www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Transcriptome and metabolite
conjoint analysis reveals the seed
dormancy release process of perilla

He Wen’3*, SenYang’3, Zhiwei Shang?, ShimeiYang?, Xingyue Li*, Shunbo Yu?,
Heng Zhang' & Ping Guo'

Seed dormancy is a common physiological phenomenon during storage which has a great impact on
timely germination of seeds. An in-depth analysis of the physiological and molecular mechanisms of
perilla seed dormancy release is of great significance for cultivating high-vigor perilla varieties. We used
gibberellin A3-soaked seeds (GA), natural dormancy-release seeds (CK) and water-soaked seeds (WA)
to study the changes in the transcriptome and metabolome of dormancy release. The germination

test revealed that the optimum concentration of gibberellin A3 for releasing dormancy from perilla
seeds was 200 mg/L. The results revealed that plant hormone signal transduction, starch and sucrose
metabolism and citric acid cycle were significantly enriched metabolic pathways closely related to seed
dormancy release. Perilla seeds release their dormancy by enhancing the expression of GID1, PIF3,
SnRK2, IAA, ARR-A, GH3, MKK4_5, otsB, GN1_2_3, glgC, WAXY, inhibiting the expression of DELLA,
PP2C, glga, bglX, and GN4, and regulating the content of gibberellin A4, abscisic acid, auxin, sucrose,
maltose, trehalose, and a-D-glucose 1-phosphate. Auxin plays an important role in breaking perilla
seed dormancy and promoting seed germination. The energy required for breaking seed dormancy
and germination of perilla seeds is mainly provided through sucrose metabolism. Citric acid cycle (TCA
cycle) is the main energy supply transformation pathway for seed germination.

Keywords Perilla frutescent, Seed dormancy, Transcriptome, Metabolome, Gibberellin A3, Dormancy
release

Seed dormancy refers to a biological phenomenon that a complete seed with vital signs fails to complete
germination under the best conditions'. It is an adaptive mechanism to adjust the time and place of seed
germination, and can effectively adjust the spatial and temporal distribution of seed germination®® is also a
survival strategy for plants to survive under seasonal adverse weather conditions®°. Although seed dormancy
can prevent germination, it is conducive to storage and seed vigor after harvest, but this state is not conducive to
crop production and planting. Understanding the dormancy mechanism, the method of dormancy release, and
to explore the regulatory transformation of crop seeds from dormancy to germination have the great significance
for agricultural production’.

Dormancy and germination are regulated by various environmental factors and endogenous factors (such as
plant hormones)®®. Plant hormones play a crucial role in regulating seed dormancy and germination!®. Abscisic
acid (ABA) and gibberellin (GA) are the main hormones that act antagonistically in regulating seed germination
and dormancy'!. ABA induces the establishment and maintenance of seed dormancy during seed maturation,
thus inhibiting seed germination, GA is a positive regulator of seed dormancy release and germination!2. The
spatiotemporal balance of ABA and GA plays an important role in seed biology, when the ratio of ABA/GA is
high, it is beneficial for dormancy, but when the ratio is low, it is the opposite. Their interaction in metabolism
and signal transduction determines the final dormancy and germination state of seeds'®. The early sensing and
signal transmission of GA involves three main components: GID1 (GA receptor) and GID2 (F-box) proteins
are positive regulators', while DELLA proteins are negative regulators. GID1 can interact with DELLA protein
to form GA GID1-DELLA complex in the presence of GAs, and then the complex is degraded, resulting in the
activation of GA signal pathway'. In the process of GA-mediated seed germination promotion, GA3ox1 and
GA30x2 are two key genes regulating GA synthesis'®!7, and GA2ox oxidase promotes GA degradation'®. As in
the case of GAs, early ABA perception and signal transmission involve three main components: ABA receptor
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(PYR/PYL/RCAR) protein and SnRK2 protein kinase, which are positive regulators of the pathway, and PP2Cs
protein phosphatase is negative regulators. ABA-binding receptors can bind and inhibit PP2Cs, which in turn
allows phosphorylation and activation of SnRK2s'?. Activated downstream targets of SnRK2s phosphorylation,
such as ABI5 and other members of AREB/ABFs b-ZIP transcription factor (TF) family, to activate ABA
response in plants®. Other plant hormones have been confirmed to be involved in regulating seed dormancy
and germination?!-*, Some studies found that the expression of GA and auxin related DEG was significantly
higher in germinated seeds, and the expression of DEG related to ABA signal transduction was significantly
downregulated. Both GA and auxin can promote germination to break seed dormancy, while ABA can promote
seed dormancy®. Ethylene (ETH), brassinolide (BR) and cytokinin (CTK) also participate in the regulation of
seed dormancy and germination through direct or indirect ABA or GA signal pathway ETH, BR and CTK are
also involved in seed dormancy and germination regulation through direct or indirect involvement in ABA or
GA signaling pathways?6-2%.

During the process from dormancy to germination of seeds, in addition to plant hormone signal transduction
pathway, carbohydrate metabolism pathway is also activated?®, Carbohydrates and proteins are mobilized during
seed germination to provide energy and substrate for seedling development®. Starch is a polysaccharide stored
in seeds, which can be converted into reducing sugars (such as maltose and glucose) and plays an important
role in seed germination. During seed germination, the active substances induce a-Amylase gene expression,
then a-Amylase syntheses®*? to hydrolyze stored starch®, and organic acids and flavonoids may participate in
the acidification of endosperm tissue, releasing stored starch, sucrose, etc. into metabolism and affecting seed
germination®»%. It is reported that sucrose may be an intermediate product of plant metabolism. The reduction
of sucrose decomposition leads to the reduction of glucose and fructose levels and inhibits seed germination®.
Exogenous GA4 may play an important role in dormancy release by changing the abundance of metabolites
such as galactose, glyoxylic acid, dicarboxylic acid, starch and sucrose metabolism*”.Therefore, the seed from
dormancy to germination is a complex process, which is affected by genes and metabolites.

Perilla [Perilla frutescens (L.) Britt.] is an annual herb of Perilla in Labiatae®®. The content of a-linolenic
acid can reach 65% in perilla seed 0il*’, which is one of the species with the highest a-linolenic acid content in
terrestrial plants. The leaves and stems of Perilla frutescens contain flavonoids, rosmarinic acid, volatile oils and
other chemicals**!. The fresh and tender leaves of perilla are deeply loved by people in China, South Korea,
Japan and other countries as vegetables*>*3. The nutritional and functional characteristics of Perilla frutescens
have important development value in medicine, industry, food and other fields**. Under natural conditions, the
dormancy period of Perilla frutescens seeds lasts 5-7 months, and their dormancy characteristics are the primary
cause of the low germination rate and uneven germination, which significantly restricts the field cultivation and
breeding processes of Perilla. To date, there have been no reports on the dormancy characteristics of Perilla seeds
or the molecular mechanisms underlying their dormancy.

In this study, we established a method for relieving seed dormancy by investigating the effects of gibberellic
acid (GA3) on dormancy breaking and germination. Additionally, we conducted transcriptomic and metabolomic
analyses to identify genes and metabolites associated with the dormancy and germination processes of Perilla
frutescens seeds, thereby elucidating the molecular mechanisms governing the transition from dormancy to
germination. This research provides valuable reference material for subsequent studies on dormancy-related
functional genes and offers insights into artificially regulating seed germination and shortening the dormancy
period. The findings hold significant theoretical and practical implications for Perilla frutescens breeding
programs and field production practices.

Results

Effects of GA on the germination rate, germination index and germination potential of
perilla seeds

Compared with the water soaked seeds groups, all five concentrations of the gibberellin A3 (GA3) solution
broke perilla seed dormancy and significantly promoted perilla seed germination in the GA3 soaked seeds
groups (Fig. 1). The germination time of Perilla seeds first decreased but then increased with increasing GA3
concentration, and the germination quantity of Perilla seeds first increased but then decreased with increasing
GA3 concentration. The shortest germination time of the seeds treated with the GA3 solution occurred on the
second day, and the germination time of the other treatments was 4 or 5 days. The seeds of the water soaked
seeds group hardly germinated. The germination rate, germination index and germination potential of the
Perilla seeds after treatment with the GA3 solution were greater than the untreated seeds, and the best results
were achieved after treatment with a GA3 concentration of 200 mg/L, with 73.33%, 14.56% and 88.66% greater
than the water soaked seeds group.

Transcriptome analysis of the dormancy release process of perilla seeds

RNA-Seq analysis was performed on the seed samples to investigate the regulatory genes underlying the
dormancy changes in seeds induced by gibberellin A3-soaked seeds (GA), with natural dormancy-release seeds
(CK) and water-soaked seeds (WA) serving as controls. All samples generated 63.68 Gb of valid bases with Q30
values ranging from 91.83 ~ 95.76%, and the mean GC content was 48.52% (Table 1). A total of 413,329,746 clean
reads were obtained from the three comparison groups, the reads were then mapped to the reference genome
sequence of the tetraploid cultivation variety Perilla frutescens*. The alignment ratio of the reads ranged from
65.06 to 69.77% among the nine libraries, and 82.21-92.66% of the reads were uniquely mapped.

Through KEGG analysis, a total of 13,926 Unigenes were annotated to metabolic pathways, which can be
categorized into five major classes and 18 subcategories (Fig. 2Ai). Specifically, these Unigenes were distributed as
follows across the major classes: Cellular Processes: 816 Unigenes, Environmental Information Processing: 2037
Unigenes, Metabolism: 11,337 Unigenes, Genetic Information Processing: 4210 Unigenes, Organismal Systems:
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Fig. 1. Effects of different concentrations of GA3 and soaking times on the perilla seeds. (A) Effects of
different concentrations of GA3 and soaking times on the germination rate of perilla. (B) Germination index.
(C) Germination rate. (D) Germination potential. Different letters (a-d) on the bar plots indicate significant
difference at p <0.05 using one-way analysis of variance with Duncan’s multiple-range test.

Sample id | Total reads | Clean_reads | Total giga bases | q30 rate | gc content | Aligned to genes | Uniquely_mapped
CK1 53758126 49828886 8.12G 93.94% | 48.80% 65.08% 82.21%
CK2 48301512 47398690 7.29G 95.76% | 47.27% 65.84% 83.82%
CK3 61536390 60391154 9.29G 95.68% | 47.36% 65.06% 82.22%
WA1 42169896 41553966 6.33G 93.14% | 48.96% 69.10% 92.08%
WA2 45397624 44639006 6.81G 93.13% | 49.23% 69.14% 92.66%
WA3 39220396 38671542 5.88G 93.39% | 49.67% 69.27% 91.57%
GAl 45412274 44655306 6.81G 92.99% | 48.62% 69.77% 92.36%
GA2 45075298 44386284 6.76G 93.22% | 48.49% 69.48% 90.91%
GA3 42623950 41804912 6.39G 91.83% | 48.27% 68.99% 91.36%

Table 1. Valid data evaluation statistics.

1709 Unigenes. Within these metabolic pathways, 4,952 Unigenes were further annotated to 15 Carbohydrate
metabolism and 3 Signal transduction (Fig. 2Aii). The most highly annotated Carbohydrate metabolism pathways
included: Starch and sucrose metabolism (ko00500, 517 Unigenes), Pentose and glucuronate interconversions
(ko00040, 388 Unigenes), glycolysis/gluconeogenesis (ko00010, 353 Unigenes), Amino sugar and nucleotide
sugar metabolism (ko00520, 319 Unigenes). The most highly annotated Signal transduction pathways was
Plant hormone signal transduction (ko04075, 973 Unigenes). This analysis provides insights into the potential
metabolic pathways and the involvement of unigenes in these pathways in dormancy release of perilla seed.
Additionally, based on transcriptome data and KEGG pathway analysis, the biosynthesis pathways of hormone,
such as GA4, ABA, and [AA, were inferred.

The criteria of |log2(fold change)|>1 and padj<0.05 were used to screen for differentially expressed genes
(DEGs) (Fig. 2Bi). Across all comparison groups (WA vs GA, WA vs CK, CK vs GA), a total of 1,129 DEGs
were identified (Fig. 2Bii). Among these, the highest number of DEGs was observed in the comparison between
WA vs CK (5466 upregulated and 4831 downregulated), while the lowest number of DEGs was found in the
comparison between WA vs GA (3138 upregulated and 2088 downregulated). To validate the biological functions
of the DEGs that affect the dormancy release of perilla seeds under GA, treatment, KEGG enrichment analysis
was conducted on the DEGs. Compared to WA and GA, the top 6 enriched pathways with DEGs were Plant-
pathogen interaction (175 genes), Plant hormone signal transduction (175 genes), MAPK signaling pathway-
plant (96 genes), Starch and sucrose metabolism (95 genes), Protein processing in endoplasmic reticulum (90
genes) and Glycolysis /Gluconeogenesis (65 genes) (Fig. 2Ci). Between CK and GA, most DGEs were enriched
in Plant-pathogen interaction (285 genes), Plant hormone signal transduction (244 genes), Protein processing
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Fig. 2. (A) KEGG annotation results. (i) KEGG metabolic pathway classification. (ii) Pathways involved in
carbon metabolism and signal transduction. (B) Identification and expression analysis of the differentially
expressed genes (DEGs) and KEGG enrichment of DEGs. (i) The number of DEGs among the three
comparison groups. (ii) Venn diagram of DEGs among the three comparison groups. (C) KEGG pathway
enrichment analysis. (i) The first 20 enriched KEGG pathway of DEGs under WA vs GA. (ii) The first 20
enriched KEGG pathway of DEGs under CK vs GA. (iii) The first 20 enriched KEGG pathway of DEGs under
WA vs CK.

in endoplasmic reticulum (158 genes), MAPK signaling pathway-plant (157 genes), Ribosome (138 genes)
and Starch and sucrose metabolism (133 genes) (Fig. 2Cii). In the comparison between WA and CK, the top
5 enriched pathways were Plant-pathogen interaction, Plant hormone signal transduction, Ribosome, MAPK
signaling pathway-plant, Protein processing in endoplasmic reticulum and Starch and sucrose metabolism
(Fig. 2Ciii). These findings indicate that signal transduction and carbohydrate metabolism play important roles
in the dormancy release and germination process of perilla seeds.

Verification of DEGs by qRT-PCR

We chose to perform quantitative real-time polymerase chain reaction (QRT-PCR) analysis on a selection
of genes exhibiting markedly differential expression levels to corroborate the precision of our transcriptome
dataset. The specific primers for these genes (Supplemental Table 1) were designed with Primer 6.0 software. The
results of the QRT-PCR validation (Supplemental File 1) revealed that the expression trends of the 14 genes were
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Figure 2. (continued)

consistent with the transcriptome sequencing results, indicating that the RNA-seq data are reliable and can be
used for in-depth analysis.

Metabolic analysis of the three treatment seeds
Metabolome sequencing technology (LC-MS) was performed on the seed samples to investigate the metabolic
mechanism underlying the dormancy changes in seeds induced by GA3-soaked seeds (GA), with natural
dormancy-release seeds (CK) and water-soaked seeds (WA) serving as controls. PCA was used to assess the
levels of metabolites (Fig. 3A). PC1 effectively distinguished between the natural dormancy-release seeds and
soaked seeds, whereas PC2 distinguished between the GA3-soaked and water-soaked, with PC1 accounting
for 58.9% and PC2 accounting for 12.7%. On the basis of the above analysis, we believe that there should be
significant differences in metabolites among the three comparison groups. A total of 2741 metabolites were
detected across all samples. Metabolites with FDR<0.05 and VIP>1 were chosen as differentially abundant
metabolites (DIMs) for further analysis. We identified 272 (80 upregulated and 192 downregulated), 992 (507
upregulated and 485 downregulated) and 1037 (498 upregulated and 539 downregulated) DIMs in WA versus
GA, WA versus CK, and CK versus GA, respectively (Fig. 3B). A Venn diagram analysis was also conducted to
uncover the overlap between different comparison groups (Fig. 3C). A total of 144 metabolites exhibited stage-
specific expression patterns. These common differentially abundant metabolites may play key roles in regulating
seed dormancy release.

Comparative analysis of the three comparison groups revealed a significant difference in metabolites, and
the significantly enriched kegg pathways of (WA vs GA) group included biosynthesis of amino acids, ABC
transporters, citrate cycle (TCA cycle), arginine biosynthesis, and metabolic pathways(Fig. 3D); the significantly
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Fig. 3. Dynamic metabolomic changes involved in the dormancy release regulation of Perilla frutescens seeds.
(A) PCA of metabolites in perilla seeds between groups. (B) The number of DIMs among the three comparison
groups (C) Venn diagram of differential metabolites (DIMs) between the three comparison groups. (D) KEGG
functional enrichment analysis of DIMs between WA vs GA groups. (E) KEGG functional enrichment analysis
of DIMs between WA vs CK groups. (F) KEGG functional enrichment analysis of DIMs between CK vs GA
groups.

enriched kegg pathways of (WA vs CK) group included ABC transporters, biosynthesis of amino acids, metabolic
pathways, biosynthesis of cofactors, and 2-oxocarboxylic acid metabolism(Fig. 3E); and the significantly
enriched kegg pathways of (CK vs WA) group included ABC transporters, metabolic pathways, biosynthesis of
amino acids, 2-oxocarboxylic acid metabolism, and biosynthesis of cofactors (Fig. 3F).

Association analysis of the metabolomic and transcriptomic data

To investigate the relationships between the genes and metabolites involved in the dormancy release of perilla
seeds, DIMs and DEGs of the three comparison groups (WA versus GA, WA versus CK, and CK versus GA)
were mapped to the KEGG database. There were 123, 191, and 197 comapped pathways in WA versus GA,
WA versus CK, and CK versus GA, respectively. Among these comapped pathways, ABC transporters, carbon
fixation in photosynthetic organisms, citrate cycle (TCA cycle), glyoxylate and dicarboxylate metabolism, etc.,
were significantly enriched with DIMs and DEGs between WA and GA (Fig. 4A), ABC transporters, oxidative
phosphorylation, arginine biosynthesis, porphyrin metabolism, etc., were significantly enriched with DIMs and
DEGs between WA and CK (Fig. 4B). Photosynthesis, ABC transporters, oxidative phosphorylation, arachidonic
acid metabolism, etc., were significantly enriched with DIMs and DEGs between CK and GA (Fig. 4C). We thus
detected common pathways enriched by seed dormancy release, involving plant hormone signal transduction,
starch and sucrose metabolism, and citrate cycle (TCA cycle). The three pathways involved a total of 17 DIMs
and 67 DEGs (Fig. 4D, Figs. 5, 6), which may have significantly changed during dormancy release and may play
key roles in this process.

Analysis of the correlation between transcriptome and metabolic based on the three
pathways

Through comprehensive analysis of the common DEGs and DIMs involved in the three comparison groups,
to model the synthetic and regulatory characteristics of DIMs and DEGs, subnetworks were constructed based
on the three pathways to determine transcript-metabolite correlations. Only correlation pairs with correlation
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Fig. 6. The hormone synthesis and transduction pathway, expression levels are indicated by the heatmap
of groups. (A) Expression heatmaps of the DEGs involved in plant hormone biosynthesis. (B) Expression
heatmaps of the DEGs involved in plant hormone signaling.

coeflicients > 0.9 were included in the analysis. In the network, 76 pairs showed a positive correlation, and 50
pairs were negatively correlated (Fig. 4E). The network revealed 34 DEGs and 16 DIMs with rich correlations.
Among the metabolites, Indole-3-acetic acid, Gibberellic acid, Gibberellin A4, D-Fructose, and Trehalose were
located in the center of the network. Genes such as SNRK2 (C2S51_017090), PIF3 (C2S51_019173), GID1
(C2S51_0230 19), PP2C (C2S51_027475, C2S51_032686), and C2S51_030237 (TMK) have been predicted to be
correlated with the presence of these metabolites.

Key pathways analysis
By investigating the common DEGs and DIMs among the three comparison groups, based on the WA vs GA
comparison group, we analyzed the key metabolic pathways of perilla seed dormancy release caused by GA3.

A range of plant hormones play crucial roles in maintaining and releasing dormancy in perilla seeds.
Comparative analysis between the WA and GA groups revealed no significant differences in the levels of abscisic
acid, cytokinine, ethylene, and brassinolide; however, notable changes were observed in the concentrations
of salicylic acid, jasmonic acid, indole-3-acetic acid, gibberellic acid, and gibberellin A4. In total, 35 critical
structural gene families involved in hormone signal transduction pathways were identified; 22 gene families
exhibited continuous upregulation (accounting for 62.86%), while 13 gene families exhibited continuous
downregulation (accounting for 37.14%)(Fig. 6B).

The increase in the GA3 content promotes the synthesis of GA4, elevated the content of GA4, which aligns
with the findings from the metabolomics analysis. 2 DEGs encoding gibberellin receptor GID1 (GID1) were
downregulated, while 1 DEG encoding DELLA protein (DELLA) also was downregulated. Conversely, 5 of 6
DEGs encoding phytochrome-interacting factor 3 (PIF3) showed significantly enhanced expression. GID1 plays
a regulatory role in GA signaling, its downregulation diminishes the efficacy of GA signaling. But the content of
GA4 increased, downregulated of the DEG encoding DELLA proteins, and the upregulated of PIF3 regulatory
genes promote GA signal transduction, thereby GA playing a positive role in seed dormancy release. Abscisic
acid (ABA) is a key hormone responsible for maintaining seed dormancy and inhibiting germination. 2 DEGs
encoding protein phosphatase 2C (PP2C) were downregulated, 1 DEG encoding serine/threonine-protein
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kinase SRK2 (SnRK2) was upregulated. The downregulation of PP2C weakens ABA signal transduction, the
upregulation of SnRK2 effectively counteracts the original effects of ABA, thereby diminishing its control over
seed dormancy. IAA content increased significantly after GA3-soaked seeds, and the unigenes screened for
involvement in the JAA metabolic pathway included The expression levels of DEGs encoding auxin-responsive
protein TAA (TAA), auxin responsive GH3 gene family (GH3), SAUR family protein (SAUR), mitogen-activated
protein kinase kinase 4/5 (MKK4_5) and receptor protein kinase TMK (TMK) were significantly upregulated
except for 1 DEG encoding SAUR family protein and 1 DEG encoding receptor protein kinase TMK. The
signaling of TAA were significantly increased by the exogenous application of GA3, suggesting that IAA promotes
the dormancy release of perilla seeds.

The DEGs associated with CTK signaling transduction were upregulated except for the DEGs encoding
histidine-containing phosphotransfer peotein (AHP). The DEGs encoding cyclin D3, plant (CYCD3) and BR-
signaling kinase (BSK) were upregulated, encoding brassinosteroid insensitive 1-associated receptor kinase
1 (BAK1) and protein brassinosteroid insensitive 1 (BRI1) had different expression patterns in BR signaling
transduction. ETH signaling transduction related the DEGs encoding ethylene-responsive transcription factor 1
(ERF1) were downregulated and encoding serine/threonine-protein kinase CTR1 (CTR1) were upregulated. JA
signaling transduction related 2 DEGs encoding transcription factor MYC2 (MYC2) were upregulated. The SA
content increased in GA3-soaked seeds, and the DEGs regulating SA signaling were downregulated.

Starch and sucrose metabolism can provide energy and a carbon skeleton for biosynthesis during seed
germination, therefore, we mapped the energy metabolism pathways associated with the dormancy release
of perilla seeds. (Fig. 5). The contents of sucrose, p-(—)-fructose, isomaltose, a,a-trehalose, and a- p-glucose
1-phosphate increased, and the content of maltose decreased. After GA3-soaked seeds, 1 DEG encoding
ectonucleotide pyrophosphatase/phosphodiesterase family member 1/3 (ENPP1_3), 3 DEGs encoding glucose-
1-phosphate adenylyltransferase (glgC), and 2 DEGs encoding granule-bound starch synthase (WAXY) were
significantly upregulated to promote amylose synthesis and indirectly promote starch synthesis, and the
genes regulating beta-amylase [EC:3.2.1.2] enzymes for the conversion of starch to Maltose were significantly
upregulated to promote the synthesis of Maltose. Maltose was converted into D-glucose, which was consistent
with the decrease in maltose content after GA3-soaked seeds. Sucrose was converted to UDP-glucose through
the upregulated expression of the DEGs encoding beta-fructofuranosidase (INV) and sucrose synthase (SUS),
UDP-glucose was converted to trehalose, 1,3-p-glucan, cellulose, cellulose and cellobiose through significant
upregulation of the DEGs encoding trehalose 6-phosphate phosphatase (otsB), glucan endo-1,3-beta-
glucosidase 1/2/3 (GN1_2_3), sucrose-phosphate synthase (E2.4.1.14), beta-glucosidase (bglX), endoglucanase
(E3.2.1.4), beta-glucosidase (bglB), and glucan endo-1,3-beta-glucosidase 4 (GN4), they were further converted
to D -glucose and a- D-glucose 1-phosphate, and the increase in the levels of b-fructose, a,a-trehalose, and
a- D-glucose 1-phosphate in the metabolome soaked with GA3 also confirms that, p-glucose and a-p-glucose
1-phosphate enter the energy conversion pathway to provide energy for metabolism and seed germination in
the later stages. In this study, TCA cycle was significantly enriched, with 3 enzymes with differential genes,
2 enzymes with upregulated differential gene expression, and 1 enzyme with downregulated differential gene
expression.

Discussion

Germination rate reflects the dynamic relationship between the seed germination rate and time. Germination
potential is an indicator that reflects and explains the rate of seed germination and accurately reflects whether
or not the seed has germinated in an orderly manner in the soil. The germination index is an indicator of
whether the germination rate is stable and consistent. In general, the higher the seed germination potential and
germination index, the higher the seed germination rate. Light and temperature are also two key factors affecting
seed germination. To explore the effect of GA3 on perilla seed germination, we used germination conditions
that take into account the consistency of light and temperature with the interaction between GA3. Throughout
the germination process, GA3 treatment significantly increased the germination rate of perilla seeds, and the
greatest effect of GA3 treatment on breaking perilla seed dormancy and promoting germination was observed at
a GA3 concentration of 200 mg/L (Fig. 1).

Among the many factors that contribute to seed dormancy and germination, endogenous hormones are
considered the most important, with ABA and GA playing important roles in the regulation of seed dormancy
and germination?®%6. In this study, we analyzed the hormone-related metabolic pathways related to dormancy
release of Perilla seeds and found significant enrichment of metabolic pathways related to plant hormone synthesis
and signal transduction. We mapped hormone-associated metabolic pathways (Fig. 6A, B). In Arabidopsis, GA
treatment or mutations causing increased GA signaling downregulate the transcript levels of GA30x1, GA200x1,
GA200x2, and GA200x3, while GA treatment upregulates the transcript levels of the GA catabolism genes
GA2o0x1 and GA20x2. GA defects or mutations that reduce GA signaling lead to the upregulation of GA3ox
and GA20ox expression and the downregulation of GA20x expression?’. In particular, the GA3ox1 and GA30x2
enzymes for biosynthesis and the GA20x2 enzymes for catabolism play key roles in GA signaling during seed
germination. In this study, the DEGs encoding GA20o0x in GA3 soaked seeds were downregulated, in natural
dormancy released seeds were upregulation, it may be due to the increase of GA3 content in the seeds caused by
GA3 soaking. The DEGs encoding GA2o0x were significantly upregulated. GA20x may promote the conversion of
GA3 to GA4, promotes the transduction of GA4 signaling. GA4 are the first steps in catalyzing the biosynthesis
pathway of GA, and the absence of GA4 can lead to a lack of GA in plant seeds and prevent germination®. This
finding is also consistent with the change of GA4 content in the dormancy released seeds. Early perception
and signaling of GA involves three main components: the GID1 (GA receptor) and GID2 (F-box) proteins are
positive regulators?®>, while the DELLA proteins are negative regulators. Binding of GA to GID1 promotes the
interaction of GID1 with DELLA repressors’!. The DEGs encoding GID1 were downregulated in GA3 soaked
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seeds, but the DEGs encoding GID1 in natural dormancy released seeds were upregulated. The trend of changes
in the regulatory genes of DEIIA protein was the same as that of GID1. The DEGs encoding the transcription
factor phytochrome interacting factor 3 (PIF3) at the end of the GA signaling pathway were all significantly
upregulated, regulating seeds to release dormancy. Therefore, we speculate that GA4, GA200x, GA20x, GID1,
DELLA, and PIF3 plays an important role in the dormancy release of perilla seeds. Their changing trends in
different groups may be due to different ways of releasing dormancy. In the carotenoid biosynthesis pathway,
9-cis-epoxycarotenoid dioxygenase (NCED) and abscisic-aldehyde oxidase (AAO3) regulatory genes were
significantly downregulated, the genes regulating (+)-abscisic acid 8-hydroxylase (CYP707A) and abscisate
beta-glucosyltransferase (AOG), the convertase of Abscisate into 8"-hydroxyabscisate and abscisic acid glucose
ester, were significantly upregulated, this may be related to the increase of abscisic acid content during seed
placement. PP2c regulatory genes were significantly downregulated, and the regulatory genes of SnRK2 were
significantly upregulated. Under the combined action of synthesis and metabolism, the effect of abscisic acid
was reduced, promoting the release of seed dormancy. The changes of GA4, GA3 and ABA content, reduced
the ratio of ABA/GA in perilla seeds, and promoted the release of perilla seed dormancy. This finding is also
consistent with studies showing that the spatiotemporal balance of gibberellins and abscisic acid plays a crucial
role in seed biology, favoring dormancy at relatively high ABA/GA ratios and vice versa at relatively low ratios®.
ABA is involved in the induction and maintenance of seed dormancy, whereas IAA is also a positive regulator
of seed germination®.

IAA is an essential phytohormone that regulates seed dormancy and germination. In this study, combined
transcriptome and metabolome analysis revealed enrichment of the tryptophan metabolism pathway, and the
regulatory genes of amiE and ALDH related to the synthesis of indoleacetic acid were upregulated, promoting the
synthesis of auxin. In terms of seed dormancy release, the IA A level was detected with an increasing trend during
seed imbibition and after ripening in Arabidopsis, pea, and wheat®>->*. With the exception of the downregulated
DEGs encoding SAUR, all DEGs encoding other enzymes related to IAA metabolism were upregulated,
promoting IAA signaling transduction. These findings indicate that IAA synthesis and metabolic activities are
vigorous during perilla seed germination, and we hypothesize that IAA play important roles in breaking perilla
seed dormancy and promoting seed germination. The change of IAA content confirms its important role in seed
dormancy release and germination.

Other plant hormones, such as CTK, ETH, BR, and JA, are also involved in regulating seed dormancy,
primarily by mediating the ABA/GA balance®. CTK, ETH, and BR positively regulate seed dormancy release
in dicot species, and they function by modulating ABA synthesis, catabolism, and signaling transduction®>.
But our research did not find a correlation between these hormones and the dormancy release of perilla seeds.
Our analysis revealed that the DEGs encoding IPT associated with CTK synthesis were upregulated and in
CTK metabolism the DEG encoding ARR-A was upregulated, encoding AHP was downregulated, and the DEG
encoding AHK2_34 had different expression patterns in GA3 soaked seeds and natural dormancy released seeds.
The DEGs encoding CYP90B and CYP92AS6, related to brassinolide synthesis, were significantly upregulated,
the DEGs encoding BSK and CYCD3, the signaling regulator of brassinolide, were significantly upregulated.
Ethylene related regulatory genes had different expression patterns. Salicylic acid related regulatory genes were
essentially downregulated. The upregulation of jasmonic acid metabolism regulatory genes were upregulated.
The functions of these genes in seed dormancy release need further investigation.

In this study, the combined transcriptome and metabolome analysis enriched the starch and sucrose
metabolic pathways, which we hypothesized to be the major energy supply pathways during the lifting of
dormancy and the initiation of germination in perilla seeds, and therefore we mapped the starch and sucrose
metabolic pathways associated with the dormancy released in perilla seeds (Fig. 5). Starch and Sucrose are stored
in plant seeds that can be converted to reducing sugars and plays an important role in seed germination®’,
Sucrose can also act as a transport compound that is produced in the endosperm and moves into the embryo”.
In the study, by upregulation of the DEGs encoding ENPP1_3, glgc, and WAXY, UDP-glucose synthesized
starch, which is further converted into maltose. The changes of Maltose content also confirmed this. We found
that the expression of regulatory genes of UDP-glucose metabolism and catabolism-related enzymes TPS was
significantly up-regulated to promote their conversion to Trehalose. UDP glucose is also converted into 1,3-beta-
Glucan, Cellulose, and Cellodextrin/Cellulose. The above substances were further converted into D-glucose and
enter the energy supply.

Conclusion

The molecular mechanism of Perilla seed dormancy release caused by GA3 was analyzed by transcriptomic
and metabolomic. The results revealed that plant hormone signal transduction, starch and sucrose metabolism
and citric acid cycle (TCA cycle) were significantly enriched pathways closely related to perilla seed dormancy
release. Perilla seeds release their dormancy by enhancing the expression of GID1, PIF3, SnRK2, IAA, ARR-A,
GH3, MKK4_5, otsB, GN1_2_3, glgC, WAXY, inhibiting the expression of DELLA, PP2C, glga, bglX, and GN4,
and regulating the content of GA4, ABA, TAA, sucrose, maltose, trehalose, and a-D-glucose 1-phosphate. IAA
plays an important role in breaking seed dormancy and promoting seed germination. The energy required for
breaking seed dormancy and germination of perilla seeds is mainly provided through sucrose metabolism.
Citric acid cycle (TCA cycle) is the main energy supply transformation pathway for seed germination. These
findings provide a basis for further understanding the mechanism of seed dormancy release by GA3 and provide
a valuable reference for breeding Perilla varieties with high germination rates.
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Materials and methods

Perilla seed materials and treatment conditions

The seeds of Perilla frutescens were collected from Lianhe village (106°65'24"E, 26°62'09"N, 1055 m above sea
level), Changshun County, and Qiannan Prefecture, with the permission of the Guizhou Academy of Agricultural
Sciences in China. The sample plant name code M1201 was Perilla frutescens var. frutescens.

The two groups of Perilla seeds were soaked in 200 mg/L GA, solution and water for 8 h, and the other groups
of seeds were left at room temperature to release dormancy naturally. Afterward, the seeds were naturally dried,
after which a standard germination test was performed. The GA,-soaked seeds are represented by GA1, GA2,
GA3, the water-soaked seeds are represented by WA1, WA2, WA3, and the natural dormancy-release seeds are
represented by CK1, CK2, CK3. Most seeds in the GA and CK groups presented exposed radicles and released
dormancy, and the WA was not relieved. Approximately 0.1 g of seeds from each sample was taken as the test
material for transcriptome and metabolomic analysis. Three independent biological replicates were performed
for each group.

Transcriptome data analysis

RNA was extracted from seeds by standard extraction method, and the quality of the RNA samples was
controlled by Agilent 2100 bioanalyzer. After the construction of the library, first use Qubit2.0 fluorometer for
preliminary quantification, then use Agilent 2,100 bioanalyzer to detect the insert size of the library, and qRT-
PCR was used to accurately quantify the effective concentration of the library (the effective concentration of
the library was greater than 2 nM) to ensure the quality of the library. After the library was qualified, carry out
Mlumina sequencing.

Use fastp software®® to control the sequencing raw data of each sample, use HISAT2 software to compare the
clean data reads after quality control to the reference genome, and then Qualimap RNA-seq software® was used
to evaluate the comparison. The featureCounts software®! in the subread software package was used to calculate
the gene count, the formula in the reference documents of FPKM and TPM was calculated, the genes with the
detection rate (the proportion of count was not 0) less than 0.25 was screened out, the R language DESeq2
package®? and edgeR package®® were used to calculate the corrected expression, the correlation coefficient
between the two samples was calculated, and the repeatability of biological experiments in the sample group
was evaluated. The gene expression value (TPM) of all the samples were analyzed by PCA. The differential genes
were screened with the standard of log2 (Fold Change)>1.00 and padj<0.05 by using DESeq2 software. The R
language clusterProfiler package® was used to conduct GO function enrichment analysis and KEGG pathway
enrichment analysis on the differential gene set.

Validation of transcriptomic data for real-time quantitative reverse transcription PCR (qRT-
PCR)

To verify the accuracy of our transcriptomic data, fifteen DEGs involved in Perilla seed dormancy release were
selected for qQRT-PCR, and specific primers for these genes were designed with Primer 6.0 (Table 1). Reverse
transcription amplification was carried out with Goldenstar RT6 cDNA Synthesis Mix, the Qingke reverse
transcriptional kit. The cDNA product obtained by reverse transcription was diluted 4 times and used as a
qPCR template x T5 Fast qPCR Mix (SYBR Green I) for amplification, and the components of the amplification
system were as follows: 2x T5 Fast gPCR Mix (SYBR Green I) 10 gL, 10 uM primer F 1 pL, 10 uM primer R 1
uL, template (cDNA) 1 pL, and ddH2O 7 yL, for a total of 20 pL. The above amplification system was amplified
according to the following amplification procedure and then fused: pre-denatured 95 °C for 2 min for 1 cycles;
in the cycle stage, 95 °C 15 s 40cycles, 60 °C 20 s, 72 °C 20 s read fluorescence here; At the melting stage,
95 °C 5 s Lcycles, 65 °C 1 min 1cycles, 95 °C 0.05 °C/s heating 1cycles continuously collected fluorescence for
5 times/'C, 50 °C 30 s lcycles. All the samples were examined in triplicate with four technical replicates. The
relative expression of genes was calculated by the 2-DDCt method using actin as the reference gene®>°.

Metabolite extraction and metabolomic data processing and analysis

Accurately weigh 200 mg (+1%) of sample in 2 mL EP tube, and add 0.6 mL 2-chlorophenylalanine (4 ppm)
methanol (20 °C), vortex for 30 s; Add 100 mg glass beads and grind the samples by a high-throughput
tissue grinder for 90 s at 60 Hz.Room temperature ultrasound for 30 min and ice for 30 min; centrifuge at
4 °C for 10 min at 12,000 rpm, and the supernatant was filtered through 0.22 um membrane to obtain the
prepared samples for LC-MS; Take 20 pL from each sample to the quality control (QC) samples; Use the rest
of the samples for LC-MS detection®’~%. The XCMS package of R (v3.1.3) is used for peak identification, peak
filtration, and peak alignment to obtain the data matrix, and then the precursor molecules in the positive and
negative ion mode are obtained. Based on R language MetaboAnalyst R package®’, QC quality control, batch
calibration, data standardization, metabolite content statistics, PCA, screening of characteristic metabolites,
correlation analysis and path analysis of characteristic metabolites (enrichment analysis, topology analysis, path
map) were carried out. DIMs and DEGs were annotated using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) databaseand an automated annotation server’’. Hierarchical clustering of key DIMs in different groups
using ComplexHeatmap 2.12.0”. Gene-metabolite pairs with Pearson’s correlation coefficients > 0.9 in pathways
associated with seed aging between cultivars were used to construct the transcript-metabolite network.

Data availability

The RNA-seq datasets generated during the current study have been submitted to the NCBI Sequence Read
Archive under the accession number PRINA1080333 (https://dataview.ncbi.nlm.nih.gov/object/PRJNA1080333
?reviewer=5afc4h1td9qod0g17quislksvm, accessed on 04 Dec 2024).
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