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Supplementary Figure 1. scRNA-seq and ATAC-seq summary statistics (related to Fig. 1 

and 3). a, Number of cells per metacell cluster. distribution of UMIs/cell in each metacell, and 

total number of UMIs per metacell. b, Fraction of reads in each ATAC-seq sample (and the 

pooled dataset) that are duplicated, nucleosome-free (NFR), or mapping in peaks. c, Inter-

sample similarity for the ATAC-seq replicates, measured using the Pearson correlation 

coefficient of binned raw counts in the nucleosome-free fraction (bin size = 10 kbp). d, Insert 

size distribution of the pool of ATAC-seq replicates. The dotted line indicates the threshold to 

define the nucleosome-free fraction (120 bp). e, Enrichment of ATAC-seq signal around 

transcription start sites (TSS), calculated using binned normalised coverage (bin size = 50 bp). 

f, Fraction of ATAC-seq peaks overlapping various features in the genome. g, Cumulative 

distribution of the normalised ATAC-seq signal at the TSS of genes, sorted in five equally-

sized bins according to their expression levels (low to high, measured in UMI counts). Highly 

expressed genes in our scRNA-seq data exhibit stronger bulk ATAC-seq signals. h, Distribution 

of number of ATAC-seq peaks detected per gene, in global (left) and for specific subsets of 

gene families (TFs, signalling-related genes, and neural-related genes; right). 
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Supplementary Figure 2. In situ hybridization of genes showing an enriched expression in 

some metacells and/or for which expression was not previously described. a, in situ 

hybridization experiments in N3 stage embryos. Dorsal views with anterior to the left (top) and 

side views with anterior to the left and dorsal to the top  are shown for each gene. Schemes of 

embryo showing in blue the region in which each series of genes is expressed is presented on 

the left. Below each in situ hybridization picture, transcriptomic expression of the marker is 

shown as density maps representing UMI counts (per 10,000 UMIs) in each cell, using the same 

two-dimensional metacell arrangement as in Fig. 1. b, Expression profile of additional lineage 

markers for endoderm, mesoderm, notochord, neural and epidermis, taken from1. c, Validation 

of the cell clusters described in our B. lanceolatum dataset by identification of matching cell 

clusters in three neurula stages (N0, N1, and N3) in another amphioxus species, B. floridae. For 

each B. lanceolatum cell type, we report the TF usage overlap (as Jaccard index) with the top-

ranking metacell in each B. floridae stage. The sets of cluster-specific TFs in each species were 

selected based on fold-change overexpression (FC ≥ 1.5), and p-values on the Jaccard index 

values calculated using the Measure Concentration Algorithm. 
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Supplementary Figure 3. Cross-species comparison of B. lanceolatum (columns) with a Mus 

musculus developmental timecourse (rows, E7.0 to E8.5). Cell type similarity was measured 

using SAMap scores based on all available pairwise markers (see Methods). Cell types are 

colour-coded by cell type or developmental layer (endoderm, mesoderm/muscle, 

neuroectoderm, ectoderm, and other), and, in the case of the multi-stage chordate datasets, by 

developmental time-point (colour intensity, legend to the side of each plot) 
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Supplementary Figure 4. Transcription factor expression and motif activity (related to 

Fig. 1 and Fig. 3). a, Normalized fold change expression of top variable TFs (rows) per 

metacell (columns, grouped by cell type). For each metacell, we selected TFs with a minimum 

fold change ≥ 2 and a total of 10 UMIs across all cells. Gene names in bold indicate that the 

gene is mentioned in the manuscript. b, Enrichment fold change of top variable TF binding 

motifs (rows) per cell type (columns). For each cell type, we selected up to 60 motifs with a 

minimum fold change ≥ 1.2 and enrichment BH-adjusted p-value < 0.05. Motifs are color-

coded based on their sequence similarity to motifs of known TF structural classes (see 

Methods): light gray indicates de novo motifs without similar motifs in known databases, 

whereas dark gray and other colors indicate motifs that can be mapped to one or more 

previously described TF binding motifs. Motifs in bold are mentioned in the manuscript. 
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Supplementary Figure 5. Gene expression distribution on 2D projected cells for neural 

gene markers. a, Schematics of inferred neural metacell locations over an amphioxus neurula-

stage embryo, dorsal with anterior to the left. Metacell annotations (right) are based on the 

expression of specific markers (panels b and c). b, ISH of selected neural markers. c, 

Normalized fold change expression of selected markers in the neural reclustering. Markers are 

arranged vertically according to similar expression profiles (e.g. the first column includes all 

markers linked to the presumptive cerebral vesicle), and metacells are highlighted accordingly. 

Markers were selected from the literature and from ISH analysis of newly discovered genes 

overexpressed in specific metacells in our dataset. 
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Supplementary Figure 6. Gene expression distribution on 2D projected cells for 

endodermal gene markers (related to Fig. 4). a, Schematics of inferred endodermal metacell 

locations over an amphioxus neurula-stage embryo, side view with anterior to the left and dorsal 

to the top. Metacell annotations (right) are based on the expression of specific markers (panel 

b). b, Normalized fold change expression of selected markers in the endodermal reclustering. 

Markers are arranged vertically according to similar expression profiles, and specific metacells 

are highlighted accordingly. 
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Supplementary Figure 7. Gene expression distribution on 2D projected cells for somitic 

gene markers (related to Fig. 5). a, Schematics of inferred somite metacell locations over an 

amphioxus neurula-stage embryo, side view with anterior side to the left and dorsal to the top. 

Metacell annotations (right) are based on the expression of specific markers (panel b). b, 

Normalized fold change expression of selected markers in the somitic reclustering. Markers are 

arranged vertically according to similar expression profiles, and specific metacells are 

highlighted accordingly.  
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Supplementary Figure 8. Analysis of the activity of putative regulatory regions of 

amphioxus genes in zebrafish. a, Identification of putative enhancers of Gata1/2/3 in 

amphioxus, based on the examination of bulk ATAC-seq experiments (at 15 hpf, 21 hpf, and 

36 hpf, measured in bins per million mapped reads, or BPM). ATAC-seq peaks at 21 hpf are 

showed in dark grey. Candidate enhancer regions are shown in purple. Mapped TF motifs are 

shown in red. The right panel to the right shows a zoom-in of the enhancer region cloned in the 

reporter construct in panel b (grey-shaded region), highlighting some of its unique TF motifs 

(top, p-values reflect significance of enrichment of the motif in that genomic window; see 

Methods and Supplementary Data 2 for the complete list) and the TF binding signatures for 

each ATAC-seq library (expressed as TOBIAS-corrected ATAC cut sites, where negative values 

indicate regions that are putatively bound by a protein). b, GFP signal in F1 transgenic zebrafish 

embryos for the Gata1/2/3 construct. Subpanels I to III show the lateral view (anterior to the 

left) of 24 hpf or 48 hpf embryos showing green fluorescence in the pharyngeal mesoderm 

(arrows). Subpanel IV shows a dorsal view of the same 48 hpf individual from panel III with 

green fluorescence in the fin buds (arrowheads). The fluorescence observed in the midbrain 

corresponds to the positive control included into the reporter constructs and is indicated by a 

white asterisk. c, Same as panel a, indicating putative enhancers of Tbx1/10 in amphioxus (left) 

and the unique motifs and TF binding signatures of the reporter enhancer (right). d, Same as 

panel b, showing green fluorescence in the pharyngeal mesoderm from lateral viewpoints 

(arrows, subpanels I to III) and fin buds from a dorsal viewpoint (arrowheads, subpanel IV), at 

different developmental stages (24 and 48 hpf). e, Same as panels a and c, indicating putative 

enhancers of Pitx (left) and the unique motifs and TF binding signatures of the reporter enhancer 

(right). f, Same as panels b and d, showing green fluorescence in the hatching gland cells from 

lateral (arrows, subpanels I to III) and ventral (IV) viewpoints, at different developmental stages 

(24 and 48 hpf). 
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Supplementary Figure 9. Co-expression of GFP and Prrx1a in transgenic zebrafish 

embryos. HCR in situ hybridization in embryos at 24 hpf and/or 48 hpf of the transgenic lines 

with the reporter constructs for Gata1/2/3 (a) and Tbx1/10 (b). Lateral views with anterior to 

the right and dorsal to the top are shown, as well as dorsal views with anterior to the left. For 

the Gata1/2/3 construction transgenics (a), coexpression of Prrx1a and GFP is shown at 24 hpf 

in part of the head mesenchyme (arrows) and at 48 hpf in the finbuds (arrows). For the Tbx1/10 

construction transgenics (b), coexpression was observed at 48 hpf in part of the head 

mesenchyme (arrows in side view) and in the finbuds (arrows in dorsal view). 
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Supplementary Note: 

Description of the neural sub-clustering data 

Neural plate cells could be clustered into 22 metacells (Supplementary Fig. 5). Among 

these, we recognized three metacells corresponding to the presumptive cerebral vesicle (4, 12, 

and 22). Metacells 4 and 22 coexpress Arpd2, Fezf, Fgfrl, Fgf8/17/18, and Otx2-5 

(Supplementary Fig. 5) together with Celf3/4/5/66 (Supplementary Fig. 5a, b) and Ctfp1 (Fig. 

1e, Supplementary Fig. 5) and correspond to the anterior archencephalon, a region previously 

named Hypothalamo-prethalamic primordium in2 with metacell 4 overexpressing Six3/62 

(Supplementary Fig. 5) and hence representing its rostral part. On the other hand, metacell 12 

shows expression of Otx and Pax4/6, a combination typical of the Di-Mesencephalic 

primordium2 (Supplementary Fig. 5). Metacells 20 and 21 co-express the posterior gene 

markers Cdx, Nanos, Otp, Vasa and Wnt12,7-9 (Supplementary Fig. 5), together with Bolla and 

Zf-Ring Protein described here (Supplementary Fig. 2a, Supplementary Figure 5), suggesting 

that these metacells represent the posterior-most neural plate. In addition to expressing posterior 

markers, metacell 9 also expresses Netrin that marks the floorplate10 (Supplementary Fig. 5). 

According to the expression of the floor plate marker genes Chordin, Foxaa, Goosecoid, Netrin, 

Nkx2.1 and Nkx62,10-16 (Supplementary Fig. 5), metacells 8 and 14 could be assigned to this 

structure, with metacell 8 additionally expressing the posterior genes Cdx and Hox32,7,17 

(Supplementary Fig. 5). The expression of Msx, Pax3/7 and Snail2,18-20 in metacells 11 and 13 

indicate they belong to the neural plate border with metacell 13 expressing the anterior marker 

Gremlin21, and metacell 11 expressing the posterior gene Hox32,17 (Supplementary Fig. 5a). We 

could also recognize metacells 2, 7 and 10 as segmentally arranged neurons co-expressing 

Islet22 (Supplementary Fig. 5) and Nhlh1/2 (Supplementary Fig. 5a,b), with metacell 10 

corresponding to a specific pair of neurons characterized by Celf3/4/5/6 and Igfbp expression 

(Supplementary Fig. 5a,b). All the other metacells show few specific markers and could 

represent differentiating cells. These cells express different combinations of the known neural 

genes Elav23 and Neurogenin24, together with Hey-related (Supplementary Fig. 5b), Prox 

(Supplementary Fig. 2, 5) and Tcf15-like genes (Fig. 1e, Supplementary Fig. 5). 
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