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            Abstract
We report scM&T-seq, a method for parallel single-cell genome-wide methylome and transcriptome sequencing that allows for the discovery of associations between transcriptional and epigenetic variation. Profiling of 61 mouse embryonic stem cells confirmed known links between DNA methylation and transcription. Notably, the method revealed previously unrecognized associations between heterogeneously methylated distal regulatory elements and transcription of key pluripotency genes.
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                    Figure 1: Quality control and global methylation and transcriptome patterns identified in serum ESCs profiled using scM&T-seq.[image: ]


Figure 2: Genome-wide associations between methylation and transcriptional heterogeneity in mouse ESCs.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Detailed flow chart of the scM&T-seq protocol.
Single cells are collected and lysed before poly-A RNA is captured on magnetic beads and physically separated from DNA. Amplified cDNA is generated from mRNA on beads whilst DNA is bisulfite converted and Illumina sequencing libraries are prepared from both components in parallel.


Supplementary Figure 2 Quality metrics of scRNA-seq data obtained from mouse ESCs profiled using scM&T-seq.
(a,b) Number of genes detected on (Y-axis) as a function of the expression cut off (x-axis). In each cell, between 4,000 and 8,000 genes were expressed (TPM>1) (the dashed line drawn at X=1). High quality cells generally have about 5,000 genes detectable at the cut-off of TPM>1, indicating a high level of quality among the 61 serum ESCs (or the 14 2i ESCs). (c,d) Distribution of Pearson correlation coefficient calculated pairwise on the 61 serum ESCs (or the 14 2i ESCs). The observed correlation coefficient tended to be between 0.7-0.99, indicating a high degree of technical consistency in the measured transcriptome of the cells considered, and attesting high quality of scRNA-seq data.


Supplementary Figure 3 Quality metrics of single-cell methylomes in serum ESCs profiled using alternative protocols.
Shown are quality metrics for the scM&T-seq protocol to profile 20 serum ESCs, compared with scBS-seq (Smallwood et al. 2014) to profile 20 serum cells. (a) Read mapping efficiency. (b) Read duplication rate. (c) Genome-wide CpG and CHH methylation rate per cell. (d) Analysis of representation bias for different genomic contexts. (e) FASTQC report of adapter content from one representative single cell bisulfite library (Read 1 of cell B06). A large proportion of sequenced fragments are concatemers of the primer used in first strand synthesis which substantially limits the alignment rates of these libraries. It may be possible to improve mapping efficiencies by reducing oligo concentrations or reaction times but this is likely to result in reduced genomic coverage.

                          Source data
                        


Supplementary Figure 4 Methylation coverage in different genomic contexts.
Shown is the percentage of genomic contexts of different classes (y-axis) that are covered for an increasing number of minimum cells (x-axis), considering both scBS-seq (Smallwood et al. 2014, green) and scM&T-seq (blue). Note that the total number of serum cells is 20 for scBS-seq and 61 for scM&T-seq.

                          Source data
                        


Supplementary Figure 5 Genome-wide methylation coverage.
Shown is the percentage of genome-wide 10kb, 5kb, and 1kb windows covered (y-axis) by an increasing minimum number of cells (x-axis), for scBS-seq (Smallwood et al. 2014, green) and scM&T-seq (blue). Note that the total number of serum cells is 20 for scBS-seq and 61 for scM&T-seq.

                          Source data
                        


Supplementary Figure 6 Hierarchical clustering of DNA-methylation profiles generated by scM&T-seq and scBS-seq.
Shown s a joint hierarchical clustering from 61 serum and 16 2i cells profiled using scM&T-seq, as well as 20 serum and 12 2i ESCs profiled by scBS-seq (Smallwood et al. 2014), as well as corresponding synthetic bulk samples and an independent bulk BS-seq sample from serum ESCs (Ficz et al. 2013). The clustering analysis was performed on gene body methylation of the 500 genes with the largest epigenome heterogeneity.

                          Source data
                        


Supplementary Figure 7 Correlation between single-cell methylomes and the methylome of a bulk cell population.
Shown is a scatter plot, relating bulk gene-body methylation (Ficz et al. 2013) on the x-axis, versus synthetic bulk estimates of gene-body methylation derived using either scBS-seq (Smallwood et al. 2014, green) or scM&T-seq (blue) on the y-axis. Synthetic bulk methylation profiles are derived form averages of the single-cell methylation profiles. The true bulk methylation profile is concordant with both single-cell profiles, where the scM&T-seq bulk estimates correlate slightly better (R=0.77) than the scBS-seq bulk (R=0.69).

                          Source data
                        


Supplementary Figure 8 Principal-component analysis of gene-body methylation and gene expression in serum-grown ESCs.
Shown are projections onto first two principle components (left) alongside with percentage of variance explained by individual components (right) for both gene expression levels (a) and gene body methylation (b). Cells are color-coded based on clustering obtained using gene expression values, showing that that the methylation principal components partially recapitulate the structure in the expression data.

                          Source data
                        


Supplementary Figure 9 Scatter-plot matrix of principal components from methylation and gene expression profiles.
Shown are scatter plots between individual principal components of gene expression levels (y-axis) and corresponding gene body methylation (x-axis), using 61 serum cells profiled using scM&T-seq. Cells are color coded as in Supplementary Fig. 8. There is a strong correlation between the second principal component of DNA methylation and the corresponding component from gene expression, suggesting shared axes of variation between transcriptome and methylome profiles.

                          Source data
                        


Supplementary Figure 10 Clustering analysis of transcriptome and methylation data from 61 serum ESCs.
Shown are heatmaps for the gene body methylation (left) and gene expression profiles (right) using the 300 most heterogeneous genes (based on gene expression). The order of genes was taken from an individual clustering analysis based on gene methylation whereas cells were clustered separately either using DNA methylation or expression data, showing unlinked clusters (colored clusters). The bar plots in the center show the heterogeneity in DNA methylation (left) and gene expression (right).

                          Source data
                        


Supplementary Figure 11 Bootstrap robustness analysis of the gene-specific correlation analysis.
Shown is the absolute (a) and relative (b) reduction in the number of significant methylation-expression associations for different genomic contexts, as well as the root mean squared error of Pearson’s correlation coefficient (c) when either considering the full datasets or alternatively boot-strapped samples for the methylation-RNA correlation analysis. Bootstrap samples were obtained from independent draws of 60%, 70%, or 80% of the total set of cells. As expected, a reduction in the number of analyzed cells resulted in reduced power to detect significant associations (a, b). Overall, only a relatively small number of linkages were affected and the concordance to the full dataset remained high (c).

                          Source data
                        


Supplementary Figure 12 Correlation coefficients for associations between DNA-methylation profiles in alternative genomic contexts and gene expression levels.
Shown are boxplots of the correlation coefficient (Pearson r) between DNA methylation in different genomic contexts and corresponding gene expression levels (see Supplementary Table 2).

                          Source data
                        


Supplementary Figure 13 Volcano plots for association tests between DNA-methylation profiles in alternative genomic contexts and gene expression levels.
For each context, shown is the correlation coefficient (Pearson r, x-axis) versus the adjusted p-value (Benjamini Hochberg adjustment; y-axis). The blue horizontal line corresponds to the 10% FDR significance level. Each dot corresponds to a gene and the size to the adjusted p-value of the association test. Genes colored in red correspond to known pluripotency genes (Supplementary Table 5). The vertical orange line denotes the average correlation coefficient across all genes for a given annotation.

                          Source data
                        


Supplementary Figure 14 Comparison of results of cell-specific correlation analysis with known covariates (mean CpG methylation rate).

Supplementary Figure 15 Comparison of cell-specific correlation analysis with known covariates (CpG coverage).
For alternative genomic contexts, shown are scatter plots between cell-specific methylation-expression correlation coefficients and the (technical) CpG coverage in the corresponding cell. The lack of associations suggests that technical factors do not drive the heterogeneity in the coupling between methylation and expression between cells.

                          Source data
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