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Flowering in sweet osmanthus mediated by DNA hypomethylation

Demethylation mediates flower opening and senescence in sweet osmanthus (Osmanthus fragrans Lour.) through auxin and ethylene

Abstract

Recent studies have shown that DNA methylation is critical for fruit ripening and leaf senescence, but its effect on flowering is unclear. This study investigated the dynamic changes in DNA methylation and its regulatory role on flower opening and senescence of Osmanthus fragrans ‘Liuyejingui’ by whole-genome bisulfite sequencing and transcriptome sequencing at six developmental stages (unopened floral bud to late flower senescence, S1 to S6). In total, 3222 differentially methylated regions (DMRs) were identified in senescent flowers, of which 88.98% were hypomethylated (hypo-DMRs), and the number increased from S1 to S6, suggesting that DNA demethylation is associated with the progression of flowering. Analysis of hypo-DMR-associated up-regulated differentially expressed genes revealed that small auxin up-regulated RNAs (OfSAURs) were the most highly significantly enriched from S3 to S5, and ethylene-responsive transcription factors (OfERFs) were strongly activated in senescent flowers. These results suggested that DNA hypomethylation was important for flower expansion and flower senescence through the auxin and ethylene pathways
. Spray application of a DNA methylation inhibitor to unopened floral buds triggered a premature opening and senescence phenotype by promoting endogenous ethylene production and carotenoid accumulation, and indicated that DNA demethylation mediated flower opening and senescence by activating the expression of OfSAURs and OfERFs. An epigenetic regulatory three-component model is proposed, in which flower opening and senescence are regulated by DNA demethylation, mediating the expression of specific gene families, together with the plant hormones auxin and ethylene, to transition the flower into an opening- and senescence-competent state.   
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Introduction

Sweet osmanthus (Osmanthus fragrans Lour.) is among the most popular traditional flowers in China. Owing to the strong floral fragrance, it is widely planted in streets and gardens. Fresh flowers of sweet osmanthus are commercially harvested as natural and functional food flavor additives, and the essential oil extracted from the flowers is in high demand for production of expensive perfumes and cosmetics [1–4]. 
However, the flowering period of sweet osmanthus is generally short, with an optimal commercial harvesting period of only 2–3 days, which greatly limits the ornamental value and economic viability 
[5]. Flower senescence is associated with pollination-induced endogenous ethylene production in ornamental plants [6–9]. However, many cultivars of sweet osmanthus that exhibit ovary abortion are also sensitive to ethylene, and endogenous ethylene production not induced by pollination and ovary development is an important regulator of flower senescence. Ethylene plays an important role in enhancing DNA fragmentation, damaging the subcellular structure, and leading to petal abscission and wilting [5, 10–12]. However, the mechanisms responsible for endogenous ethylene production and the progression in flower development from opening to senescence in sweet osmanthus remain unclear
. 

Senescence is a developmental phase transition that occurs in plants at multiple levels of cells, tissues, and organs, and involves complex regulatory processes, such as gene expression, protein translation, and epigenetic changes 
[13]. DNA methylation, as an ancient and conserved epigenetic modification in higher organisms, is essential for the proper regulation of multiple biological processes [14]. Recent studies have indicated that DNA methylation participates in the regulation of fruit ripening [15–18] and leaf senescence [19–21]. In the ethylene-regulated climacteric fruit of tomato, DNA demethylation is mediated by the DNA demethylase gene SlDML2; knockout of SlDML2 prevents DNA methylation, thereby delaying fruit ripening [22–24]. In Arabidopsis, the DNA demethylase gene DEMETER-Like 3 (DML3) is expressed at the onset of and during senescence to demethylate the promoter, coding sequence, or 3′-untranslated region to activate a set of senescence-associated genes, thereby leading to leaf senescence [21]. Thus, DNA methylation is implicated to be crucial for maturation and senescence of diverse plant tissues and organs. However, the role of DNA methylation in flowering and senescence of ornamental plants is unclear. 

In this study, DNA methylome profiling of sweet osmanthus flowers at different flowering stages was conducted using bisulfite sequencing. Integrated analysis of genome-wide DNA methylation and the flower transcriptome was performed to reveal the manner in which DNA demethylation may regulate flower opening and senescence by affecting gene expression. The results revealed the dynamic changes in DNA methylation during the flowering of an ornamental plant and its potential regulatory role in flower opening and senescence mediated by auxin and ethylene. 
A three-component model of the potential epigenetic mechanisms participating in flowering is proposed, in which the plant hormones auxin and ethylene, and specific gene families, such as OfSAURs and OfERFs, together with DNA hypomethylation, transition the flower into an opening- and senescence-competent state.

Materials and methods

Plant material
Plant material of O. fragrans ‘Liuyejingui’ was collected from the campus of Huazhong Agricultural University, Wuhan, China (30°29′N, 114°21′W). Flowers were collected at six developmental stages (S1: Linggeng stage
; S2: Initial flowering stage; S3: Early full flowering stage; S4: Full flowering stage; S5: Late full flowering stage; S6: Abscission stage; Fig. 1A) in accordance with a previous study [25]. Three biological replicates for each developmental stage were used. 

DNA methylation inhibitor treatment

Detached branches bearing floral buds 
at the S1 stage were sprayed with 200 mL of 10 mM 5′-azacytidine dissolved in ddH2O. As a control, flowers on the branch were sprayed with 200 mL ddH2O. The spray treatment was repeated once at 3-day intervals. 

Whole-genome bisulfite sequencing and data analysis 
Whole-genome bisulfite sequencing was performed in accordance with a previously described method [26] by the Igenebook Biotechnology Co., Ltd., Wuhan, China (http://www.igenebook.com). Briefly, 1 μg DNA extracted from the flower samples was fragmented with an ultrasonic disruptor (Bioruptor
) to generate fragments with an average size of approximately 300–500 bp. To evaluate the bisulfite conversion rate, 20 ng nonmethylated lambda DNA (251431, Promega
) was spiked in the extracts as a control during library preparation. The fragmented DNA was end-repaired and ligated to a fully methylated adapter using the NEXTflex™ Bisulfite-Seq Barcodes – 6 Kit (51191, Bio Scientific). The EZ DNA Methylation-Gold™ Kit (D5005, Zymo Research Corporation) was used for bisulfite conversion of the adapter-linked DNA. After amplification by PCR, high-quality libraries, with the distribution of DNA fragments centered around 300 bp, were used for sequencing analysis using an Illumina sequencing platform
.

Trimmomatic (version 0.38) was used to filter out low-quality reads [27]. The clean reads were then mapped to the sweet osmanthus ‘Liuyejingui’ reference genome 
using bitmapperBS software [28]. The bisulfite conversion rates were evaluated using lambda DNA
. The coverage of cytosine bases across the genome and cytosine-base methylation levels in different contexts were scored using the CGmapTools mstat tool [29]. The methylation level was determined by dividing the number of reads covering each mC by the total number of reads covering that cytosine, which was also equal to the mC:C ratio at each reference cytosine. The DMCs were calculated using the CGmapTools dms tool (P-value < 0.001, △mC ≥ 0.2) [29]. The DMRs were calculated using the CGmapTools dmr tool (P-value < 0.001, △mC ≥ 0.2) [29]. The methylation level for specific regions for every sample was calculated using the CGmapTools mtr tool [18]. The DMR-associated genes were defined as genes within 100 kb upstream and downstream of the DMRs. Annotation with GO terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways was performed using eggNOG and the ‘clusterProfiler’ R package was employed to perform enrichment analysis with a Q-value cutoff of 0.05 [30].
Transcriptome sequencing and data analysis

Flowers treated with the DNA methylation inhibitor 5′-azacytidine or ddH2O at stages S1, S3, and S5 were collected for RNA preparation. The total RNAs were extracted using the RNAprep Pure Kit (DP432, TIANGEN Biotech Co., Ltd., Beijing, China) following the manufacturer’s instructions. RNA sequencing libraries were prepared using the mRNA Library Prep Kit (XXXX) 
and were sequenced on a MGI-SEQ 2000 platform by the Igenebook Biotechnology Co., Ltd. Differential expression was analyzed with the ‘edgeR’ R package (version 1.10.1). Genes with |log2 fold change (FC)| > 1 and p-value < 0.05 were considered to be DEGs [31]. The R package ‘clusterProfiler’ (http://www.bioconductor.org/packages/release/bioc/html/clusterProfiler.html) [30] was employed to perform enrichment analysis of GO terms and KEGG pathways [32]. The enriched GO terms and KEGG pathways were calculated using a hypergeometric distribution with a Q-value cutoff of 0.05. The Q-values obtained by Fisher's exact test were adjusted for multiple comparisons with the false discovery rate 
[33].
Ethylene production analysis
Endogenous ethylene production was measured in accordance with a previously described method [5]. Fresh flowers 
(0.2 g) treated with the DNA methylation inhibitor 5′-azacytidine or ddH2O were enclosed in airtight 20 mL glass vials for 2 h to allow ethylene to accumulate. One milliliter samples of the headspace were analyzed for ethylene emission using a gas chromatograph (Agilent Technologies 7890B). The concentration was expressed as nanograms ethylene per gram fresh weight (FW) per hour. Three biological replicates were analyzed for each flowering stage and each treatment.
Metabolite profiling of carotenoids

Flowers treated with the DNA methylation inhibitor or ddH2O at stages S1, S3, and S5 were collected for metabolite profiling of carotenoids. The extraction, analysis, metabolite identification, and quantification were performed by MetWare (Wuhan, China) using an AB Sciex QTRAP 6500 LC-MS/MS platform following standard procedures. Metabolite data analysis was conducted with Analyst 1.6.3 software. Metabolites with FC ≥ 2 or FC ≤ 0.5 were considered to be differentially expressed metabolites.




Results

Loss of DNA methylation during flowering and senescence 
To understand the effects of DNA methylation on flower opening and senescence of sweet osmanthus, whole-genome bisulfite sequencing and transcriptome sequencing of flowers at six flowering stages was performed (Fig. 1A). Sweet osmanthus ‘Liuyejingui’ (2n = 46) was previously used to assemble a reference genome of about 730 MB [25].
 For each sample, an average of 218 ( 106 
paired-end reads (read length = 150 bp) were produced. Over 80% of the reads were mapped to the reference genome at 20-fold average coverage and the conversion rates were >99.5% (Supplementary Table S1). Based on the neighboring nucleotides, DNA methylation is classified into symmetric (CG or CHG) and asymmetric (CHH) contexts [34]. In sweet osmanthus flowers, an average proportion of 19.02% of the total cytosines were methylated (mC), which was lower than that of tomato fruit (22%) [24]. The average methylation percentages of mCG, mCHG, and mCHH were 72.14%, 42.65%, and 7.65%, respectively (Supplementary Table S2), implying that CG-type DNA methylation predominated. Principal component analysis
 revealed good consistency among the three biological replicates at each flowering stage (Fig. 1B). 

To characterize the dynamic changes in DNA methylation during flowering and senescence, differentially methylated cytosines (DMCs) and differentially methylated regions (DMRs) were analyzed. In total, 4308 DMCs that differed between flower buds and senescent flowers
 were identified, of which 78.9% were hypomethylated DMCs (hypo-DMCs) (Fig. 1C). This result suggested that DNA demethylation probably occurred during flowering. A proportion of 83.07% of the hypo-DMCs (Fig. 1C) and 88.98% of the hypo-DMRs (Supplementary Fig. S1) were determined to be the CG context, suggesting that DNA hypomethylation was probably mostly attributable to decrease in the frequency of CG methylation. The changes in DMRs during flowering were then detected. The number of hypo-DMRs identified at S2 (407), S3 (805), S4 (1348), S5 (2197), and S6 (2867) compared with S1 increased distinctly with the progression of flowering (Fig. 1D), which further suggested that the frequency of DNA methylation declines during flower opening and senescence.
During tomato fruit development, DNA hypomethylation is accompanied with CHH hypermethylation [15]. To explore this possibility in sweet osmanthus, the methylation percentages in the CG, CHG, and CHH contexts were determined. Hypomethylation was detected in the CG and CHG contexts at hypo-DMRs between S1 and S6, whereas hypermethylation occurred in the CHH context (Fig. 1E). These results suggested that DNA hypomethylation is accompanied by CHH hypermethylation during flowering in sweet osmanthus. 

In summary, the DNA methylation decreased during the flower opening and senescence of O. fragrans, and the CG type DNA methylation was the predominant.


Fig. 1 Loss of DNA methylation during sweet osmanthus flowering. 

(A) Experimental workflow in this study. S1, Linggeng stage (the flower bud is closed); S2, Initial flowering stage (the flower is slightly open with the petal angle less than 45°); S3, Early full flowering stage (the flower is half open with the petal angle from 45° to 90°); S4, Full flowering stage (the petals are fully expanded); S5, Late full flowering stage (the petals slightly lose turgor and the pollen color is darker); S6, Abscission stage (the petals lose turgor and abscise naturally). WGBS, whole-genome bisulfite sequencing; Hypo-DMR, hypomethylated differentially methylated regions; DEGs, differentially expressed genes. (B) Principal component analysis scatterplot showing consistency among the three biological replicates of WGBS samples. (C) The CG-type DNA methylation was predominant. The number of differentially methylated cytosines (DMCs) in S6 relative to S1 are shown for the mCG, mCHG, and mCHH types. (D) The percentage of hypomethylated differentially methylated regions (hypo-DMRs) increased with flowering. The number of hyper-DMRs and hypo-DMRs at S2, S3, S4, S5, and S6 relative to S1 is shown. (E) CG and CHG hypomethylation was accompanied by CHH hypermethylation. Boxplots showing DNA methylation frequencies in CG hypo-DMRs between S6 and S1. A, B, and C are three replicates. * P < 1e−4 (one-tailed Wilcoxon test).  

DNA hypomethylation may be mediated by OfCMTs and OfDML2
To examine the potential role of DNA hypomethylation in gene regulation during flowering, transcriptome profiles at the six flowering stages were generated. The numbers of up-regulated and down-regulated differentially expressed genes (DEGs) increased progressively from S2 to S6 compared with S1 (Fig. 2A), suggesting that global gene expression was activated during flowering and senescence. Gene Ontology (GO) analysis of the DEGs at S2, S3, S4, S5, and S6 relative to S1 showed that genes associated with oxidoreductase activity and response to auxin were the most highly significantly enriched among up-regulated DEGs (Fig. 2D, Supplementary Table S3). In contrast, DEGs associated with non-membrane-bound organelles and microtubule binding were the most highly significantly enriched among down-regulated DEGs (Fig. 2E, Supplementary Table S4). Thus, expression of these genes may play important roles in flowering. The up-regulated DEGs (Fig. 2B) and down-regulated DEGs (Fig. 2C) identified at the different flowering stages strongly overlapped except at the late flower senescence stage (S6). It was observed that 1756 up-regulated and 1397 down-regulated DEGs were specifically expressed at S6, indicating that additional biological processes were activated for induction of flower senescence.
Dynamic changes in DNA methylation are usually mediated by the activities of DNA methyltransferases and DNA demethylases. The DNA methylation frequency is usually maintained by different DNA methyltransferases, including METHYLTRANSFERASE (MET), CHROMOMETHYLASE (CMT), and DOMAIN REARRANGED METHYLTRANSFERASE (DRM) genes through the RNA-directed DNA methylation (RdDM) pathway and DE NOVO METHYLTRANSFERASE (DNMT) genes. DNA demethylation is usually effected by demethylases, including REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME), and DEMETER-LIKE (DML) genes [35]. DNA methylation of CG and CHG is maintained by MET1 and CMT3, respectively, whereas CHH methylation is predominantly maintained by CMT2 [36–39]. 
To explore which of the genes encoding these enzymes contributed to DNA hypomethylation in sweet osmanthus flowers, DNA methyltransferase and demethylase orthologs in the sweet osmanthus genome were identified. A total of 12 methyltransferase genes and four demethylase genes were identified (Supplementary Table S5). Of these genes, five OfCMT genes were significantly down-regulated and one OfDML2 was significantly up-regulated during flowering (Fig. 2F). These results suggested that OfCMT and OfDML2 genes may be involved in DNA hypomethylation during flowering, which was similar to fruit ripening of tomato and pepper [18, 22–24, 40]. 

Fig. 2 Transcriptome analysis and expression patterns of DNA methyltransferase and DNA demethylase genes during flowering. (A) Global gene expression was activated with flowering. The numbers of differentially expressed genes (DEGs) at flowering stages S2, S3, S4, S5, and S6 relative to S1 are shown. (B) Venn diagram showing that most up-regulated genes were specifically expressed at S6. (C) Venn diagram showing that most down-regulated genes were specifically expressed at S6. (D) Genes associated with oxidoreductase activity and response to auxin were activated during flowering, as indicated by Gene Ontology (GO) analysis of the up-regulated DEGs common to S2, S3, S4, S5, and S6 relative to S1. (E) Genes associated with non-membrane-bound organelles and microtubule binding were repressed during flowering, as indicated by GO analysis of down-regulated DEGs common to S2, S3, S4, S5, and S6 relative to S1. (F) Expression of DNA methyltransferase and DNA demethylase genes in flowers at different stages. DNA hypomethylation may be mediated by OfCMT and OfDML2 genes. 
DNA hypomethylation potentially contributes to flower opening and senescence through the auxin and ethylene pathways
To investigate the role of DNA hypomethylation in flower opening and senescence, hypo-DMRs differing between S6 and S1 were mapped to genes based on their genomic location (Supplementary Table S6). The number of hypo-DMR-associated up-regulated DEGs increased progressively during flowering and attained the maximum number (3026) at S6 (Fig. 3A), suggesting that DNA hypomethylation mediated activation of an increasing number of genes during flowering
. Venn diagrams showed that 1444 DEGs did not overlap with other stages and were specifically up-regulated at S6 (Fig. 3B). This finding indicated that DNA demethylation played an important regulatory role in the late flower senescence stage. 

Analysis of enriched GO terms for the hypo-DMR-associated DEGs at S2, S3, S4, S5, and S6 relative to S1 indicated that DNA hypomethylation regulated flowering and senescence processes through specific genes in different biological pathways (Fig. 3C–G). Pectinesterase/pectinesterase inhibitors was the most highly significantly enriched GO term during early flower opening (S2), suggesting that modification of cell walls is important for initial petal opening (Fig. 3C, Supplementary Table S7). Surprisingly, the most significantly enriched genes during most of the flowering process were small auxin up-regulated RNAs (OfSAURs), which encode auxin-responsive proteins (Fig. 3D–F, Supplementary Tables S8–10). As shown by heatmaps, the expression of OfSAUR genes sharply increased from S3 to S5 (Fig. 3H), suggesting that DNA hypomethylation of genes in the auxin pathway 
was critical for petal expansion.
In total, 1444 hypo-DMR-associated up-regulated DEGs were specifically expressed at S6 (Fig. 3B), substantially more than at the other stages, indicating that obvious transitions occurred in this stage and additional biological processes were activated in the flower at S6. The most highly significantly enriched genes in senescent flowers were associated with DNA-binding transcription factor (TF) activity (GO:0003700) (Fig. 3G, Supplementary Table S11), indicating that flower senescence was mainly regulated by the network of TFs. To clarify which TFs recruited for flower senescence were mediated by DNA hypomethylation, all hypo-DMR-associated TFs in sweet osmanthus were analyzed as annotated in the PlantTFDB database [41] (Supplementary Table S12). Members of the Ethylene-responsive Factor (OfERF) and OfWRKY TF families were significantly enriched and strongly up-regulated at S5 and S6, respectively (Fig. 3I), suggesting that demethylation probably mediated flower senescence by activating specific crucial TFs.

The present results indicated that DNA hypomethylation potentially contributes to flower opening and senescence by influencing expression of specific gene families, such as OfSAUR and the OfWRKY and OfERF TF families, associated with the auxin and ethylene pathways.

Fig. 3 DNA hypomethylation mediates flower opening and senescence through the auxin and ethylene pathways
(A) Numbers of hypomethylated differentially methylated regions (hypo-DMRs) associated with up-regulated differentially expressed genes (DEGs) increased from S2 to S6. (B) Venn diagram showing that specifically expressed hypo-DMRs associated with up-regulated DEGs increased with flowering. (C) Gene Ontology (GO) analysis revealed that hypo-DMR-associated up-regulated DEGs associated with pectinesterase/pectinesterase inhibitors were most significantly enriched between S2 and S1. (D–F) GO analysis revealed that hypo-DMR-associated up-regulated DEGs associated with small auxin up-regulated RNAs (OfSAURs) were most significantly enriched from S3 to S5. (G) GO analysis revealed that hypo-DMR-associated up-regulated DEGs associated with DNA-binding transcription factor (TF) activity were most significantly enriched between S6 and S1. (H) Heatmaps showing that OfSAURs expression increased from S3 to S5. (I) Heatmaps showing that OfERFs and OfWRKYs were significantly enriched and strongly up-regulated at S5 and S6. Different colors indicate the total FPKM of all TFs of a particular TF family. Asterisks indicate significantly over-represented TF families at a time point. * P < 0.05, ** P < 0.01, *** P < 0.001 (one-tailed Wilcoxon test). The first number in parentheses is the number of DEGs in a TF family, and the second number refers to the total number of genes in that TF family as annotated in the PlantTFDB database.
DNA hypomethylation regulate flower senescence through ethylene pathway
To verify the role of DNA hypomethylation in flower opening and senescence in sweet osmanthus, the DNA methylation inhibitor 5-azacytidine was applied as a spray to flowers at the floral bud stage
. Compared with the control, distinct morphological changes were observed in the sweet osmanthus flowers in response to the DNA methylation inhibitor treatment. The blooming process was accelerated and flower color changed obviously from yellow to orange under 5′-azacytidine treatment (Figs. 4A, S4, and S5), which suggested that the DNA methylation inhibitor triggered a premature opening and senescence phenotype.   

To investigate the regulatory mechanism of DNA hypomethylation on gene expression, the flower transcriptome at S1, S3, and S5 following 5′-azacytidine and ddH2O treatment was analyzed. Analysis of enriched GO terms revealed that OfSAUR transcripts were significantly enriched and strongly up-regulated at the early full flowering stage (S3) under 5′-azacytidine treatment (Fig. 4B, Supplementary Table S13). In addition, transcripts associated with DNA-binding TF activity were significantly enriched at the late full flowering stage (S5) in response to 5′-azacytidine treatment (Fig. 4C, Supplementary Table S14). Among the latter transcripts, members of the OfERF family were the most highly significantly enriched and strongly up-regulated at S5 (Fig. 4D). These results suggested that DNA hypomethylation mediated flower opening and senescence by activating expression of OfSAUR and OfERF genes.

To explore whether DNA hypomethylation participated in flower senescence through the ethylene pathway
,  endogenous ethylene production in response to DNA methylation inhibitor treatment was quantified. Treatment with 5′-azacytidine significantly increased the release of endogenous ethylene from the full flowering stage (S4) (Fig. 4E), indicating that DNA hypomethylation may be involved in ethylene biosynthesis regulation.
Taken together, the responses to DNA methylation inhibition treatment confirmed that DNA demethylation may mediate the regulation of flower opening and senescence in sweet osmanthus through activating members of the OfSAUR and OfERF gene families associated with the auxin and ethylene pathways.



Fig. 4 DNA methylation inhibitor triggered an earlier ripening and senescence phenotype
(A) Morphology of sweet osmanthus flowers sprayed with 10 mM 5′-azacytidine (Aza) or distilled water (CK) showing that the blooming process was accelerated and the flower color changed from yellow to orange in response to Aza treatment. (B) Gene ontology (GO) analysis indicated that OfSAUR family members were significantly enriched and up-regulated at S3 under Aza treatment. (C) GO analysis revealed that up-regulated differentially expressed genes (DEGs) associated with DNA-binding transcription factor (TF) activity were significantly enriched at S5 under Aza treatment. (D) Heatmaps of TFs detected at S1, S3, and S5 showed that members of the OfERF TF family were the most highly significantly enriched and strongly up-regulated at S5 under Aza treatment. Different colors indicate the FPKM of a particular TF family in response to Aza treatment. Asterisks indicate significantly over-represented TF families at a time point. * P < 0.05, ** P < 0.01, *** P < 0.001 (one-tailed Wilcoxon test). The first number in parentheses is the number of DEGs in a TF family, and the second number refers to the total number of genes in that TF family as annotated in the PlantTFDB database. (E) Aza treatment significantly increased the release of endogenous ethylene from the full flowering stage (S4). * P < 0.05, ** P < 0.01, *** P < 0.001 (one-tailed Wilcoxon test). Error bars indicate the SD. 
ns, Not significant.
Discussion

As a common epigenetic modification widely occurring among plants, DNA methylation is essential for reliable regulation of diverse biological processes [14], such as fruit ripening and leaf senescence [15–21]. However, its effects during flowering of ornamental plants remain unclear. The present study revealed that DNA demethylation plays an important role in flower opening and senescence in sweet osmanthus. In mammals, DNA demethylation is observed during aging [42]. In plants, the frequency of DNA methylation decreases during fruit ripening [15, 16, 18] and leaf senescence [21]. The dynamic changes in DNA methylation during flowering of sweet osmanthus were similar to those observed during fruit ripening in tomato, in which CG-type DNA hypomethylation predominated and accompanied CHH hypermethylation (Fig. 1C–E). These observations suggest that DNA demethylation may be involved in similar regulatory mechanisms during the senescence of ethylene-sensitive flowers and ripening of typical climacteric fruit.

DNA methylation is considered to be transcriptionally repressive. In contrast, DNA demethylation mediated the activation of hundreds of genes required for flowering and senescence in sweet osmanthus, including genes encoding auxin-responsive proteins (OfSAURs) during flower opening, and the specific TFs OfERFs and OfWRKYs during flower senescence. Early response to auxin mediated by DNA hypomethylation is indicated to be especially important for flowering because genes in the OfSAUR family were the most highly significantly enriched during much of the flowering process from stages S3 to S5. Early auxin-responsive genes are vital components of auxin signal transduction, which include members of three gene families, namely Auxin/Indole Acetic Acid (Aux/IAA), Gretchen Hagen 3 (GH3), and SAUR [43]. As members of the largest gene family involved in early auxin response, SAUR genes are crucial for induction of cell elongation [44, 45]. Taken together with the present findings, cell elongation and petal expansion are suggested to be important biological processes in flower opening, and may be regulated by OfSAUR genes in the auxin response pathway mediated by DNA hypomethylation.

Flower senescence is a type of programmed cell death, 
a genetically controlled event involving specific pathways regulated at different molecular levels [6, 46]. Flower senescence is activated or accelerated by pollination-induced endogenous ethylene production [6–9]. A burst of endogenously produced ethylene in flowers initiates senescence and coordinates the expression of genes required for the process [47]. In previous studies, we observed that during flower senescence in sweet osmanthus, endogenous ethylene production not induced by pollination and ovary development, but rather by ovary abortion, plays an important role in enhancing DNA fragmentation, damaging subcellular structure, and leading to petal abscission or wilting [5, 10–12]. However, the regulation of endogenous ethylene production and induction of flower senescence remained unclear. In the present study, OfERF genes were significantly enriched and specifically expressed in the late flower senescence stage (Fig. 3I), indicating that DNA hypomethylation potentially contributed to flower senescence through ethylene response pathways. Application of a DNA methylation inhibitor promoted endogenous ethylene production and resulted in significant enrichment of OfERF transcription, which supported our hypothesis. In apple, the ethylene response factor MdERF4 and histone deacetylase MdHDA19 suppress fruit ripening through histone deacetylation of ripening-related genes [48]. In heat-treated fruit of tomato, DNA methylation suppresses ethylene signal transmission during postharvest ripening by regulating the expression of LeEIN3, LeERT10, and SlERF-A1 [49]. Therefore, it is suggested that epigenetic mechanisms regulate the complex gene network associated with ripening and senescence by reprogramming expression of genes involved in the ethylene pathway
. 

Members of crucial TF families, such as AP2/ERF, WRKY, and NAC, act upstream of the senescence regulatory pathways to activate senescence-related genes [21, 50]. During fruit ripening in tomato, overexpression of LeERF1 causes the ethylene triple reaction and antisense expression of LeERF1 delays ripening [51], whereas LeERF2 shows feedback regulation of ethylene biosynthesis by binding to the DRE element in the promoter of LeACO3 [52]. Members of the OfSAM, OfACS, and OfACO gene families, which are involved in the ethylene synthesis pathway, were identified in the sweet osmanthus genome, and the members that were significantly up-regulated both during the late flowering stage and in response to a DNA methylation inhibitor at S5 were selected (Supplementary Fig. S2). The genes contained binding sites for OfERFs mediated by DNA hypomethylation, as indicated by prediction of TF-binding sites in their promoter (Supplementary Fig. S3), suggesting that OfERF genes might be involved in the ethylene synthesis pathway to induce flower senescence in sweet osmanthus.
In addition to its role in flower opening and senescence, DNA hypomethylation promoted accumulation of certain ripening-associated carotenoids; in particular, the contents of α-carotene and β-carotene were significantly increased (Supplementary Fig. S4). Recent studies have reported that DNA hypomethylation is important for anthocyanin accumulation [53, 54] and endogenous ethylene production regulates carotenoid biosynthesis [55, 56], which is suggestive of a regulatory relationship among DNA demethylation, ethylene, and carotenoids. 

Conclusions

In this study, integrated analysis of genome-wide DNA methylation and transcriptome profiles has revealed that DNA demethylation plays an important role in flowering of sweet osmanthus. DNA hypomethylation potentially contributes to flower opening mediated by OfSAUR genes through auxin-response pathways, and to flower senescence mediated by OfERF genes through the ethylene synthesis and response pathways.  An epigenetic regulatory three-component model is proposed (Fig. 5), in which flower opening and senescence are regulated by DNA demethylation, mediating the expression of specific gene families, together with the plant hormones auxin and ethylene, to transition the flower into an opening- and senescence-competent state. The molecular mechanisms by which DNA hypomethylation mediates OfERF genes in the regulation of flower senescence in sweet osmanthus require further investigation.

Fig. 5 DNA hypomethylation mediates flower opening and senescence by activating the expression of specific gene families through auxin and ethylene pathways
. 

S1, Linggeng stage; S2, Initial flowering stage; S3, Early full flowering stage; S4, Full flowering stage; S5, Late full flowering stage; S6, Abscission stage. FPKM, fragments per kilobase of transcript per million mapped fragments; OfSAURs, small auxin up-regulated RNAs (auxin-responsive proteins); OfERFs, ethylene-responsive transcription factors. Aza, 10 mM 5′-azacytidine treatment; CK, distilled water (control).
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