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Abstract: MYB-type transcription factors play an essential regulatory role in seed germination and the
response to seedling establishment stress. This study isolated a rice R2R3-MYB transcription factor,
OsMYBASI, and functionally characterized its role in seed germination. There was no significant
difference in the germination rate of each transgenic line in the standard germination test. However,
compared to the germination rate of the wild type (WT) measured in the artificial accelerated aging
test, the germination rates of the overexpression lines OE-OsMYBAS1-1 and OE-OsMYBAS1-2 were
significantly increased by 25.0% and 21.7%, respectively. In contrast, the germination rates of the
knockout mutants osmybas1-1 and osmybas1-2 were decreased by 21.7% and 33.3%, respectively.
Additionally, the above data indicated that OsMYBASI possibly plays a positive role in rice seed
germination. Moreover, the antioxidant enzyme activities of OsMYBAS1-overexpressing plants were
enhanced by 38.5% to 151.0% while the superoxide dismutase (SOD) enzyme activity of osmybas1
mutants was decreased by 27.5%, and the malondialdehyde (MDA) content was increased by 24.7%
on average. Interestingly, the expression of the antioxidation-related genes OsALDH3, OsAPX3,
and OsCATC was enhanced in the OsMYBAS]1 overexpression lines, which is consistent with the
above results. Furthermore, transcriptome sequencing determined 284 differentially expressed genes
(DEGs), which were mainly involved in the carbohydrate metabolic process, glycerolipid metabolism,
and glycerophospholipid metabolism. Therefore, these findings provide valuable insight into the
breeding of new rice varieties with high seed germination.
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1. Introduction

Seed germination ability is an important expression of seed vigor. Seed vigor is an
essential trait of seed quality, which relates to crop yield and quality. Seeds with poor vigor
are characterized by rapid seed aging and fission during storage, which is accompanied
by seed nucleic acid denaturation, membrane system damage, endogenous hormone
imbalance, and the accumulation of harmful substances, resulting in a low seed emergence
rate, slow seedling growth, and poor stress resistance. Thus, it is necessary to improve seed
germination to meet the urgent needs of modern agriculture for high-quality seeds [1-3].

It is well known that long-term storage of seeds destroys the metabolic balance of
free radicals in cells, produces a large number of reactive oxygen species [4], and oxidizes
unsaturated fatty acids to produce toxic substances such as MDA, resulting in loss of
the germination ability of seeds. The fatty acid hydroxylase gene OsFAH?2 is one of the
candidate genes in the qSS3.1 locus. Yuan et al. [5] confirmed that OsFAH2 can reduce the
level of lipid peroxidation and the accumulation of toxic substances, including MDA; so,
the seed vigor of OsFAH2-overexpressing rice lines was significantly higher than that of the
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wild type (WT). Moreover, Huang et al. [6] and Xu et al. [7] pointed out that knockdown
of the lipoxygenase gene LOX-2 or LOX-3 in rice endosperm inhibits the peroxidation
of unsaturated fatty acids, prevents cell membrane damage, and ameliorates impaired
cellular function, thereby improving rice seed vigor. In addition, it has been reported that
the enzymatic system, composed of SOD, CAT, and POD, and the non-enzymatic system,
composed of antioxidant substances such as ascorbic acid, glutathione, and proline (Pro),
in cells can scavenge ROS or reduce superoxide anion free radicals, inhibit the levels of
hydrogen peroxide and lipid peroxidation, and maintain the integrity of the membrane [8].
For example, MDA can be eliminated by inducing the expression of the acetaldehyde
dehydrogenase gene OsALDHY [9]. OsAPX3 and OsAPX4 play a negative regulatory role
in the pathway of leaf senescence mediated by ROS signaling, in addition to an essential
role controlling intracellular HyO; levels [10]. Therefore, reducing lipid peroxidation is a
critical way to improve seed vigor.

MYB transcription factors are one of the most prominent families of plant transcription
factors with the most diverse functions, which participate in many life activity pathways.
Accumulated evidence has shown that MYB transcription factors play an essential regula-
tory role in abiotic stresses such as high/low temperatures and drought [11-14]. MYB-TFs
can activate anthocyanin biosynthesis to improve plant stress resistance [15]. The transcrip-
tional activation of cutin deposition and antioxidant defense by AtMYB49 contributed to
salt tolerance in Arabidopsis thaliana [16]. Elevated expression of MYB25 reduces sensitivi-
ties toward abscisic acid, osmotic, and salt stress in Arabidopsis [17]. Overexpression of
OsMYBS1 can enhance the tolerance of rice seeds to abiotic stresses and improve seed vigor,
thereby promoting seed development and the accumulation of storage substances [18].
Overexpression of OsMYBS3 can significantly enhance the cold stress tolerance of rice,
which is involved in regulating the CBF/DERB cold stress signal transduction pathway [11].
Additionally, the rice MYB transcription factor can effectively alleviate seed damage caused
by adversity by increasing the activities of SOD, CAT, and POD and reducing the MDA
content [13,19,20]. Yang et al. [13] reported that overexpression of OsMYBAS] in rice sig-
nificantly increased the activities of antioxidant system enzymes (including CAT, SOD,
and POD); reduced the accumulation of hydrogen peroxide and MDA; and enhanced the
salt tolerance, dehydration tolerance, and low-temperature tolerance of rice seeds. Thus,
OsMYBASI plays a vital role in the stress tolerance of rice. The current authors previously
isolated an R2R3-MYB transcription factor, designated OsMYBAS], in rice and reported
that OsMYBASI could increase the germination rate of rice seeds under deep sowing
conditions [21]; however, this was proven only at the physiological level. The molecular
mechanism of its influence on seed germination has not been studied. This study aimed to
determine the antioxidant capacity of OsMYBAS]1 transgenic seeds under artificial accel-
erated ageing treatment, analyze the RNA-Seq data of germinating seedlings after aging
treatment, and mine the downstream differential genes and related pathways regulated
by OsMYBASI. It was expected that the results would preliminarily reveal the molecular
mechanism of OsMYBASI in improving the germination of rice seeds, and provide key
genes or germplasm resources for the breeding of new varieties of high-germination rice.

2. Materials and Methods
2.1. Plant Materials, Growth Conditions, and Treatment Methods

Nipponbare (Oryza sativa L. ssp. Japonica) was used as WT in different treatments.
The artificial accelerated aging test consisted of three treatments: WT, OsMYBAS1 overex-
pression lines (OE-OsMYBAS1-1, OE-OsMYBAS1-2), and osmybas1 mutants (osmybas1-1,
osmybas1-2). The full-length cDNA of OsMYBAS1 was amplified from rice. The product
was ligated into the pGEM-T Easy vector and sequenced. Then, the pEXT06-OsMYBAS1
construct was obtained. OSMYBAS1 was driven by the cauliflower mosaic virus 355 (CaMV
35S) promoter. The embryogenic calli of Asahi were transformed by the Agrobacterium-
mediated method, and the overexpression transgenic lines were obtained. The osmybas1
mutant lines were obtained by the CRISPR/CAS9 editing system. The pCAMBIA1300-
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OsMYBAS1-sgRNA-Cas9 construct was transformed into the calli of the rice cultivar Nip-
ponbare through Agrobacterium-mediated transformation. This work was completed by
Baige Gene Technology Co., Ltd. (Changzhou, China); the specific gene editing methods
are detailed on the website www.biogle.cn (accessed on 30 June 2022). They were identified
and propagated to obtain homozygous lines. In total, 3 replicates were taken from the
seedlings of 3-day-old WT, OE-OsMYBAS1-1, and OEOsMYBASI1-2 overexpression lines
under artificial accelerated aging treatment for transcriptomic sequencing analysis. Each
experiment consisted of three biological replications.

2.2. Artificial Accelerated Aging Test
WT, OsMYBAS]1 overexpression lines, and osmybas1 mutants were treated at 45 °C and

100% relative humidity for 10 days and then incubated in a growth chamber at 30 °C with
16-h light/8-h dark for 14 days, referred to as the standard germination test.

2.3. Standard Germination Test

Standard germination experiments were carried out in a growth chamber at 30 °C with
a 16-h light/8-h dark, and the sample was 20 seeds with 3 biological replications [21]. After
14 days, the total germinated seeds were counted, and the germination rate was calculated
according to the following formula:

number of germinated seeds

Germination rate =
total number of seeds

)

2.4. Determination of Enzyme Activity and the Malondialdehyde and Proline Content

In total, 0.5 g (fresh weight) of rice leaf tissue was ground in 5 mL of 0.05 mol/L
sodium phosphate buffer (pH = 7.8) and then centrifuged at 10,000 x g for 15 min to retain
the supernatant. The content of MDA was determined according to the method of Wang
et al. [22]. SOD activity determination was described by Pinhoro et al. [23]. The CAT and
POD activities were measured according to the method described by Li et al. [24]. The Pro
content was determined according to the ninhydrin method described by Zhang et al. [25].
The determination of each biochemical index included three biological replicates.

2.5. RNA Extraction, cDONA Library Preparation, and Transcriptome Sequencing

Total RNA was extracted from the samples using Trizol reagent, and then reverse
transcribed into cDNA using a PrimeScript™ RT reagent kit with gDNA Eraser (TaKaRa,
Dalian, China). First, the gDNA removal reaction was performed (2 uL 5x gDNA Eraser
Buffer, 1 pL gDNA Eraser, 5 uL Total RNA, 2 uL. RNase Free dH,O) at 42 °C for 2 min.
Then, the reverse transcription reaction was performed by the TB Green qPCR, reaction
solution of step 1, 1 uL of PrimeScript RT Enzyme Mix I, 4 uL of RT Primer Mix, 4 uL
of 5x PrimeScript Buffer 2, and 1 pL of RNase Free dH,O, with a total of 20 pL, at 37 °C
for 15 min and 85 °C for 5 s. The quality and quantity of total RNA were analyzed
using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The
integrity was further evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies
Co., Ltd., Santa Clara, CA, USA). High-quality RNA isolated from two independent samples
(biological repeats) was pooled for the library preparation. The library and RNA-Seq were
constructed by Baimike Biotechnology Co., Ltd. (Beijing, China) and the cDNA library was
sequenced by an Illumina HiSeq2500™.

2.6. Differential Expression Analysis

The raw data were standardized by R-package “limma” [26]. To identify the differ-
entially expressed genes (DEGs) in the high-germination rice varieties, the standardized
rice expression matrix was differentially analyzed by R-package “edgeR” [27], and the
screening threshold was set as |1logFC| > 2, FDR < 0.05.


www.biogle.cn

Agronomy 2022, 12, 1955

4 of 14

2.7. GO and KEGG Enrichment Analysis

In order to identify the biological functions and signal pathways involving SRDs, the R-
package “clusterProfiler” [28] was used to perform the enrichment analysis of germination-
related genes. Pathways with p < 0.05 were considered as significantly enriched pathways.
The top 10 upregulated and downregulated GO terms and KEGG pathways were visualized
via R-package.

2.8. Gene Set Enrichment Analysis (GSEA)

In order to identify the difference in the biological functions between high/low-
germination rice seed groups, GSEA enrichment analysis was performed on the gene sets
of high /low-germination rice seeds using GSEA software (p < 0.05). The enrichment score
and retrograde significance were analyzed by the displacement test, and the number of
displacement tests was set at 1000.

2.9. qRT-PCR Detection

gqRT-PCR was performed in an optical 96-well plate with a CEX ConnectTM Real-Time
system (BIORAD, Singapore). Each reaction contained 10 uL of 2x TaqPro Universal SYBR
qPCR MAster Mix (Vazyme, Nanjing, China), 1 puL of forward primer, 1 uL of reverse
primer, 5 uL of cDNA, and 3 pL of ddH,O. The thermal cycle used was 95 °C for 30 s and
39 cycles of 95 °C for 5 s and 60 °C for 30 s, and 95 °C for 15 s. Primers were designed by
PrimerPremier5.0 software (Table S1), and each primer was diluted to 10 pmol/L and then
added to the system. The OsActin gene was used as an internal reference, and the gene
expression was calculated by the 2~24¢T method.

2.10. Statistical Analysis

The obtained phenotypic or physiological data were statistically analyzed using one-way
analysis of variance (ANOVA), which was carried out in SPSS 24.0 (IBM, Chicago, IL, USA), and
multiple comparisons were explored using the Duncan test at a 0.05 probability level. Before
analysis, the percentage data were transformed according to ¥ = arcsin [sqr (x/100)].

3. Results
3.1. Effects of OsMYBAS1 on Rice Seed Germination

Significant differences in seed germination were recorded among the WT and
OsMYBASI overexpression lines and mutants. The germination rates of OE-OsMYBAS1-
1, OE-OsMYBASI1-2, WT, osmybas1-1, and osmybas1-2 were basically comparable under
standard germination conditions (CK), ranging between 85% and 95%, while significant dif-
ferences in the germination rates were obtained under artificial accelerated aging treatment
(AAT). Compared to CK, the germination rates of OE-OsMYBAS1-1 and OE-OsMYBAS1-2
both decreased by 21.7%, WT decreased by 41.7%, and osmybas1-1 and osmybas1-2 decreased
by 58.3% and 75.0%, respectively (Figure 1A,B). Moreover, the root length and seedling
length measured under AAT were lower than that measured under CK. Compared to
WT, the root length and seedling length of OE-OsMYBASI1-1 and OE-OsMYBASI-2 sig-
nificantly increased by 43.9% and 34.1% and 23.7% and 25.1%, respectively; and those of
osmybas1-1 and osmybas1-2 were significantly lower by 51.2% and 65.9% and 64.4% and
85.6%, respectively, when measured under AAT (Figure 1C,D).



Agronomy 2022, 12, 1955

5o0f 14

=)

mm Standard germination test

mm Artificial accelerated ageing test

100+

©
o
1

=23
o
1

40

Germination percentage(%)

)
¥ ¥
R\
St
o0
F
mm Standard germination test
C o 9 : mm Standard germination test
mm Artificial accelerated ageing test . N
7 a a a a 6- mm Artificial accelerated ageing test
a a
— ab v~
§ §
£ b g
j=2] . =
5 ; :
g i :
@ 27 3
3
n

Figure 1. Effects of OsMYBAS] on the germination characteristics and phenotypic indexes of rice
seeds. (A) Seedling growth map of OE-OsMYBAS1-1, OE-OsMYBAS1-2, WT, osmybas1-1, and
osmybas1-2 for 14 days before and after aging; (B) Germination rates of OE-OsMYBAS1-1, OE-
OsMYBASI-2, WT, osmybas1-1, and osmybas1-2; (C) Root lengths of OE-OsMYBAS1-1, OE-OsMYBAS1-
2, WT, osmybas1-1, and osmybas1-2 after 14 days; (D) Seedling lengths of OE-OsMYBASI1-1, OE-
OsMYBAS1-2, WT, osmybas1-1, and osmybas1-2 after 14 days. The data represent the mean + SE, and
different letters represent significant differences between treatments (Duncan’s test, p < 0.05).

3.2. Effects of OsMYBAS1 on the Antioxidant Capacity of Rice Seed

In order to determine the physiological changes in seedlings of different rice lines,
we measured the activity of concentrated antioxidant enzymes, Pro content, and MDA
content in the OE-OsMYBASI overexpression line, osmybasl mutant line, and WT under
CK and AAT treatment, respectively. After AAT treatment, the antioxidant capacity of
OE-OsMYBASI1-1, OE-OsMYBAS1-2, WT, osmybas1-1, and osmybas1-2 was lower than that
of CK (Figure 2A-E). Compared to WT, the POD enzyme activity of OE-OsMYBASI1-1 and
OE-OsMYBASI-2 increased by 151.0% and 64.6%, CAT enzyme activity increased by 38.5%
and 51.3%, Pro content increased by 8.6% and 16.7%, and MDA content decreased by 29.3%
and 44.3%, respectively; while the SOD activity of osmybas1-1 and osmybas1-2 decreased
by 25% and 30%, the Pro content decreased by 28.1% and 27.4%, and the MDA content
increased by 18.1% and 31.3%, respectively. The changes in the antioxidant capacity and
germination characteristics of the different rice lines were consistent, which indicated that
OsMYBASI1 might improve rice seed germination by enhancing the antioxidant capacity
of rice.
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Figure 2. Effects of OsMYBASI1 on physiological and biochemical indicators. (A) SOD; (B) POD;
(C) MDA; (D) CAT; and (E) Pro contents of OE-OsMYBAS1-1, OE-OsMYBAS1-2, WT, osmybas1-1, and
osmybas1-2 before and after aging. The data represent the mean =+ SE, and different letters represent
significant differences between treatments (Duncan’s test, p < 0.05).

3.3. Artificial Accelerated Aging Induced Transcriptome Changes in Rice

In order to determine the reasons why OsMYBAS1T overexpression led to increased
seed germination of rice, RNA-Seq analysis was carried out with WT as the control. The dif-
ference analysis results showed that a total of 3220 DEGs were identified in OE-1_VS_WT, in
which 1187 DEGs were significantly upregulated and 2033 DEGs were obviously downregu-
lated (Figure 3A). Moreover, a total of 3149 DEGs were identified in OE-2_VS_WT, in which
966 DEGs were significantly upregulated and 2183 DEGs were significantly downregulated
(Figure 3B). A total of 284 DEGs were identified in the intersection of the 2 groups, in which
78 DEGs were upregulated considerably and 206 DEGs were significantly downregulated,
and these DEGs were further analyzed in the following assays (Figure 3C,D).

3.4. GO and KEGG Enrichment Analysis of DEGs

The GO biological function enrichment analysis of these DEGs (Table S2) showed that
the upregulated DEGs were mainly enriched in GO terms such as carbohydrate metabolic
process (GO: 0005975), lipid metabolic process (GO: 0006629), metal ion transport (GO:
0030001), and steroid-hormone-mediated signaling pathway (GO: 0043401) (Figure 4A).
Regarding the cellular component module, upregulated DEGs were mainly enriched in GO
terms such as Golgi apparatus (GO: 0005794), microtubule (GO: 0005874), chromosome (GO:
0005694), and epsilon DNA polymerase complex (GO: 0008622) (Figure 4B). Regarding the
molecular function module, upregulated DEGs were mainly enriched in GO terms such as
ATP binding (GO: 0005524) and microtubule binding (GO: 0008017) (Figure 4C). Regarding
the biological process module, downregulated DEGs were mainly enriched in GO terms
such as photosynthesis (GO: 0015979), hydrogen peroxide catabolic process (GO: 0042744),
and brassinosteroid homeostasis (GO: 0010268) (Figure 4D). Regarding the cellular compo-
nent module, downregulated DEGs were mainly enriched in GO terms such as photosystem
IT oxygen evolving complex (GO: 0009654), integral component of membrane (GO: 0016021),
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chloroplast thylakoid membrane (GO: 0009535), and photosystem I reaction center (GO:
0009538) (Figure 4E). Regarding the molecular function module, downregulated DEGs
were mainly enriched in GO terms such as oxidoreductase activity (GO: 0016491), heme
binding (GO: 0020037), and monooxygenase activity (GO: 0004497) (Figure 4F). The KEGG
pathway analysis of these DEGs showed that the upregulated DEGs were mainly enriched
in pathways such as glycerolipid metabolism (ko00561), base excision repair (ko03410),
and glycerophospholipid metabolism (ko00564) (Figure 4G) and the downregulated DEGs
were primarily enriched in pathways such as phenylpropanoid biosynthesis (ko00940),
carotenoid biosynthesis (ko00906), and glyoxylate and dicarboxylate metabolism (ko00630)
(Figure 4H).
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Figure 3. DEGs identification. (A) Volcano map of DEGs in OE-1_VS_WT; (B) Volcano map of DEGs
in OE-2_VS_WT; (C) Venn map of upregulated DEGs in OE-1_VS_OE-2_VS_WT; (D) Venn map of
downregulated DEGs in OE-1_VS_OE-2_VS_WT.

3.5. GSEA Analysis

Based on transcriptome sequencing data, GSEA analysis of the high/low-germination
groups showed that significant differences were recorded in the regulation of seed ger-
mination, endomembrane organization, photosystem II oxygen evolving complex, DNA
replication, and other pathways (Figure 5A-D), which may be the reason for the differences
in seed germination between the high/low-germination groups.
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Figure 4. GO and KEGG enrichment analysis of DEGs. (A) Biological process annotation in GO
functional enrichment analysis of upregulated DEGs; (B) Cellular component annotation in GO
functional enrichment analysis of upregulated DEGs; (C) Molecular function annotation in GO
functional enrichment analysis of upregulated DEGs; (D) Biological process annotation in GO
functional enrichment analysis of downregulated DEGs; (E) Cellular component annotation in
GO functional enrichment analysis of downregulated DEGs; (F) Molecular function annotation

in GO functional enrichment analysis of downregulated DEGs; (G) KEGG enrichment analysis of
upregulated DEGs; (H) KEGG enrichment analysis of downregulated DEGs.

3.6. Identification and Validation of Antioxidation-Related Genes and Downstream Transcription Factors

The antioxidation-related genes LOC_0s502¢43280 (OsALDH3), LOC_0Os04g14680 (Os-
APX3), and LOC_0s03g03910 (OsCATC) were selected for qRT-PCR verification, and their

expression was increased by 6.0, 3.0, and 1.2 times, respectively (Figure 6A). These results
are consistent with the RNA-Seq data.
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Figure 6. qRT-PCR validation results of the RNA-Seq data. (A) Three antioxidation-related genes;
(B) Downstream transcription factor verified by qRT-PCR and compared with the expression obtained
from RNA-Seq.

In order to identify more target genes regulated by OsMYBASI, the rice transcrip-
tion factor gene set was downloaded from Plant TFDB (accessed on 13 February 2022,
http:/ /planttfdb.gao-lab.org/) and intersected with DEGs of the high/lowg-ermination
groups to obtain the 11 downstream transcription factors of OsMYBASI1 (Table S3). Then,
four transcription factors related to stress resistance were selected for qRT-PCR validation.
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The expression of LOC_Os11g02530 and LOC_0Os03g32220 increased by 4.9 and 4.7 times,
respectively, in the overexpression lines; and LOC_Os01g40260 and LOC_Os02¢26430 de-
creased by 6.5 and 3.7 times, respectively. It is basically consistent with the RNA-Seq data
(Figure 6B), indicating that the current sequencing results were accurate and reliable.

4. Discussion

Seed vigor is not only an important quantitative trait of seeds but also a specific ex-
pression of seed quality. Seed germination ability is closely related to it. High-germination
seeds have a high sowing quality and strong stress tolerance, with a distinct growth ad-
vantage and production potential. Low-germinationvigor seeds are slow to germinate
and have a low growth rate under suitable conditions, and their emergence is not neat or
does not occur under poor environmental conditions, which makes it difficult to meet the
requirements of direct rice seeding in agricultural production. Therefore, the discovery
of germination-related genes in rice using bioinformatics technology is essential for rice
breeding and development.

In this study, OsMYBAS1 overexpression lines and WT were used for transcriptome
sequencing analysis to analyze the gene regulatory network caused by OsMYBAS]1 expres-
sion changes and clarify its molecular mechanism. By differential expression analysis of
genes in overexpression lines and a wild type, 284 DEGs were obtained from the inter-
section. The GO enrichment results showed that these DEGs were mainly involved in
biological functions such as the carbohydrate metabolic process, lipid metabolic process,
and oxidoreductase activity. The carbohydrate metabolic process is one of the vital life
activities of organisms and the key for plants to withstand abiotic stress [29]. When plants
are subjected to abiotic stress, it leads to significant changes in the metabolic state, which is
usually characterized by impaired growth and induced or inhibited expression of various
genes [30]. Lipase can dissolve the lipid bonds in hydrolyzed lipids, which plays a key
role in lipid turnover in higher plants and participates in lipid oxidation events and activi-
ties such as reactions [31,32]. These results are consistent with the current physiological
and biochemical indexes. After aging, the activities of antioxidant enzymes (SOD, POD,
and CAT), MDA, and Pro of OE-OsMYBAS1-1, OE-OsMYBAS1-2, WT, osmybas1-1, and
osmybas1-2 were significantly higher than those of the CK. In comparison, the activities of
antioxidant enzymes (SOD, POD, and CAT), MDA, and Pro of osmybas1-1 and osmybas1-2
were significantly lower than those of WT, OE-OsMYBASI-1, and OE-OsMYBAS1-2. These
results suggest that when plants are under biological and abiotic stress, the activities of ROS
and antioxidant enzymes in the body increase to enhance plant resistance, which was evi-
denced by the study about AtMYBASI [33]. OsALDH?, from the OsALDHs gene family, can
scavenge MDA [9]. As a homologous gene, the expression of LOC_0s02¢43280 (OsALDH3)
increased under the regulation of OsMYBAS1, which may exercise the same function.
LOC_0Os04914680 (OsAPX3) increases POD activity and slows down rice leaf senescence
through ROS signaling. Therefore, we speculate that LOC_Os04¢14680 (OsAPX3) enhances
seed germination by increasing POD activity [10]. LOC_0s503g03910 (OsCATC) is a catalase
gene, and its expression was consistent with the CAT content measured in this experiment,
indicating that it may increase CAT activity and enhance the germination of rice seeds.
It can be seen that OsMYBAS1 overexpression may enhance seed germination and have
better environmental adaptability by regulating these DEGs to regulate carbohydrate and
lipid metabolisms.

Exploration of the pathways involved in genes is of great significance for clarify-
ing their regulatory mechanism. We conducted KEGG pathway enrichment analysis on
the identified DEGS. The results showed that these DEGS are mainly involved in signal
pathways such as the lipid metabolic process, glycophospholipid metabolism, starch and
sucrose metabolism, phylpropanoid biosynthesis, carotenoid biosynthesis, and glycoxylate
and dicarboxylate metabolism. MYB transcription factors trigger differential adjustments
of the lipid metabolism process, with enhanced triacylglycerol accumulation, indicating
that there is an internal relationship between them and the regulation mechanism of lipid
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metabolism [34]. WRKY2/WRKY34 regulate GLUCOSE-6-PHOSPHATE /PHOSPHATE
TRANSLOCATOR 1 and activate starch and/or fatty acid biosynthesis [35]. Glyceride
is the main form of lipid in plants, and its carboxyl group is connected to the carboxyl
ester of glycerol [36]. A variety of lipids in plants form the hydrophobic barrier of the cell
membrane, which is very important for maintaining the integrity of cells and organelles. In
addition, lipids are also stored in seeds in the form of chemical energy and act as signal
molecules to regulate cell metabolism [4,37]. Studies have found that the phenylpropi-
onic acid pathway in higher plants can produce lignin and flavonoid metabolites, which
are regulated by R2R3-MYB transcription factors [38]. Under abiotic stress conditions
(drought, heavy metals, salinity, high and low temperatures), the biosynthetic pathway
of phenylpropionic acid is activated to produce various phenolic compounds, which im-
proves the stress resistance of plants by removing harmful reactive oxygen species from
seeds [39]. Dai et al. [40] found that in the phosphate environment, OsMYB2P-1 may
act as a Pi-dependent regulator to control the expression level of the Pi transporter in
rice and strengthen the adaptability of rice to Pi stress. Abe et al. [41] found that under
drought stress, both AtMYC2 and AtMYB2 proteins function as transcriptional activators
in ABA-induced gene expression in plants, participating in the abscisic acid signaling
pathway in Arabidopsis. It is well known that abscisic acid induces the formation of the
biofilm system’s protective membrane by regulating plant stomatal opening, decreasing
leaf cell membrane permeability, and increasing the leaf-cell-soluble protein content to
reduce the degree of membrane lipid peroxidation and protect plant cell membrane in-
tegrity to enhance the antioxidant capacity of plants under stress and in turn improve plant
stress resistance [42,43]. Interestingly, OsMYBAS], in this study, is a homologous gene of
OsMYB2P-1 and AtMYC2. Therefore, OsMYBAS1 may actively participate in the process of
lipid metabolism in plants, resist oxidation conditions by maintaining the integrity of the
rice cell membrane structure, and improve the germination of rice seeds. Moreover, these
results are also consistent with the phenotype identification results and plant physiological
analysis results. OSMYBASI plays an important positive regulatory role in rice seed germi-
nation. Combined with the GSEA enrichment analysis of the high/low-germination group,
there were differences in the regulation of seed germination, endomembrane organization,
photosystem II oxygen evolving complex, and other signal pathways between gene sets.
So, there were differences in seed germination regulation and cell membrane component
regulation between the high/low-germination gene sets. It is hypothesized that the DEGs
identified by bioinformatics may be the key genes of rice that regulate its germination rate
under stress conditions.

We identified 11 downstream transcription factors of OsMYBAS], belonging to C2H2,
WRKY, MYB, bZIP, CO-like, GRAS, ARR-B, and bHLH family transcription factors. Studies
have proved that in Arabidopsis, the JMJ17-WRKY40 and HY5-ABI5 modules integrate
light signals and ABA signals at various levels through fine transcriptional regulation to
ensure that plants can better adapt to environmental changes during the seed germination
and seedling stage [44]. Based on this, we speculate that LOC_Os11g02530 (OsWRKY40)
may perform the same function in rice seeds. Viana et al. [45] compared the transcriptomic
changes in rice during cold stress and found that LOC_Os01¢40260 (OsWRKY77) was
a potential negative regulator. Transgenic rice lines overexpressing LOC_Os02¢26430
(OsWRKY42) showed the phenotype of early leaf senescence, accumulation of ROS and
hydrogen peroxide, and a decrease in the chlorophyll content [46]. In this study, the
expression level of LOC_0Os01g40260 (OsWRKY77) and LOC_0Os02¢26430 (OsWRKY42)
decreased under the action of OsMYBASI, and the trend after qRT-PCR validation was
consistent with the RNA-Seq data. The function of the Os03g32220 transcription factor has
not been reported. Combined with this study, it is speculated that the LOC_0Os03¢32220
transcription factor regulates rice seed germination under the regulation of OsMYBASI. In
conclusion, the downstream transcription factors identified herein are actively involved
in abiotic stress under the regulation of OsMYBAS], jointly regulating the germination of
rice seeds.
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In conclusion, this study identified DEGs in rice using the transcriptome data and retro-
grade analysis of OsMYBAS1 overexpression and wild-type lines. GO and KEGG enrichment
analysis revealed that these DEGs are involved in intracellular energy metabolism and lipid
metabolism and play a role in plant stress. In addition, GSEA enrichment analysis showed
differences in pathways such as regulation of seed germination, endomembrane organiza-
tion, photosystem II oxygen evolving complex, DNA replication, and so on. Our study
preliminarily clarifies the molecular mechanism of OsMYBAS] regulating seed germination.

5. Conclusions

This study found that OsMYBASI plays a vital role in positively regulating rice seed
germination under aging conditions by measuring germination traits and antioxidant
enzyme activities, and some key pathways and candidate genes closely related to rice
seed germination were screened. The current results suggest that differences in the ger-
mination of rice seeds may result from differences in the signaling pathways involved
in the regulation of seed germination, endomembrane organization, and photosystem
II oxygen evolving complex. This study provides a theoretical basis for further elucida-
tion of the complex regulatory mechanisms of rice seed germination and the breeding
of rice varieties with high seed germination. In future study, we will continue to mine
downstream genes, determine their response elements, create further downstream target
gene genetic transformation materials, and analyze the germination of their seeds under
aging conditions.
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