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Extended Data Figure 1 
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Extended Data Fig. 1. Zebrafish cell landscape was constructed using Microwell-seq. 3 

(a-b) t-SNE visualization of 635,228 single cells from whole bodies across three 4 

stages of zebrafish, colored by stage (a) and cell lineage (b). (c) Heatmap showing the 5 
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scaled expression levels of Drosophila cell type-specific marker genes (left), and gene 6 

expression levels of representative cell type-specific markers for each cell type 7 

overlaid on t-SNE plots (right). (d) Heatmap showing the correspondence between 8 

zebrafish cell landscape in this study (row) and tissue-wide zebrafish dataset from 9 

Jiang et al., 2021 (column). Blue refers to a mean AUROC greater than 0.9. (e-f) 10 

t-SNE showing 24 subclusters from zebrafish C1 (neuron) (e), and violin plot 11 

showing the expression levels of representative markers for each subcluster (f). 12 
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 14 

Extended Data Fig. 2. Drosophila cell landscape was constructed using 15 

Microwell-seq. (a-b) t-SNE visualization of 276,706 single cells from whole bodies 16 

across two stages of Drosophila, colored by stage (a) and cell lineage (b). (c) 17 

Heatmap showing the scaled expression levels of Drosophila cell type-specific 18 



 4 

marker genes (left), and gene expression levels of representative cell type-specific 19 

markers for each cluster overlaid on t-SNE plots (right). (d) Heatmap showing the 20 

correspondence between Drosophila cell landscape in this study (row) and 21 

tissue-wide fly cell atlas construed by Li et al., 2021 (column). Blue refers to a mean 22 

AUROC greater than 0.9. (e-f) t-SNE showing 21 subclusters from Drosophila C1 23 

(central nerve cell) (e), violin plot showing the expression levels of representative 24 

markers for each subcluster (f) 25 
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 27 

Extended Data Fig. 3. Earthworm cell landscape was constructed using 28 

Microwell-seq. (a) t-SNE visualization of 95,020 single cells from whole bodies of 29 

earthworm, colored by cell type (left) and cell lineage (right). (b) Heatmap showing 30 

the scaled expression levels of earthworm cell type-specific marker genes (left), and 31 
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gene expression levels of representative cell type-specific markers for each cluster 32 

overlaid on t-SNE plots (right). (c) The hierarchical clustering tree (right) showing the 33 

similarity (AUROC scores) among earthworm 62 cells, and the histogram plot (left) 34 

showing the subtypes of each cell type. The similarity refers to the AUROC score 35 

from MetaNeighbor analysis. (d-e) t-SNE showing 11 subclusters from earthworm 36 

C24 (neuron) (d), violin plot showing the expression levels of representative markers 37 

for each subcluster (e). 38 
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 40 

Extended Data Fig. 4. Characteristics of immune-related structure cells in zebrafish, 41 

Drosophila, earthworm. (a) Ridge plots showing the expression levels of known 42 

zebrafish epithelial markers and immune-related markers in zebrafish epithelial cells. 43 

(b) Ridge plots showing the expression levels of known Drosophila Malpighian 44 

tubule markers and immune-related markers in Drosophila Malpighian tubule cells 45 
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(C34 and C69). (c) Ridge plots showing the expression levels of four earthworm 46 

immune-related markers, such as evm.TU.Chr04.2499 and evm.TU.ctg2984.2 in 47 

earthworm coelomocytes (earthworm C0, C5, C6, C16, C19, C30, C32, C35, and 48 

C37). (d-e) t-SNE visualization of 11 subtypes of MT cells from Drosophila C34 and 49 

C69, and violin plot showing the expression levels of representative markers for each 50 

subtypes (e).  51 

 52 

 53 
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 54 

Extended Data Fig. 5. Reclustering analyses based on high-quality datasets. (a) 55 

t-SNE plot of 241,233 single cells sampled from the zebrafish cell landscape colored 56 

by 88 main cell types. (b) t-SNE plot of 77,337 single cells sampled from the 57 

Drosophila cell landscape colored by 59 main cell types. (c) t-SNE plot of 29,609 58 

single cells sampled from the Drosophila cell landscape colored by 30 main cell types. 59 

(d) t-SNE plot of 134,557 single cells sampled from the human cell landscape colored 60 
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by 97 main cell types. (e) t-SNE plot of 179,344 single cells sampled from the mouse 61 

cell atlas colored by 98 main cell types. (f) Gene number comparison between before 62 

and after MAGIC analyses for humans, mice, zebrafish, Ciona, Drosophila, 63 

earthworm, C. elegans, and planarians. (g) The correlation of UMI counts between 64 

before and after MAGIC analyses for humans, mice, zebrafish, Ciona, Drosophila, 65 

earthworm, C. elegans, and planarians. 66 

  67 
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 68 

Extended Data Fig. 6. Cross-species analysis of eight species. (a) Sankey diagrams 69 

showing homologous cell-type pairs between human and mouse obtained from 70 

SAMap analyses based on different datasets. (b) The Venn diagram showing the 71 

number of overlapping homologous cell-type pairs obtained from SAMap analyses 72 

based on different datasets. (c-e) The information of homologous cell types among 73 

human, mouse, zebrafish, Ciona, Drosophila, earthworm, C. elegans, and planarian, 74 

including number of homologous cell-type pairs (c), aligned score (d), and number of 75 

enriched gene pairs (e). (f) The Sankey plot showing the homologous cell types 76 
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among vertebrates (human, mouse, and zebrafish), colored by cell lineage. (g) The 77 

Sankey plot shows the homologous cell types between Drosophila and vertebrates 78 

(left), and between Drosophila and other invertebrates (right), Colour presents cell 79 

lineage. Vertebrates includes human (hu), mouse (mo), and zebrafish (ze), and 80 

invertebrates includes Ciona (ci), Drosophila (dm), earthworm (ea), C. elegans (ce), 81 

and planarian (sm). (h) Function enrichment analyses of homologous genes between 82 

Drosophila and human in muscle (up) and neuron (bottom).  83 

  84 



 13 

 85 

Extended Data Fig. 7. Screening conserved regulators underline cell lineages. (a) 86 

The bar chart showing the percentage of cell lineage-specific TFs in humans, mice, 87 

zebrafish, Ciona, Drosophila, earthworm, C. elegans, and planarians across different 88 

conservative levels based on homologous genes (left) obtained from SAMap and 89 

1-to-1 orthologous genes (right). The group number refers to the conservative level. 90 
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TFs were divided into eight different conservative levels (Level 1-8) based on the 91 

conversion of homologous TFs among eight species. Level 1 means that TFs have no 92 

homologous genes in other species, and Level 8 means that TFs have homologous 93 

genes in all other seven species. (b) The bar chart showing the conserved 94 

neuron-related TFs between human and other species. The blue bar refers to the 95 

number of homologous TF pairs between human and other species, the yellow bar 96 

refers to the number of human neuron-related TFs involved in homologous gene pairs, 97 

and the grey bar refers to the number of other species neuron-related TFs involved in 98 

homologous gene pairs. (c) Conserved neuron-related regulators across eight species 99 

showing a comprehensive homologous link from lower to higher organisms. (d) 100 

Sankey diagram showing homologous relationships among vertebrates’ 101 

immune-related TFs. (e) Sankey diagram showing homologous relationships of 102 

immune-related TFs between Drosophila and human. 103 

  104 
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 105 

Extended Data Fig. 8. The performance of model training for eight species. (a) The 106 

AUROC values of major cell lineage for humans, mice, zebrafish, Ciona, Drosophila, 107 

earthworm, C. elegans, and planarians. (b) Boxplot of AUPR values for eight species.  108 

  109 
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 110 

Extended Data Fig. 9. Benchmark of prediction performance. (a) The AUROC 111 

values of Nvwa, Basset, DeepSEA, Beluga, Basenji, SVM, random labels and random 112 

features on human and Drosophila specific datasets. (b) The AUROC of multiple 113 

genome training for zebrafish and C. elegans. (c) The heatmaps showing the 114 

correlation between observed and Nvwa-predicted cell type-specific transcription for 115 

eight species.   116 
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 117 

Extended Data Fig. 10. The cell relationship of model predictions for eight species. 118 

t-SNE visualizing the predicted cell expression landscape on the held-out genes for 119 

eight species. The adjusted mutual information (AMI) scores refer to the similarity 120 

between the observed and Nvwa-predicted cell clusters using the Louvain algorithm. 121 
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 123 

Extended Data Fig. 11. Comparison between predicted genome-wide transcriptional 124 

signals, and experimentally defined functional genomics signals at the pseudobulk 125 

level. (a) Spearman correlation between Nvwa predictions and functional genomic 126 

observation on mouse and human neuron-related cell types. (b) Genomic annotation 127 

of Nvwa predicted regulatory peak regions in mouse and human.  128 

  129 
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 130 

Extended Data Fig. 12. The signal tracks of predicted genome-wide transcriptional 131 

signals and experimentally defined functional genomic signals. (a) Visualization of 132 

the predicted genome-wide transcriptional signals and experimentally functional 133 

genomics data at mouse held-out chr8:78,200,000-81,060,000 region in macrophages. 134 

(b) Visualization of the predicted genome-wide transcriptional signals and 135 

experimentally functional genomics data at human held-out 136 

chr8:26,000,000-29,000,000 region in neuronal cells. (c) Visualization of the 137 

predicted genome-wide transcriptional signals and experimentally functional 138 
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genomics data at human held-out chr8:115,100,000-121,900,000 region in 139 

macrophages. ENCODE, scATAC and Nvwa predictions are indicated in the side 140 

panel. ENCODE verified cCRE and 5S rRNA region are highlighted.  141 
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Extended Data Fig. 13. Overview of cis-regulatory elements recognized by Nvwa. (a) 143 

Mean saliency scores show transcriptional start site and important information-rich 144 

region recognized by Nvwa. (b) Comparison of the first-layer convolution filters 145 

derived from feature map-based approaches and gradient-based TF-MoDISco on 146 

Drosophila specific model. (c) Examples of known TFBS compared with the PWMs 147 

of Nvwa first-layer in humans, mice, zebrafish, Ciona, Drosophila, C. elegans, and 148 

planarians. (d) Volcano plot of Nvwa first-layer filters for humans, mice, zebrafish, 149 

Ciona, Drosophila, earthworm, C. elegans, and planarians. The x-axis represents the 150 

information contents (IC) of a Filter, the y-axis represents the overall influence on of 151 

a Filter, Filters with high influence are tagged as up, and Filters with low influence 152 

are tagged as down. Those reductant Filters are tagged as triangle and non-reductant 153 

Filters are tagged as dots, the size of elements represents the reproducibility in each 154 

independent cross validation run.   155 
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 156 

Extended Data Fig. 14. Cell type-specific cis-regulatory elements and corresponding 157 

TFs highlighted by Nvwa. Heatmaps showing the positive cell type-specific influence 158 

scores of Filters in human, zebrafish, Ciona, earthworm, C. elegans, and planarians. 159 

Each row represents one Filter, and each column represents one cell. The 160 

representative Filters in each cell lineage are presented in the right panel, and the 161 

corresponding TFs are presented in the left panel. 162 
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 164 

Extended Data Fig. 15. Cooperative syntax of Nvwa first-layer filter pairs. Heatmaps 165 

showing the positive cell type-specific influence scores of Filter interactions in human, 166 

zebrafish, Ciona, earthworm, C. elegans, and planarians. Each row represents a Filter 167 

pair, and each column represents one cell. The representative Filter pairs in each cell 168 

lineage are presented in the right panel, and the corresponding TF pairs are presented 169 

in the left panel.  170 
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 172 

Extended Data Fig. 16. Syntax patterns of cooperative Filter interactions. (a) 173 

Workflow of cooperative Filters identification. (b) Four syntax patterns of 174 

cooperative Filter interactions in our study, including positive influence enhances, 175 

negative influence enhances, influence offset, and negative influence offset at 176 

single-cell level. (c-d) Circos plot showing the conservation of cell types, TFs, and 177 

Filters in neuronal cell lineage (c) and muscle cell lineage (d) across species. Paired cell 178 

types with average AUROC scores greater than 0.9 are connected by lines. The number 179 

of homologous cell-type pairs. 180 

  181 
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Captions for Supplementary Tables (Tables are in separate excel files). 182 

Supplementary Table 1. The sequencing information in this study, including 183 

indexed bead sequences and oligonucleotide sequences used in beads synthesis, 184 

oligonucleotide sequences used in library construction, and statistics of average UMI 185 

and average gene. Markers and annotation for 105 main cell types defined by 186 

zebrafish data, 87 main cell types defined by Drosophila data, and 62 main cell types 187 

defined by earthworm data. Markers for 24 subclusters of zebrafish C1_neuron, 188 

markers for 20 subclusters of Drosophila C1_central nerve cell, and Markers for 11 189 

subclusters of earthworm C24_neuron. Markers for 17 subclusters of Drosophila MT 190 

cells from Drosophila C34 and C69. 191 

Supplementary Table 2. Differentially expressed genes detected from high-quality 192 

datasets, including 88 zebrafish cell types, 59 Drosophila cell types, 30 earthworm 193 

cell types, 98 mouse cell types, and 97 human cell types. Information about the total 194 

480 cell types, homologous genes used in this study, and the results of SAMap 195 

analyses are also provided. 196 

Supplementary Table 3. Cell lineage-specific TFs across eight species, and 197 

vertebrates’ neuron- and immune-conserved TFs, and Drosophila immune-conserved 198 

TFs. 199 

Supplementary Table 4. Information of Filters identified by NvWA across eight 200 

species. “Consensus” indicates the motif consensus, “Frequency” and “IC” indicates 201 

the occurrence frequency and information contents of each Filter, “Redundant” 202 

indicates whether the Filter is redundant, “Influence” indicates the average influence 203 
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across all single cells, “Annotation_CisBP”  indicates whether the Filter could be 204 

annotated in Cis-BP Database under q-value of 0.1, “Reproduciblity_Count” and 205 

“Reproduciblity_Run” indicates the reproducibility number of Filters and cross 206 

validation runs. The collection of annotated TFs was provided in “TFs” column. 207 

Supplementary Table 5. Cell lineage-specific Filters and cooperative Filters across 208 

eight species. “Species” and “Cluster” indicate the species and cell lineage. “Motif” 209 

and “Influe” indicate the Filter ID and influence. For cooperative Filters, those Filter 210 

pairs with influence above 0.5 are provided. 211 

Supplementary Table 6. Homologous Filters were identified by TomTom across 212 

eight species. “Filter_Species1” and “Filter_Species2” indicate the homologous filter 213 

pairs from two species. “q-value” indicates q-value values calculated using TomTom. 214 
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