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Abstract

:

Dormancy is an adaptive strategy developed by temperate perennial crops to protect overwinter tissues from unfavorable environmental conditions. Sweet cherry (Prunus avium L.), a member of the Rosaceae family, requires chilling to overcome dormancy. The time of harvest is directly correlated with chilling requirements in sweet cherries. Consequently, early and late season varieties have low and high chilling requirements, respectively. There is evidence that the expression of dormancy-related genes is regulated by DNA methylation. In this work, methylation-sensitive amplified polymorphism (MSAP) was applied to study genome-wide DNA methylation changes associated with dormancy in two low-chill varieties, ‘Royal Dawn’ and ‘Glen Red’, and one high-chill variety, ‘Kordia’. Our primary results suggest that the occurrence of progressive DNA demethylation is associated with chilling accumulation during dormancy in the three varieties, independent of their chilling requirements. Genes were identified with different methylation status changes, detected by MSAP, related to cell wall remodeling and energy metabolism. Several MSAP profiles among the varieties were observed, suggesting that fine epigenetic control is required to coordinate hormonal and environmental signals that induce dormancy and its release.
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1. Introduction


Temperate perennial trees must endure extremely unfavorable conditions during winter. Bud dormancy induction in autumn leads to temporary inhibition of apical growth and cellular division of meristems, and/or vascular cambium to protect cold-sensitive tissues such as shoots and flowers from unfavorable environmental conditions in winter [1]. Floral bud dormancy is divided into three phases: paradormancy, the phase in which bud development is inhibited by other organs such as leaves; endodormancy (ENDO), which is triggered by factors intrinsic to the bud; and ecodormancy (ECO), which is controlled by environmental factors [2]. The release of the endo-dormant state depends on the fulfillment of a cold requirement (temperatures 4 °C–7 °C) [3]. The chilling requirement (CR) is genetically determined to vary between species and varieties and corresponds to a major limitation in the adaptability of fruit trees to different geographic areas [3]. Once the trees fulfill their CR and enter ECO, they still need to fulfill a heat requirement (HR) to bloom. The bloom date of fruit trees is determined by the dynamic relationship between CR and HR fulfilment during dormancy. In sweet cherries, the flowering time is directly related to CR [4,5]. Early flowering varieties have low CR, while late flowering varieties have high CR.



In recent years, an increasing number of studies have shown that endodormancy release in Rosaceae fruit trees appears to be mediated by epigenetic mechanisms [6,7,8,9,10,11]. DNA methylation is an epigenetic event that consists of reversible covalent modification based on the addition of a methyl group to cytosine to form 5-methylcytosine, which modifies local chromatin compression. In plants, DNA methylation occurs in three different contexts: CpG, CHG, and CHH, where H can be cytosine, thymine, or adenine [12]. In addition, alterations in DNA methylation patterns may facilitate ecological adaptation and may constitute a means for organisms to cope with environmental stress [13,14].



The methylation-sensitive amplified polymorphism technique (MSAP) is an amplified fragment length polymorphism (AFLP)-derived technique adapted to study cytosine methylation using restriction enzyme isoschizomers HpaII and MspI that recognize the same sequence 5′-CCGG-3′, but differ in their sensitivity to the methylation state of cytosine [15]. Thus, changes in DNA methylation sites can be evaluated by comparing molecular patterns, which allows for the identification of differentially methylated regions as a basis for the development of putative epimarkers. In addition, it does not require prior knowledge of the genome sequence to detect changes in DNA methylation patterns. In plants, MSAP has been used to study cytosine methylation changes under abiotic stresses [16,17,18,19,20].



To improve our understanding of the mechanisms underlying epigenetic regulation of dormancy release, three sweet cherry varieties with different CR were analyzed using the MSAP approach. MSAP analysis was used to study changes in DNA methylation profiles and global DNA methylation changes in early and late sweet cherry varieties as dormancy release progressed. Our results indicate the occurrence of progressive DNA demethylation associated with chilling accumulation during dormancy in the three varieties, independent of their CR. Several MSAP profiles among the varieties were observed, suggesting that fine epigenetic control is required to coordinate hormonal and environmental signals that induce dormancy and its release. A group of differentially methylated MSAP bands was sequenced and identified.




2. Materials and Methods


2.1. Plant Material, Chilling Requirement (CR), and Growing Degree Hours (GDH) Estimation


Samples of ‘Royal Dawn’ and ‘Glen Red’ varieties were collected from the commercial orchard ‘Agrícola Garcés’ located at San Francisco de Mostazal, O’Higgins region of Chile (33.99°29′055″ S, 70.69°35′047″ W), while the ‘Kordia’ variety was collected in the experimental station of Pontificia Universidad Católica de Valparaíso, located at Quillota, Valparaíso region of Chile (32°53′44.41″ S, 71°12′25.05″ W). Cuttings of approximately 30 cm with four to six floral bud clusters were collected at the beginning of June 2015 (autumn in the Southern Hemisphere) and kept at 4 °C in a cold chamber. The chilling requirements were estimated for the three varieties based on the chilling hours model (CH: hours ≤ 7.2 °C) [21]. Therefore, every hour in the cold chamber was considered 1 CH. Floral buds with different cold accumulations were frozen in liquid nitrogen and stored at −80 °C, until DNA extraction. Each replicate consisted of a floral bud pool obtained from a single cut. Subsequently, three cuttings of each variety were randomly selected every two weeks and placed in water at 25 °C with a 16/8 h light/dark photoperiod for 14 days. The percentage (%) of bud break was estimated at the end of this period [9]. Dormancy release was considered when 50% or more buds began to show sepals in stage B of Baggiolini after 14 d under controlled conditions [3]. The heat requirement was calculated as the (GDH), as established by [22].




2.2. Genomic DNA Extraction


Total DNA was extracted using 0.1 g of floral buds using a DNeasy Plant mini kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. DNA integrity was assessed by agarose electrophoresis (1.5% agarose in 1× Tris-acetate 40 mM, EDTA 1 mM, pH 8.0). DNA concentration was measured using a Nanoquant Infinite Pro M 200 spectrophotometer (Tecan, Zürich, Switzerland).




2.3. Methylation-Sensitive Amplified Polymorphism (MSAP) Assay


MSAP analysis was performed according to the protocols described by Reyna-López et al. (1997) and [23], with modifications. Digestions of 15 ng genomic DNA were carried out using two methylation-sensitive isoschizomers (HpaII or MspI) (New England Biolabs) as frequent cutters, each in combination with the same rare cutter EcoRI. Both isoschizomers recognized the same sequence (5′-CCGG) but differed in their sensitivity to DNA methylation [24]. DNA adapters were ligated to digested DNA using T4 ligase (New England Biolabs). The sequence of adapters, pre-amplification, and selective amplification primers are listed in Table S1. Fluorescently labeled EcoRI primers were used for selective amplification. In a preliminary analysis, selective PCR-amplified products were separated by electrophoresis in low-melting agarose gels (2%) with 1× TAE buffer (Tris-acetate 40 mM, EDTA 1 mM, pH 8.0) and GelRed® Nucleic Acid Gel Stain (Biotium, Fremont, CA, USA) and later analyzed by capillary electrophoresis in an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).



Seven selective pair primers were used for the MSAP assay, four of which were selected because of their high polymorphism. MSAP analyses were performed in triplicates. Band inconsistencies between replicates were discarded. Selectively amplified fragments were classified into four types, according to [25]: Type I represents the presence of bands in both enzyme lanes including EcoRI/HpaII and EcoRI/MspI, corresponding to unmethylated sequences. Type II bands were detected in EcoRI/HpaII and not in EcoRI/MspI lanes, according to the hemi-methylated target. Type III bands were detected in EcoRI/MspI and not in EcoRI/HpaII lanes, indicating methylation at internal cytosine. Type IV fragments, resulting from the lack of bands in both restriction enzyme lanes, were not considered informative because they might indicate hypermethylation and/or one mutation [15].



The percentage of polymorphic MSAP, fully methylated, and hemimethylated bands were estimated using the formulas described by [25]:


Total methylation (%) = [(II + III + IV)/(I + II + III + IV)] × 100










Fully methylated bands (%) = [(III + IV)/(I + II + III + IV)] × 100










Hemi-methylated bands (%) = [(II)/(I + II + III + IV)] × 100











Subsequently, MSAP electropherograms were visualized using the GeneMapper software (version 4.0; Applied Biosystems, Foster City, California, United States) and scored in a binary matrix based on the presence (1) or absence (0) of fragments generated for each enzyme combination (including EcoRI/HpaII and EcoRI/MspI). MSAP-selected fragments were analyzed ranging from 50 to 650 bp to avoid a possible risk of size co-migration [26]. HpaII and MspI binary matrices were then used to compute Shannon’s diversity index and perform an analysis of molecular variance (AMOVA) to determine the degree of differentiation within varieties using the statistical software R and ‘msap’ package (v. 1.1.8) [27].



Furthermore, principal coordinates analysis (PCoA) was performed in the two analyzed stages to determine and visualize the contribution to the molecular variability within regions of genetic (NML, non-methylated loci) and epigenetic variability (MSL, methylation-susceptible loci), from the comparison among low (‘Royal Dawn’ and ‘Glen Red’) and high chilling requirement varieties (‘Kordia’) using the statistical software R and the ‘msap’ package [27].




2.4. MSAP Bands Selection


Following the MSAP assay, 24 specific bands were selected for sequencing. The MSAP bands were excised from the gels, eluted in 30 µL of ultrapure water, and incubated at 94 °C for five min. The eluted bands were re-amplified using the same primer set and PCR thermal conditions as described for selective amplification. Subsequently, the PCR products were ligated to NGS adaptors.




2.5. Library Construction


For library construction, a maximum of 100 ng of each amplicon was used as input for the TruSeq Nano DNA Sample Prep Kit (Illumina, Inc., San Diego, CA, USA), according to the manufacturer’s instructions. To assess amplicon size and integrity, the final libraries were analyzed by capillary electrophoresis on a Fragment Analyzer Automated CE System (AATI, Agilent, Santa Clara, CA, USA), quantified using the Qubit 2.0 DNA BR Assay kit (Thermo Fisher, Waltham, MA, USA), and subsequently sequenced using the Sanger method (Macrogen Inc., Seoul, Korea).




2.6. Sequencing and Bioinformatics Analysis of MSAP Bands


MSAP band sequences were analyzed and a search for similarities with known genes and genome sequences was performed against the Prunus avium Whole Genome Assembly v1.0 and Annotation v1 (v1.0. a1) (https://www.rosaceae.org/; accessed 25 September 2021) [28] and Prunus persica Whole Genome Assembly v2.0 and Annotation v2.1 (v2.0. a1) [29]. Sequence homology searches were performed using the BLAST alignment tool. An expectation value cutoff of less than 1 × 10−7 was considered, and the results were analyzed using the genome browser tool. Gene annotations representing the top-scoring BLAST hits for each MSAP band were reported.




2.7. MethylC-Seq


Bisulfite treatment and data analysis of ‘Royal Dawn’ and ‘Kordia’ were previously published [10]. Briefly, bisulfite treatment was carried out for season 2015 from genomic DNA of floral buds with different CH accumulation from ‘Royal Dawn’ (0 CH, 173 CH, 348 CH, and 516 CH) and ‘Kordia’ (0 CH, 443 CH, 1295 CH, and 1637 CH). All libraries were obtained using the TruSeq DNA Methylation Kit (Illumina, San Diego, CA, USA), according to the manufacturer’s instructions. Libraries were validated using a Qubit Fluorometer and Fragment Analyzer (Advanced Analytical Technologies, Ankeny, IA, USA), followed by sequencing in HiSeq 2500, 2 × 125 bp paired-end mode (Illumina, San Diego, CA, USA). Raw data are available in the NCBI Sequence Read Archive (PRJNA610988 and PRJNA610989).



Filtered reads of bisulfite-treated libraries were mapped to the partial genome of each variety using Bismark [30] and the partial genome of P. avium [28], with no mismatches. The methylation states of CpG, CHG, and CHH were determined from the aligned reads using Bismark and Seqmonk software [30]. From cytosines covered by at least five reads, we used a sliding-window approach of 100 bp to analyze the methylation state. The methylation level was calculated as log2 enrichment (log2 ratio of the observed base density in the region divided by the overall base density in the sample). An ANOVA analysis (p-value < 0.01) was used to obtain significant differences among the two chilling conditions (0 CH/ENDO and 516 CH/ECO for ‘Royal Dawn’; 0 CH/ENDO and 1637 CH/ECO for ‘Kordia’). The p-value was adjusted using Benjamini and Hochberg’s correction (FDR < 0.01). Windows with differences of at least log2 fold-change > 1.5 in their methylation state between two of the four conditions were identified as differentially methylated.





3. Results


3.1. Chilling Requirement Determination


The low and high chilling requirements of sweet cherry varieties were analyzed in this study at the stages of endodormancy (ENDO) and ecodormancy (ECO). Dormancy stages were defined by estimating bud break under forcing conditions. The fulfillment of the chilling requirement (CR), the transition from ENDO to ECO, was determined when 50% or more of flower buds were in bud break (BBCH51 stage, [9]). We estimated that CR was completed at 516 CH for ‘Royal Dawn’ and 684 CH for ‘Glen Red’, while ‘Kordia’ needed a much higher chilling accumulation, fulfilling its CR at 1637 CH (Table 1). The MSAP analysis was performed at the ENDO stage (173 CH for ‘Royal Dawn’ and ‘Glen Red’, 443 CH for ‘Kordia’) when all the three varieties presented a 0% bud break (Table 1). We also analyzed the methylation profile by MSAP at the ECO stage (516 CH for ‘Royal Dawn’, 684 CH for ‘Glen Red’, and 1637 CH for ‘Kordia’) when all the three varieties presented more than 50% bud break (Table 1).




3.2. Methylation Profiling of Sweet Cherry Floral Buds at Different Dormancy Stages


The MSAP protocol has been previously applied to floral bud samples, in which 32 combinations of selective primers were tested. The result of the selective PCR was verified in agarose gels, from which three combinations that presented an abundant number of discrete bands below 500 bp were selected (Figure 1). MSAP profiling was performed using ACA–ACC and AGT–CTG primer combinations. The scoring of fragments ranging between 53 and 644 bp was performed by capillary electrophoresis and values 1 and 0 represented the presence or absence of the MSAP band, respectively. A total of 121 polymorphic bands were selected, corresponding to 58 and 63 bands obtained using the ACA–ACC and AGT–CGT primer sets, respectively. Monomorphic bands, such as bands present under all conditions, were not considered for further analysis.



Two types of bands were observed using MSAP. Methylation-insensitive fragments, including genetic bands, showed no differences in EcoRI/HpaII and EcoRI/MspI patterns. In contrast, methylation-sensitive fragments, including epigenetic bands, were amplified after digestion with either EcoRI/HpaII or EcoRI/MspI restriction enzymes. The most abundant band under all conditions and varieties was the methylation-insensitive fragment (type I bands) present in both EcoRI/HpaII and EcoRI/MspI (Table 2). No significant differences in the number of type I fragments were observed when comparing the dormancy stages analyzed in ‘Royal Dawn’ and ‘Kordia’. However, in ‘Glen Red’ a lower number in ENDO (55 bands) was observed compared with ECO (67 bands). Hemi-methylated fragments (type II bands) were present only in the EcoRI/HpaII lane and fully methylated fragments (type III bands) were present only in the EcoRI/MspI lane. Type II and type III bands were equal in ‘Royal Dawn’ and ‘Kordia’ while in ‘Glen Red’ they were present in a higher number (27 type II, 20 type III) in ENDO than in the ECO stage (19 type II, 13 type III) (Table 2). The fragments absent in both lanes (type IV) were equal among the dormancy stages in the three varieties. The total methylation percentage (band types II + III + IV) was found to be constant in ‘Royal Dawn’ (46.3%), while it was higher in ‘Glen Red’ and ‘Kordia’ in ENDO, 54.4 and 40.5%, respectively, than ECO, 44.6 and 37.1%, respectively. In ‘Glen Red’ this difference was primarily due to the higher percentage of hemi-methylated bands in ENDO (22.3%) than ECO (15.7%). While in ‘Kordia’, a higher percentage of fully methylated bands was observed in ENDO (23.9%) than ECO (20.6%) (Table 2).




3.3. Dynamics of Methylation/Demethylation Events Concerning Dormancy Stage Transition


All possible banding patterns observed in the transition from ENDO to ECO were compared to analyze the dynamic changes in cytosine methylation patterns during dormancy release (Table 3). Patterns A to D correspond to monomorphic class bands, considering that the MSAP pattern remains unchanged compared with the ENDO and ECO stages, with A being the most common. Patterns E to J represent demethylation events. Being the most frequent, profiles K to P indicate methylation occurrence, E and F patterns in the first case, and O and K for the latter (Table 3).



Global DNA methylation patterns of early varieties ‘Royal Dawn’, ‘Glen Red’, and ‘Kordia’, the high chilling variety, exhibited a higher rate of demethylation than methylation events during the transition from ENDO to ECO stage (Table 3). DNA demethylation was observed in all three varieties, independent of their chilling requirements. Thus, while transitioning from ENDO to ECO stage, demethylations in ‘Royal Dawn’, ‘Glen Red’, and ‘Kordia’ represented 5.8, 12.4, and 5.8%, respectively, possibly due to the fulfillment of chilling requirements to achieve bud break stage (Table 3). Similar methylation values were observed in the transition from the ENDO to ECO stage in ‘Royal Dawn’ and ‘Glen Red’ (5–5.8%), in contrast with cv. ‘Kordia’, which presented 2.5% of methylation (Table 3).



Results from the principal coordinate analysis (PCoA) of the MSAP patterns obtained from genetic variability non-methylated loci (NML) and MSL (epigenetic variability/methylated susceptible loci) [27] revealed significant differences in methylation patterns between varieties, reflected in the associated AMOVA test [PhiST = 0.5485 (p = 0.0036)]. In fact, ‘Royal Dawn’ and ‘Glen Red’ varieties with low chilling requirements are grouped separately from ‘Kordia’, which exhibits high chilling requirements, according to coordinate 1, which explained 38.8% of the total observed variation (Figure 2). Furthermore, coordinate 2 explained 27.3% of the total observed variation and might separate both low chilling requirement varieties (Figure 2). The AMOVA test of NML revealed significant differences between varieties [PhiST = 0.9677 (p = 0.0042)]. In addition, Shannon’s diversity index revealed similar values for genetic (NML) and epigenetic (MSL) diversity, corresponding to 0.620 for the former and 0.596 for the latter (Table 4). The Mantel test showed a positive correlation (r = 0.4264) between pairwise epigenetic and genetic variance. This evidence suggests that epigenetic distances based on methylation-susceptible loci, including methylated and/or demethylated bands, may explain the differences between early and late varieties during dormancy release.




3.4. Sequence Analysis of MSAP Polymorphic Fragments


A group of 24 polymorphic bands (average size 440 bp) derived from MSAP analysis of the three sweet cherry varieties was selected for sequencing. The sequencing results obtained from the analysis of eight MSAP bands isolated from the ENDO (5) and ECO (3) stages in Royal Dawn (1), Glen Red (1), and Kordia (6) are presented in Table 5. Searches for similarities with known genes and genome sequences were undertaken using the P. avium (sweet cherry) and P. persica (peach) genome databases [28,29]. At least one significant alignment of up to five was obtained (Table 5). In cases where more than one hit was obtained, all were considered possible owing to the low e-value. Differentially methylated regions (DMR), obtained through whole genome bisulfite sequencing of Royal Dawn and Kordia floral buds at the same time points, were also compared (Table 5). In some cases, DMRs agreed with the methylation status change detected by MSAP, but not in others. For instance, bands M3, M4, M6, and M7 indicated methylation status changes detected by MSAP, which coincided with the fold-change observed in DMRs (Table 5).





4. Discussion


Epigenetic mechanisms are involved in the modulation of plant growth and development, driving adaptation in response, and in diverse environmental signals [17,18,19,20,31]. DNA methylation/demethylation is important in regulating gene expression under abiotic stress conditions and in developmental processes guided by environmental stimuli such as dormancy progression. Sweet cherry is a temperate crop that requires an adequate chilling temperature during the endodormancy period, to resume normal active growth and flowering in response to warm temperatures (ecodormancy). Cytosine methylation is mediated by cytosine methyltransferases and may be inherited across generations, whereas cytosine demethylation is actively catalyzed by DNA glycosylases and passive removal by the replication process [32]. Several techniques have been used to study epigenetic regulation through DNA methylation. MSAP is a reliable and cost-effective technique that does not require the use of previous genome sequence information [15,16,17,18,19,20]. It has been used to study epigenetic changes associated with gene expression regulation and natural epigenetic variations among varieties, populations, and species [15,16,17,18,19,20,31]. In this study, the temporal changes in the methylation status of the 5’-CCGG-3’ tetra-nucleotide were evaluated using the MSAP technique in the sweet cherry floral bud genome of three varieties with contrasting chilling requirements, in two dormancy phases: endodormancy (ENDO), before chilling requirement fulfillment, and ecodormancy (ECO), once the chilling requirement was completed. The methylation profiles observed indicate progressive demethylation upon chilling requirement fulfillment. The same phenomenon was previously observed during dormancy progression in chestnuts, apples, and almonds [6,8,11]. It appears that demethylation is associated with growth resumption in plants, as other reports have described reductions in DNA methylation or demethylation associated with the triggering of differentiation programs, such as flowering [33] or active growth [34,35].



Among the genes that were hypermethylated in ECO, compared with ENDO in the high-chill variety, ‘Kordia’ is a glycosyltransferase family 61, previously shown to be responsive to gibberellin [36]. Enzymes from this family are involved in xylan backbone substitution in seed mucilage just after the previous germination [37]. Accordingly, [36] observed that this gene was downregulated during sweet cherry fruit development. Nonetheless, the reason underlying the hypermethylated state of this gene in ECO flower buds of the high-chill genotype ‘Kordia’ has yet to be unraveled.



Most of the genes identified in this study were found to be hypomethylated in ECO compared with ENDO. These results indicate that these genes are upregulated in ECO and may be related to metabolism activation and growth resumption in sweet cherry floral buds. Some of the identified genes were related to sugar metabolism and respiration processes (bands M6 and M7, Table 5), which may indicate the activation of oxidative metabolism.



A gene encoding an endo-1,4-beta-glucanase (band M5, Table 5) was non-methylated in ‘Kordia’ and ‘Royal Dawn’ at ECO, indicating that this gene may be expressed at this phase. Endoglucanases are enzymes involved in cell wall modification [38], and are upregulated in apple spur buds during floral initiation [39] and at the beginning of dormancy release and sprout phase in grapevine buds [40]. Endoglucanases are involved in cell elongation, which requires cell wall weakening and could be related to floral bud swelling during dormancy release [41].



MSAP is a modification of the amplified fragment length polymorphism (AFLP) technique [42] used to develop molecular markers without previous knowledge of genome sequences. Interestingly, MSAP can also be used to develop genetic and epigenetic markers based on methylation polymorphisms and somaclonal variation in different non-model plant species with complex genomes [43,44,45]. This is of practical importance in cultivar improvement for the development of epigenetic markers based on methylation variants that are stable in response to external stimuli. Genetic molecular markers can also be obtained by MSAP (band type I in Table 2 and methylation patterns A, B, C, and D in Table 3). In our work, both variety-specific genetic markers were identified, as well as potential epigenetic markers that could be used to determine dormancy stages in sweet cherry floral buds.



In conclusion, our main results suggest the occurrence of a progressive DNA demethylation associated with chilling accumulation during dormancy release in the three sweet cherry varieties independently of their chilling requirement. Moreover, our results suggest that epigenetic distances based on methylation-susceptible loci may contribute to the explanation of the differences between low- and high-chill varieties during dormancy release. We believe that MSAP-based (epi-)molecular markers could be developed to be used to measure cold accumulation in sweet cherry floral buds.
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Figure 1. Representative gel image of MSAP analysis of polymorphic fragments observed among sweet cherry varieties Royal Dawn, Glen Red and Kordia, during ENDO and ECO stages. Lane 1 and 14: ladder; lanes 2 and 3: Royal Dawn, at ENDO and ECO stages, respectively, digested with EcoRI–HpaII; lanes 4 and 5: Glen Red, at ENDO and ECO stages, respectively, digested with EcoRI–HpaII; lanes 6 and 7: Kordia, at ENDO and ECO stages, respectively, digested with EcoRI–HpaII; lanes 8 and 9: Royal Dawn, at ENDO and ECO stages, respectively, digested with EcoRI–MspI; lanes 10 and 11: Glen Red, at ENDO and ECO stages, respectively, digested with EcoRI–MspI; lanes 12 and 13: Kordia, at ENDO and ECO stages, respectively, digested with EcoRI–MspI. The arrow marks indicate the presence of polymorphic fragments, obtained using the combination of selective primers ATA/TCG. 
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Figure 2. Principal coordinates analyses (PCoA) based on epigenetic diversity (MSL) observed in MSAP analysis of three sweet cherry varieties with contrasting chilling requirements. 
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Table 1. Determination of dormancy stages of sweet cherry varieties analyzed in this study at different chilling hours (CH) accumulation.






Table 1. Determination of dormancy stages of sweet cherry varieties analyzed in this study at different chilling hours (CH) accumulation.





	Stages
	Budbreak (%)
	‘Royal Dawn’
	‘Glen Red’
	‘Kordia’





	ENDO
	0%
	173 CH
	173 CH
	1127 CH



	ECO
	≥50%
	516 CH
	684 CH
	1637 CH







ENDO = endodormancy, ECO = ecodormancy.
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Table 2. Changes in DNA methylation patterns in floral buds of ‘Royal Dawn’, ‘Glen Red’, and ‘Kordia’ sweet cherry varieties at endodormancy (ENDO) and ecodormancy (ECO).
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‘Royal Dawn’

	
‘Glen Red’

	
‘Kordia’




	
Band Types (Quantity)

	
ENDO

	
ECO

	
ENDO

	
ECO

	
ENDO

	
ECO






	
Type I

	
65

	
65

	
55

	
67

	
72

	
76




	
Type II

	
23

	
24

	
27

	
19

	
20

	
20




	
Type III

	
13

	
13

	
20

	
13

	
14

	
11




	
Type IV

	
20

	
19

	
19

	
22

	
15

	
14




	
Total methylation (%)

	
46.3

	
46.3

	
54.5

	
44.6

	
40.5

	
37.1




	
Fully methylated bands (%)

	
27.2

	
26.4

	
32.2

	
28.9

	
23.9

	
20.6




	
Hemi-methylated bands (%)

	
19.0

	
19.8

	
22.3

	
15.7

	
16.5

	
16.5








Total methylation ratio = ratio (%) = [(II + III + IV)/(I + II + III + IV)] × 100. Fully methylated ratio (%) = [(II + III)/(I + II + III + IV)] × 100%. Hemimethylated (%) = [(IV))/(I + II + III + IV)] × 100.
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Table 3. DNA methylation patterns in floral buds of ‘Royal Dawn’, ‘Glen Red’ and ‘Kordia’ sweet cherry varieties during endodormancy (ENDO) to ecodormancy (ECO) transition.
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Banding Pattern

	
Bands Detected




	

	
ENDO

	
ECO

	
‘Royal Dawn’

	
‘Glen Red’

	
‘Kordia’




	

	
HpaII

	
MspI

	
HpaII

	
MspI

	
ENDO/ECO

	
ENDO/ECO

	
ENDO/ECO






	
No changes

	

	

	

	

	

	




	
A

	
1

	
1

	
1

	
1

	
60

	
55

	
71




	
B

	
1

	
0

	
1

	
0

	
11

	
10

	
10




	
C

	
0

	
1

	
0

	
1

	
19

	
18

	
13




	
D

	
0

	
0

	
0

	
0

	
18

	
16

	
13




	

	

	

	

	

	
108 (89.2 *)

	
99 (95.8)

	
111 (91.7)




	
Demethylation

	

	

	

	

	

	




	
E

	
1

	
0

	
1

	
1

	
1

	
3

	
4




	
F

	
0

	
1

	
1

	
1

	
4

	
6

	
0




	
G

	
0

	
0

	
1

	
1

	
0

	
0

	
1




	
H

	
0

	
1

	
1

	
0

	
0

	
0

	
0




	

	

	

	

	

	
7 (5.8)

	
15 (12.4)

	
7 (5.8)




	
Methylation

	

	

	

	

	

	




	
K

	
1

	
1

	
1

	
0

	
1

	
0

	
1




	
L

	
1

	
1

	
0

	
1

	
3

	
0

	
1




	
M

	
1

	
0

	
0

	
1

	
1

	
1

	
0




	
N

	
1

	
1

	
0

	
0

	
1

	
0

	
0




	
O

	
1

	
0

	
0

	
0

	
0

	
6

	
0




	
P

	
0

	
1

	
0

	
0

	
0

	
0

	
1




	

	

	

	

	

	
6 (5)

	
7 (5.8)

	
3 (2.5)








* Frequency in % is shown between brackets.
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Table 4. Analysis of genetic (NML) and epigenetic diversity (MSL) of ‘Royal Dawn’, ‘Red Glen’ and ‘Kordia’ varieties, considering endodormancy (ENDO) and ecodormancy (ECO) stages. # MSL and # NML represent, respectively, the number of methylation-sensitive loci and non-methylated loci.
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Shannon Index




	
Stages

	
# MSL

	
# NML

	
% Polym MSL

	
% Polym NML

	
MSL

	
NML






	
ENDO

	
61

	
60

	
41

	
22

	
0.641

	
0.637




	
ECO

	
48

	
73

	
44

	
22

	
0.650

	
0.637




	
All stages

	
66

	
55

	
35

	
11

	
0.596

	
0.620
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Table 5. List of sequenced MSAP bands identified at ENDO and ECO stages, isolated from sweet cherry varieties at different chilling hours (CH) accumulation. The banding pattern categories are described according to Karan et al., 2012.
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Bands

	
Selective Primers Combination

	
Methylation Status Change Detected by MSAP

	
Variety

	
Gene ID

	
Probable Function

	
E-Value

	
Differential Methylated Regions (DMR) Fold Change (FC)




	

	

	
Methylation Pattern *

	
ENDO

	
ECO

	

	

	

	

	
Royal Dawn 516 CH vs. 0

	
Kordia 1637 CH vs. 0






	
M1

	
ATA/TCCA

	
N

	
non-methylated

	
methylated

	
Kordia

	
Pav_sc0000350.1_g1030.1.mk

	
Glycosyltransferase 61. Gibberelin-regulated protein 9. uncharacterized protein LOC18787986 [Prunus persica] &gt; gi|1139755066|gb|ONH90523.1| hypothetical protein PRUPE_8G059200 [Prunus persica]

	
0

	
na †

	
na




	
M2

	
ATA/TCCA

	
C

	
methylated

	
methylated

	
Royal Dawn

	
Pav_sc0002774.1_g020.1.br

	
PREDICTED: uncharacterized protein LOC103331076

	
1.75 × 10−43

	
−2.18

	
na




	

	

	

	

	

	

	
Pav_sc0000008.1_g540.1.br

	
hypothetical protein PRUPE_ppa020796mg

	
1.75 × 10-43

	
−1.72

	
na




	

	

	

	

	

	

	
Pav_sc0000287.1_g500.1.br

	
uncharacterized protein LOC103336567

	
2.91 × 10-28

	
−2.66

	
na




	
M3

	
ACT/TCCA

	
G

	
methylated

	
non-methylated

	
Kordia

	
Pav_sc0000507.1_g110.1.mk

	
No description

	
3.50 × 10 −11

	
1.87

	
1.01




	
M4

	
ACG/TAG

	
F

	
methylated

	
non-methylated

	
Kordia

	
Pav_sc0001502.1_g550.1.br

	
cyclic nucleotide-gated ion channel 1-like

	
3.62094 × 10−08

	
−1.97

	
na




	
M5

	
ACG/TAG

	
A

	
non-methylated

	
non-methylated

	
Kordia

	
Pav_sc0000131.1_g230.1.mk

	
Endo-1,4-beta-glucanase

	
0

	
1.56

	
na




	
M6

	
ACG/TAG

	
J

	
methylated

	
hemimethylated

	
Glen Red

	
Pav_sc0005790.1_g010.1.br

	
PREDICTED: probable serine/threonine-protein kinase abkC

	
1.66 × 10 −59

	
1.10

	
−2.99




	

	

	

	

	

	

	
Pav_sc0005156.1_g020.1.br

	
PREDICTED: tether containing UBX domain for GLUT4

	
1.66 × 10 −59

	
−2.95

	
na




	

	

	

	

	

	

	
Pav_sc0000323.1_g460.1.mk

	
Pyruvate kinase, cytosolic isozyme OS = Nicotiana tabacum PE = 2 SV = 1

	
8.94 × 10−36

	
na

	
−3.06




	
M7

	
ACG/TAG

	
C

	
methylated

	
methylated

	
Kordia

	
Pav_sc0005790.1_g010.1.br

	
PREDICTED: probable serine/threonine-protein kinase abkC

	
1.84 × 10−44

	
1.10

	
−2.99




	

	

	

	

	

	

	
Pav_sc0005156.1_g010.1.mk

	
PREDICTED: tether containing UBX domain for GLUT4

	
1.84 × 10 −44

	
−2.95

	
na




	

	

	

	

	

	

	
Pav_sc0000323.1_g460.1.mk

	
Pyruvate kinase, cytosolic isozyme OS = Nicotiana tabacum PE = 2 SV = 1

	
6.93 × 10 −33

	
na

	
−3.06




	
M8

	
ATA/TCG

	
B

	
methylated

	
methylated

	
Kordia

	
Pav_sc0000933.1_g020.1.br

	
predicted protein

	
4.54 × 10 −150

	
3.69

	
−1.13




	

	

	

	

	

	

	
Pav_sc0001012.1_g020.1.br

	
PREDICTED: uncharacterized protein LOC103328417

	
4.54 × 10−150

	
−1.39

	
−1.11








* According to methylation patterns shown in Table 3. † na: indicates not available information.
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