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            Abstract
Recent technical advancements have facilitated the mapping of epigenomes at single-cell resolution; however, the throughput and quality of these methods have limited their widespread adoption. Here we describe a high-quality (105 nuclear fragments per cell) droplet-microfluidics-based method for single-cell profiling of chromatin accessibility. We use this approach, named â€˜droplet single-cell assay for transposase-accessible chromatin using sequencingâ€™ (dscATAC-seq), to assay 46,653 cells for the unbiased discovery of cell types and regulatory elements in adult mouse brain. We further increase the throughput of this platform by combining it with combinatorial indexing (dsciATAC-seq), enabling single-cell studies at a massive scale. We demonstrate the utility of this approach by measuring chromatin accessibility across 136,463 resting and stimulated human bone marrow-derived cells to reveal changes in the cis- and trans-regulatory landscape across cell types and under stimulatory conditions at single-cell resolution. Altogether, we describe a total of 510,123 single-cell profiles, demonstrating the scalability and flexibility of this droplet-based platform.
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                    Fig. 1: dscATAC-seq enables high-resolution characterization of open chromatin regions in single cells.[image: ]


Fig. 2: De novo classification of cell types in the mouse brain.[image: ]


Fig. 3: dsciATAC-seq enables massive-scale single-cell experiments.[image: ]


Fig. 4: dsciATAC-seq of human bone marrow cells reveals the major lineages of hematopoietic differentiation.[image: ]


Fig. 5: Identification of stimulus-response regulators in human bone marrow.[image: ]
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                Data availability

              
              Raw sequencing files and processed files for all data generated in this study were deposited at Gene Expression Omnibus (GEO) under accession number GSE123581. UCSC genome browser tracks for the datasets generated in this study are available from the following websites: mouse brain, https://s3.us-east-2.amazonaws.com/jasonbuenrostro/2018_mouse_brain/hub.txt; BMMC dsciATAC-seq, https://s3.us-east-2.amazonaws.com/jasonbuenrostro/2018_BM_htsci/hub.txt; stimulated BMMC dsciATAC-seq, https://s3.us-east-2.amazonaws.com/jasonbuenrostro/2018_BM_htsci_stim/hub.txt.

            

Code availability

              
              Complete code and documentation for the BAP software suite developed in this study is available at https://github.com/buenrostrolab/bap. Scripts corresponding to the analyses contained in this paper are provided at https://github.com/buenrostrolab/dscATAC_analysis_code.
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Integrated supplementary information

Supplementary Figure 1 Optimization of Tn5 transposition for dscATAC-seq.
(a) Fraction of reads mapping to the nuclear genome for each of the Tn5 concentrations. The remaining reads map to the mitochondrial genome. Different volumes (2.5â€“10â€‰Î¼L) of the standard commercial Tn5 (TDE1) are compared against 3 replicates of a custom Tn5 concentration (2.5â€‰Î¼L) optimized for dscATAC-seq for K562 cells. (b) Number of unique reads mapping near transcription start sites (TSS) or (c) distal regulatory elements for the same Tn5 conditions. Center line, median; box limits, first and third quartiles; whiskers, 1.5x interquartile range. All three panels (a-c) show the top 500 cells sorted by library size. (d) Schematic of biochemical process leading to multiple fragments becoming tagged by multiple bead barcodes in the same droplet.


Supplementary Figure 2 Validation of bead merging computational approach.
(a) Browser shot of paired-end reads near the DIAPH1 and GAPDH loci. Reads are colored by bead barcode sequence. (b) Schematic of verification experiment where a library of random oligonucleotides was encapsulated into droplets together with Tn5 transposed cells and barcoded beads. The schematic shows a droplet containing a library of random oligos, a cell and two beads with different barcode sequences. (c) The expected number of beads per drop as a function of bead concentration. Inference of this line was determined by a maximum likelihood estimation for a double-truncated Poisson distribution. (d) Percent of drops with one or more beads as a function of bead concentration. Values are estimated using the probability density function of a Poisson distribution parameterized by the mean number of beads per drop from (c). (e) Jaccard index overlap metric for pairs of bead barcodes loaded at a concentration of 200 beads/Î¼L. For each pair of bead barcodes observed, the Jaccard index was computed over the observed random oligonucleotide sequences. (f) The BAP overlap score computed from the dscATAC-seq data (agnostic to oligonucleotides) from the same experiment. In each panel, pairs of bead barcodes nominated for merging are highlighted in blue. Merged pairs were determined by computing a â€œkneeâ€� inflection point. The same two panels are shown in (gâ€“j) but for increased bead concentration: (g, h) 800 beads/Î¼L; (i,j) 5,000 beads/Î¼L. (k) (left panel) Area under the receiver operating curve (AUROC) values for true positive bead merges nominated from the random oligonucleotide sequences. Four metrics are compared, including Pearson and Spearman correlation and the Jaccard index of reads in peaks per pair of bead barcodes. The final metric is our novel computational approach, termed BAP. Various bead concentrations per experimental condition are shown below the x-axis. (right panel) The same conditions and metrics but showing the area under the precision-recall curve (AUPRC). (l) %TSS enrichment scores for the same pool of cells processed at different bead concentrations. Center line, median; box limits, first and third quartiles; whiskers, 1.5x interquartile range. (m) Per-cell library complexities across a range of tested bead concentrations, the same as in panel (l). Center line, median; box limits, first and third quartiles; whiskers, 1.5x interquartile range. Both panels (l, m) show the top 500 cells sorted by library size. (n) Species mixing plots and collision rates (text) for the same experiment (800 beads/Î¼L) with and without bead merging. (o) The same plots as in (n) but at a bead concentration of 5,000 beads/Î¼L.


Supplementary Figure 3 Additional quality controls of dscATAC-seq.
(a) Species mixing plots and estimated collision rates for existing scATAC-seq methods. (b) Fraction of reads in peaks for the comparison in Fig. 1f. The chromatin accessibility peak set was obtained from ENCODE DNase-seq data for GM12878 and thus agnostic to the datasets compared here. Center line, median; box limits, first and third quartiles; whiskers, 1.5x interquartile range. (c) Number of cells (GM12878 only) compared in panel (b) and Fig. 1f. (d) Rank sorted variability across transcription factor motifs within the GM12878 dscATAC-seq profiles.


Supplementary Figure 4 Quality control information for the dscATAC-seq mouse brain dataset and comparison with existing data.
(a) Distribution of number of beads per cell identified across the two mice (bead input concentrationâ€‰=â€‰5,000 beads/Î¼L) for high-quality cells that pass quality controls. The corresponding bead merging curves are shown to the right for the twelve libraries. (b) Mouse brain cells in the t-SNE from Fig. 2a colored by number of bead barcodes detected per cell. The same coordinates are shown for (c) mouse donor, and (d) experimental well. (e) De novo embedding using latent semantic indexing (LSI). Colors match annotations from Fig. 2a. All plots show the same (nâ€‰=â€‰46,653) cells shown in Fig. 2a. (f) t-SNE of previously published sciATAC-seq data for mouse brain (Cusanovich et al., Cell 174(5), 1309â€“1324.e18, 2018) using the same 7-mer method (Louvain, t-SNE; compare to Fig. 2a; nâ€‰=â€‰5,744 cells). (g) Comparison of the percentage of reads mapping to the nuclear genome (separated into TSS-proximal or distal chromatin accessibility peaks) between whole mouse brain data generated using dscATAC-seq or a recently optimized sciATAC-seq method (Cusanovich et al., Cell 174(5), 1309â€“1324.e18, 2018). Center line, median; box limits, first and third quartiles; whiskers, 1.5x interquartile range. (h) Raw total number of reads mapping to distal chromatin accessibility peaks (see blue from panel (g) between dscATAC-seq and the sciATAC-seq method described in (g)). Boxplots summarize thousands of cells for each comparison. Center line, median; box limits, first and third quartiles; whiskers, 1.5x interquartile range.


Supplementary Figure 5 Chromatin accessibility scores for validation of cell clusters from mouse brain.
(a) Schematic demonstrating the approach used to define chromatin accessibility scores surrounding gene promoters. (b) t-SNE of cells by promoter region chromatin accessibility scores for all genes. The same colors and cells (nâ€‰=â€‰46,653) used in Fig. 2a are shown here. (c) Hierarchical clustering of chromatin accessibility scores calculated as shown in (a) for each cluster derived from the mouse brain dscATAC-seq dataset using Pearson correlation. 27 clusters from Fig. 2a are depicted. (d) Representative chromatin accessibility scores for known marker genes defining cell types in the mouse brain, plots are titled by the marker gene and defined cell type. (e) Mouse brain cells in the t-SNE from Fig. 2a colored by per-cell log10 library complexity (nâ€‰=â€‰46,653 cells). (f) Per-cell log10 library complexity for each cluster derived from the mouse brain dscATAC-seq dataset. Center line, median; box limits, first and third quartiles; whiskers, 1.5x interquartile range. (g) Per-cell ratio of total reads in peaks to TSS reads per cluster. For number of cells per cluster see Supplementary Table 2.


Supplementary Figure 6 Species mixing analysis of dsciATAC-seq.
(a, b) Species mixing analysis for human (K562) and mouse (3T3) cell mix generated using (a) 24 or (b) 48 Tn5 transposase barcodes. For each panel a schematic of the experimental procedure is included (left), and primary results from a cell titration plotting total mouse or human nuclear fragments (right). In these plots points are labeled as either low quality (black), mouse (red), human (blue) or mixed (purple).


Supplementary Figure 7 Quality control analysis of human bone marrow dsciATAC-seq data.
(aâ€“f) Single-cell data derived from BMMCs colored by their (a) donor, (b) fraction of reads in peaks (FRiP), (c) log10 unique nuclear fragments, (d) log10 total aligned nuclear fragments, (e) log10 library size, and (f) fraction of reads with PCR duplicates. (g) De novo embedding and clustering of the human BMMC data using the 7-mer k-mer strategy. Colors represent Louvain clustering from the principal components of the 7-mer deviations. (h, i) Same coordinates as (g) but colored according to annotations defined in Fig. 4b, c, respectively. All panels show nâ€‰=â€‰60,495 cells.


Supplementary Figure 8 Cell types identified in the human bone marrow dsciATAC-seq data.
(a) Selected transcription factor deviation motifs shown for resting cells (nâ€‰=â€‰60,495 cells) profiled using dsciATAC-seq. (b) Embedded cells from isolated subtypes profiled using the standard dscATAC-seq platform (nâ€‰=â€‰52,873 cells). (c) UMAP embedding of single-cell data colored by clusters identified (compare to Fig. 4c). (dâ€“f) Projection of additional single-cell data onto UMAP coordinates of the dsciATAC-seq bone marrow data, projecting (d) sorted progenitor subsets (Buenrostro et al., 173(6), 1535â€“1548.e16, 2018), (e) peripheral blood mononuclear cells (PBMCs) or (f) isolated subsets (shown individually in (b)).


Supplementary Figure 9 Stimulation of human bone marrow derived cells.
(a) Stimulated BMMC (nâ€‰=â€‰75,968) cells projected onto the UMAP coordinates defined by the non-stimulated control cells (nâ€‰=â€‰60,495 cells). (b,c) Cell-cell TF score variability for the stimulation and control cells showing (b) ex vivo culture and (c) ex vivo culture and LPS stimulation, only unique TF motifs are highlighted. (d, e) Cell-cell TF score variability for the control cells and variability of stimulation after normalizing to the control TF variability for (d) ex vivo culture and (e) ex vivo culture and LPS stimulation conditions, only unique TF motifs are highlighted. (f-j) Depictions of transcription factor deviation scores in resting cells (top) compared to the differential after stimulation (bottom) for selected motifs. A total of nâ€‰=â€‰60,495 cells are plotted. (k) Sample summary of differential peak analysis for the Mono-1 cluster. Each dot represents a chromatin accessibility peak found in at least 1% of cells. The overall % of cells with element are shown on the x-axis whereas the y-axis depicts the difference in the % of cells with the element accessible (stimulated - resting). Peaks found significantly different at a 1%â€‰FDR (two-sided binomial test; Benjamini Hochberg corrected) are colored in red and blue. (l) Overall summary statistics per-population from differential peak analysis showing the Z-statistic from the two-sided permutation test for differential accessibility. Each colored curve represents the overall Z-statistics for all peaks in the specified cluster.
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