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Abstract

:

Oryza sativa indica (cv. IR64) and Oryza sativa japonica (cv. TNG67) vary in their regeneration efficiency. Such variation may occur in response to cultural environments that induce somaclonal variation. Somaclonal variations may arise from epigenetic factors, such as DNA methylation. We hypothesized that somaclonal variation may be associated with the differential regeneration efficiency between IR64 and TNG67 through changes in DNA methylation. We generated the stage-associated methylome and transcriptome profiles of the embryo, induced calli, sub-cultured calli, and regenerated calli (including both successful and failed regeneration) of IR64 and TNG67. We found that stage-associated changes are evident by the increase in the cytosine methylation of all contexts upon induction and decline upon regeneration. These changes in the methylome are largely random, but a few regions are consistently targeted at the later stages of culture. The expression profiles showed a dominant tissue-specific difference between the embryo and the calli. A prominent cultivar-associated divide in the global methylation pattern was observed, and a subset of cultivar-associated differentially methylated regions also showed stage-associated changes, implying a close association between differential methylation and the regeneration programs of these two rice cultivars. Based on these findings, we speculate that the differential epigenetic regulation of stress response and developmental pathways may be coupled with genetic differences, ultimately leading to differential regeneration efficiency. The present study elucidates the impact of tissue culture on callus formation and delineates the impact of stage and cultivar to determine the dynamics of the methylome and transcriptome in culture.
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1. Introduction


Plant tissue culture techniques have been developed for more than one century [1]. The integration of in vitro culture with molecular biology techniques has become routine in plant research and crop improvement applications, such as plant transformation, and has recently been extended to genome editing [2,3,4]. These applications critically rely on efficient regeneration, a process of growing plants in vitro from a single cell or group of cells [5]. Although progenies from micropropagation are supposed to be identical at the genetic level, i.e., genetic clones, variations frequently occur. For example, rice regenerated from calli show variations in plant stature, leaf/panicle length, tiller number and fertile seed frequency (Fukui, 1983; King, 1995; Zong-Xiu, 1983). This phenomenon is called somaclonal variation [6]. Somaclonal variation provides genetic diversity and phenotypic changes as a resource for breeding programs [7] for enhanced phenotypes, such as high productivity, stress tolerance and disease resistance [8,9]. However, somaclonal variations can have undesirable effects on varietal stability and regeneration. In oil palm, tissue culture-induced somaclonal variations such as ‘mantling’, drastically reduce yield and hinder the regeneration of their elite hybrids [10]. Somaclonal variations are unpredictable, non-reproducible and, therefore, cumbersome for analysis and assessment.



Plant tissue culture-induced somaclonal variation has been documented in many species [11,12]. Assessments of in vitro-cultured plants or tissues have exhibited the genetic and epigenetic changes underlying somaclonal variation [13]. Neelakandan and Wang investigated molecular changes during in vitro culture and summarized the factors, including hormone crosstalk, stress and culture explant that may altogether lead to genetic and epigenetic changes [13]. In addition, plant genotype, explant source, tissue age, media components and culture period may also play a part in arising somaclonal variations [6].



Genotype-dependent in vitro culture is common in many crops. Abe and Futsuhara examined 60 rice varieties from japonica, indica and javanica subspecies and observed distinct callus formation and regeneration efficiencies, even within the same subspecies [14]. Among elite cultivars, Tainung67 (TNG67) has a higher growth and regeneration capacity than Indica rice 64 (IR64) [14,15,16]. In a more recent study, amplified fragment length polymorphism (AFLP) and methylation-sensitive amplified polymorphism (MSAP) analyses confirmed that genetic alteration is the major cause of somaclonal variation in rice [17]. High-throughput sequencing of DNA has also revealed sequence changes resulting from callus growth and transformation in TNG67, IR64 and other rice cultivars [18]. In addition to genotype, the culture medium also induces variations in gene regulation, chromatin structure and the epigenome [19,20,21]. Epigenetic changes are reported during the regeneration of rye [22], triticale [23], garlic and torenia [24,25]. Furthermore, the use of demethylating agents, such as 5-azacytidine (5-azaC), has led to differential transcriptional activities in regenerants, implying that changes in DNA methylation induced through in vitro culture may regulate gene expression, resulting in phenotypic variations [26,27,28,29,30]. Both genetic and epigenetic factors contribute to somaclonal variation, but the interplay between these factors has not been well investigated.



Among the epigenetic regulators, DNA methylation is a heritable mechanism involved in tissue culture-induced mutagenesis [21]. Changes in DNA methylation alter transcriptional activities in regenerated rice [26,27,28,31,32], flax [33], Melandrium [34], barley [35] and triticale [36,37,38,39], thereby contributing to somaclonal variation [13,20,21,40]. In Populus trichocarpa, the immunoprecipitation of methylated DNA sequencing (MeDIP-seq) profiles of internode stem segments from micropropagated explants, dedifferentiated calli, and internodes of regenerated plants shows that more than half (56%) of the methylated portion of the genome are differentially methylated among the three tissue types. In the same study, 45% of the differentially methylated genes, which occurred most frequently in the chromosomal regions, showed transient methylation, methylation in calli, and demethylation in regenerants. Additionally, this study showed that DNA methylation varies in a highly gene- and chromosome-differential manner during de-differentiation and regeneration [41]. Furthermore, the MSAP profiles of callus induced using different concentrations of 6-BA and 2,4-D in Brassica napus showed different callus induction and DNA methylation rates. The expression of methyltransferase under different induction conditions was consistent with methylation modifications, suggesting that methylation changes may partially indicate the effects of hormones on callus induction, as well as that DNA methylation depends on induction conditions [42]. In a recent study, Stroud and coworkers used whole-genome bisulfite sequencing (WGBS) to examine the methylomes of the leaves from transformed and untransformed rice lines and induced callus against wild-type plants [40]. Both transformed and untransformed leaves showed losses of DNA methylation during culture. Plants from untransformed callus showed a loss of DNA methylation at variable sites, suggesting that methylation losses are random in the genome and occur during tissue culture and not transformation. These studies suggest that DNA methylation changes during in vitro culture may contribute to somaclonal variation. Nevertheless, the dynamics of methylome and transcriptome profiles during dedifferentiation and re-differentiation stages remain undetermined.



In the present study, we profiled the methylome and transcriptomes of IR64 and TNG67 in: the embryonic stage (T0), free from the impact of culture medium; the induced callus stage (T1), with exposure to the culture medium; the sub-cultured callus stage (T2), characterized by stabilization in the culture medium; and successful (TS) and failed (TF) calli stages to compare the outcome of regeneration. We observed that DNA methylation mildly increases with induction and declines upon regeneration both globally and at the gene level. Such changes in the methylome during culture are largely random but may favor certain hotspots. We also observed differential expression associated with genetic differences between the two cultivars. We hypothesize that the differential epigenetic regulation of genes in response to stress, biotic/abiotic stimulus, growth and developmental pathways is coupled to genetic differences between IR64 and TNG67, which are likely responsible for the differential regeneration efficiencies in the two cultivars.




2. Results


To determine whether DNA methylation is associated with rice regeneration, we monitored the morphological changes in the calli during six weeks of culture. We performed WGBS to examine changes in the methylome as the embryo was induced to form a callus, sub-cultured and regenerated, and RNA-seq was performed to examine gene expression. We integrated methylome and transcriptome analyses and identified specific genes to explain the different regeneration abilities of IR64 and TNG67.



2.1. Morphological Evidence of the Differential Impact of Tissue Culture


During the regeneration process, we recorded the morphological changes in explants by capturing macroscopic images (n = 82) daily for 6 weeks (Figure 1A). The color changes were interpreted as hue-saturation values (HSV, see Materials and Methods). We observed two distinct groups from this analysis, namely, one group that survived after three weeks of culture and another group that failed to survive (blue) (Figure 1B). The differential impact of tissue culture on rice calli was directly observed when all of the TNG67 and only 67.4% of the IR64 calli survived. We also monitored the area covered by the growing calli during the culture period. IR64 showed a high growth rate in the first three weeks, but when the culture medium was changed from N6D (callus-inducing) to Re-III M2 (regeneration), this plant showed a gradual decline in growth rate (Figure S1A). Despite the high initial growth rate, most IR64 calli turned brown after three weeks of culture in the regeneration medium. The area covered by the IR64 calli also decreased with time. However, upon transfer to regeneration medium, the growth rate of TNG67 showed a rapid increase after 25 days of culture, with a parallel increase in the area covered by the calli. TNG67 showed a higher number of successfully regenerated calli than IR64. Evidently, the culture medium has a differential impact on the two cultivars during callus development and regeneration. The culture medium is a known stressor to the epigenome [20]. Thus, we determined whether changes in DNA methylation affect callus regeneration. We treated IR64 and TNG67 calli with different concentrations (0, 25 and 50 µM) [26,31] of the demethylating agent 5-azaC (Figure S1B). We used doses previously reported in rice and lower than the lethal level of 100 µM. We observed that the dosage of 5-azaC is significantly inversely associated with regeneration efficiency (p < 0.05) in both rice cultivars, implying that changes in DNA methylation are critical to regeneration (Figure 1C).




2.2. Stage-Associated Impact of Tissue Culture on IR64 and TNG67


We first assessed the global effect on the methylomes from these samples (Figure 2A, Table S1) using principal component analysis (PCA) and hierarchical clustering. PCA of the methylomes showed a prominent cultivar-specific (PC1) divide (Figure 2A), suggesting that IR64 and TNG67 have more distinct DNA methylation profiles than stage-wise calli shown from the second component (PC2). Figure 2B shows the genomic regions of 1000 bp that have variable methylation pattern among all samples in japonica and indica. The regions are selected if the methylation difference is greater than 70% between any two samples. In total 13,631 regions are selected and presented in Figure 2B. The hierarchical clustering of all methylomes (Figure 2B) showed that the highly methylated genomic regions in IR64 are less methylated in TNG67. Similarly, the highly methylated regions in TNG67 showed low methylation in IR64, indicating differentially methylated regions. In each cultivar-specific cluster, we also observed a clear difference between the embryo and the callus. Thus, the global profile of the methylome projects a prominent genetic/cultivar-related impact.



In the PCA of transcriptomes, the embryos of both IR64 and TNG67 had distinct expression profiles from those of the callus (Figure 2C). The hierarchically clustered heatmap of 4159 genes with variable expression among all transcriptomes (Figure 2D) revealed two major clusters of embryos and calli, suggesting that tissue type has a greater impact on gene expression than cultivar type. Within the cultivar-specific divide, the induced callus clustered away from the tight cluster of sub-cultured and successfully regenerated calli of IR64, indicating that there is a major change in gene expression upon induction. The successful regenerants remained a similar transcriptional pattern to the induced callus whereas the failed showed a distinct pattern from the successful (Figure 2D), implying that the change in gene expression after induction is associated with the outcome of regeneration.




2.3. Stage of Culture Modulates Level and Distribution of DNA Methylation


Global methylation levels, in all contexts, increased as the embryo developed to the callus and declined upon subculture and regeneration (Figure 3A and Figure S2A). This decline was more prominent in IR64 than TNG67 and relatively greater in the non-CG context (Table S2). We specifically examined the genomic regions with significant changes in DNA methylation between the embryonic stage (T0) and later stages, i.e., stage-associated differentially methylated regions (DMRs) (Table S3). The DMR count reiterates the global trend and declines from induction to subculture and regeneration. These DMRs were enriched at promoter and intergenic regions and depleted in transposable elements (TEs) and gene bodies (Figure 3B). As the embryo developed into the callus, CG methylation increased in gene bodies and flanking regions, decreased upon sub-culture and remained unchanged until regeneration (Figure 3C). Non-CG methylation was greater outside the gene bodies but decreased as the stages progressed (Figure S2B,C).



We identified the genes associated with the stage-associated DMRs, i.e., differentially methylated genes (DMGs). Following the global trend, the numbers of DMG revealed an increase upon induction (IR64: 2167, TNG67: 2589) and a decline upon sub-culture and regeneration (IR64: 1975, TNG67: 1717) (Table S4). Together with the global expression profiles, we identified stage-associated differentially expressed genes (DEGs) (Table S5). As the induced callus regenerated, there was an increase in upregulated genes (8% in IR64 and 6% in TNG67, see Figure 3D and Table S4), also highlighting the inverse relationship between DNA methylation and gene expression.




2.4. Stage-Associated Hotspots for Methylation Changes


In a previous study, DNA hypomethylation in regenerants was shown to stochastically affect individual regenerants differently, and certain sites in the genome were more susceptible to DNA methylation losses [40]. Throughout tissue culture, we observed that the locations of stage-associated DMRs were primarily random; the percentage overlaps of DMRs during culture were higher between the later stages than in the earlier stages in both cultivars. We observed less overlap (indica: 15%, japonica: 16.5%) between induction and regeneration and greater overlap (indica: 22.1%; japonica: 39.2%) between subculture and regeneration. A greater overlap of DMRs between later stages suggests that certain regions are consistently targeted for methylation changes (Figure 4A). For example, a hotspot at chromosome 9 (Figure 4B) is found to overlap with a BRCA1 C terminal domain-containing protein gene involved in DNA repair, regulation of transcription, translation and cell division.




2.5. Stage Differently Impacts TE Methylation in IR64 and TNG67


We observed stage-related differences in the methylation distribution on TEs. The metaplots of TE methylation show higher CHG methylation on the TE bodies than on the flanks in IR64 and TNG67. In IR64, CHG methylation on and around the TE decreased as the embryo developed to the callus and regenerated (Figure S2D). In TNG67, TE methylation increased upon induction but decreased upon subculture and remained decreased upon regeneration (Figure S2E). We further identified stage-associated differentially methylated TEs from a total of 12,916 TEs. We observed a 45% increase in CHG-DMTEs in IR64 upon regeneration, unlike in TNG67, where a 4.3% decrease in CHG-DMTEs was observed (Table S6). The stage of culture had different effects on TE methylation in the two rice cultivars. We assessed the enrichment of TE families to determine whether methylation changes in TEs are random or targeted to specific transposons during culture. The enriched subclasses of TEs include SINE, PONG, MARINER, LINE and MUTATOR (Figure 3E). Among the subclasses, we observed a 10-fold enrichment of short interspersed nuclear elements (SINEs), which are widely reported in stress and disease conditions in both plants and animals [43].




2.6. Cultivar-Associated Impact during Culture


IR64 and TNG67 showed different regeneration abilities. IR64 had a higher growth rate in the first three weeks of culture than TNG67, but with the change to regeneration medium, the growth rate of IR64 declined (Figure S1A). The cultivar-specific divide was evident in the methylome and transcriptomes (Figure 2B,D). Overall TNG67 was approximately 4% more methylated than IR64 (Figure 3A, Table S2). At the promoter regions, the contrasting methylation patterns in IR64 and TNG67 suggest that the same promoters may indicate different methylation status (Figure S3A). We observed that cultivar-associated DMRs (Table S3) between corresponding stages of IR64 and TNG67 are enriched in promoter and intergenic regions (Figure S4A). Consistent with the global trend, the DMR count increased upon induction from 16,497 to 20,480 and subsequently decreased to 12,388 upon regeneration. To determine whether the same regions are targeted, we characterized the potential overlap between cultivar-associated DMRs across the stages. A significant (hypergeometric, p < 0.001) overlap of cultivar-associated DMRs between consecutive stages suggests that these hotspots are likely genetically associated.



We constructed a heatmap based on the differences in methylation between the two rice cultivars at the same stage (Figure 5A). Throughout culture, there were regions consistently hypermethylated in IR64 (green) or TNG67 (red). Alternatively, there were regions showing switching patterns at every stage (within the yellow box). The regions that associate cultivar-related differences with stage-related changes are likely responsible for the differential response of the two rice cultivars in culture.



We identified cultivar-associated DEGs after comparing the same stages of IR64 and TNG67 (Figure S4B, Table S4). In the last stage of successful regeneration, 4741 DEGs were identified between IR64 and TNG67, and these DEGs were enriched in the following functions: response to stimulus, stress response, DNA binding, and transcriptional regulation (Figure 5B).



From each stage, we identified approximately 10,000 cultivar-associated DMGs (Table S4). We specifically looked at only the cultivar-associated DEGs that are also differentially methylated at all stages (Table S4). For example, we examined the DEGs and DMGs between the successful regenerants of TNG67 and IR64 and identified 848 overlapping genes (Figure S4C). These genes are largely associated with the stress response and response to stimulus. Finally, we determined whether genetic differences affect the differential expression of genes between the two cultivars. We observed that the SNP density in cultivar-associated DEGs is significantly higher (Tables S7 and S8), suggesting that differential expression may be associated with genetic differences between IR64 and TNG67.




2.7. Regulation of Stress-Responsive Genes by DNA Methylation May Impart Resilience to TNG67


We identified stage-associated DEGs and DMGs and conducted gene ontology (GO) enrichment analysis. The stage-associated DEGs were associated with carbohydrate metabolism, stress response, transcription regulation or cellular activities essential for growth, development and differentiation of the callus. Among the enriched processes, the stress response pathways emerged differently in IR64 and TNG67. Specifically, auxin biosynthesis, abscisic acid biosynthesis, and response to dessication emerged upon induction in TNG67 (Figure 6A,B). Upon regeneration, the trehalose bioprocess and the abscisic acid pathway emerged in the successful TNG67 regenerants. In IR64, such stress response processes only emerged upon regeneration. We infer that during callus development, the early emergence of the stress-tolerant process in TNG67 (Figure 6B,C and Figure S5) likely makes these plants more resilient to the impact of media change than IR64. Among these stress response processes (Figure S5A–D), trehalose imparts stress tolerance in plants [44]. The DNA methylation level at the trehalose-5 phosphate synthase locus decreases post-subculture in TNG67, while the expression of this enzyme increases. The trehalose bioprocess further mediates survival, unlike in IR64, where such preparatory stress-tolerant processes are not evident at the induction stage. IR64, however, showed higher expression of growth- and development-related genes (Figure 6C), which explains the fast growth rate of this plant during culture.



In summary, we report the stage- and cultivar-associated impacts of tissue culture on the methylome and transcriptome. We observed that DNA methylation increases with induction and declines upon regeneration both globally and at the gene level. Such changes in the methylome during culture are largely random but may favor certain hotspots. We also observed that differential expression is associated with genetic differences between the two rice cultivars. Based on these findings, we hypothesized that the differential epigenetic regulation of genes associated with, for example, stress responses and responses to biotic/abiotic stimuli, growth and development coupled with the genetic differences between IR64 and TNG67 are likely responsible for the differential regeneration efficiencies in rice cultivars.





3. Discussion


3.1. Modulation of DNA Methylation in Culture Is Crucial to Regeneration Outcome


DNA methylation increases upon callus induction and decreases upon regeneration both globally and at the gene level in both IR64 and TNG67. This observation is consistent with a previous report on Populus trichocarpa [41]. High levels of DNA methylation increase induction in Coffea canephora [45] and embryogenic cell formation in Arabidopsis T87 [46]. The MeDIP-seq profiles of maize [19,47] and WGBS profiles of regenerated rice [40] show a similar decrease in methylation upon regeneration. The modulation in DNA methylation may signify its role in re-differentiation, where hormone ratios determine organ identity in regeneration [48]. The initial distribution of auxin and cytokinin differentiates regeneration in vitro from meristem initiation in planta [49,50]. The increase in methylation may reflect the reacquisition of cell proliferative competence during callus induction under the exogenous supply of the growth regulator auxin [51]. An intermediate level of auxin-cytokinin promotes callus induction in culture, while a high ratio promotes regeneration [52], and auxins reversibly decrease DNA methylation [53]. A similar trend has been reported in carrot tissues, where hypermethylation marks callus induction, and as the callus re-differentiates, methylation decreases [54]. The increase in genome methylation may be necessary to disorganize an ongoing cell program and facilitate the dedifferentiation process [54]. DNA methylation in failed regenerants remains almost the same as that of the sub-cultured calli both globally and at the gene level. The retained methylation potential impedes the transition from a dedifferentiated to re-differentiated state. The loss of methylation post-subculture is critical to the success of regeneration.



The transition from a dedifferentiated to re-differentiated state involves both epigenetic processes and chromatin dynamics [55,56]. Plant cells readily switch cell fate in response to extrinsic signals, such as hormones in culture [57]. In a dedifferentiated state, the cell is capable of the rapid exchange of chromatin-associated proteins, such as histones, triggering rapid changes in gene expression [58]. Birnbaum and Roudier implicate chromatin as the regulator of “cell-fate” during regeneration from callus. In this review, Methyltransferase 1 (MET1), which mediates DNA methylation at CG sites, was indicated as critical to this transition [59]. MET1 mutants (met1) show early activation of the WUSCHEL (WUS) gene, which is necessary to maintain a dedifferentiated state. WUS is activated early during callus formation in met1 compared with wild-type. Consistent with this observation, bisulfite-sequencing profiles show lower methylation at the WUS locus in the mutant (Li, Liu, Cheng, Su, Han, Zhang, & Zhang, 2011) [60]. The met1 plants also express mis-regulated Auxin Response Factor 3 (ARF3), validating the role of epigenetic mechanisms and chromatin dynamics in hormone regulation and cell fate determination.



The locations of stage-associated DMRs suggest that DNA methylation changes are largely random during culture. A few regions in the genome are consistent targets for methylation changes (Figure 4A,B). This observation is consistent with a previous report in regenerated rice, where the loss of methylation was stochastically induced during tissue culture, and certain loci were found to be particularly susceptible to epigenetic changes in response to culture [40]. Additionally, several cell lines of rye share methylation changes at the same locus, highlighting the non-random behavior of methylation changes in culture [61]. DNA methylation changes during culture are largely random, except in a few genomic regions.




3.2. Differential Adaptive Response of Cultivars in Culture


In the present study, the successful regenerants of TNG67 had lower CG methylation levels than the failed regenerants (Figure 3A). Further analysis showed both differential methylation and expression (compared with the embryonic stage). Stress response genes emerged earlier in TNG67 than in IR64, where these genes emerged only at the regeneration stage. The expression of these genes potentially helps the TNG67 calli to better cope with stress, manifesting in higher regeneration efficiency. DNA demethylation is responsible for abiotic stress tolerance [62,63,64]. Abiotic stress-induced demethylation may result in chromatin remodeling, thereby activating transcription [65]. Demethylation may lead to the up-regulation of stress-related genes in culture, providing an adaptive advantage to the callus [66]. Thus, the success of regeneration may be associated with a hypomethylated state at loci related to stress tolerance. A partial validation of this hypothesis can be observed in the 5-azaC dose response assay, in which demethylation has a positive impact on the regeneration of IR64 calli, likely reflecting the demethylation of stress-responsive genes, and IR64 calli could survive better, even when exposed to 50 µM treatment, unlike TNG67. In the other treatment groups, namely, those exposed to 25 and 50 µM, IR64 and TNG67 showed almost comparable regeneration efficiencies. However, the direct association of these genes with the improvement of regeneration efficiencies warrants further investigation.




3.3. Integration of Stage- and Cultivar-Associated Changes Determines Regeneration Outcome


Notably, higher global methylation levels (Table S4) and hyper-DMG counts (Table S2) were observed in failed regenerants (IR64: 40.6%; TNG67: 34.2%) than in their successful (IR64: 23.2%; TNG67: 26.9%) counterparts. Furthermore, failed regenerants had a greater overlap (9.1% in IR64, 11% in TNG67) of DMRs in the early stages than the successful regenerants (8.2% in IR64 and 10% in TNG67), suggesting that methylation post-subculture or induction is retained. However, the gene expression in the successful regenerants of both cultivars remained similar to that in the induced calli, unlike the failed calli (Figure 2D), implying that the change in gene expression after induction is associated with the regeneration outcome. The retained methylation post-subculture apparently impedes the transition to a regenerant through the potential delay or failure of gene expression, which is essential for regeneration.



Amongst the differential methylated status genes, there are structural, hormone responsive and stress induced genes as expected. Many genes remain functionally unannotated. In the list of stage associated DMG, several genes draw our attention such as HVA22. Base on the MSU rice genome annotation database, there are 16 HVA22 genes in rice genome. Three of them have shown dynamic methylation change at gene body, one at promoter region and another at both promoter region and gene body as show in Table S9. HVA22 was found inhibited the GA-induced cell programming death in aleurone cell while overexpressed in barley seed (ref). However, the role of HVA22 in rice callus induction and regeneration process remain large unexplored. In addition, we found a group of genes related to DNA methylation, which encode methyl-CpG binding domain containing protein. By comparison the methylome of individual stage and the embryo or between two rice varieties, these genes showed diverse level of methylation in either promoter region or gene body (LOC_Os04g19684 and LOC_Os04g11510 varied at different stage between two varieties at promoter region, LOC_Os04g19684 varied in indica regeneration process at promoter region, LOC_Os05g33550 higher methylated at gene body in indica after callus induction). While it may be ambiguous before further experimental verification of these genes in tissue culture system to address the specific role of each candidate gene, our findings might provide valuable information for future study to unravel the molecular mechanism underlying the genotype-dependent regeneration scenario.





4. Materials and Methods


4.1. Callus Induction from Rice Seeds


Dehusked seeds of TNG67 and IR64 were rinsed with 70% ethanol for 1 min and briefly washed with distilled water, followed by soaking in 2.5% sodium hypochlorite solution (NaClO; The Clorox Co., Oakland, CA, USA) containing 0.2% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA) for 15 min. After surface sterilization, the seeds were washed several times with sterile water and subsequently sown on N6D medium (N6 inorganic salt, Gamborg B5 vitamins, 3% sucrose, 2.5 mg/L 2,4-D, pH 5.8, 0.4% gelrite) for callus induction. The callus samples were collected at different time points during the culture period, starting at the embryonic stage. N6D medium was used for the callus induction of both cultivars, and the induced calli were subcultured in fresh N6D medium every other week.




4.2. Regeneration of Embryogenic Callus


Embryogenic calli were transferred into REIII M2 medium (MS salt with vitamin, 1 g/L casein hydrolysate, 3% sucrose, 3% sorbitol, 0.02 mg/L NAA, 2 mg/L BAP, pH 5.8, 0.4% gelrite) and cultured for 11–32 days under constant light at 28 °C in a growth chamber. Once green spots appeared, indicating the differentiation of somatic embryos, the calli were collected as successfully regenerated (IS for IR64, JS for TNG67), and those that turned brown were collected as failed (IF for IR64 and JF for TNG67).




4.3. Morphological Evaluation of Callus Culture


Morphological examination was used as a measure of callus health. Macroscopic images were taken under consistent condition for both cultivars at stage 0, I, II and S/F after removed seed coat, I week, 3 weeks, 6 weeks and 12 weeks culture respectively. These images were then evaluated for red, green, blue, hue, saturation and brightness followed by processes to obtain values of Hue (H), Saturation (S) and Value (V). The value of the Dark Green Color Index (DGCI) of each image was calculated by averaging the transformed HSV values: Higher the value more is the color related to green, marking the health of the callus. The health of each genotype was indicated by the visual ratings of eighty-two strains under controlled culture conditions.




4.4. 5-Azacytidine Demethylation Assay


Sterilized mature seeds of IR64 and TNG67 were used in the present study. Callus induction, maintenance and plant regeneration were performed in medium containing 25 and 50 µM concentrations of 5-azaC a demethylation agent. Untreated control groups were also included. The percentage of callus formed was calculated for all control and treatment groups. Two weeks later, the treated calli were used for regeneration. The regeneration efficiency was calculated using the following formula [67]:


Percentage of callus formed = (No. of calli formed/No. of incubated seeds) × 100%;










Regeneration efficiency (%) = (No. of regenerated calli/No. of incubated seeds) × 100%.











We calculated the percentage of callus formed and regeneration efficiency (%) for the control and treatment groups of both TNG67 and IR64.




4.5. RNA-Seq Library Construction and Data Processing


Total RNA was extracted and purified using the RNeasy Plant mini kit, followed by on-column DNase1 digestion (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA integrity was verified using a bioanalyzer, which yields RNA integrity number (RIN) scores of >7. Quality-tested RNA samples were quantified using the Qubit RNA HS Assay kit (Life Technologies, Carlsbad, CA, USA), and 3 µg of RNA was utilized as input for library construction. Libraries were prepared using the Illumina TruSeq RNA Sample Preparation kit according to the manufacturer’s instructions and sequenced using a HiSeq 2000 System (Illumina, San Diego, CA, USA). Reads were aligned to a reference genome (Os-Nipponbare-Reference-IRGSP-1.0/MSU version 7) using Tophat [68], with up to two mismatches allowed and only the unique alignments retained. The quality of alignments was assessed using FastQC [69]. Only reads mapping entirely to a single gene or TE were kept. Expression levels were computed as fragments per kilobase of transcript per million mapped reads (FPKM). We identified differentially expressed genes (DEGs) using Tophat [68]. The genes showing at least a four-fold change with an adjusted p-value < 0.05 were identified as DEGs. We conducted gene ontology (GO) enrichment analysis of the DEGs using Blast2GO [70] and AgriGo [71].




4.6. Library Preparation for Whole-Genome Bisulfite Sequencing (WGBS)


Rice calli were ground using a mortar and pestle in liquid nitrogen for extraction and purification of genomic DNA (gDNA) using the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). The DNA samples were sheared through sonication to generate fragments ranging from 150 to 300 bp in size. Bisulfite treatment was performed using the EpiTect Bisulfite conversion kit (QIAGEN) according to the manufacturer’s instructions. Premethylated adapters were ligated to bisulfite-converted DNA, followed by PCR amplification prior to sequencing on an Illumina HiSeq 2000 sequencer. Reads were aligned to a reference genome (Os-Nipponbare-Reference-IRGSP-1.0/MSU version 7) using BS Seeker2 [72]. Genome-wide DNA methylation profiles were generated after determining the methylation levels for each cytosine in the genome. Bisulfite treatment converted unmethylated cytosines (Cs) to thymines (Ts) after PCR amplification, and the methylation level for each cytosine was estimated as #C/(#C+#T), where #C is the number of methylated reads and #T is the number of unmethylated reads.




4.7. Identifying Differentially Methylated Regions and Associated Genes


Regions in the genome with significant differential methylation levels were defined as differentially methylated regions (DMRs). Genes adjacent to these DMRs were considered differentially methylated genes. To qualify as a DMR, the region had to (1) show a difference of 80% in the mean methylation level between the two groups being compared, (2) have at least three cytosines for which methylation levels were observed in all relevant samples, and (3) have a z-score below a threshold. The selection of the z-score threshold was based on the false discovery rate estimated by comparing the real data with simulated methylomes as the control for false discovery rate (FDR) computation.




4.8. Estimating False Discovery Rate (FDR)


Simulated methylomes with the same read coverage per site as real samples were constructed to assess the false discovery rate (FDR) of the DMRs. For each CG site in each simulated sample, reads were simulated based on the average methylation level (Pm) from all real samples at that CG site. This simulation of reads was repeated for all the samples throughout the genome. The number of methylated reads (Cs) at a site of coverage n is a random sample from the binomial distribution B (n, Pm). Since the reads are simulated from the binomial distribution with the same average methylation levels as in the real samples, the differences in methylation patterns across genes, repeats, promoters, etc. are preserved. The simulated data had the same coverage as the real samples so the statistical power is not affected. The simulated methylomes should have no difference in methylation levels between the two comparison groups (i.e., no DMRs), since they are all selected using the same methylation frequency. Any DMRs (and the DMR-associated genes) identified from these simulated samples are thus considered false positives.




4.9. Estimation of Bisulfite Conversion Efficiency


To estimate bisulfite conversion efficiency, we spiked unmethylated lambda phage DNA into the target sample DNA library and used this mixture of DNA library for bisulfite conversion and then sequencing. Finally, we mapped the reads to the lambda phage reference genome. As lambda phage DNA has no methylated cytosines, we were able to estimate bisulfite conversion efficiency by computing methylated C in the alignments. In our methylomes, the bisulfite conversion efficiencies are all greater than 98% (Table S10).





5. Conclusions


We examined whether changes in DNA methylation during culture are associated with the differential regeneration efficiency in rice cultivars. We used two elite rice cultivars, IR64 and TNG67, which are commonly used for rice functional genomic studies. We demonstrated phenotypic variability in callus morphology as direct evidence of the differential impact of tissue culture in rice. Rice possesses a strong capacity to translate genetic variations to phenotypic variations under abiotic stress conditions, such as tissue culture [12]. Stable DNA methylation changes induce somaclones in regenerated wheat [73]. In sugarcane, disease-resistant somaclones are induced by demethylating agents, such as 5-azaC [29]. Similarly, somaclonal variations in maize [19,47], Arabidopsis [74], rice [40] and several plant species may result from changes in DNA methylation. Altering DNA methylation can generate somaclones, which may offer some economic benefit; however, somaclonal variations are inconsistent and non-reproducible. Moreover, there is a lack of understanding of the genetic and molecular basis of such variability in culture.



Several genome-wide methylation studies confirm DNA methylation changes in culture [19,40,66,75]. Accordingly, the present study introduces a stage-dependent paradigm, wherein we have identified genome-wide changes in the methylome and transcriptome of IR64 and TNG67, reflecting the stage of culture, cultivar-type and their interaction. Taken together, stage- and cultivar-associated changes indicate that the differential emergence of stress response, defense response, and metabolic process during culture may contribute to the differential regeneration efficiencies in IR64 and TNG67 rice. Such genes could be helpful in the early selection of good-quality calli without having to wait for the final outcome. Moreover, the genes highlighted in the present study could potentially be used in future investigations to improve regeneration efficiencies in rice.
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Figure 1. Analysis of callus morphology during rice culture. (A) Stages of IR64 and TNG67 in culture for methylome and transcriptome profiling. Bar scale, 2 mm. A green circle indicates an immature embryo at T0 and regenerated tissue at TS; (B) Hierarchically clustered heatmap of hue saturation values (HSV) of IR64 and TNG67 calli during six weeks of culture; and (C) Regeneration efficiencies of IR64 and TNG67 calli upon treatment with 5-azacytidine. 
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Figure 2. Methylome and transcriptome analyses during rice culture. (A) Principal component analysis of the methylome at different stages of culture; (B) Hierarchically clustered heatmap of the variable methylation regions of IR64 and TNG67 in culture. In total 13,631 genomic regions whose methylation difference is greater than 70% between any two samples are selected and presented the heatmap; (C) Principal component analysis of the transcriptome at different stages of culture; and (D) Hierarchically clustered heatmap of the global gene expression level of IR64 and TNG67 in culture. In total 4159 Genes with variable expression level among the samples (fold change ≥ 8 between any two samples) are selected in the heatmap. 
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Figure 3. Stage-associated changes in the methylome and transcriptome of rice. (A) Genome-wide average CG-methylation levels from the embryo to the regenerants of IR64 and TNG67; (B) Enrichment of stage-associated differentially methylated regions (DMRs) at different genomic locations in IR64 rice; (C) Distribution of CG-methylation at the upstream, transcription start site (TSS) gene body and transcription end site (TES) during IR64 culture; (D) Stage-associated differentially methylated genes and differentially expressed genes at different stages of culture; and (E) Enriched subclasses of stage-associated differentially methylated transposable elements (DMTEs). 
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Figure 4. Regions of DNA methylation change during culture. (A) Overlap of stage-associated differentially methylated regions (DMRs) in IR64 and TNG67; and (B) DNA methylation hotspot on a gene encoding a BRCA1 C terminal domain-containing protein. 
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Figure 5. Interaction of stage- and cultivar-associated changes in culture. (A) Heatmap of DNA methylation differences between IR64 and TNG67 at the same time points; and (B) Enriched biological processes of differentially expressed genes between successful regenerants (TS) of TNG67 and IR64. 
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Figure 6. Differential stress response pathways in IR64 and TNG67. (A) Comparison of differential stress response processes in IR64 and TNG67; (B) Stress response processes emerge at different stages of culture in IR64 and TNG67; and (C) Transcript levels of trehalose phosphate and SERK genes in IR64 and TNG67. 
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