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OsTIP3;1 regulates rice seed
germination via aleurone
layer lipid metabolism: a
transcriptome analysis

Yaping Cao, Yongkai Zhou, Heting Zhang and Huiping Chen*

School of Life and Health Sciences, Hainan University, Haikou, China

Tonoplast intrinsic proteins (TIPs) are essential for water transport and cell
physiology, however, their speci c roles in seed development and germination,
particularly in lipid metabolism, remain poorly understood. This study elucidates
the role of rice OsTIP3;1 using knockout (KN, tip3;1-ii) and overexpression (OE,
OE-TIP3;1-111) lines. OsTIP3;1 knockout led to signi cant defects in glume
morphology and aleurone grain structure, whereas overexpression did not
exhibit any adverse effects. During germination, KN seeds showed delayed
radicle and plumule elongation, reduced lateral root development, lower
germination energy (GE) and germination index (Gl), although the nal
germination rate (GR) remained unchanged. In contrast, OE seeds displayed
only transient inhibition of early radicle and plumule growth. Laser confocal
microscopy (LCM) revealed asynchronous vacuolar fusion in aleurone cells,
which was more pronounced in KN and OE lines than in the wild-type (WT).
Transcriptome analysis identi ed distinct molecular pathways among genotypes.
KN lines exhibited delayed fatty acid degradation, downregulated early-stage
lipid metabolic genes, and enriched late-stage endoplasmic reticulum protein
processing pathways, while OE lines showed enhanced vesicle transport
processes. Protein-protein interaction network analysis identi ed lipid
metabolism genes LOC4335609 and LOC4340986 as central hubs across all
genotypes. Notably, RNA-seq and gRT-PCR analyses showed two genes were
downregulated in KN lines at 1 d and 3 d of germination compared to the WT.
These ndings suggest that OsTIP3;1 regulates rice seed germination potentially
via modulating vacuolar fusion in the aleurone layer and coordinating lipid
metabolic pathways to support ef cient germination and seedling establishment.
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1 Introduction

Rice (Oryza sativa L.) is a primary food source for the global
population and a vital resource in agricultural production (Pickson
etal., 2022). Rapid, uniform seed germination and vigorous seedling
establishment are essential for achieving high and stable yields, as
they are among the most critical stages in the rice life cycle (Gong
et al., 2022; Li et al., 2022). The aleurone layer, situated between the
starchy endosperm and the seed coat in cereal grains, plays a key
role in seed germination (Guan et al., 2024) and supports
embryonic growth through its multifunctional roles. During seed
development and maturation, numerous granular structures,
namely aleurone grains, accumulate and contain abundant
storage reserves such as lipids, proteins, and minerals (Fath et al.,
2000; Wang et al., 2007; Achary and Reddy, 2021). Lipids, a major
category of rice nutrients, include triglycerides, phospholipids, fatty
acids, and other bioactive components. They account for 2%-3% of
grain weight, and are concentrated in the embryo and aleurone
layer (Zhou et al., 2021). Their genetic and physiological roles in
growth, stress responses, fertility, and seed longevity have been
reviewed by Zhou et al. (2024). However, their metabolic links to
seed germination remain poorly understood. Upon germination,
the aleurone layer synthesizes and secretes hydrolytic enzymes (e.g.,
a-amylase) (Liang et al., 2025) that break down endosperm
nutrients, thereby supporting embryonic development (Zheng
et al., 2017). This process is coordinated with cellular remodeling,
where organelle dynamics are critical.

Vacuoles, the central hubs for storage and degradation, undergo
structural remodeling during seed development and germination.
In plant cells, lytic vacuoles (LVs) and protein storage vacuoles
(PSVs) undergo opposing patterns of fusion and ssion (Zheng and
Staehelin, 2011; Cui et al., 2020; Wu et al., 2024). A classic example
is their dynamic role in stomatal opening and closure (Tanaka et al.,
2007; Cao et al., 2022; Mirasole et al., 2023). In cereal aleurone
layers, this remodeling is coupled to programmed cell death (PCD),
a key event for successful germination (Xiao et al., 2021). During
seed maturation, storage proteins are deposited in PSVs, which are
called aleurone grains in the dry seed and become metabolically
activated after imbibition (Robinson and Neuhaus, 2016).
Subsequently, upon germination, these PSVs gradually fuse to
form a large central vacuole, a process that initiates PCD, through
subsequent vacuolar rupture, thereby mediating the death of
aleurone cells to complete cereal seed germination (Zheng et al.,
2017; Ashnest and Gendall, 2018; Zhang et al., 2020). This vacuolar
transition triggers cellular reorganization, activates hydrolytic
enzyme secretion, and enhances nutrient mobilization, thereby
supporting embryonic growth and completing germination (Lee
et al., 2015).

Aquaporins are integral membrane proteins that facilitate the
transport of water and small solutes, functioning as essential
channels, signaling hubs, and metabolic components in plants
(Tyerman et al, 2021). They share a conserved hourglass-like
topology with six transmembrane a-helices and two characteristic
asparagine-proline-alanine (NPA) motifs on loops B and E that
determine substrate selectivity (Kaldenhoff et al., 2007; Bezerra-
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Neto et al., 2019; Singh et al., 2020; Tang et al., 2023). Plant
aquaporins are classi ed into several subfamilies (Maurel et al.,
2016; Zhao et al., 2023; Rabeh et al., 2024), among which the
tonoplast-intrinsic proteins (TIPs) are predominantly localized to
the vacuolar membrane. TIPs, which are divided into ve subgroups
(TIP1-TIP5) in higher plants, play key roles in nutrient storage,
turgor regulation, and stress adaptation (Sudhakaran et al., 2021;
Zeng et al., 2024). Examples include BpTIP1;3 enhancing drought
tolerance in birch (Jia et al., 2025), OsTIP1;2 conferring arsenite
tolerance in yeast (Karle and Kumar, 2023), and OsTIP2;1 involved
in aluminum detoxi cation in rice (Zhang et al., 2024). Speci cally,
the TIP3 members exhibits a conserved, seed-speci ¢ expression
pattern (Danielson and Johanson, 2008; Utsugi et al., 2015;
Sudhakaran et al., 2024). The conservation is evident across
species. For instance, in Arabidopsis, only AtTIP3;1 and AtTIP3;2
are detected in embryos during seed maturation and early
germination (Gattolin et al., 2011). The functional importance of
this conservation is demonstrated in soybean, where GmTIP3;1 and
GmTIP3;2 transport H,O, and boric acid, which are critical for seed
germination (Sudhakaran et al., 2025). A pivotal nding in barley
directly links HvTIP3;1 to vacuolar remodeling: abscisic acid
induces its expression to prevent PSVs coalescence, whereas
gibberellin (GA) promotes the formation of a large central LV by
reducing HvTIP3;1 abundance (Lee et al., 2015, 2020). This
highlights the role of HVTIP3;1 in mediating hormone-dependent
cellular reorganization during germination. However, whether its
rice ortholog, OsTIP3;1, plays a similar regulatory role in the
aleurone layer remains unknown. Moreover, the downstream
molecular pathways through which OsTIP3;1 coordinates
vacuolar dynamics, nutrient metabolism, and germination traits
are yet to be elucidated.

Therefore, the research used OsTIP3;1 knockout and
overexpression lines to systematically investigate its effects on rice
seed and seedling morphology, germination characteristics,
dynamic changes in aleurone cell structure, and the underlying
molecular mechanisms via RNA-seq. The study demonstrates that
OsTIP3;1 is a key regulator of rice seed germination. The integrated
phenotypic, cellular, and molecular evidence supports a model
whereby OsTIP3;1 modulates vacuolar fusion and lipid
metabolism to coordinate germination, providing novel insights
into the regulatory network of cereal seed germination.

2 Materials and methods
2.1 Plant materials and culture

Wild-type (WT), OsTIP3;1-knockout (KN, tip3;1-ii), and
OsTIP3;1-overexpression (OE, OE-TIP3;1-111) rice lines, generated
and preserved in our laboratory, were used in this experiment. The
OsTIP3;1 knockout lines were generated via CRISPR-Cas9
technology. Two sgRNAs targeting the exonic regions of OsTIP3;1
were designed and cloned into the binary CRISPR vector
pYLCRISPR/Cas9Pubi-H. For overexpression analysis, the full-
length coding sequence of OsTIP3;1 was ampli ed from cDNA of
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Oryza sativa ssp. japonica cv. Nipponbare and cloned into the
PU1300 vector, under the control of the maize Ubiquitin promoter.
The resulting construct was introduced into Agrobacterium
tumefaciens strain EHA105 and delivered into rice via callus-
mediated stable transformation. Homozygous transgenic lines
from the T, generation or beyond were used for all experiments
to ensure genetic uniformity and stable transgene expression.

Dry rice grains were dehusked, and plump, viable seeds were
selected. The seeds were surface sterilized with 0.1% KMnQO, for 10
min, rinsed three times with distilled water, and then placed on petri
dishes containing distilled water for germination. The seeds were
germinated in a light incubator at 25 C under a 16 h/8 h (light/
dark) photoperiod with a light intensity of 3,000 lux for 7 d.

2.2 Seed phenotypic observation and
germination assessment

Glumes and mature seeds were harvested separately from the
WT, tip3;1-ii, and OE-TIP3;1-11l lines at both the heading and
maturity stages. Their morphology were observed under a
stereomicroscope (Olympus, SZ61). For these lines, the
determined germination characteristics included seed germination
rate (GR), germination energy (GE), germination index (GlI,
normalized), radicle length, embryo length, number of lateral
roots, and lateral root length. The radicle is the embryonic root
emerging during seed germination, and the radicle length refers to
its linear measurement from base to tip. Radicle length measured
with a ruler at 3—-7 d of germination (lateral roots were excluded
from radicle length assessments). A seed was considered
germinated when radicle emergence reached 2 mm. The
calculation formulas are as follows:

_ number of seeds germinated on the 3rd day

0,
CE number of seeds tested 100%
GR = number of seeds germinated on the 7th day 100%
number of seeds tested
Gy
Gl = —
(0] D,

Where G; represents the number of seeds germinated on day t
and D; denotes the corresponding day number. Data were
statistically analyzed using IBM SPSS Statistics (version 24.0).
Results are presented as mean — SD from ve independent
replicates. Normality and homogeneity of variance were assessed.
Data meeting parametric assumptions were analyzed using one-way
ANOVA followed by Duncan’s test. For data not meeting these
assumptions, the Kruskal-Wallis H test was employed, with
signi cant results followed by pairwise comparisons (Mann
SWhitney U test, P < 0.05). Figures were prepared using
GraphPad Prism (version 9.4.1).
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2.3 Observation of aleurone grain
morphology using scanning electron
microscopy

Dry, intact rice grains were dehusked as previously described
(Demone et al., 2022). Then, the pipette tip assemblage was used to
fasten the seed, and a scalpel was employed to cut it into 1 mm thick
cross-sections, with  ve biological replicates per group. Finally, the
prepared sections were xed on conductive adhesive, a uniform
platinum conductive Im was then sputtered onto their surface
using an ion sputter coater (JFC-1600, Japan) for 30 s. Aleurone cell
morphology was observed under a eld emission scanning electron
microscope (JSM-7100F, Japan) at 5 kV and 5000 magni cation,
with three random elds captured per sample.

2.4 Observation of aleurone cells using a
laser confocal microscope

Aleurone layers were stripped from WT, tip3;1-ii, and OE-
TIP3;1-111 seedsat 1 d,3d,5d, and 7 d of germination, respectively.
The outer pericarp and seed coat tissues were carefully dissected
away using a scalpel, after which the aleurone layers were cut into
small fragments and xed in FAA for 30 min. Subsequently,
aleurone fragments were permeabilized in 0.1% BSA/Triton X-
100 buffer (3 cycles, 5 min each). Each cycle was followed by a
PBS rinse, and two additional PBS rinses were performed after the

nal cycle. After slide mounting, aleurone cells were visualized
using a LCM.

2.5 RNA extraction, transcriptome
sequencing, and gRT-PCR validation

Aleurone layers were stripped from seeds of WT, tip3;1-ii, and
OE-TIP3;1-1l1 at 1 d, 3 d, 5 d and 7 d of germination, with three
biological replicates per group. Total RNA was extracted from
aleurone layer using the RNAprep Pure Plant Kit (DP441,
Tiangen, China). RNA purity (assessed via Nanodrop 2000) and
integrity (evaluated using Agilent 2100, RIN  5.0) met the quality
requirements for downstream analyses. For each sample, 1 mg of
total RNA was used for library construction. Raw FASTQ data were

Itered, and quality metrics including Q20, Q30, GC content, and
sequence duplication levels were calculated. Clean reads were
generated by Itering adapter-containing and low-quality reads
from the raw data. These clean reads were then aligned to the
reference genome of O. sativa L. ssp. japonica (GWH Accession
No.: ASM3414082v1) using HISAT2. StringTie was employed to
splice and assemble the mapped reads, and functional annotation
was performed against databases including GO (Gene Ontology),
KEGG (Kyoto Encyclopedia of Genes and Genomes), and NR
(NCBI non-redundant protein sequences) (Zhang et al., 2025).
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Quantitative Real-Time PCR (qRT-PCR) was performed to
validate the gene expression patterns identi ed by RNA-seq
analysis. Total RNA (1 mg, quali ed) was reverse-transcribed into

rst-strand cDNA using a PrimeScriptTM RT reagent Kit with
gDNA Eraser (TaKaRa, RR047A, Japan) according to the
manufacturer’s instructions. Gene-speci ¢ primers
(Supplementary Data Table S1) for target genes (LOC4335609
and LOC4340986) and reference genes (18S rRNA and Actin)
were designed using Primer Premier 5.0 software and synthesized
by Sangon Biotech (Shanghai, China). The gRT-PCR reactions were
performed on a LightCycIer® 480 Real-Time PCR System (Roche,
Switzerland) using TB Green® Premix Ex TaqTM Il (TaKaRa,
Japan). The 20 mL reaction system contained 10 mL of 2 TB
Green® Premix Ex TaqTM 11, 0.6 mL of each primer (10 mmol/L), 1
mL of cDNA template, and 7.8 mL of RNase-free H,O. Ampli cation
program was carried out under the following conditions:
preincubation at 95 C for 60 s, followed by 40 cycles of
denaturation at 95 C for 5 s, annealing at 60 C for 15 s, and
extension at 72 C for 15 s. Melting curve analysis was performed
post-ampli cation to verify primer speci city. The relative
expression levels of target genes were calculated using the 2 PP¢t
method, with 18S rRNA and Actin serving as dual internal controls.
All gRT-PCR assays were included three biological replicates.

2.6 Transcriptome analysis

Gene expression levels were quanti ed as FPKM (Fragments
Per Kilobase of transcript per Million mapped reads). Differentially
expressed genes (DEGs) were identi ed via DESeq2, with screening
thresholds set as log,FC (Fold Change) 2 and adjusted p-value<
0.01. For DEGs derived from the WT, KN, and OE lines, GO and
KEGG enrichment analyses were conducted. The GO terms
encompassed three categories: biological process (BP), cellular
component (CC), and molecular function (MF). KEGG pathway
enrichment analysis was performed using KOBAS and
clusterPro ler, where a g-value< 0.05 was considered statistically
signi cant. DEGs from WT, KN, and OE lines were clustered using
Mfuzz to identify co-expressed gene modules and their enriched
functional pathways. Heatmaps was generated using TBtools
software. The Protein-Protein Interaction (PPI) network of DEGs
was constructed using Cytoscape software (v.3.9.1). The top 20 hub
genes were screened based on degree algorithm and analyzed via the
cytoHubba plugin; the visualization of related graphs was primarily
implemented using platforms or software based on R or
Python packages.

3 Results

3.1 Morphological analysis of seed
phenotype and aleurone grain structure

To investigate the role of the OsTIP3;1 gene in rice seed
development, we rst observed glume phenotypes at the heading
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stage and mature seed morphologies, then analyzed the
microstructure of aleurone grains in dry mature seeds across WT,
tip3;1-ii, and OE-TIP3;1-11l lines. The glume phenotypes and
mature seed morphologies of the three lines are presented in
Figures 1A, B. Compared to the WT, the glumes of tip3;1-ii
mutant showed distinct abnormal characteristics. Its surface
showed a visible irregular ridge-like structure under
stereomicroscopy (Figure 1A, tip3;1-ii, red arrows), and it was
signi cantly narrowed in width. The glume defects further result
in mature seed with a ridged and concave surface (Figure 1B, tip3;1-
ii, blue arrows). The phenotypic abnormalities suggest that
knockout of the OsTIP3;1 gene disrupts critical developmental
processes during glume formation, such as coordinated cell
differentiation and cell expansion, and that glume malformation
contributes to the irregular (ridged and concave) surface of mature
seeds. In contrast, the glumes of the OE-TIP3;1-111 lines showed no
detectable differences from the WT in terms of surface texture,
shape, or size. Similarly, mature seeds of the OE lines were
indistinguishable from WT seeds in length, width, and
plumpness. This indicates that overexpression of OsTIP3;1 does
not interfere with normal rice seed development, even when the
gene is constitutively expressed.

To further explore cellular level defects caused by OsTIP3;1
knockout, we observed the microstructure of aleurone grains in the
aleurone layer of dry mature seeds using scanning electron
microscopy (Figure 1C). In the WT lines, aleurone grains
displayed a relatively regular spherical or oval morphology, with
intact and smooth outer membranes. Individual grains were clearly
separated, and their overall arrangement within the aleurone layer
was uniform. By contrast, the tip3;1-ii showed striking and
heterogeneous alterations in aleurone grain structure. The grain
surfaces exhibited severe structural disruptions, including deep
folds, irregular protrusions, and localized depressions, likely
resulting from impaired membrane integrity. Additionally,
multiple aleurone grains aggregated into clumps, failing to
maintain their individual morphological identity (Figure 1C,
tip3;1-ii, yellow arrows). These results con rm that loss of
OsTIP3;1 gene function leads to abnormal aleurone grain
development at the cellular level, which may compromise the
aleurone layer’s ability to support seed germination. In the OE-
TIP3;1-111 lines, aleurone grains maintained their individual
spherical shape, but their surfaces were covered with small
vesicle-like structures (Figure 1C, OE-TIP3;1-111). These vesicles
may be associated with enhanced vesicular traf cking, however this
minor structural modi cation did not compromise the overall
integrity or individual identity of the aleurone grains.

3.2 Dynamic changes of vacuoles in
aleurone cells during germination

To investigate the cellular mechanisms underlying genotypic
differences in seed germination, we employed LCM to observe
aleurone cells in WT, tip3;1-ii, and OE-TIP3;1-Ill lines, with a
focus on this critical nutrient-mobilizing tissue. In WT seeds
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tip3;1-ii OE-TIP3;1-11T

FIGURE 1
Comparison of seed morphology among wild-type (WT), tip3;1-ii mutant and OE-TIP3;1-1Il overexpressed rice plants. (A) Morphological diagram of
rice glumes. Red arrows indicate the protruding, irregular ridge-like structure in the tip3;1-ii mutant (scale bar = 1 mm). (B) Morphological image of
mature rice seeds. Blue arrows indicate the ridged and concave surface in the tip3;1-ii mutant (scale bar = 100 mm). (C) 5000% magni cation view of
the aleurone layer region in dry rice seed cross section. Yellow arrows indicate the location where aleurone grains interconnected in the tip3;1-ii
mutant (scale bar = 5 mm).

(Figure 2, the top row), the aleurone cells were lled with numerous
dense vacuoles at 1 d (Figure 2, red arrows of WT-1 d). As
germination progressed, the number of these small vacuoles
gradually decreased, while their volume gradually increased. At 7
d, a large, spherical central vacuole had formed (Figure 2, red
asterisk of WT-7d). In tip3;1-ii seeds (Figure 2, the middle row),
multiple irregular larger vacuoles appeared at 1 d (Figure 2, yellow
arrows of tip3;1-ii-1d). At 4 d of germination, the large central
vacuole was observed to be on the verge of rupture (Figure 2, yellow
asterisk of tip3;1-ii-4d), presumably due to rapid fusion events in
the mutant. In OE-TIP3;1-111 seeds (Figure 2, the bottom row), the
aggregation process was slower than that in WT. At 3 d, the
morphology of its vacuoles was nearly identical to that of WT at
1 d. Unexpectedly, a large central vacuole was formed only until 9 d
of germination (Figure 2, red asterisk of OE- TIP3;1-I11. -7d).

Frontiers in Plant Science

The above results indicate that there is a signi cant mutual
fusion trend of vacuoles in aleurone cells during seed germination.
However, the timing of this fusion and the formation of central
vacuoles differed signi cantly among WT, tip3;1-ii, and OE-TIP3;1-
111, 1t remains unclear whether this asynchronous vacuolar fusion is
a direct contributor to the genotypic differences in seed germination
documented in our earlier work, and additional studies are required
to clarify this relationship.

3.3 Effects of OsTIP3;1 on seed
germination characteristics

To investigate the role of the OsTIP3;1 gene in seed germination,

phenotypic characteristics of WT, tip3;1-ii, and OE-TIP3;1-11l seeds
were observed at 1 d, 3d, 5 d, and 7 d of germination (Figure 3A), and
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FIGURE 2

Morphological characteristics of contents in aleurone cells during seed germination of wild-type (WT), tip3;1-ii mutant and OE-TIP3;1-11l
overexpressed rice plants. Top row: Aleurone vacuole morphologies of WT at 1 d, 3 d, 5 d and 7 d of germination. Red arrows indicate numerous
dense vacuoles at 1 d, and red asterisk indicates a large central vacuole at 7 d. Middle row: Aleurone vacuole morphologies of tip3;1-ii mutant at 1 d,
3d, 3.5d and 4 d of germination. Yellow arrows indicate multiple irregular larger vacuoles at 1 d, and asterisk indicates the large central vacuole on
the verge of rupture at 4d. Bottom row: Aleurone vacuole morphologies of seeds from OE-TIP3;1-Ill overexpressed lines at 3d, 5d, 7 d and 9 d of
germination. Red asterisk indicates the large central vacuole formed at 9 d. Scale bars in all panels = 20 mm.

germination traits (including GR, GE, and GI) were further analyzed
(Figure 3B). The tip3;1-ii lines had a slightly lower GR (96.67%) but
remained high, while the GR of WT and OE-TIP3;1-I11 lines reached
100%. These results demonstrate that neither OsTIP3;1 knockout nor
overexpression affects GR. At 3 d of germination, the WT lines
exhibited signi cantly higher GE and Gl than the tip3;1-ii lines did,
whereas the OE-TIP3;1-111 lines did not differ signi cantly from the
WT. These ndings suggest that OsTIP3;1 is a key regulatory factor for
early rapid and uniform germination in rice seeds, as its knockout
delays the germination (re ected by reduced GE and GI).
Overexpression of the OsTIP3;1 gene failed to further accelerate seed
germination speed, possibly due to functional redundancy.
Additionally, plumule length, embryo length, number of lateral
roots, and lateral root length were quanti ed (Figures 3C-F). The
results showed that the radicle lengths of seedlings among the lines
signi cant differences over time. At 3 d and 5 d, WT radicles were
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signi cantly longer than those of OE-TIP3;1-111 and tip3;1-ii. However,
at 7 d, radicle length did not differ signi cantly between OE-TIP3;1-111
and WT. These ndings indicate that knockdown of OsTIP3;1 has a
persistent inhibitory effect on radicle elongation during seed
germination, whereas the inhibitory effect of OsTIP3;1
overexpression on radicle growth is mainly observed from 1 d to 5
d, and diminishes at 7 d. At 3d, 5 d, and 7 d, the plumules of WT were
signi cantly longer than those of OE-TIP3;1-11l and tip3;1-ii, with
tip3;1-ii exhibiting the shortest plumules. Simultaneously, lateral root
development had not yet initiated in any line at 3 d of germination. At
5d and 7 d, both the number and length of lateral roots in WT and
OE-TIP3;1-111 were signi cantly greater than those in tip3;1-ii.

Taken together, OsTIP3;1 plays a critical regulatory role in the
development of radicles, plumules, and lateral roots in rice
seedlings. Knockout of OsTIP3;1 generally inhibits the growth of
these structures, resulting in signi cantly reduced trait values
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