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Supplementary Note 1 

 

Nuclei from each E8.5 somite-staged embryo were deposited to individual wells (8 wells per embryo) for 

sci-RNA-seq3, such that the first index identified the originating embryo of any given cell, and then 

processed in a single experiment. This contrasts with the study of Pijuan-Sala and colleagues1, in which 

multiple E8.5 embryos were pooled prior to profiling. The optimized sci-RNA-seq3 method2 markedly 

improved data quality, with 9-fold higher UMIs and 6-fold higher gene detection per nucleus, relative to 

the original protocol3 (Supplementary Fig. 1a). Even after deeper sequencing of the original libraries 

from that study3 to a similar duplication rate, the improvement remained substantial (4-fold higher for UMI 

counts per nucleus; Supplementary Fig. 1a). 

 

 
 

Supplementary Note 2 

 

For each pair of adjacent stages, we performed anchor-based batch correction followed by projecting 

cells into a shared embedding space4. After co-embedding, we applied a k-nearest neighbor (k-NN) 

based heuristic to connect cell states between adjacent stages. Briefly, for each cell state at the later 

timepoint, we identified the 5 closest cells from the antecedent timepoint in the co-embedding. 

Bootstrapping to obtain a robust estimate (500 iterations with 80% subsampling), we then calculated the 

median proportion of such neighbors derived from each potential antecedent cell state, and treated this 

as the weight of the corresponding edge. 

 

 
 

Supplementary Note 3 

 

Of note, we introduced 4 “dummy nodes”, corresponding to morula at E3.0 (as a root for trophectoderm 

and inner cell mass), trophectoderm at E3.5 and E4.5 (which had been removed at these timepoints by 

immunosurgery5) and parietal endoderm at E6.75 (undetected, likely due to undersampling). For 

technical reasons (see above), we also introduced an edge between primitive erythroid cells at E8.5a 

and E8.5b. 

 

 
 

Supplementary Note 4 
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An important limitation of our heuristic approach, made apparent by a few clear inaccuracies in the graph, 

is that true lineage relationships for a given cell state can be obscured by the presence of a highly similar 

cell state at the preceding timepoint. For example, E9.5 neuron progenitor cells are assigned as the 

pseudo-ancestor of multiple neuronal subtypes that appear at E10.5, but we do not observe these same 

relationships to recur at subsequent timepoints, although neuronal differentiation is surely ongoing. This 

is probably because at timepoints subsequent to E10.5, each derivative neuronal subtype is most similar 

to itself at the preceding timepoint, such that it fails to be linked back to the persisting neuron progenitors. 

This same phenomenon probably explains another error, wherein when definitive erythroid cells first 

appear at E10.5, they are linked to E9.5 blood progenitors (expected) but also to E9.5 primitive erythroid 

cells (unexpected). Another example involves motor neurons, which are most closely related to the 

hindbrain and spinal cord when E9.5 is looked at in isolation (expected), but to the forebrain/midbrain 

when integrating with E8.5 (unexpected). In this case, the error would likely require sampling at higher 

temporal resolution in order to correct. For a more exhaustive consideration of the ways in which 

trajectory-based inference can be misleading about cell lineage histories, see (Wagner and Klein 2020)6.  

 

Of note, at least some of the inaccuracies noted above are resolvable by focused analyses that leverage 

the distinction between nascent and spliced transcripts, i.e. RNA velocity7. For example, if we reanalyze 

these problematic subsets of TOME with scVelo8, the heterogeneity and ongoing contributions of neuron 

progenitors are more evident9 (Fig. 3a), and primitive and definitive hematopoiesis are much more clearly 

separated (Fig. 3b). To approach this more systematically, we calculated edge weights between cell 

states at adjacent timepoints with an alternative heuristic that was based on RNA velocity (Methods). 

We observed that out of 515 edges with weights > 0.2 that were nominated by the k-NN strategy, 392 

had velocity-based transition probabilities > 0.2 (76%) (Supplementary Fig. 10-11; Extended Data Fig. 

6; Supplementary Table 5). However, there were also 123 edges nominated by the k-NN strategy only, 

and 75 edges nominated by the RNA velocity strategy only (Extended Data Fig. 6c). Although we may 

assign greater confidence to edges nominated by both methods, edges supported by one method or the 

other may include both true and false positives. As an example of a likely true positive supported by RNA 

velocity only, the connection between embryonic visceral endoderm (E8.0) and gut (E8.25), fell short of 

the edge threshold by the k-NN strategy (weight 0.14) but was strongly supported by the RNA velocity 

strategy (weight 0.96). 

 

 
 

Supplementary Note 5 

 

We sought to infer continuous expression levels for individual genes over the course of each cellular 

trajectory, focusing on derivatives of the epiblast from E6.25 onwards. First, we leveraged the fact that 

individual embryos do not correspond precisely to their intended timepoints. Using pseudotime, we 

ordered the pseudobulk expression profiles of individual embryos, or pools of embryos comprising each 

sample, in the case of (Pijuan-Sala et al.)1. The resulting ordering, which is robust to downsampling, 

corresponds well with developmental age but may additionally distinguish earlier vs. later 

individuals/pools at each intended timepoint (Supplementary Fig. 12a-d).  

 

Next, for each epiblast-derived cell type that was detectable at E13.5, we calculated a smoothed 

expression profile along its inferred history, as illustrated in Supplementary Fig. 12e for selected genes 

in one cell type from each germ layer. Despite including the data source as a covariate, these inferred 
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trajectories remained modestly confounded by batch effects across E8.5a → E8.5b, i.e. the switch from 

cell-based 10X Genomics data to nucleus-based sci-RNA-seq3 data (Supplementary Fig. 13-14). 

Nonetheless, at least anecdotally, TFs with established roles in a given cell type were often upregulated 

in association with their first appearance (Supplementary Fig. 12e) 

.

 
 

Supplementary Note 6 

 

For zebrafish, we integrated data from two studies that used different technologies but together included 

15 developmental stages, beginning at the high stage (hpf 3.3) and ending at the early pharyngula stage 

(hpf 24), essentially spanning epiboly and segmentation (Fig. 6a; Supplementary Table 1)10,11. The 

resulting graph contains 221 nodes, each assigned one of 63 cell type annotations, and 257 edges with 

weights greater than 0.2 (Fig. 6b; http://tome.gs.washington.edu). Marker genes used to annotate cell 

types are provided in Supplementary Table 14, and all edge weights in Supplementary Table 15. We 

also nominated key upregulated and downregulated TFs using the same approach described for mouse 

development (Supplementary Tables 16-17).  

 

For frog, we re-analyzed one dataset spanning 10 developmental stages, from S8 and S2212, spanning 

gastrulation and neurulation (Fig. 6a; Supplementary Table 1). The resulting graph contains 192 nodes, 

each assigned one of 60 cell type annotations, and 221 edges with weights greater than 0.2 (Fig. 6c; 

http://tome.gs.washington.edu). Marker genes used to annotate cell types are provided in 

Supplementary Table 18, all edge weights in Supplementary Table 19, and candidate key TFs in 

Supplementary Tables 20-21.  

 

In our original attempt, treating cells of each state from each timepoint as a “pseudo-cell”, we integrated 

data from all three species with anchor-based batch correction4. Within the resulting UMAP co-

embedding of 825 pseudo-cells, we could identify 15 major groups — epiblast & germline, early 

gastrulation, neuroectoderm, surface ectoderm & epithelium, mesoderm, notochord & notoplate, 

endoderm & gut, retinal primordium, neural crest, brain & spinal cord, neurons, endothelium, myocytes 

& cardiomyocytes, white blood cells and erythroid cells — each containing cell states from all three 

species (Extended Data Fig. 9). However, within each such major group, the homology between specific 

cell types generally remained ambiguous.  

 

We therefore pivoted to two additional strategies, the results of which are presented in Fig. 7.  

 

1) ‘nnls’ strategy: Here we performed all possible pairwise comparisons between the transcriptomes of 

cell types of each pair of species, excluding extraembryonic lineages13. First, we performed cell type 

correlation analysis3, which uses a regression framework to ask, between each pair of species, which 

cell types are the best reciprocal best matches to one another (Extended Data Fig. 10a; Supplementary 

Table 22; Methods). We then manually reviewed the highest ranking cell type pairings for biological 

plausibility. For mouse vs. zebrafish, out of 5,133 pairings tested, 138 were highly ranked, of which we 

selected 44 as the most biologically plausible (Supplementary Table 23). Exclusion criteria included the 

cell types arising from different germ layers or major groups (as defined in Extended Data Fig. 9), arising 

at very different temporal stages, or if a cell type was exclusive to one species. In cases where multiple 

related matches were observed, we generally selected the match with the highest β score. Applying this 
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same approach to mouse vs. frog and zebrafish vs. frog, we identified 28 and 48 plausible cell type 

homologs pairings, respectively (Extended Data Fig. 10b; Supplementary Table 23).  

 

2) ‘key TF’ strategy: Here we focused on overlaps between the candidate key TFs associated with the 

emergence of each cell type in each species. For each possible interspecies pairing of cell types, we 

identified orthologous TFs that were nominated in both, and then adopted a permutation approach to 

identify instances in which an excess of orthologous candidate key TFs were shared between the cell 

types. For mouse vs. zebrafish, out of 5,046 pairings tested, 75 exhibited more sharing than >99% of 

permutations, of which we retained 25 as the most biologically plausible (Supplementary Table 24). 

Applying this same approach to mouse vs. frog and zebrafish vs. frog, we identified 18 and 10 plausible 

cell type homolog pairings, respectively (Extended Data Fig. 10c; Supplementary Table 24).  

 

Some candidate cell type homologs overlapped between the ‘nnls’ and ‘key TF’ strategies (Fig. 7a; 

Supplementary Table 25).  

 

 

 
 

 

Supplementary Figure Legend 

 

Supplementary Fig. 1 | Higher quality sci-RNA-seq3 data generated by either application of an 

optimized protocol (E8.5b) or deeper sequencing of previously reported libraries (E9.5 - E13.5). a, 

The cell number, median UMI count per cell, median genes detected per cell, and duplicate rate, are 

shown for a previously published dataset on E9.5 - E13.5 embryos (light blue bars)3, deeper sequencing 

and reanalysis of those same sequencing libraries (dark blue bars) or data newly generated on E8.5 

embryos using an optimized sci-RNA-seq3 protocol (green bars). The optimized protocol markedly 

outperforms the previous protocol in terms of the numbers of UMIs obtained and genes detected per cell, 

even after deeper sequencing of the Cao et al.3 libraries to a similar duplication rate. b, Histograms of 

log2(UMI count) per cell for the newly created E8.5 dataset (left) and more deeply sequenced Cao et al.3 

libraries (right). Upper and lower thresholds used for quality filtering, which correspond to the mean +/- 2 

standard deviations of log2-scaled values, after excluding cells with >85% of reads mapping to exonic 

regions (except for the lower bound of 800, which was manually assigned), are shown with dotted vertical 

lines. c, Histograms of the proportion of reads mapping to the exonic regions per cell for the newly created 

E8.5 dataset (left) and more deeply sequenced Cao et al.3 libraries (right). Cells with greater than 85% 

of reads mapping to exonic regions were excluded.  

 

Supplementary Fig. 2 | Anterior and posterior floor plate subpopulations emerging from 

forebrain/hindbrain and spinal cord, respectively. a, Subview of global 3D UMAP visualization 

highlighting anterior (red) and posterior (blue) floor plate subpopulations in E8.5 data generated with 

optimized sci-RNA-seq3 protocol. b, Re-embedded 2D UMAP of cells from anterior floor plate and 

posterior floor plate. c, The same UMAP as in panel b, colored by somite counts. d, The same UMAP as 

in panel b, colored by gene expression of marker genes which are shared by anterior and posterior floor 

plate subpopulations. e, The same UMAP as in panel b, colored by gene expression of marker genes 

which appear specific to anterior floor plate subpopulation. f, The same UMAP as in panel b, colored by 

gene expression of marker genes which are specific to posterior floor plate subpopulation. Gene 
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expression values shown in panel d-f were calculated by normalizing the UMI counts by the estimated 

size factors followed by log10-transformation.  

 

Supplementary Fig. 3 | Resolution of the first and second heart fields during early somitogenesis. 

a, Subview of global 3D UMAP visualization highlighting the first (red) and second (blue) heart fields in 

E8.5 data generated with optimized sci-RNA-seq3 protocol. b, Re-embedded 2D UMAP of cells from the 

first and second heart fields. c, The same UMAP as in panel b, colored by somite counts. d, The same 

2D UMAP as in panel b, colored by gene expression of marker genes which are shared by the first and 

second heart fields. The same genes are highlighted in the 3D subview of panel a are shown below. e, 

The same UMAP as in panel b, colored by gene expression of marker genes which are specific to the 

first heart field. The same genes are highlighted in the 3D subview of panel a are shown below. f, The 

same UMAP as in panel b, colored by gene expression of marker genes which are specific to the second 

heart field. The same genes are highlighted in the 3D subview of panel a are shown below. Gene 

expression values shown in panel d-f were calculated by normalizing the UMI counts by the estimated 

size factors followed by log10-transformation.  

 

Supplementary Fig. 4 | Three distinct subpopulations of neural crest cells (NCCs) may correspond 

to mesencephalic NCCs and pharyngeal arch (PA) contributions. a, Subview of global 3D UMAP 

visualization highlighting the three subpopulations of NCCs. b, Re-embedded 2D UMAP of cells 

annotated as forebrain, midbrain, presumptive cerebellum, r1 - r6 rhombomeres, spinal cord and neural 

crest, with highlighting of the three subpopulations of NCCs.  c, The same 2D UMAP as in panel b, 

colored by gene expression of marker genes which are shared by the three subpopulations of NCCs. d, 

The same UMAP as in panel b, colored by gene expression of Hox genes used for rough annotation of 

three subpopulations of NCCs. NC1 (which may correspond to mesencephalic and PA1 NCCs): Hox-; 

NC2 (which may correspond to PA2 NCCs): Hoxb1+, Hox2+, Hox3-; NC3 (which may correspond to PA3 

NCCs): Hox3+, Hox4-14. e, The same UMAP as in panel b, colored by gene expression of marker genes 

which are specific to NC1 (Cdh19, Cped1, Ebf2), NC2 (Ret), or NC3 (Lmx1a). Gene expression values 

shown in panel c-e were calculated by normalizing the UMI counts by the estimated size factors followed 

by log10-transformation.   

 

Supplementary Fig. 5 | Benchmarking of the robustness of cell type annotations (E4.5 - E8.5a). 

We applied the sklearn.svm.LinearSVC function in scikit-learn/1.0 with 5-fold cross-validation, using the 

expression values of all genes as predictors. Each heatmap shows the confusion matrix between true 

cell-type labels (rows) and predicted cell-type labels (columns) for cells within each individual timepoint, 

normalized to total counts per column (i.e. each column sums to one). The accuracy (Acc) across the 

whole matrix is shown above each heatmap.  

 

Supplementary Fig. 6 | Benchmarking of the robustness of cell type annotations (E8.5b - E13.5). 

We applied the sklearn.svm.LinearSVC function in scikit-learn/1.0 with 5-fold cross-validation, using the 

expression values of all genes as predictors. Each heatmap shows the confusion matrix between true 

cell-type labels (rows) and predicted cell-type labels (columns) for cells within each individual timepoint, 

normalized to total counts per column (i.e. each column sums to one). The accuracy (Acc) across the 

whole matrix is shown above each heatmap. PNS: peripheral nervous system. MHB: midbrain-hindbrain 

boundary. Di: Diencephalon. 
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Supplementary Fig. 7 | Inference of epiblast derivatives between E6.25 and E7.0. a, A portion of the 

UMAP corresponding to the epiblast and its inferred derivatives is shown for co-embeddings of E6.25 → 

E6.5 (left column), E6.5 → E6.75 (middle column) and E6.75 → E7.0 (right column). Within each column 

is the same UMAP visualization, but showing only cells from the earlier timepoint (top row), the later 

timepoint (middle row) or both timepoints (bottom row). b, Directed acyclic graph showing inferred 

relationships between cell states amongst early epiblast derivatives. All edges with weights above 0.2 

are shown in grey scale. 

 

Supplementary Fig. 8 | Heatmap of edge weights between cell states at each pair of adjacent 

timepoints (E3.5 - E8.5a). Each heatmap shows edge weights between all cell states at a given timepoint 

(rows) and potential pseudo-ancestral cell states from the immediately preceding timepoint (columns). 

Edge weights were calculated based on a k-nearest neighbor (k-NN) based heuristic that was applied to 

a co-embedding of separately annotated cells from the adjacent timepoints. The edge weights range from 

0 to 1, and edges with weights greater than 0.2 were carried forward. 

 

Supplementary Fig. 9 | Heatmap of edge weights between cell states at each pair of adjacent 

timepoints (E8.5a - E13.5). Each heatmap shows edge weights between all cell states at a given 

timepoint (rows) and potential pseudo-ancestral cell states from the immediately preceding timepoint 

(columns). Edge weights were calculated based on a k-nearest neighbor (k-NN) based heuristic that was 

applied to a co-embedding of separately annotated cells from the adjacent timepoints. The edge weights 

range from 0 to 1, and edges with weights greater than 0.2 were carried forward. PNS: peripheral nervous 

system. MHB: midbrain-hindbrain boundary. Di: Diencephalon. 

 

Supplementary Fig. 10 | RNA velocity-based inference of potential cell state relationships across 

pairs of adjacent timepoints (E6.5 - E8.25). Briefly, we integrated cells from each pair of adjacent 

timepoints, and then applied RNA velocity analysis using scVelo8. The resulting transition probabilities 

between individual cells (stored in a velocity_graph matrix), were calculated using cosine correlation 

between the potential cell-to-cell transitions and the inferred velocity vector (ranging from 0 to 1). To 

calculate the transition probability from cell state A at the earlier timepoint to cell state B at the later 

timepoint, we summed the transition probabilities of all cells within A to all cells within B, followed by 

normalizing the total cell number of B. Each heatmap shows the transition probabilities from cell states 

at the earlier timepoint (rows) to cell states at the later timepoint (columns) for each pair of adjacent 

timepoints, normalized to total probabilities per row (i.e. each row sums to one). These transition 

probabilities, after normalizing per row, are also summarized in Supplementary Table 5. Of note, we did 

not perform RNA velocity analysis for cell states before E6.5 (because of limited numbers of cells and 

heterogeneous datasets within some of the earlier timepoints; only cells from Pijuan-Sala et al. were 

retained for E6.5) nor for the E8.5a-E8.5b transition (because of the major technical differences). For cell 

states from E8.5b onward, we performed a random downsampling on each cell state to 1,500 cells prior 

to RNA velocity analysis, in order to reduce computational costs.  

 

Supplementary Fig. 11 | RNA velocity-based inference of potential cell state relationships across 

pairs of adjacent timepoints (E8.25 - E13.5). Briefly, we integrated cells from each pair of adjacent 

timepoints, and then applied RNA velocity analysis using scVelo8. The resulting transition probabilities 

between individual cells (stored in a velocity_graph matrix), were calculated using cosine correlation 
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between the potential cell-to-cell transitions and the inferred velocity vector (ranging from 0 to 1). To 

calculate the transition probability from cell state A at the earlier timepoint to cell state B at the later 

timepoint, we summed the transition probabilities of all cells within A to all cells within B, followed by 

normalizing the total cell number of B. Each heatmap shows the transition probabilities from cell states 

at the earlier timepoint (rows) to cell states at the later timepoint (columns) for each pair of adjacent 

timepoints, normalized to total probabilities per row (i.e. each row sums to one). These transition 

probabilities, after normalizing per row, are also summarized in Supplementary Table 5. Of note, we did 

not perform RNA velocity analysis for cell states before E6.5 (because of limited numbers of cells and 

heterogeneous datasets within some of the earlier timepoints; only cells from Pijuan-Sala et al. were 

retained for E6.5) nor for the E8.5a-E8.5b transition (because of the major technical differences). For cell 

states from E8.5b onward, we performed a random downsampling on each cell state to 1,500 cells prior 

to RNA velocity analysis, in order to reduce computational costs. PNS: peripheral nervous system. MHB: 

midbrain-hindbrain boundary. Di: Diencephalon. 

 

Supplementary Fig. 12 | Inferring continuous molecular histories of individual cell types. a, 

Pseudotime trajectory analysis of pseudobulk RNA-seq profiles of mouse embryos. Briefly, epiblast-

derived cells from individual embryos (or pools of embryos comprising each sample, in the case of 

(Pijuan-Sala et al.)1) were aggregated to create 111 pseudobulk samples, on which we performed 

pseudotime trajectory analysis. Each point in the resulting 2D embedding corresponds to an embryo, and 

the curve to pseudotime trajectory. b, Pseudotime of embryos from staged timepoints between E6.25 

and E13.5 (n = 111 pseudobulk samples). The center lines show the medians; the box limits indicate the 

25th and 75th percentiles; the whiskers extend to the 5th and 95th percentiles; the individual samples 

are represented by the dots. c, Pseudotime of male and female embryos from staged timepoints between 

E8.5b to E13.5 (n = 73 pseudobulk samples). The center lines show the medians; the box limits indicate 

the 25th and 75th percentiles; the whiskers extend to the 5th and 95th percentiles; the individual samples 

are represented by the dots. For sex separation of embryos, we counted reads mapping to a female-

specific non-coding RNA (Xist) or chrY genes (except Erdr1 which is in both chrX and chrY). Embryos 

were readily separated into females (more reads mapping to Xist than chrY genes) and males (more 

reads mapping to chrY genes than Xist). d, Pseudotime of individual embryos with different somite counts 

from E8.5b. e, Smoothed expression profiles for four selected genes for each of four selected cell types 

(rows; one from each germ layer), along their inferred trajectories (key at left). We selected linear paths 

corresponding to strongest pseudo-ancestor edges, working back from each E13.5 cell state to the E6.25 

epiblast cell state. The first and second columns of plots correspond to key regulators or marker genes, 

and the third and fourth columns to the genes most positively and negatively correlated with pseudotime, 

respectively. Each plotted point corresponds to gene expression within a cell state for an individual 

embryo. Pseudotime values (x-axes) as in panel b. The error bands indicate the 95% confidence intervals 

(CIs) for predictions from a linear model (stat_smooth function in R). Although the distributions of 

estimated pseudotime for E8.5a and E8.5b samples are overlapping, the vertical red lines approximately 

mark this transition; specifically, it marks the pseudotime of the oldest embryo from (Pijuan-Sala et al.)1. 

Gene expression (y-axes) calculated as aggregated UMI within a cell state normalized to total UMI per 

individual, followed by natural-log transformation. The inferred trajectory for the neural crest (PNS glia) 

spanned epiblast (E6.25 → E7.25), rostral neuroectoderm (E7.5 → E8.0), neural crest (E8.25 → E8.5b) 

and neural crest (PNS glia) (E9.5 → E13.5). The inferred trajectory for the otic epithelium spanned epiblast 

(E6.25), primitive streak and adjacent ectoderm (E6.5 → E7.25), surface ectoderm (E7.5 → E8.25), 
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placodal area (E8.5a & E8.5b), and otic epithelium (E9.5 → E13.5). The inferred trajectory for the 

midgut/hindgut epithelium spanned epiblast (E6.25), primitive streak and adjacent ectoderm (E6.5 → 

E6.75), anterior primitive streak (E7), definitive endoderm (E7.25), gut (E7.25 → E8.5b), gut and lung 

epithelium (E9.5 → E10.5), and midgut/hindgut epithelium (E11.5 → E13.5). The inferred trajectory for the 

cardiomyocytes spanned epiblast (E6.25), primitive streak and adjacent ectoderm (E6.5), nascent 

mesoderm (E6.75 → E7.25), splanchnic mesoderm (E7.5), first heart field (E7.75 → E9.5), and 

cardiomyocytes (E10.5 → E13.5). PNS: peripheral nervous system. 

 

Supplementary Fig. 13 | Gene dynamics across the inferred molecular trajectories of four selected 

cell types (neural crest (PNS glia) and otic epithelium). a, 155 genes were identified as significantly 

associated with pseudotime of the neural crest (PNS glia) trajectory, based on linear regression with the 

origin of the data as a covariate. Genes with bonferroni-adjusted p-value (on the variable of pseudotime) 

< 0.05 and absolute value of beta coefficient (on the variable of pseudotime) > the mean + 2 standard 

deviations of beta coefficient were nominated as genes which are correlated to pseudotime. Similarly, 

genes with bonferroni-adjusted p-value (on the variable of data source) < 0.05 and absolute value of beta 

coefficient (on the variable of data source) > the mean + 2 standard deviations of beta coefficient were 

nominated as genes which are correlated to data source. Finally, genes which were nominated as 

correlated to pseudotime but not correlated to the data source were retained and hierarchically clustered 

(y-axis of heatmap). The columns of the heatmap correspond to different embryos/samples, ordered by 

pseudotime (below) as shown in Supplementary Fig. 12a-b. Although the distributions of estimated 

pseudotime for E8.5a and E8.5b samples are overlapping, the vertical red lines approximately mark this 

transition; specifically, it marks the pseudotime of the oldest embryo from (Pijuan-Sala et al.)1. b, 122 

genes were identified as significantly associated with pseudotime of the otic epithelium trajectory. Axes 

as well as thresholds for identifying genes and modules in panels b as in panel a. The inferred trajectory 

of each cell type included the same cell states as described in Supplementary Fig. 12e, in each case 

starting from epiblast. PNS: peripheral nervous system. 

 

Supplementary Fig. 14 | Gene dynamics across the inferred molecular trajectories of four selected 

cell types (midgut/hindgut epithelium and cardiomyocyte). a, 124 genes were identified as 

significantly associated with pseudotime of the midgut/hindgut epithelium trajectory, based on linear 

regression with the origin of the data as a covariate. Genes with bonferroni-adjusted p-value (on the 

variable of pseudotime) < 0.05 and absolute value of beta coefficient (on the variable of pseudotime) > 

the mean + 2 standard deviations of beta coefficient were nominated as genes which are correlated to 

pseudotime. Similarly, genes with bonferroni-adjusted p-value (on the variable of data source) < 0.05 and 

absolute value of beta coefficient (on the variable of data source) > the mean + 2 standard deviations of 

beta coefficient were nominated as genes which are correlated to data source. Finally, genes which were 

nominated as correlated to pseudotime but not correlated to the data source were retained and 

hierarchically clustered (y-axis of heatmap). The columns of the heatmap correspond to different 

embryos/samples, ordered by pseudotime (below) as shown in Supplementary Fig. 12a-b. Although the 

distributions of estimated pseudotime for E8.5a and E8.5b samples are overlapping, the vertical red lines 

approximately mark this transition; specifically, it marks the pseudotime of the oldest embryo from 

(Pijuan-Sala et al.)1. b, 85 genes were identified as significantly associated with pseudotime of the 

cardiomyocyte trajectory. Axes as well as thresholds for identifying genes and modules in panels b as in 
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panel a. The inferred trajectory of each cell type included the same cell states as described in 

Supplementary Fig. 12e, in each case starting from epiblast.  

 

Supplementary Fig. 15 | Recurrence of individual TFs or genes as candidate upregulated or 

downregulated key TFs or genes for mouse cell type specification. a, TFs that are most often 

nominated as downregulated key TFs, e.g. Pou5f1 (Oct4) are identified with red labels, while those most 

often nominated as upregulated key TFs, e.g. Klf7, are identified with green labels. Candidate key TFs 

frequently recurring in both sets are identified with black labels. The size of each dot corresponds to the 

number of TFs represented by it on a log2 scale. b, Genes that are most often nominated as 

downregulated key genes, e.g. Fubp1, are identified with red labels, while those most often nominated 

as upregulated key genes, e.g. Srgap1, are identified with green labels. Candidate key genes frequently 

recurring in both sets are identified with black labels. The size of each dot corresponds to the number of 

TFs represented by it on a log2 scale. c, A file containing repressive tendency scores (RTS) was 

downloaded from (Shim et al. 2020)15. It includes 16,298 mouse genes with RTS which define the 

association between each gene and broad H3K27me3 domains. As described in (Shim et al. 2020)15, 

broad H3K27me3 domains occur mostly over important cell-type-specific regulatory genes (i.e. high 

RTS); in contrast, genes with housekeeping or non-regulatory roles rarely host broad H3K27me3 

domains (i.e. low RTS). Here the distribution of RTS is compared between 462 upregulated key TFs, 194 

downregulated key TFs, 590 non-key TFs, and 15,052 non-TF genes. Unadjusted p-values were 

calculated by two-sided Wilcoxon rank-sum test and are shown above the plots (unadjusted p-values < 

0.05 are highlighted in red). Of note, the two groups of upregulated key TFs and downregulated key TFs 

are mutually exclusive in this comparison, as each key TF was simply categorized as upregulated or 

downregulated based on the role in which it is nominated the most (TFs that appeared equally often as 

upregulated and downregulated were put in the upregulated group for this comparison).   
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Supplementary Fig. 1 | Higher quality sci-RNA-seq3 data generated by either application of an optimized protocol (E8.5b) 
or deeper sequencing of previously reported libraries (E9.5 - E13.5).
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Supplementary Fig. 5 | Benchmarking of the robustness of cell type annotations (E4.5 - E8.5a). 
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Supplementary Fig. 6 | Benchmarking of the robustness of cell type annotations (E8.5b - E13.5). 
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Supplementary Fig. 8 | Heatmap of edge weights between cell states at each pair of adjacent timepoints (E3.5 - E8.5a).
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Ep
ib

la
st

Pr
im

iti
ve

 s
tre

ak
 a

nd
 a

dj
ac

en
t e

ct
od

er
m

N
as

ce
nt

 m
es

od
er

m
Em

br
yo

ni
c 

vi
sc

er
al

 e
nd

od
er

m
Ex

tra
em

br
yo

ni
c 

vi
sc

er
al

 e
nd

od
er

m
Ex

tra
em

br
yo

ni
c 

ec
to

de
rm

Epiblast
Primitive streak and adjacent ectoderm
Embryonic visceral endoderm
Extraembryonic visceral endoderm
Parietal endoderm
Extraembryonic ectoderm

E6.5

E6.75

Epiblast
Primitive streak and adjacent ectoderm
Nascent mesoderm
Embryonic visceral endoderm
Extraembryonic visceral endoderm
Extraembryonic ectoderm

Ep
ib

la
st

Pr
im

iti
ve

 s
tre

ak
 a

nd
 a

dj
ac

en
t e

ct
od

er
m

Pr
im

or
di

al
 g

er
m

 c
el

ls
An

te
rio

r p
rim

iti
ve

 s
tre

ak
N

as
ce

nt
 m

es
od

er
m

M
ix

ed
 m

es
od

er
m

H
em

at
oe

nd
ot

he
lia

l p
ro

ge
ni

to
rs

Em
br

yo
ni

c 
vi

sc
er

al
 e

nd
od

er
m

Ex
tra

em
br

yo
ni

c 
vi

sc
er

al
 e

nd
od

er
m

Pa
rie

ta
l e

nd
od

er
m

Ex
tra

em
br

yo
ni

c 
ec

to
de

rm

E6.75

E7.0

Ep
ib

la
st

Pr
im

iti
ve

 s
tre

ak
 a

nd
 a

dj
ac

en
t e

ct
od

er
m

Pr
im

or
di

al
 g

er
m

 c
el

ls
D

ef
in

iti
ve

 e
nd

od
er

m
An

te
rio

r p
rim

iti
ve

 s
tre

ak
N

ot
oc

ho
rd

N
as

ce
nt

 m
es

od
er

m
Am

ni
oc

ho
rio

ni
c 

m
es

od
er

m
M

ix
ed

 m
es

od
er

m
H

em
at

oe
nd

ot
he

lia
l p

ro
ge

ni
to

rs
Bl

oo
d 

pr
og

en
ito

rs
Em

br
yo

ni
c 

vi
sc

er
al

 e
nd

od
er

m
Ex

tra
em

br
yo

ni
c 

vi
sc

er
al

 e
nd

od
er

m
Pa

rie
ta

l e
nd

od
er

m
Ex

tra
em

br
yo

ni
c 

ec
to

de
rm

Epiblast
Primitive streak and adjacent ectoderm
Primordial germ cells
Anterior primitive streak
Nascent mesoderm
Mixed mesoderm
Hematoendothelial progenitors
Embryonic visceral endoderm
Extraembryonic visceral endoderm
Parietal endoderm
Extraembryonic ectoderm

E7.0

E7.25

Ro
st

ra
l n

eu
ro

ec
to

de
rm

Ep
ib

la
st

C
au

da
l n

eu
ro

ec
to

de
rm

C
au

da
l l

at
er

al
 e

pi
bl

as
t

Su
rfa

ce
 e

ct
od

er
m

Pr
im

iti
ve

 s
tre

ak
 a

nd
 a

dj
ac

en
t e

ct
od

er
m

Pr
im

or
di

al
 g

er
m

 c
el

ls
G

ut
D

ef
in

iti
ve

 e
nd

od
er

m
An

te
rio

r p
rim

iti
ve

 s
tre

ak
N

ot
oc

ho
rd

Pa
ra

xi
al

 m
es

od
er

m
 A

Pa
ra

xi
al

 m
es

od
er

m
 B

N
as

ce
nt

 m
es

od
er

m
Sp

la
nc

hn
ic

 m
es

od
er

m
Am

ni
oc

ho
rio

ni
c 

m
es

od
er

m
Ex

tra
em

br
yo

ni
c 

m
es

od
er

m
M

ix
ed

 m
es

od
er

m
H

em
at

oe
nd

ot
he

lia
l p

ro
ge

ni
to

rs
Bl

oo
d 

pr
og

en
ito

rs
Em

br
yo

ni
c 

vi
sc

er
al

 e
nd

od
er

m
Ex

tra
em

br
yo

ni
c 

vi
sc

er
al

 e
nd

od
er

m
Pa

rie
ta

l e
nd

od
er

m
Ex

tra
em

br
yo

ni
c 

ec
to

de
rm

Epiblast
Primitive streak and adjacent ectoderm
Primordial germ cells
Definitive endoderm
Anterior primitive streak
Notochord
Nascent mesoderm
Amniochorionic mesoderm
Mixed mesoderm
Hematoendothelial progenitors
Blood progenitors
Embryonic visceral endoderm
Extraembryonic visceral endoderm
Parietal endoderm
Extraembryonic ectoderm

E7.5

E7.25
Rostral neuroectoderm
Epiblast
Caudal neuroectoderm
Caudal lateral epiblast
Surface ectoderm
Primitive streak and adjacent ectoderm
Primordial germ cells
Gut
Definitive endoderm
Anterior primitive streak
Notochord
Paraxial mesoderm A
Paraxial mesoderm B
Nascent mesoderm
Splanchnic mesoderm
Amniochorionic mesoderm
Extraembryonic mesoderm
Mixed mesoderm
Hematoendothelial progenitors
Blood progenitors
Embryonic visceral endoderm
Extraembryonic visceral endoderm
Parietal endoderm
Extraembryonic ectoderm

Ro
st

ra
l n

eu
ro

ec
to

de
rm

C
au

da
l n

eu
ro

ec
to

de
rm

C
au

da
l l

at
er

al
 e

pi
bl

as
t

Su
rfa

ce
 e

ct
od

er
m

Pr
im

or
di

al
 g

er
m

 c
el

ls
G

ut
D

ef
in

iti
ve

 e
nd

od
er

m
N

ot
oc

ho
rd

Pa
ra

xi
al

 m
es

od
er

m
 A

Pa
ra

xi
al

 m
es

od
er

m
 B

Pa
ra

xi
al

 m
es

od
er

m
 C

N
as

ce
nt

 m
es

od
er

m
In

te
rm

ed
ia

te
 m

es
od

er
m

So
m

at
ic

 m
es

od
er

m
Fi

rs
t h

ea
rt 

fie
ld

Sp
la

nc
hn

ic
 m

es
od

er
m

Am
ni

oc
ho

rio
ni

c 
m

es
od

er
m

Ex
tra

em
br

yo
ni

c 
m

es
od

er
m

Al
la

nt
oi

s
En

do
th

el
iu

m
H

em
at

oe
nd

ot
he

lia
l p

ro
ge

ni
to

rs
Bl

oo
d 

pr
og

en
ito

rs
Pr

im
iti

ve
 e

ry
th

ro
id

 c
el

ls
Em

br
yo

ni
c 

vi
sc

er
al

 e
nd

od
er

m
Ex

tra
em

br
yo

ni
c 

vi
sc

er
al

 e
nd

od
er

m
Pa

rie
ta

l e
nd

od
er

m
Ex

tra
em

br
yo

ni
c 

ec
to

de
rm

E7.5

E7.75

Rostral neuroectoderm
Caudal neuroectoderm
Caudal lateral epiblast
Surface ectoderm
Primordial germ cells
Gut
Definitive endoderm
Notochord
Paraxial mesoderm A
Paraxial mesoderm B
Paraxial mesoderm C
Nascent mesoderm
Intermediate mesoderm
Somatic mesoderm
First heart field
Splanchnic mesoderm
Amniochorionic mesoderm
Extraembryonic mesoderm
Allantois
Endothelium
Hematoendothelial progenitors
Blood progenitors
Primitive erythroid cells
Embryonic visceral endoderm
Extraembryonic visceral endoderm
Parietal endoderm
Extraembryonic ectoderm

Sp
in

al
 c

or
d

Ro
st

ra
l n

eu
ro

ec
to

de
rm

C
au

da
l n

eu
ro

ec
to

de
rm

C
au

da
l l

at
er

al
 e

pi
bl

as
t

Su
rfa

ce
 e

ct
od

er
m

Pr
im

or
di

al
 g

er
m

 c
el

ls
G

ut
D

ef
in

iti
ve

 e
nd

od
er

m
N

ot
oc

ho
rd

Pa
ra

xi
al

 m
es

od
er

m
 A

Pa
ra

xi
al

 m
es

od
er

m
 B

Pa
ra

xi
al

 m
es

od
er

m
 C

In
te

rm
ed

ia
te

 m
es

od
er

m
So

m
at

ic
 m

es
od

er
m

Fi
rs

t h
ea

rt 
fie

ld
Sp

la
nc

hn
ic

 m
es

od
er

m
Am

ni
oc

ho
rio

ni
c 

m
es

od
er

m
Ex

tra
em

br
yo

ni
c 

m
es

od
er

m
Al

la
nt

oi
s

En
do

th
el

iu
m

H
em

at
oe

nd
ot

he
lia

l p
ro

ge
ni

to
rs

Bl
oo

d 
pr

og
en

ito
rs

Pr
im

iti
ve

 e
ry

th
ro

id
 c

el
ls

Em
br

yo
ni

c 
vi

sc
er

al
 e

nd
od

er
m

Ex
tra

em
br

yo
ni

c 
vi

sc
er

al
 e

nd
od

er
m

Pa
rie

ta
l e

nd
od

er
m

Ex
tra

em
br

yo
ni

c 
ec

to
de

rm

E7.75

E8.0

N
eu

ra
l c

re
st

Fo
re

br
ai

n/
m

id
br

ai
n

H
in

db
ra

in
Sp

in
al

 c
or

d
Ro

st
ra

l n
eu

ro
ec

to
de

rm
C

au
da

l n
eu

ro
ec

to
de

rm
N

eu
ro

m
es

od
er

m
al

 p
ro

ge
ni

to
rs

C
au

da
l l

at
er

al
 e

pi
bl

as
t

Su
rfa

ce
 e

ct
od

er
m

Pr
im

or
di

al
 g

er
m

 c
el

ls
G

ut
D

ef
in

iti
ve

 e
nd

od
er

m
N

ot
oc

ho
rd

Pa
ra

xi
al

 m
es

od
er

m
 A

Pa
ra

xi
al

 m
es

od
er

m
 B

Pa
ra

xi
al

 m
es

od
er

m
 C

In
te

rm
ed

ia
te

 m
es

od
er

m
So

m
at

ic
 m

es
od

er
m

Fi
rs

t h
ea

rt 
fie

ld
Se

co
nd

 h
ea

rt 
fie

ld
Sp

la
nc

hn
ic

 m
es

od
er

m
Am

ni
oc

ho
rio

ni
c 

m
es

od
er

m
 A

Am
ni

oc
ho

rio
ni

c 
m

es
od

er
m

 B
Ex

tra
em

br
yo

ni
c 

m
es

od
er

m
Al

la
nt

oi
s

En
do

th
el

iu
m

H
em

at
oe

nd
ot

he
lia

l p
ro

ge
ni

to
rs

Bl
oo

d 
pr

og
en

ito
rs

Pr
im

iti
ve

 e
ry

th
ro

id
 c

el
ls

Ex
tra

em
br

yo
ni

c 
vi

sc
er

al
 e

nd
od

er
m

Ex
tra

em
br

yo
ni

c 
ec

to
de

rm

Spinal cord
Rostral neuroectoderm
Caudal neuroectoderm
Caudal lateral epiblast
Surface ectoderm
Primordial germ cells
Gut
Definitive endoderm
Notochord
Paraxial mesoderm A
Paraxial mesoderm B
Paraxial mesoderm C
Intermediate mesoderm
Somatic mesoderm
First heart field
Splanchnic mesoderm
Amniochorionic mesoderm
Extraembryonic mesoderm
Allantois
Endothelium
Hematoendothelial progenitors
Blood progenitors
Primitive erythroid cells
Embryonic visceral endoderm
Extraembryonic visceral endoderm
Parietal endoderm
Extraembryonic ectoderm

E8.0

E8.25

0.2 0.4 0.6 0.8 10

Transition probability

Supplementary Fig. 10 | RNA velocity-based inference of potential cell state relationships across pairs of adjacent 
timepoints (E6.5 - E8.25).
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Supplementary Fig. 11 | RNA velocity-based inference of potential cell state relationships across pairs of 
adjacent timepoints (E8.25 - E13.5).
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Supplementary Fig. 12 | Inferring continuous molecular histories of individual cell types.
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Supplementary Fig. 14 | Gene dynamics across the inferred molecular trajectories of four selected cell types
 (midgut/hindgut epithelium and cardiomyocyte).
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