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Abstract

:

DNA methylation regulates gene expression in eukaryotes, but their roles in gene expression changes in polyploids are poorly understood. Here, we comparatively analyzed the DNA methylation profiles and transcriptome maps of four tissues (leaf, rind, pith, and root) in autopolyploid sugarcane (Saccharum spontaneum). The overall DNA methylation levels were relatively equal and were consistent with the similar genome-wide expression levels of homologous alleles among different homologous chromosomes. However, tetrad alleles showed a large proportion of non-balanced alleles (85–89%) compared with balanced alleles (11–15%). For tetrad alleles, highly-expressed alleles showed lower Ka/Ks values than those in lowly-expressed alleles, indicating that dominant (and non-suppressed) alleles were under strong purifying selection pressure compared to non-dominant (and suppressed) alleles. Specifically, higher DNA methylation levels were found in non-balanced alleles compared to balanced alleles, as well as a higher CG to TG substitution rate, suggesting epigenetic and genetic variation associated with transcription divergence. Moreover, among non-balanced alleles, which were associated with DNA methylation changes, many were involved in several processes relevant to agronomic traits, such as responses to stress and carbohydrate transport. Taken together, our results provide unique epigenetic insights into the transcriptional regulation of homologous alleles, which contribute to the key agronomic traits in sugarcane and facilitate epigenetic studies in other polyploid crops.
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1. Introduction


Sugarcane is a major crop for sugar and biofuel production, originating from Papua New Guinea. It belongs to the Poaceae family and genus Saccharum, which comprises six species, including three sugar-bearing species S. officinarum, S. sinense, and S. barberi, and three non-sugar-bearing species S. spontaneum, S. robustum and S. edule. The cultivated sugarcane is an allopolyploid with high ploidy level (2n ≥ 10x = 100–130), which contains genomes of S. officinarum and S. spontaneum [1]. The genome of sugarcane is always polyploidy, highly heterozygous, and aneuploidy. Its large genome size, polyploidy, and high repeated contents (>65%) have made genome sequencing and analysis challenging [2,3]. As a result, molecular biology and functional genomics studies lag behind far more for sugarcane than for the other important crops, including rice, maize and cotton. Recently, with the development of sequencing technologies, many chromosome-scale high-quality genomes were assembled by a combination of third-generation sequencing techniques and high-throughput chromatin conformation capture techniques (Hi-C) [4], including many polyploidy plant genomes [5,6], of which autopolyploid sugarcane (S. spontaneum) is one of them [2].



Whole genome duplication (WGD or polyploidy) is widespread in eukaryotes, particularly in plants, and plays an important role in speciation and environment adaptation [7], for example in cotton, wheat, maize, and soybean, which have all experienced several ancient WGD events [8,9]. Cumulative evidence has also shown that WGD plays an important role in the domestication and evolution of the agronomic traits of these species [9,10]. The polyploid produced by WGD can be divided into two types, one is allopolyploid and the other is autopolyploid. Most of studies of polyploid are focused on allopolyploids, such as cotton, peanut, wheat, etc., showing the importance of subgenome dominance, homoeolog expression bias, or genomic variation during the evolution of allopolyploids [6,11,12]. However, compared with allopolyploids, the research on autopolyploids is very limited. Sugarcane (S. spontaneum) is an important autopolyploid plant, which has been sequenced and assembled into four groups of homologous chromosomes. With homologous alleles identification, it provides us with an unprecedented opportunity to study the evolution and expression changes between the homologous alleles of different homologous chromosomes. Combined with the knowledge from allopolyploids and autopolyploids, it gives us a more comprehensive understanding of WGD’s role in the evolution of polyploids. The dynamic DNA methylation patterns during subgenome evolution and homoeologous expression regulation have been demonstrated to be a critical regulation mechanism in polyploid plants [13,14,15]. Recent studies have shown that biased expression of homoeologs is correlated with changes in DNA methylation in many allopolyploids [14,15], such as B. napus, wheat and cotton [13,16,17]. However, we have limited understanding of the extent of homologous alleles in autopolyploids.



To explore the potential role of DNA methylation changes on the expression divergence of homologous alleles and the functional consequence in autopolyploid sugarcane, we investigated DNA methylation profiles across four groups of homologous chromosomes of sugarcane (S. spontaneum) genome across four tissue types. This allowed us for to explore epigenetic variation in this large complex genome for the first time and open up a new level of epigenetic variation, which can be exploited by breeders. We implemented this genome-wide approach data to address three questions: how does DNA methylation play a role in homologous alleles expression bias? Is this phenomenon consistent with findings in allopolyploid plants? What is the functional consequence of those biased expression homologous alleles regulated by changes in DNA methylation?




2. Materials and Methods


2.1. Library Construction and Sequencing


DNA was extracted from the young leaf, root, rind, and pith of sugarcane (S. officinarum) (Guangxi University, Nanning, China, 22.82°N, 108.37°E), and BS-seq libraries were prepared using the TruSeq Nano DNA LT kit (Illumina, Beijing, China), as described previously [18]. Two libraries were sequenced on the NovaSeq 6000 system (Illumina) to obtain paired-end 150-bp reads as per the manufacturer’s instructions.



Total RNA was extracted from the same tissue as BS-seq libraries, and RNA-seq libraries were prepared using a TruSeq preparation kit with polyA mRNA selection, as per the manufacturer’s instructions (Illumina). Three libraries were pooled and sequenced for paired-end 150-bp reads using an Illumina NovaSeq 6000 system.




2.2. DNA Methylation Sequencing Data Analysis


Low quality sequencing reads were filtered using FASTP with a default parameter [19], and the remaining reads were aligned to the sugarcane reference genome using BSMAP 2.8.7 [20]. Only uniquely mapped paired-end reads were used to estimate methylation ratios. The methylation ratio was calculated as the number of Cs divided by Cs plus Ts.




2.3. Transcriptome Sequencing Data Analysis


High quality sequencing reads were aligned to the sugarcane reference genome by using HiSAT2 [21]. Only uniquely mapped paired-end reads were left for further study. Expression values were estimated by FPKM (fragments per kilobase per million reads). Homologous alleles with an average FPKM of more than 0.5 across different tissues were considered as expressed.



For tetrads expression bias categories classification, we applied a similar criteria as the one used in the reference [22]. We standardized the relative expression of each homologous allele across the tetrads as follows:


ExpressionA = FPKMA/(FPKMA + FPKMB + FPKMC + FPKMD)










ExpressionB = FPKMB/(FPKMA + FPKMB + FPKMC + FPKMD)










ExpressionC = FPKMC/(FPKMA + FPKMB + FPKMC + FPKMD)










ExpressionD = FPKMD/(FPKMA + FPKMB + FPKMC + FPKMD)








where A, B, C, and D represent the gene corresponding to the A, B, C, and D homologous alleles in tetrad.




2.4. Ka/Ks Analysis


The Ka/Ks ratios of the orthologous gene pairs between sugarcane and sorghum were calculated by a python script, including CLUSTALW, PAL2NAL and PAML (https://github.com/tanghaibao/bio-pipeline/tree/master/synonymous_calculation (accessed on 10 October 2020)).




2.5. GO Enrichment Analysis


The Omicshare tool (www.omicshare.com/tools (accessed on 1 March 2020)) is an online data analysis platform for hypergeometric testing, which is used for GO enrichment of differentially expressed methylation-associated alleles. Only GO terms with p value less than 0.05 were used for further analysis.




2.6. Genetic Substitution Rate Calculation


The genetic substitution rate is calculated as the proportion of different sites among the total sites that could be aligned between sorghum and sugarcane orthologous gene pairs. Orthologous gene pair alignments were generated on coding sequences with MAFFT (v7.453) [6] and a custom Perl script was implemented to calculate the genetic substitution rate.





3. Results


3.1. Expression Patterns of Homologous Alleles in Autopolyploid Sugarcane


In sugarcane, we did not reveal any genome-wide significant bias of gene content, structure and composition between the different sub-genomes [2]. To determine the expression patterns of homologous alleles, we sequenced and analyzed transcriptome data from the leaf, root, rind and pith of the sugarcane at the maturity stage. At the whole genome level, we found no overall expression bias of homologous alleles among the four groups of homologous chromosomes in the leaf, and this phenomenon was also observed across the other three tissues in the sugarcane (Figure 1A). Consistent with the results in the previous studies of allopolyploid crops, there is also no significant genome-wide expression bias between homoeologs from different subgenomes, such as cotton (Gossypium hirsutum) [23], rapeseed (Brassica napus) [24], senvy (B. juncae) [25], and wheat (Triticum aestivum) [26]. In addition, we also used RT-PCR of selected four DNA methyltransferase genes to verify the accuracy of our RNA-seq data, and we found consistent results between the RT-PCR data and RNA-seq data of those selected genes. These findings suggest our high accuracy and reproducibility of RNA-seq data (Figure S1A and Table S1).



The overall pairwise expression correlation between the subgenomes was very similar, and no evidence of individual subgenomes in the genome-wide transcription dominance was observed (Figure 1B and Figure S1B–F). However, thousands of homologous allele pairs were differentially expressed, which means that one homologous allele is highly expressed, and the other allele is lowly expressed (fold-change > 2) (Figure 1B). For example, in the comparison of homologous chromosomes 1 between HA (Haplotype A) and HB, we found that 298 homologous alleles were highly expressed in HA, while 306 homologous alleles were highly expressed in HB. Unlike the hexaploid wheat genome, differentially expressed homoeologous genes were overrepresented in the distal ends of the chromosomes, which have high recombination rates [22]. We found that differentially expressed homologous alleles in sugarcane have no obvious positional preference (Figure 1B). In sugarcane genome, 3977, 7713, 10,904 genes were defined with four alleles, three alleles, and two alleles, respectively [2]. Due to the complexity of homologous alleles among four sets of homologous sub-genomes, as well as to facilitate our examination of expression divergence of homologous alleles, we focused on 3977 genes with four alleles defined that had a 1:1:1:1 correspondence across the four homologous genomes, referred to as tetrads. We only retained the tetrads with the summed expression of >0.5 FPKM (95% of all tetrads) for later analysis. According to the methods mentioned in reference [22], we defined nine homologous alleles expression categories: one balanced category with similar expression levels from the four alleles; and eight allele-dominant or allele-suppressed categories (Figure 1C and Table S2). Based on the classification above, we found tetrads assigned to the balanced category were relatively rare (from 14% in the pith to 17% in the root) (Figure 1D). Tetrads with single-allele dominant were infrequent (21% to 23%), whereas single-allele suppressed were more common (61% to 63%). Strikingly, most of alleles were assigned to the same categories across different tissues. The suppressed or dominant expression pattern shared by the different tissues of the sugarcane suggests that the repressed or active effect is the result of a conserved set of homologous alleles, and there is a relatively stable factor that controls the expression level of homologous alleles among subgenomes in sugarcane. Unexpectedly, these patterns are inconsistent to those in the allopolyploid wheat genome [22]. In the wheat genome, balanced homoeologs were found to be expressed more widely and higher than dominant or suppressed homoeologs, but the higher expression levels of dominant alleles were observed in sugarcane when compared to balanced or suppressed alleles (Figure 1E). This inconsistent result may suggest different regulatory mechanisms in homologous alleles and homoeologs from different subgenomes in autopolyploid sugarcane and allopolyploid wheat, respectively. Gene ontology analysis of balanced and non-balanced categories suggested different mechanisms of homologous alleles expression bias. For example, homologous alleles of balanced categories were always involved in the response to light and flower development pathways, such as the response to blue light, the response to red or far red light, floral whorl development and stamen development (Figure 1F and Table S3), but dominant alleles were enriched in house-keeping processes (translation) and responses to external stimuli (responses to transition metal nanoparticles, responses to oxidative stress and responses to hydrogen peroxide) (Figure 1F and Table S4). In addition, suppressed alleles showed very different functional categories from balanced and dominant alleles, and protein localization, transport pathways and root development were most represented in suppressed alleles (Figure 1F, and Table S5). These results suggest that different types of homologous alleles participate in divergent regulatory processes.




3.2. Role of DNA Methylation in Homologous Alleles Expression Bias


Genome-wide homologous allele pairs did not show expression bias in multiple tissues (Figure 1A,B and Figure S1B–F), whereas at least 80% of tetrads can be classified into the non-balanced (dominant or suppressed tetrads) group in a given tissue. To investigate the role of DNA methylation in homologous alleles expression bias in autopolyploid sugarcane, we firstly examined the DNA methylation levels of homologous alleles, and found relatively equal DNA methylation between homologous alleles (Figure 2A and Figure S2A,D), which is consistent with the finding of homoeologs of methylation patterns in allopolyploid cotton [13]. However, pairwise comparison showed thousands of homologous alleles were differently methylated among different subgenomes (Figure 2B for CHG, Figure S2B,E for CG and CHH, respectively). Next, we divided these alleles of bias methylation into hyper-methylated alleles and hypo-methylated alleles and compared the changes of expression. We found non-CG methylation (e.g., CHG and CHH) was anti-correlated with expression levels of homologous alleles at gene body regions (Figure 2C and Figure S2F). However, CG methylation showed a complex relationship with expression levels of homologous alleles (Figure S2C), which is consistent with a previous study on homoeologs expression from two different subgenomes of allotetraploid cotton [13]. This analysis indicated that the mechanism of non-CG methylation in gene body regions regulating the expression divergence of homologous genes is conserved among different plants, no matter in autopolyploids or allopolyploids [27].



Although DNA methylation at gene body regions is widely conserved and is probably important in plants, especially for CG sequence contexts [28], DNA methylation at the vicinity regions of the gene body also plays a crucial role in the regulation of gene expression, such as the cis-regulation of genes by combining transcription factors [29]. For balanced tetrads, we found that balanced tetrads showed similar DNA methylation levels of homologous alleles from different subgenomes regardless of any sequence contexts (Figure 2D). Within non-balanced tetrads, homologous alleles with higher expression (dominant and non-suppressed) showed generally similar DNA methylation patterns to alleles with lower expression, particularly in CG sequence contexts (Figure 2E,F). However, for non-CG DNA methylation, such as in CHG and CHH contexts, homologous alleles with lower expression showed higher DNA methylation than that of alleles with higher expression at gene body regions, and these differences were not limited to the gene body regions in the CHH context, but also extended to the upstream regions. Additionally, we found that non-balanced tetrads showed higher gene body DNA methylation than that in balanced tetrads, especially for the CG context (Figure 2G). These results indicate that DNA methylation levels are correlated with homologous alleles expression bias.




3.3. Variation of TE Insertions and Selection Pressure of Tetrads


Transposable elements (TEs) are the main target sites of DNA methylation of all three sequence contexts and they could regulate the expression variation of the surrounding genes through DNA methylation. To clarify the role of TEs on DNA methylation variety between differentially expressed alleles, we calculated the abundance distribution of TEs across homologous alleles and their flanking regions. As shown in Figure 3A,B, we found significantly increased TE insertions in highly-expressed alleles in comparison to those in lowly-expressed alleles at gene body regions (p value < 0.05, Mann–Whitney test). These differences in TE insertions were also found in upstream and downstream regions. Moreover, we found that those gene body TEs were mostly inserted into intron regions, followed by exon regions. We also found that a relatively large abundance of TEs overlapped with both intron and exon regions. Because non-CG methylation was most different between non-balanced homologous alleles (Figure 2), we proposed that intronic TEs, as well as flanking TEs, could regulate host gene expression, particularly by inducing non-CG DNA methylation. This phenomenon was also observed in recent studies of rice and Arabidopsis [30,31].



To further verify our conclusion, we also examined the DNA methylation patterns between highly- (dominant and non-suppressed) and lowly-expressed (suppressed and non-dominant) alleles after excluding intronic TEs. We found no difference in non-CG methylation between highly- and lowly-expressed alleles, and the non-CG methylation levels were significantly reduced (Figure S3). We also estimated the Ka/Ks ratio between highly- and lowly-expressed alleles and found significant differences between them (Figure 3C). Highly-expressed alleles always showed lower Ka/Ks values than those in lowly-expressed alleles, and this phenomenon is consistent among eight groups of tetrads. Taken together, these findings indicate that highly-expressed alleles should undergo much stronger purifying selection pressure than lowly-expressed alleles.




3.4. Variation of CG to TG Substitution Rates among Tetrad Alleles


Many prior studies have shown that methylated cytosines are more mutable than non-methylated cytosines via deamination and bringing C:G to T:G mismatch [32,33]. To verify this association of homologous tetrad alleles with divergent expression in sugarcane, we examined the single nucleotide substitution rate by pairwise alignments of orthologous gene pairs between sugarcane and sorghum. As expected, the transitions rates were higher than transversion rates, whereas the C<=>G substitution rates were higher than other types of transversion rates. This phenomenon is consistent in balanced and non-balanced alleles (Figure 4A–E). For the transition substitutions, we found that the C<=>T substitution rate was relatively higher than the G<=>A substitution rate (Figure 4A–E). We also assessed the C<=>T substitution rate between balanced and non-balanced alleles and found a significantly increased C<=>T substitution rate in non-balanced alleles compared to the rate in balanced alleles (Mann–Whitney test p < 0.05, Figure 4F). Intriguingly, we also found a very strong preference of the CG to TG substitutions compared to other 3′ nucleotide, such as CA to TA, CC to TC and CT to TT, which is consistent with the higher CG gene body DNA methylation in non-balanced alleles than that in balanced alleles (Figure 4G,H). For example, dominant, non-dominant, suppressed and non-suppressed alleles showed higher CG to TG substitution rates and increased CG gene body DNA methylation in comparison to the results observed in balanced alleles (Figure 2G and Figure 4G,H). We further examined the relationship between genetic variations and DNA methylation changes between differentially expressed homologous alleles and found that genetic variations between homologous alleles were positively correlated with DNA methylation changes (Figure 4I). Taken together, differentially expressed homologous alleles have strong association with genetic substitution and DNA methylation.




3.5. DNA Methylation Contributes to Sugarcane Agronomic Traits


DNA methylation and transcriptomic analyses between homologous alleles have revealed that transcriptional changes of homologous alleles are associated with DNA methylation changes (Figure 2). To investigate the contribution of DNA methylation changes to genes involved in important agronomic traits of sugarcane, we examined the differentially expressed methylation-associated alleles, and found that a large number of differentially expressed alleles were associated with changes in DNA methylation, either of sequence contexts (CG, CHG, and CHH) or location (upstream, gene body, and downstream regions). CG and CHG methylation play more important roles in regulation alleles than CHH methylation either dominant or suppressed alleles (Figure 5A,B). In addition, most of the alleles were not regulated by all of the sequence contexts of DNA methylation. In other words, only a small proportion of alleles were regulated by all three sequence DNA methylation contexts, such as 194 alleles out of 2160 and 620 alleles out of 6570 in the dominant and suppressed groups, respectively (Figure 5C,D). This indicates that allele expression is regulated by context-specific DNA methylation.



Expression changes in homologous alleles are expected to affect protein expression, and ultimately phenotype [14,34]. Early analysis of duplicated genes in cassava showed that differentially expressed duplicated genes regulated by changes of DNA methylation were always enriched into important agronomic pathways, such as carbohydrate metabolism [35]. We performed the functional enrichment analysis of non-balanced alleles regulated by DNA methylation and found that several agronomic traits related pathways were enriched in dominant and suppressed group alleles. In dominant group alleles, peptide metabolic processes, amino acid activation and several responses to stimuli were enriched (Figure 5E, and Table S6), but in suppressed group alleles, protein metabolism-related pathways were enriched, such as protein localization, protein transport, and protein complex assembly (Figure 5F, and Table S7). For example, Sspon.03G0004720 tetrad (−1A, −2B, −3C, and −4D four alleles), which was involved in heat acclimation, protein SUMOylation, and response to heat, was classified into the HD dominant group across all four tissues (Figure 5G). We found that these four alleles showed differential DNA methylation at upstream and downstream regions, and we proposed that this different DNA methylation might explain the expression divergence of these alleles. Collectively, the association between DNA methylation and the transcription divergence of homologous alleles might affect many alleles involved in the pathways related to the agronomic traits of sugarcane during domestication.





4. Discussions and Conclusions


DNA methylation is a stable epigenetic modification that can affect gene expression and transposable element activities, and it plays an important role in many biological progresses, such as development, stress response, and genome evolution [36,37,38,39]. The dynamic DNA methylation patterns during subgenome evolution and homoeologs expression regulation has been demonstrated to be a critical regulation mechanism in polyploid plants [13,14,15]. Differential expression homoeologs were always associated with changes in DNA methylation, especially for allopolyploids, such as B. napus, wheat, and cotton [13,16,17]. However, there is still a lack of comprehensive DNA methylation studies in the evolution of the genomes of autopolyploid plants. S. spontaneum is an autopolyploid species which was assembled recently and annotated into four groups of homologous chromosomes with homologous alleles defined [2]. In this study, we have generated and examined DNA methylation and transcriptome data across four tissues of sugarcane.



Our data clearly showed that there is no genome-wide expression difference between homologous alleles among different homologous chromosomes, as well as DNA methylation. Tetrads are the specific characteristic of haploid S. spontaneum, which is an octoploid, so we mainly focused on tetrads in the following study. In particularly, the majority of tetrad alleles showed non-balanced expression, which is consistent across the four different tissues. In contrast to other polyploid studies, most of the homoeologs are in balanced expression between the subgenomes [12,22,40]. For example, in wheat, ~30% of homoeolog triads showed non-balanced expression patterns, with higher or lower expression from a single homoeolog with respect to the other two [22]. This might indicate species-specific differences or auto-/allo-polyploids differences. To further investigate the association between homologous allele expression changes and DNA methylation divergence, we focused on tetrad alleles and classified them into nine categories similar to the study of allopolyploid wheat [22]. Balanced and non-balanced tetrad alleles showed very different expression patterns among homologous chromosomes, and a high proportion of non-balanced alleles were found in the present study, which is different to the studies in other allopolyploids. In wheat and cotton, approximately 30% of the homoeologs were classified into the non-balanced group, but more than 80% of the tetrad alleles were classified into the non-balanced group in sugarcane. This may be partly explained by only comparing the tetrad alleles, because we found that the majority of the homologous alleles were not expressed differently by pairwise comparison, (Figure 1B and Figure S1B–F). Gene expression was always associated with DNA methylation. We found that the non-balanced alleles showed significantly increased DNA methylation in comparison to the balanced alleles, particularly for non-CG methylation. However, we did not find a significant DNA methylation difference between the tetrad alleles even though there are significant expression changes between them, indicating that additional factors may be involved in the process [41]. Recent studies indicate that histone modification and small RNAs have diverse roles in homoeologs expression changes in allopolyploids [13,42]. Small RNAs may have important roles in allotetraploid formation, as changes in the expression or accumulation of small RNAs are observed in inter-specific hybrids [43,44]. Further progress in DNA methylation, histone modification and small RNAs in regard to the regulation of duplicates’ expression in polyploids will help us to understand the genome expression and epigenetic regulation in polyploid genomes and will provide epigenetic insights into manipulating agronomical traits in polyploid crops.



Recent studies have shown that the expression divergence of homologous genes is associated with genetic variation [45]. Consistent with these findings, the expression difference between homologous alleles in sugarcane is correlated with genetic variation at both gene body and vicinity regions. Meanwhile, we observed that transposons inserted into intron or upstream regions might play a crucial role in this correlation. This is consistent with recent studies showing that intronic TEs can cause changes of host gene expression by altering epigenetic state [31]. In addition, highly-expressed alleles always showed smaller Ka/Ks values than those of lowly-expressed alleles and they tend to be under strong purifying selection pressure. Although DNA methylation is important for gene expression regulation, it also brings about some adverse effects in the sense that methylated cytosines are more prone to spontaneous deamination than unmethylated cytosines and deamination to thymine [32,33]. Therefore, methylated cytosines bear a high rate of mutation, especially cytosine to thymine transitions. In the comparison between balanced and non-balanced alleles, variation of CG to TG substitution rates were observed, this might reflect the differences in DNA methylation between balanced and non-balanced alleles, particularly in the CG context. This comparison demonstrated the complicated association between DNA methylation, expression, transposons insertion, and mutation rate.



Growing evidence has suggested that DNA methylation plays a crucial role in the regulation of development and phenotypic diversity in plants. In a recent study, DNA methylation variation in CONSTANS-like (COL) genes was found to be responsible for the loss of photoperiod sensitivity during cotton domestication [14]. The loss of DNA methylation of a LINE retrotransposon (Karma) in the intron of the homeotic gene DEFICIENS causes alternative splicing and premature termination and consequently the generation of the unproductive mantled somaclonal variant of oil palm [34]. In the present study, our findings showed that many homologous alleles regulated by changes in DNA methylation are involved in several agronomic trait-related pathways, such as the response to heat stress. These studies suggest that DNA methylation variation is an important component of artificial selection in crop domestication beyond genetic variation.



Taken together, our results demonstrate that epigenetic regulation, such as DNA methylation, is likely to be involved in the expression divergence of plenty of homologous alleles, which are involved in several important biological processes, and therefore has potential value for improving agronomic performance.
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Figure 1. Expression patterns of homologous alleles in autopolyploid sugarcane. (A) Genome-wide gene expression distribution across different tissues of sugarcane. (B) Homologous alleles expression bias and location preference of comparison between HA an HB. (C) Nine expression categories of homologous tetrad alleles. (D) Proportion of nine expression categories across four tissues. (E) Comparison of expression level of tetrad alleles from nine categories. (F) Enriched GO functions of balanced, dominant and suppressed tetrad alleles. 
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Figure 2. DNA methylation variation and association with expression of tetrad alleles. (A) Boxplot showing CHG methylation level of tetrad alleles from different haplotype chromosomes. (B) Pairwise comparison of CHG methylation level among four groups of homologous chromosomes. (C) Comparison of the number of homologous alleles with different gene body methylation and expression. The differences between homologous alleles were tested using the Wilcoxon rank sum test. * p value < 0.05. (D–G) DNA methylation profile of balanced (D), dominant (E), suppressed (F), and merged (G) tetrad alleles in CG, CHG, and CHH sequence contexts, respectively. 
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Figure 3. Transposable elements distribution and election pressure analysis. (A) Distribution of transposable elements between dominant and non-dominant alleles, and proportion of TEs at intron, exon or intron/exon regions. (B) Distribution of transposable elements between suppressed and non-suppressed alleles (C) Ka/Ks values distribution of tetrad alleles of each expression categories. The differences were tested using the Mann–Whitney test. * p value < 0.05, ** p value < 0.01, *** p value < 0.001. 
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Figure 4. The mutation rate of cytosine is associated with DNA methylation. The box plot showing the mutation rate comparison of the single-nucleotide mutation of orthologous gene pairs between sugarcane and sorghum of different categories tetrads. Dominant (A), suppressed (B), balanced (C), non-dominant (D), non-suppressed (E). (F) Comparison of C<=>T substitution rate between balanced and non-balanced alleles. Non-balanced alleles were divided into dominant, non-dominant, suppressed, and non-suppressed alleles. (G,H) Comparison of the substitution rate of different mutation types between balanced and dominant/non-dominant alleles (G) and suppressed/non-suppressed alleles (H). The mutation types were separated according to cytosine 3′ neighboring nucleotide. The differences were tested using the Mann–Whitney test. * p value < 0.05. (I) The relationship between genetic variation and changes in DNA methylation in differentially expressed homologous alleles. 
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Figure 5. Allele-specific expression and DNA methylation. (A) DNA methylation divergence between dominant and non-dominant tetrad alleles in CG, CHG, and CHH sequence contexts. (B) DNA methylation divergence between suppressed and non-suppressed tetrad alleles in CG, CHG, and CHH sequence contexts. (C,D) Venn diagram showing the overlap of alleles regulated by DNA methylation in all three contexts from dominant categories (C) and suppressed categories (D). (E) Enriched GO terms of DNA methylation-associated dominant category alleles. (F) Enriched GO terms of DNA methylation-associated suppressed category alleles. (G) Snapshot of example dominant tetrad alleles with varied DNA methylation. 
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