


Materials and Methods
Data reporting
No statistical methods were used to predetermine the sample size. The experiments were not randomized, and investigators were not blinded to allocation during experiments and outcome assessment.
Tissue acquisition and processing
Human left and right atrial appendages were obtained from well-characterized patients undergoing elective cardiac surgery at the affiliated Hospital of X University (The affiliation name was masked for double-blind review). The enrollment specifically involved patients with or without persistent AF. Control patients never had AF. Recorded electrocardiographic data of permanent AF before sampling was defined as AF.1,2 The general inclusion criterion was age >18 years, and the exclusion criteria were patients with congenital heart disease defined by echocardiography. Detailed patient characteristics of the snRNA-seq and histology cohorts are shown in Table S1.
Human tissue collection was conducted according to the Declaration of Helsinki and was approved by the institutional review board of the Ethics Committee of the affiliated Hospital of X University (2022-YKL10-055) (The affiliation name was masked for double-blind review). All patients gave written, informed consent before sample collection, as required. Full-thickness Atrial appendage biopsies, with the intentional exclusion of large epicardial fat deposits, were collected by the surgeon before cardiopulmonary bypass, immediately frozen in liquid nitrogen, stored at -80℃, and processed for single-nucleus transcriptional profiling. For histology, samples were fixed in formalin and embedded with paraffin for section and staining.
Human  snRNA-seq
Tissue preparation
For RNA quality control, a 3×3 mm3 heart tissue piece was minced in liquid nitrogen, and the total RNA was isolated with the Trizol method or Qiagen RNeasy Mini kit (Qiagen) using a proteinase K digestion step as suggested in RNeasy Fibrous Tissue Mini Kit (Qiagen, 74704). RNA integrity number (RIN) analysis (Agilent) was performed using Bioanalyzer RNA 6000 Nano kits (Agilent, No. 5067). RIN ranged from 2.7 to 8.7.
As previously reported, single nuclei were isolated from heart tissues larger than 5×5×5 mm3.3,4 Briefly, heart tissue was washed twice by DMEM and cut into small pieces (0.5 mm3) within 1 ml of NST buffer (0.1% NP40, 10mM Tris-HCl, 146mM NaCl, 1mM CaCl2, 21mM MgCl2, and 40U/mL RNAse inhibitor) in a sterile petri dish. After 7 minutes automatically digestion, 1 ml ST wash buffer (10mM Tris-HCl, 146mM NaCl, 1mM CaCl2, 21mM MgCl2, 0.01% BSA (bovine serum albumin, NEB B9000S) and 40U/mL RNAse inhibitor) was added. The suspension was then filtered through a 40-μm cell strainer, collected by centrifugation (500g, 5 min, 4 °C), resuspended with PBS containing 1% BSA, and counted. All process was done on ice. 
Nuclei suspensions with a concentration ranging from 650–2200 nuclei per μl were loaded into the chromium controller (10X, Genomics, PN-120223′) on a Single Cell chip G (10X Genomics, PN-2000177) with a targeted cell or nuclei recovery of 4,000–10,000 per reaction. The cDNA libraries were prepared and generated using the Chromium Single cell 3′ reagent Kit v3.1 (10X, PN-1000121) according to the manufacturer’s instructions. Quality control (QC) for the constructed library was performed by Qubit dsDNA Assay Kit (Life Technologies, Q328520) and Agilent High Sensitivity DNA Kit (Agilent, 5067-4626). Libraries were sequenced on NovaSeq targeting 50,000 reads per cell 2 × 150 paired-end kits using the following read length: 28 bp Read1 for cell barcode and UMI, 8-bp I7 index for sample index, and 91-bp Read2 for transcript.
Processing of snRNA-seq data
The sequencing reads for the human samples was aligned to the GRCh38 reference genome and processed with 10X Genomics Cell Ranger 5.0.0, which generated a gene-cell barcode count matrix for each sample.  The unique molecular identifier (UMI) count matrix was processed using the R package Seurat5 (version 5.0). 
To remove low-quality cells and likely multiplet captures,  cells were filtered out with gene numbers less than 200, unique molecular identifier (UMI) less than 1000, and log10GenesPerUMI less than 0.7. We further discarded low-quality cells where >10% of the counts belonged to mitochondrial genes and >5% belonged to hemoglobin genes. The DoubletFinder package6 (version 2.0.2) was applied to identify potential doublet. Batch effect correction was performed using Harmony (version 1.2.0).7
After applying these QC criteria, 140,312 single nuclei were included in downstream analyses. Library size normalization was performed with the NormalizeData function in Seurat5 to obtain the normalized count. Top variable genes across single cells were identified using the method described in Macosko et al.8 The most variable genes were selected using the FindVariableGenes function in Seurat5. Principal component analysis (PCA) was performed to reduce the dimensionality with the RunPCA function in Seurat5. Graph-based clustering was performed to cluster cells according to their gene expression profile using the FindClusters function in Seurat5. Cells were visualized using a 2-dimensional Uniform Manifold Approximation and Projection (UMAP) algorithm with the RunUMAP function in Seurat5. The Seurat object was then split according to different cell types for further study.
For each cell type, the density of each group on the UMAP plot was calculated and plotted using the ggpointdensity9 R package. The resolution of Seurat’s FindClusters function was determined by cell density plots to identify AF-related cell subclusters. The FindAllMarkers function in Seurat5 was adopted to identify marker genes of each cluster. 
We compared our generated atlas with other reference human single-nuclei/cell RNA-seq atlas4,10,11 at the molecular and compositional level. The count matrix was downloaded directly from 
1 https://cellxgene.cziscience.com/collections/b52eb423-5d0d-4645-b217-e1c6d38b2e72, 
2 https://cellxgene.cziscience.com/collections/8191c283-0816-424b-9b61-c3e1d6258a77, 
3 NCBI’s Gene Expression Omnibus database with accession number: GSE224959.
 
Differential expression  analyses 
The gene set variance analysis (GSVA) was done at both the group and sample levels. Differentially expressed genes (DEGs) were identified using the FindMarkers function in Seurat5. P value < 0.05 and |log 2 foldchange| > 0.25 was set as the threshold for significantly differential expression. The gene set enrichment analysis (GSEA) was done based on DEGs.
To detect differentially expressed genes between groups of cells with different disease conditions, pseudobulk differential expression analyses12 were performed. The cells and the UMI count for given clusters were aggregated to the sample level, and the differential expression analysis was carried out using a quasi-likelihood F test based on the generalized linear model implementation of edgeR. The output of the differential expression analysis was used to assess the distribution of DEGs among different cell types.
Cell-cell interactions
The cell-cell communication signals were explored via the cellchat tool with default parameters.13 In detail, the cellchat object was constructed based on the ligand-receptor “CellChatDB.human” database. The netVisual_circle function was used to show the intercellular connection numbers among different cell types (Fig.1g). The netAnalysis_signalingRole_scatter function was adopted to illustrate the count and strength of incoming and outgoing signals for each cell type (Fig.1h). The strength or weakness of cell-cell communication networks between AF and Ctrl cell types was explored by the netVisual_heatmap (Extended Fig.2a-b) and netAnalysis_signalingRole_heatmap (Extended Fig.2e-h) function. The top changed intercellular signals are ranked by the rankNet function (Extended Fig.2c-d) and illustrated by the netVisual_bubble  (Supplementary Fig.3) and netVisual_aggregate (Supplementary Fig.4) function.
Weighted correlation network analysis
The R package hdwgcna14 was used to identify groups of genes (gene modules) with highly correlated expressions that significantly overlapped with the diseased condition or specific cell clusters. For each cell type, the genes expressed in at least 5% of the cells were included for WGCNA,15 and the whole cells of certain types were included for metacell construction. The soft power of each cell type was determined by the TestSoftPowers function. GO enrichment analysis of module hub genes was done using the RunEnrichr function. The overlapping of hub genes with subcluster marker genes or group marker genes was calculated via the OverlapModulesDEGs function based on the GeneOverlap R package.
Pseudotime trajectory analysis
Pseudotime analysis of the cell type subcluster lineage was performed using Monocle2 (version 2.28.0). The root state of the pseudotime trajectory was calculated via the CytoTrace (version 0.3.3) tool. Branch-dependent dynamic genes were plotted using the plot_genes_branched_heatmap function.
Imaging and histology
Samples from another three individuals were obtained for histology. These formalin-fixed paraffin-embedded (FFPE) samples were cut into 4-μm sections, deparaffinized, and rehydrated. Heat-induced antigen retrieval was performed, and the sections were permeabilized with protease K (5ug/ml) for 10 min at room temperature. The sections were then processed with RNA in situ hybridization and immunofluorescence staining. RNAscope Probes were designed and synthesized by Servicebio (Wuhan, China). After the RNA in situ hybridization, sections were blocked with either 10% normal rabbit serum or 3% BSA (the primary antibody is from goat and sealed with 10% rabbit serum, and the primary antibody from other sources is sealed with 3% BSA). Primary antibody incubation was performed overnight at 4 °C. After three washes in PBS (PH7.4), secondary antibody incubation was carried out at room temperature for 50 minutes. Nuclei were counterstained with DAPI (5 μg/ml for 8 min at room temperature). To remove lipofuscin and autofluorescence signal, tissues were incubated with TrueBlack Plus quencher (Biotium) for 10 min at room temperature. All the slides were scanned using a confocal scanning microscope. Detailed probe sequences and antibody information are provided in Table S8.
H&E (hematoxylin and eosin) and Masson staining were performed according to the standard protocol.
Statistics and reproducibility
Results are shown as means ± SD. Statistical analysis was performed using GraphPad Prism 9.5.1. Statistical tests included two-tailed Student’s t-tests, two-tailed paired t-tests, ANOVA followed by Dunnett’s or Tukey’s multiple comparisons test, two-tailed Mann-Whitney tests, two-tailed Wilcoxon matched-pairs signed rank tests, and Kruskal-Wallis tests followed by Dunn’s multiple comparisons test (the latter three if Gaussian distribution was not assumed). For correlation analysis, the r or ρ values were computed using two-tailed Pearson correlation coefficients or two-tailed Spearman correlation coefficients, respectively. P‐values of 0.05 or less were considered to denote significance.  No statistical methods were used to predetermine the sample size.  
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[bookmark: _Hlk113780788]Extended Data Fig. 1 | Cell-cell communication analysis.
a-b, The significant signaling pathways are ranked based on their differences in overall information flow within the inferred networks between the AF group and the Control group for the left (a) and right (b) atrium. The overall information flow of a signaling network is calculated by summarizing all the communication probabilities in that network. The top signaling pathways colored red are more enriched in the control group, and the bottom ones colored in green are more enriched in the AF group. c-d, Comparison of the number and strength of interactions between pairs of cell groups using AF against control samples from left (c) and right (d) atrium. e-h, Inferred outgoing and incoming ligand-receptor paired signals of each subcluster for all groups. Color represents the relative strength of signals.
Extended Data Fig. 2 | Differential expression analysis of the HAF dataset
a, heatmap of top 10 marker genes for each group. b, group level pseudobulk GSVA shows each group's expression level of hallmark genesets. c, sample level pseudobulk GSVA shows the up- and down-regulation hallmark genesets for left and right atrium in both AF and control samples. AF-Down, genesets that are downregulated in the AF atrium; Ctrl-Up, genesets that are upregulated in the control atrium; AF-NoSig & Ctrl-NoSig, genesets that are changed in the left atrium without statistical significance. d, Masson staining of left and right atriums in either control or AF patient; Scale bar, 50 μm. 
Extended Data Fig. 3 | Pseudobulk sample level differential expression analysis.
a-b, Pseudobulk heat maps of top dysregulated genes in signature_AF_left (a) and signature_AF_right (b) in major cell populations split by groups. c-d, UpSet plot showing the overlap in signature_AF_left and signature_AF_right genes from (a) in major cell populations which are up (left panel) and down (right panel) in signature_AF_left (a) and signature_AF_right (b).
Extended Data Fig. 4 | Characteristics of Cardiomyocytes.
a, Density plot of cardiomyocytes in UMAP embedding. b, Top enriched KEGG pathways of DEGs for AF_left vs Ctrl_left (left panel) and AF_right vs Ctrl_right (right panel). c, Inferred incoming ligand-receptor paired intercellular signals of each subcluster for all groups. Color represents the relative strength of signals. d, Top enriched KEGG pathways of DEGs for AF_left vs Ctrl_left (left panel) and AF_right vs Ctrl_right (right panel) in the cardiomyocyte subcluster CM02. 
Extended Data Fig. 5 | Characteristics of Cardiomyocyte subcluster CM02.
a, UMAP embedding of Cardiomyocyte subcluster CM02. b, The distribution of CM02 subclusters among groups. c, Density plots of CM02 in UMAP embedding. d, The expression of endothelial subcluster marker genes in subclusters. e, Inferred incoming ligand-receptor paired intercellular signals of each subcluster for all groups. Color represents the relative strength of signals. f, CytoTRACE values showing the distribution of differentiation states from most immature (highest values) to most mature (lowest values). The center of the box plot is median values, and the bounds of the box are 25% and 75% quantiles. g, CytoTRACE values in UMAP embedding. h, The pseudotime trajectory of cell subclusters and pseudotime values. i, The pseudotime trajectory of pseudotime states. Pie plots show the proportion of each group for all states. j, The top 50 genes are dynamically changed along the pseudotime branch point 1. k, The top 10 genes are changed along the pseudotime branch point 1.
Extended Data Fig. 6 | Characterization of endothelials. 
a-b, bar plots for each group (a) and subcluster (b) showing one of the overlap statistics for each module. c, GSEA results of AF_right versus Ctrl_right in endothelial clusters EC01 (left panel), EC07 (middle panel), and EC08 (right panel). d, GSEA results of marker genes for endothelial clusters that expanded in the AF_left group (EC01, EC07, EC08) and changed in both the AF_left and AF_right group (EC03, EC06, EC09).
Extended Data Fig. 7 | Characterization of mesothelials. 
a, Up- and downregulated hallmark gene set based on gene set variance analysis (GSVA). Right-Up, genesets that are upregulated in AF right atrium; Left-NoSig & Right-NoSig, genesets that are changed in AF atrium without statistical significance. b, Density plots of mesothelial in UMAP embedding. c, The distribution of mesothelial subclusters in UMAP embedding. d, The distribution of mesothelial subclusters among groups. e, The expression level of top AF-dysregulated hallmark genesets in each cell subpopulation after z-score transformation. f, Inferred outgoing ligand-receptor paired signals of each subcluster for all AF_right and Ctrl_right groups. Color represents the relative strength of signals. g, The expression of SEMA3A, SEMA3C, and NRG1 split by groups and subclusters. h, UMAP plot of the mesothelial co-expression network. i, Featured plots for each co-expression module colored by each module’s uniquely assigned color. j, Overlapping of the modules and the marker genes of each group (upper panel) and subcluster (lower panel). k, Differential expression of modules for AF_left vs. Ctrl_left in cluster Mes02 (left panel) and AF_right vs Ctrl_right in cluster Mes01 (right panel), calculated with the Wilcoxon test. The Volcano plot shows each module's fold-change and significance level, and each dot's size corresponds to the number of genes in that module. l, The pseudotime trajectory of pseudotime states. Pie plots show the proportion of each group for all states. m, CytoTRACE values showing the distribution of differentiation states from most immature (highest values) to most mature (lowest values). The center of the box plot is median values, and the bounds of the box are 25% and 75% quantiles. n, The enriched KEGG pathway by GSEA for pseudotime state 6 DEGs of Mes01 & Mes02.
Extended Data Fig. 8 | Characterization of mural cells. 
a, Density plots of mural cell in UMAP embedding. b, The distribution of mural cell subclusters in UMAP embedding. c, The distribution of mural cell subclusters among groups. d, Up- and downregulated hallmark gene set based on gene set variance analysis (GSVA). Left-Up, genesets that are upregulated in AF left atrium; Left-Down, genesets that are downregulated in AF left atrium; Left-NoSig & Right-NoSig, genesets that are changed in AF atrium without statistical significance. e, The expression level of top AF-dysregulated hallmark genesets in each cell subpopulation after z-score transformation. f, UMAP plot of the mural cell co-expression network. g, Featured plots for each co-expression module colored by each module’s uniquely assigned color. h, Overlapping of the modules and the marker genes of each subcluster. i, Multi-staining of the smooth muscle cell (SMC) marker gene (MYH11, yellow), the hub gene of module hAF-MURAL-M1 (MEF2C, green), and SMC1 marker gene (ZBTB7C, red). Nuclei are counterstained with DAPI (dark blue). Scale bar, 10 μm. j, Differential expression of modules for AF_left vs Ctrl_left (upper panel) and AF_right vs Ctrl_right (lower panel) in cluster SMC1, calculated with the Wilcoxon test. The Volcano plot shows the fold-change and significance level for each module, and each dot's size corresponds to the number of genes in that module. k, The pseudotime trajectory of pseudotime states. l, CytoTRACE values showing the distribution of differentiation states from most immature (highest values) to most mature (lowest values). The center of the box plot is median values, and the bounds of the box are 25% and 75% quantiles. m, The pseudotime trajectory of mural clusters and pseudotime value. n. The top 10 genes that dynamically changed along the pseudotime branch point 2.
Extended Data Fig. 9 | DEM and pseudotime trajectory analysis of fibroblasts. 
a, Differential expression of modules for AF_left vs Ctrl_left in cluster Fib01, and AF_right vs Ctrl_right in cluster Fib03, Fib04, Fib06, calculated with the Wilcoxon test. The Volcano plot shows the fold-change and significance level for each of the modules, and the size of each dot corresponds to the number of genes in that module. b, The pseudotime trajectory of pseudotime states. c, The pseudotime trajectory of fibroblast clusters divided by groups. d, The pseudotime trajectory of fibroblast clusters. e, Pseudotime heatmap showing highly variable genes along the branch point 2. f, The top 10 genes that dynamically changed along the pseudotime branch point 2. 
Extended Data Fig. 10 | cell-cell communication of Fibroblast subclusters. 
a, All the significantly increased ligand-receptor pairs contribute to the signaling sending into the fibroblast (left panel) and from the fibroblast (right panel) in the AF right atrium compared to the control right atrium. b, All the significantly increased ligand-receptor pairs contribute to the signaling sending into the fibroblast (left panel) and from the fibroblast (right panel) in the AF left atrium compared to the control left atrium. The dot color and size represent the calculated communication probability and p-values. P-values are computed from the one-sided permutation test. Empty space means the communication probability is zero. P-values are calculated from the one-sided permutation test. AF_left, cells come from the left atrial appendage of per-AF patients; AF_right, cells come from the right atrial appendage of per-AF patients; Ctrl_left, cells come from the left atrial appendage of nonAF patients; Ctrl_right, cells come from right atrial appendages of nonAF patients. c, All the significant signaling pathways were ranked based on their differences of overall information flow within the inferred networks between the AF and the Control groups. The overall information flow of a signaling network is calculated by summarizing all the communication probabilities in that network. The top signaling pathways colored red are more enriched in the control group, and the bottom ones colored in green are more enriched in the AF group. The upper panel is the data from the left atrium, and the lower panel is the data from the right atrium. d, Inferred outgoing and incoming ligand-receptor paired signals of each subcluster for all groups. Color represents the relative strength of signals.
Extended Data Fig. 11 | Characteristics of lymphoid cells. 
a, Density plots of mural cell in UMAP embedding. b, The distribution of lymphoid cell subclusters in UMAP embedding. c, The distribution of lymphoid cell subclusters among groups. d, Multi-staining of the immune marker gene (CD45, yellow), the Lym03 marker gene (RAP1GAP2, green), and natural killer (NK) cell marker gene (NCAM1, red). Nuclei are counterstained with DAPI (dark blue). Scale bar, 10 μm. e, Up- and downregulated hallmark gene set based on gene set variance analysis (GSVA). Left-Down, genesets that are downregulated in AF left atrium; Right-Up, genesets that are upregulated in AF right atrium; Left-NoSig & Right-NoSig, genesets that are changed in AF atrium without statistical significance. f, The expression level of top AF-dysregulated hallmark genesets in each cell subpopulation after z-score transformation. g, UMAP plot of the lymphoid cell co-expression network. h, Featured plots for each co-expression module colored by each module’s uniquely assigned color. i-j, Overlapping of the modules and the marker genes of each group (i) and subcluster (j). 
Extended Data Fig. 12 | Characteristics of neuronal cells. 
a, Density plots of neuronal cells in UMAP embedding. b, The distribution of neuronal cell subclusters in UMAP embedding. c, The distribution of neuronal cell subclusters among groups. d, Up- and downregulated hallmark gene set based on gene set variance analysis (GSVA). Left-Up, genesets that are upregulated in AF left atrium; Right-Down, genesets that are downregulated in AF right atrium; Left-NoSig & Right-NoSig, genesets that are changed in AF atrium without statistical significance. e, The expression level of top AF-dysregulated hallmark genesets in each cell subpopulation after z-score transformation. f, UMAP plot of the neuronal cell co-expression network. g, Overlapping of the modules and the marker genes of each subcluster and group. h, Top 10 enriched Gene Ontology (GO) terms (biological process) of the module hAF-NC-M9, hAF-NC-M14, and hAF-NC-M8. i-j, CytoTRACE values of pseudotime states (i) and subclusters (j). The center of the box plot is median values, and the bounds of the box are 25% and 75% quantiles. k, The pseudotime trajectory of pseudotime states. Pie plots show the proportion of each group for all states. l, The pseudotime trajectory of cell subclusters and pseudotime values. m, Pseudotime heatmap showing highly variable genes along the branch point 2.
Supplementary Figure
Supplementary Figure 1
Quality control metrics. a, The nCount_RNA, nFeature_RNA, mitoRatio, and log10GenesPerUMI split by group and cell type. b-c, UMAP plots of the human atrial fibrillation (HAF) dataset showing sample contribution, batch effect correction, and good sample mixing. d, UMAP embedding of snRNA-seq data showing G2-M-phase cell-cycle score (left) and S-phase score (right).
Supplementary Figure 2
Global clustering. a, The proportion of each cell type. b, Gene set z-scores for top gene markers for each cell type plotted in the UMAP embedding. c,  Comparison of the generated snRNA-seq atlas to a previously published human heart cell atlas (HCA), spatial multi-omic atlas (SMA) of human myocardial infarction hearts, and AF single-cell atlas (SAF). The lower panels show the Pearson correlation between the proportion of each shared cell type of the reference atlas and our data. d, Density plot of HAF dataset in UMAP embedding. e, Bar plots showing cell type composition for each patient sample. 
Supplementary Figure 3
Increased AF-related ligand-receptor pairs.  a, All the significantly increased ligand-receptor pairs that contribute to the signaling sending into endothelial (left panel) and from endothelial (right panel) in AF left atrium compared to control left atrium. b, All the significantly increased ligand-receptor pairs that contribute to the signaling sending into endothelial (left panel) and neuronal cells (right panel) in AF right atrium compared to control right atrium. The dot color and size represent the calculated communication probability and p-values. P-values are computed from the one-sided permutation test. Empty space means the communication probability is zero. P-values are calculated from the one-sided permutation test.
Supplementary Figure 4
Sample level pseudobulk DE analysis. a, Pseudobulk PCA analysis in each cell type colored by groups. AF_left, cells come from the left atrial appendage of per-AF patients; AF_right, cells come from the right atrial appendage of per-AF patients; Ctrl_left, cells come from the left atrial appendage of nonAF patients; Ctrl_right, cells come from right atrial appendages of nonAF patients. b, Pseudobulk DE analysis in each cell type in 4 comparison groups: Ctrl_left vs. Ctrl_right, AF_left vs. Ctrl_left, AF_right vs. Ctrl_right, and AF_left vs. AF_right. Red dots indicate statistically significant genes (adjusted p-value < 0.05). c, Total number of statistically significant (adjusted p-value < 0.05 and log2FC > 0.58) per cell type in comparisons from (b).
Supplementary Figure 5
Characteristics of Cardiomyocytes. a-b, The expression of cardiomyocyte subcluster marker genes in subclusters (a) and groups (b). c, Gene set z-scores of top gene markers for each group plotted in the UMAP embedding. d, Up- and downregulated hallmark gene set of cardiomyocytes based on gene set variance analysis (GSVA). Ctrl-Up, genesets that are upregulated in the Ctrl_left atrium compared to the Ctrl_right atrium; AF-NoSig & Ctrl-NoSig, genesets that are changed in the left atrium compared to the right atrium without statistical significance. e, Dot plots of up- and downregulated signature_AF_right genes for each subcluster. f, The top enriched Gene Ontology (GO) terms for biological process, cellular component, and molecular function of the modules. g-h, The top 3 hub genes of co-expression modules for each subcluster (g) and group (h). i, The expression of cardiomyocyte group marker genes.
Supplementary Figure 6
Characteristics of endothelials. a-b, The expression of endothelial subcluster marker genes in subclusters (a) and groups (b). c, Gene set z-scores of top gene markers for each group plotted in the UMAP embedding. d, Gene set z-scores of upregulated unique_AF genes for each subcluster. e, The expression of endothelial group marker genes. f, Differential expression of modules for AF_left vs. Ctrl_left (upper panel) and AF_right vs. Ctrl_right (lower panel) calculated with the Wilcoxon test. The Volcano plot shows the fold-change and significance level for each of the modules, and the size of each dot corresponds to the number of genes in that module. DEM, differentially expressed module. g-h, The top 3 hub genes of co-expression modules for each group (g) and subcluster (h). i, The top enriched Gene Ontology (GO) terms for biological process, cellular component, and molecular function of the modules. 
Supplementary Figure 7
Characteristics of mesothelial. a, Up- and downregulated hallmark gene set of mesothelial based on gene set variance analysis (GSVA). Ctrl-Up, genesets that are upregulated in Ctrl_left atrium compared to Ctrl_right atrium; AF-NoSig & Ctrl -NoSig, genesets that are changed in left atrium compared to right atrium without statistical significance. b-c, The expression of mesothelial subcluster marker genes in subclusters (b) and groups (c). d, Gene set z-scores of top gene markers for each group plotted in the UMAP embedding. e, Gene set z-scores of  signature_AF_left genes plotted in the UMAP embedding. f, Gene set z-scores of upregulated signature_AF_right genes plotted in the UMAP embedding. g, Gene set z-scores of upregulated signature_AF_right genes for each subcluster. h, The expression of mesothelial group marker genes. i, Bar plot for each subcluster and group showing the overlap statistics for each module. j, The top enriched Gene Ontology (GO) terms for biological process, cellular component, and molecular function of the modules. k, The pseudotime trajectory of each mesothelial subcluster. l, The pseudotime trajectory of each group for Mes01 & Mes02. m, Marker genes of each pseudotime state in Mes01 & Mes02. n, The expression of cell type marker genes in each pseudotime state of Mes01 & Mes02.
Supplementary Figure 8
Characteristics of mural cells. a-b, The expression of mural subcluster marker genes in subclusters (a) and groups (b). c, Gene set z-scores for top gene markers for each group plotted in the UMAP embedding. d, Gene set z-scores for up- and downregulated signature_AF_left genes plotted in the UMAP embedding. e, Up- and downregulated hallmark gene set of mural cells based on gene set variance analysis (GSVA). AF-Down, genesets that are downregulated in AF left atrium compared to AF right atrium; AF-NoSig & Ctrl-NoSig, genesets that are changed in left atrium compared to right atrium without statistical significance. f, The top enriched Gene Ontology (GO) terms for biological process, cellular component, and molecular function of the modules. g, The top 3 hub genes of co-expression modules for each subcluster (upper panel) and group (lower panel). h, The expression of cardiomyocyte group marker genes. i-j, The pseudotime trajectory of each group (i) and subcluster (j). k, heatmap of genes that significantly regulated along with the pseudotime trajectory branch point 2.
Supplementary Figure 9
Characteristics of fibroblasts. a-b, The expression of fibroblast subcluster marker genes in subclusters (a) and groups (b). c, Gene set z-scores for top gene markers for each group plotted in the UMAP embedding. d, Gene set z-scores for up- and downregulated signature_AF_right genes for each subcluster. e, Up- and downregulated hallmark gene set of fibroblasts based on gene set variance analysis (GSVA). AF-Down, genesets that are downregulated in AF_left atrium compared to AF_right atrium; AF-NoSig & Ctrl-NoSig, genesets that are changed in left atrium compared to right atrium without statistical significance. f, Bar plots for each subcluster and group showing one of the overlap statistics for each module. g, The top enriched Gene Ontology (GO) terms for the modules' biological process, cellular component, and molecular function. h-i, The top 3 hub genes of co-expression modules for each subcluster (upper panel) and group (lower panel). j, CytoTRACE values showing the distribution of differentiation states from most immature (highest values) to most mature (lowest values). The center of the box plot is median values, and the bounds of the box are 25% and 75% quantiles.
Supplementary Figure 10
Characteristics of myeloid cells. 
a, The expression of canonical marker genes in myeloid subclusters. b-c, The expression of myeloid subcluster marker genes in subclusters (b) and groups (c). d, Gene set z-scores for top gene markers for each group plotted in the UMAP embedding. e, Up- and downregulated hallmark gene set of cardiomyocytes based on gene set variance analysis (GSVA). AF-Down, genesets that are downregulated in AF_left atrium compared to AF_right atrium; AF-NoSig & Ctrl-NoSig, genesets that are changed in left atrium compared to right atrium without statistical significance. f-g, bar plots for each group (f) and subcluster (g) showing one of the overlap statistics for each module. h, The top enriched Gene Ontology (GO) terms for biological process, cellular component, and molecular function of the modules. i-j, The top 3 hub genes of co-expression modules for each subcluster (i) and group (j).
Supplementary Figure 11
Pseudotime trajectory and ligand-receptor paired signals of myeloid cells. a, The dot plot (left panel) and violin plot (right panel) show the expression of SPP1 in different groups of myeloids. b, The dot plot (left panel) and violin plot (right panel) show the expression of SPP1 in myeloid subclusters. c, All the significantly increased ligand-receptor pairs contribute to the signaling sending into (left panel) and out from myeloid (right panel) in AF left atrium compared to control left atrium. d, Inferred outgoing and incoming ligand-receptor paired signals of each subcluster for all groups. Color represents the relative strength of signals. e-f, The pseudotime trajectory of each group (e) and subcluster (f). g-h, Differential expression of modules for AF_left vs. Ctrl_left (g) and AF_right vs. Ctrl_right (h), calculated with the Wilcoxon test. The Volcano plot shows the fold-change and significance level for each of the modules, and the size of each dot corresponds to the number of genes in that module. 
Supplementary Figure 12
Characteristics of lymphoid cells. a-b, The expression of lymphoid subcluster marker genes in subclusters (a) and groups (b). c, Gene set z-scores for top gene markers for each group plotted in the UMAP embedding. d, The expression of canonical marker genes in lymphoid subclusters. e, The expression of lymphoid group marker genes. f, Up- and downregulated hallmark gene set of lymphoid based on gene set variance analysis (GSVA). Ctrl-Up, genesets that are upregulated in Ctrl_left vs. Ctrl_right atrium; AF-Down, genesets that are downregulated in AF_left vs. AF_right atrium; AF-NoSig & Ctrl-NoSig, genesets that are changed in left atrium compared to right atrium without statistical significance. g, bar plots for each group and subcluster showing one of the overlap statistics for each module. h, The top enriched Gene Ontology (GO) terms for the modules' biological process, cellular component, and molecular function.
Supplementary Figure 13
Characteristics of adipocytes. a-b, The expression of adipocyte subcluster marker genes in subclusters (a) and groups (b). c, Gene set z-scores for top gene markers for each group plotted in the UMAP embedding. d, The expression of adipocyte group marker genes. e, Up- and downregulated hallmark gene set of adipocytes based on gene set variance analysis (GSVA). AF-Down, genesets that are downregulated in AF_left vs. AF_right atrium; Ctrl-Up, genesets that are upregulated in Ctrl _left vs. Ctrl_right atrium; AF-NoSig & Ctrl-NoSig, genesets that are changed in left atrium compared to right atrium without statistical significance. f, bar plots for each group and subcluster showing the overlap statistics for each module. g-h, The top 3 hub genes of co-expression modules for each subcluster (g) and group (h). i, The top enriched Gene Ontology (GO) terms for the modules' biological process, cellular component, and molecular function. 
Supplementary Figure 14
Pseudotime trajectory and ligand-receptor paired signals of adipocytes. a-b, The pseudotime trajectory of each group (a) and subcluster (b). c, heatmap of genes that significantly regulated along with the pseudotime trajectory branch point 1. d, scatter plot presented the top 10 subcluster marker genes and module hub genes that are regulated significantly along the pseudotime branch point 2. e-f, The significant increased ligand-receptor pairs that contribute to the signaling sending into adipocyte (left panel) and from adipocyte (right panel) for AF group vs control group in left atrium (e) and right atrium (f). 
Supplementary Figure 15
Characteristics of neuronal cells. a-b, The expression of neuronal cell subcluster marker genes in subclusters (a) and groups (b). c, Gene set z-scores for top gene markers for each group plotted in the UMAP embedding. d, Up- and downregulated hallmark gene set of cardiomyocytes based on gene set variance analysis (GSVA). AF-Up, genesets that are upregulated in AF_left vs. AF_right atrium; Ctrl-Down, genesets that are downregulated in Ctrl_left vs. Ctrl_right atrium; AF-NoSig & Ctrl-NoSig, genesets that are changed in left atrium compared to right atrium without statistical significance. e-f, bar plots for each group (e) and subcluster (f) showing one of the overlap statistics for each module.
Supplementary Figure 16
Ligand-receptor paired signals of neuronal cells. a-b, All the significantly increased ligand-receptor pairs that contribute to the signals sending into neuronal cells (left panel) and out from neuronal cells (right panel) in the left (a) and right (b) AF atrium compared to the control atrium. The dot color and size represent the calculated communication probability and p-values. P-values are computed from the one-sided permutation test. AF_left, cells come from the left atrial appendage of per-AF patients; AF_right, cells come from the right atrial appendage of per-AF patients; Ctrl_left, cells come from the left atrial appendage of nonAF patients; Ctrl_right, cells come from right atrial appendages of nonAF patients. c, All the significant signaling pathways are ranked based on their differences of overall information flow within the inferred networks between the AF and Control groups. The overall information flow of a signaling network is calculated by summarizing all the communication probabilities in that network. The top signaling pathways colored red are more enriched in the control group, and the bottom ones colored in green are more enriched in the AF group. The upper panel is data from the left atrium, and the lower panel is data from the right atrium. d, Scatter plots present the count and strength of incoming and outgoing ligand-receptor interaction for each cell type in different groups. e, Inferred outgoing and incoming ligand-receptor paired signals of each subcluster for all groups. Color represents the relative strength of signals.
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