pearson’s correlation coefficient: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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