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[bookmark: OLE_LINK32][bookmark: OLE_LINK13][bookmark: OLE_LINK33]Single-cell RNA sequencing (scRNA-seq) and single-cell ATAC sequencing (scATAC-seq) provide complementary views of cellular identity, yet integrating them across modalities and annotating cell types at scale remain challenging. Here we present scDeepLink, a deep-learning framework that couples a variational autoencoder for modality-specific embedding with a contrastive alignment module for cross-modal integration and a graph-based classifier for automated annotation. We benchmarked scDeepLink against five existing methods on eight public datasets spanning human and mouse tissues, including matched and unpaired scRNA-seq and scATAC-seq profiles. scDeepLink achieved a mean silhouette score of 0.72 for cross-modal integration and an annotation accuracy of 91.3% on held-out cell types, outperforming the strongest baseline by 6.8 percentage points. Ablation experiments showed that both the contrastive alignment and the graph-based classifier contributed independently to performance. Applied to a newly generated human bone marrow dataset of 48,000 cells, scDeepLink resolved rare progenitor populations—including two clusters comprising 1.2% and 0.7% of cells—that were not recovered by unsupervised clustering alone. 
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[bookmark: OLE_LINK16]1. Introduction (Subheading level 1: bold, 12 pt, numbered “1”)
The rapid accumulation of single-cell profiling data has transformed the characterization of cellular heterogeneity, yet the field now faces a data-integration problem that is as much computational as it is biological [1,2]. Single-cell RNA sequencing (scRNA-seq) captures transcriptional states with high sensitivity, whereas single-cell ATAC sequencing (scATAC-seq) reveals chromatin accessibility and regulatory potential; neither modality alone provides a complete picture of cell identity. Integrating these modalities is complicated by differences in feature space, sparsity, batch effects, and the frequent absence of paired measurements—i.e., measurements of the same cell in both modalities. Existing approaches range from label transfer between modalities to deep generative models and graph-based alignment methods, but systematic comparison across modalities, tissues, and paired versus unpaired settings remains limited. Moreover, most integration methods stop at producing a joint embedding, leaving cell-type annotation as a separate and often manual step [3–5]. Here we ask whether a single framework can jointly optimize cross-modal alignment and annotation transfer, and whether explicit contrastive alignment improves performance over methods that rely on shared latent spaces alone. To answer this, we developed scDeepLink and benchmarked it against five representative methods on eight public datasets under both matched and unpaired conditions. 
[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK35](First-line indent 1.5 characters. Spell out abbreviations at first mention in the main text even if defined in the abstract; use the full form only at first mention, then the abbreviation. Set Latin terms and phrases used as such (e.g., in vitro, in vivo, in situ, in silico, in operando, post mortem, ab initio, sic, idem, passim, et al.) in italics. Common Latin abbreviations (e.g., et al., etc., i.e., vs., viz.) are set in regular type. Use a comma after “i.e.”, “e.g.” and “viz.”. Insert a space between the preceding text and the citation. For two references, separate them with a comma and no space (e.g., [1,2]). For three or more references, connect the first and last with an en dash (e.g., [3–5]).
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[bookmark: OLE_LINK25][bookmark: OLE_LINK22]2. Results (Subheading level 1: bold, 12 pt)
(For Research Articles, present Results as the second section.)

2.1. Cross-modal integration performance 
(Subheading level 2: Italic, numbered “2.1.”; Subheading level 3 (if any): Italic, numbered “2.1.1”, “2.1.2”, etc.)
Across the eight benchmark datasets, scDeepLink produced joint embeddings with a mean silhouette score of 0.72 (range 0.64–0.81), compared with 0.65 for the strongest baseline (Fig. 1(a)). Annotation accuracy on held-out cell types was 91.3% ± 2.1%, exceeding the best baseline by 6.8 percentage points (Fig. 1(b)). Performance gains were consistent in both matched and unpaired settings, although the margin was smaller for unpaired datasets (4.1 percentage points) than for matched ones (8.9 percentage points). Ablation experiments showed that removing the contrastive alignment module reduced the silhouette score to 0.61 and annotation accuracy to 84.7%, whereas removing the graph-based classifier reduced annotation accuracy to 86.2% without substantially affecting integration quality (Fig. 2(a)). When applied to the newly generated bone marrow dataset (48,000 cells after quality filtering), scDeepLink identified 14 clusters, including two rare progenitor populations comprising 1.2% and 0.7% of cells, which were not resolved by Leiden clustering on the RNA modality alone (Fig. 2(b)). Marker gene analysis confirmed that these populations expressed HLF and AVP, consistent with hematopoietic stem and progenitor identity.
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Symbols and Unicode encoding. Authors should use the correct Unicode characters for punctuation and mathematical symbols, and should not substitute visually similar characters for one another. The hyphen (-, U+002D) is the character produced by the keyboard hyphen key and is used for compound words and line breaks; the en dash (–, U+2013) denotes ranges such as 51–9 and must not be used as a minus sign, while the em dash (—, U+2014) marks parenthetical or emphatic breaks. For negative values and arithmetic operations, authors should use the true minus sign (−, U+2212), which is distinct from both the hyphen and the en dash. Other mathematical symbols should likewise be entered as their proper Unicode characters: plus-minus (±, U+00B1), multiplication sign (×, U+00D7), division sign (÷, U+00F7), almost equal to (≈, U+2248), less-than or equal to (≤, U+2264), and greater-than or equal to (≥, U+2265). In Microsoft Word, these characters can be inserted by typing the four-digit code (for example, 2212 or 00B1) followed immediately by Alt+X.
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For human genes, the gene symbol is italicized, and all letters are uppercase (e.g., TP53). The corresponding protein symbol is set in regular type and all uppercase (e.g., TP53). Full gene names are not italicized (e.g., tumor protein p53).
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[bookmark: OLE_LINK26]3. Discussion (Subheading level 1: bold, 12 pt)
This study examined whether explicit cross-modal alignment combined with graph-based annotation improves integration quality and annotation transfer relative to methods that rely on shared latent representations alone. Across eight benchmark datasets, scDeepLink achieved a mean silhouette score of 0.72 and an annotation accuracy of 91.3% on held-out cell types, exceeding the strongest baseline by 6.8 percentage points. The advantage was consistent in both matched and unpaired settings, although the margin was smaller for unpaired datasets (4.1 percentage points) than for matched ones (8.9 percentage points). Ablation experiments showed that the contrastive alignment module primarily drove embedding alignment, whereas the graph-based classifier mainly affected label transfer. Applied to a newly generated human bone marrow dataset, scDeepLink resolved two rare progenitor populations that were not recovered by unsupervised clustering on the RNA modality alone.

4. Materials and methods 
4.1. Dataset collection and library preparation 
[bookmark: OLE_LINK38][bookmark: OLE_LINK37][bookmark: OLE_LINK39]All datasets, model configurations, and experimental procedures are described below. Public scRNA-seq and scATAC-seq datasets were obtained from the 10x Genomics public datasets portal (https://www.10xgenomics.com/datasets) and from the Gene Expression Omnibus (GEO) under accession numbers GSE194122, GSE162616, and GSE201333. Newly generated human bone marrow samples were processed using the Chromium Next GEM Single Cell 3′ Kit v3.1 (10x Genomics, Pleasanton, CA, USA; Catalog No. 1000268) for scRNA-seq and the Chromium Next GEM Single Cell ATAC Kit v2 (10x Genomics; Catalog No. 1000176) for scATAC-seq, following the manufacturer’s protocols. Library quality was assessed with the Agilent High Sensitivity DNA Kit (Agilent Technologies, Santa Clara, CA, USA; Catalog No. 5067-4626) on a 2100 Bioanalyzer (Agilent Technologies). Sequencing was performed on an Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA) with 150 bp paired-end reads. scRNA-seq reads were aligned with Cell Ranger v7.1 (10x Genomics) against GRCh38-2020-A, and scATAC-seq reads were processed with ArchR v1.0.2 using the hg38 reference. Model training used PyTorch v2.2 (https://pytorch.org) on four NVIDIA A100 GPUs (NVIDIA, Santa Clara, CA, USA). Benchmarking followed a fixed train/validation/test split with five random seeds per dataset. Hyperparameter search, ablation configurations, and evaluation metrics are detailed in the Supplementary materials.
For cell lysis and library preparation, samples were resuspended in 50 μL of phosphate-buffered saline (PBS), and nuclei were isolated in 500 μL of lysis buffer containing 10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl₂, and 0.1% Tween-20. The final reaction volume was adjusted to 1.5 mL with nuclease-free water, and 15 mL of wash buffer was used for each batch to remove residual enzyme. Cell viability was confirmed to exceed 90% before loading onto the Chromium controller, and approximately 10,000 cells were targeted per channel. All reagent volumes below 1 mL were dispensed with low-retention pipette tips to minimize loss, and enzymatic reactions were terminated by adding 100 μL of stop solution.
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Figure legend

[bookmark: OLE_LINK7][bookmark: OLE_LINK14][bookmark: OLE_LINK9]Fig. 1.  Cross-modal integration and annotation performance of scDeepLink across benchmark datasets. (“Fig.1.” is bold; the title is in regular type.)
[bookmark: OLE_LINK12](a) Uniform manifold approximation and projection (UMAP) visualization of the joint embedding produced by scDeepLink on a representative matched single-cell RNA sequencing (scRNA-seq)/single-cell ATAC sequencing (scATAC-seq) dataset. Cells are colored by annotated cell type (n = 12,480 cells). (b) Silhouette scores for scDeepLink and five baseline methods across eight benchmark datasets. Bars show means; error bars indicate standard deviation (s.d.) (n = 8 datasets per method). (c) Annotation accuracy on held-out cell types. Open circles represent individual datasets; horizontal lines indicate means. (d) UMAP visualization of the newly generated human bone marrow dataset (n = 48,000 cells after quality filtering), with two rare progenitor populations highlighted (populations 1 and 2, comprising 1.2% and 0.7% of cells, respectively). (e) Expression of marker genes HLF and AVP in the two rare progenitor populations identified in (d). Box plots show median (center line), interquartile range (IQR; box), and 1.5× IQR (whiskers); n = 576 cells (population 1) and 336 cells (population 2). Two-sided Wilcoxon rank-sum test: P = 2.1 × 10⁻⁸ for HLF and P = 4.7 × 10⁻⁷ for AVP.
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Tables

Table 1 
Cross-modal integration and annotation performance of scDeepLink and baseline methods on eight benchmark datasets.

	Method
	Sil. score (mean ± s.d.)
	ΔSil. score vs. A
	Log₂ FC in acc.
	Training time (h)
	Parameter count
	P value vs. scDeepLink

	scDeepLink
	0.72 ± 0.05
	0.07
	0.11
	6.4
	2.4 × 10⁷
	—

	Baseline A
	0.65 ± 0.07
	0
	0
	4.1
	1.8 × 10⁷
	0.003

	Baseline B
	0.61 ± 0.06
	−0.04
	−0.03
	3.8
	1.2 × 10⁷
	<0.001

	Baseline C
	0.58 ± 0.08
	−0.07
	−0.11
	5.2
	3.1 × 10⁷
	<0.001

	Baseline D
	0.54 ± 0.09
	−0.11
	−0.15
	2.9
	9.6 × 10⁶
	<0.001

	Baseline E
	0.49 ± 0.10
	−0.16
	−0.22
	3.3
	8.4 × 10⁶
	<0.001


Note: Sil., silhouette; Δ, change; log₂ FC, log₂ fold change; s.d., standard deviation; h, hour. Change in silhouette score is calculated relative to Baseline A. P values were calculated by two-sided paired t-test against scDeepLink. 
(Tables may be placed directly after the main text. If a table is too long, provide each table in a separate Word or Excel file and list only the table titles here. Avoid overly long tables; lengthy information should be placed in Supplementary tables. Use three-line tables with rules only at the top, below the header, and at the bottom. Set table content flush left. Capitalize the first letter of each column heading, and do not bold the headings. Note that abbreviations must be spelled out in full in the table footnote at first mention, even if they have already been defined in the main text or figure legends; each table is treated as an independent unit. Negative values are indicated with a mathematical minus sign (−, U+2212), not a hyphen or en dash. Parameter counts are given in scientific notation (e.g., 2.4 × 10⁷). The em dash (—) indicates the reference method, for which no comparison is applicable. Use spaces around mathematical operators, but no space after a minus sign or after symbols such as “<” and “>” when they modify a value.)
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Mock figure example: (generated with Python for illustration only)
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