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Abstract 

Comparing single-cell transcriptomic atlases from diverse organisms can provide 

evolutionary definition of cell types, elucidate the origins of cellular diversity, and transfer 

cell type knowledge between species. Yet, comparison among distant relatives, 

especially beyond a single phylum, is hindered by complex gene histories, lineage-

specific inventions, and cell type evolutionary diversifications. Here, we develop a method 

to enable mapping cell atlases throughout Metazoa spanning sponge to mouse. Within 

phyla, we identify homologous cell types, even between distant species, with some even 

emerging from distinct germ layers. Across phyla, we find ancient cell type families that 

form densely interconnected groups, including contractile and stem cells, indicating they 

likely arose early in animal evolution through hierarchical diversifications. These 

homologous cell types often substitute paralog expressions at surprising prevalence. Our 

findings advance the understanding of cell type diversity across the tree of life and the 

evolution of associated gene expression programs. 
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Introduction 

There is much ongoing success in producing single-cell transcriptomic atlases to 

investigate the cell type diversity within individual organisms1. With the growing diversity 

of such cell atlases spanning the far-reaching corners of the tree of life2–7, a new frontier 

is emerging: the use of cross-species comparisons to unravel the origins of cellular 

diversity by characterizing the conservation and diversification of cell types and to 

uncover species-specific cellular innovations8,9. Furthermore, such comparisons can 

accelerate cell annotation and cell type discovery at large by transferring knowledge from 

well-studied model organisms to under-characterized animals. 

 

However, recent comparative single-cell analyses are limited to closely related species 

within the same phylum10–13. Interphyletic comparisons are thought to be prohibitively 

challenging, as complex gene evolutionary history causes distantly related organisms to 

share fewer one-to-one gene orthologs14, which are often relied upon for comparative 

studies4,8. Here, we present the Self-Assembling Manifold mapping (SAMap) algorithm to 

enable mapping single-cell transcriptomes between phylogenetically remote species. 

SAMap introduces a new concept by relaxing the tight constraints imposed by sequence 

orthology, instead using expression similarity between mapped cells to refine the relative 

contributions of homologous genes which in turn improve the cell type mapping. Our 

approach is conceptually different from existing cell atlas analyses as it accommodates 

evolutionary changes that usually blur cell type interrelationships, such as gene 

duplications and functional substitutions among paralogs.  
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In this study, we compared seven whole-body cell atlases from species spanning animal 

phylogeny, which have divergent transcriptomes and complex molecular homologies 

(Figure 1A-B and Supplementary Table 1). Since no prior comparison at this scale 

exists, we began with well-characterized cell types in developing frog and fish embryos. 

We found broad concordance between transcriptomic signatures and ontogenetic 

relationships, which validated our mapping results, yet also detected striking examples of 

homologous cell types emerging from different germ layers. We next extended the 

comparison to animals from the same phylum but with highly divergent body plans, using 

a planarian flatworm and a parasitic blood fluke, and found one-to-one homologies even 

between cell-subtypes. Comparing all seven species from sponge to mouse, we identified 

interconnected cell type families broadly shared across animals, including contractile and 

stem cells, along with their respective gene expression programs. Lastly, we noticed that 

homologous cell types substitute gene paralogs for each other in evolution with surprising 

prevalence. Overall, our study represents an important step towards understanding the 

evolutionary origins of specialized cell types and their associated gene expression 

programs in animals. 

 

Results 

The SAMap algorithm 

SAMap overcomes several challenges inherent to mapping single-cell transcriptomes 

between distantly related species (Figure 1B). First, gene evolutionary history often 

contains duplications or other rearrangements, causing many-to-many homologies that 

also have convoluted functional relationships. Further, frequent gene losses and the 
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acquisition of new genes results in many gene expression signatures being species-

specific, limiting the amount of information that is comparable across species. Lastly, 

evolution of expression programs gradually diminishes their similarity, making cross-

species cell type correspondence difficult to resolve. 

 

We begin with a gene-gene bipartite graph, in which cross-species edges are drawn 

between homologous genes, weighted by their protein sequence similarity (Figure 1C). 

This allows us to merge the two cell atlases in a joint principal component (PC) space, in 

which we can compute the cross-species expression correlations between homologous 

genes. Specifically, we first project each dataset into both its own and its partner’s 

respective PC spaces, constructed by the SAM algorithm, which we previously developed 

to robustly and sensitively identify cell types15. For cross-species projections, we translate 

each species’ features into those of its partner, with the expression for individual genes 

imputed as the weighted average of their homologs specified in the gene-gene bipartite 

graph. This allows SAMap to include one-to-many gene homologs, rather than just one-

to-one orthologs, to enable the mapping of cells between phylogenetically remote 

species. The mutual projections provide the coordinates of cells from both species in each 

PC space, which are concatenated to form the joint space that encodes information from 

all features, including the species-specific genes that are often necessary in 

discriminating closely related cell types and subtypes.  

 

The combined coordinates are used to calculate each cell’s k-nearest cross-species 

neighbors, through which we quantify the correlation between homologous genes. These 
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correlations are then used to reweight the edges in the homology graph, relaxing 

SAMap’s initial dependence on sequence similarity to account for the convoluted 

functional relationships between homologous genes4,14. We use the reweighted 

homology graph to reassign each cell’s cross-species neighbors and recalculate the 

gene-gene correlations in order to again update the gene homology graph. 

 

In the final step, we integrate information from each cell’s local neighborhood to establish 

more robust mutual connectivity between cells across species, overcoming the inherent 

variability present among single-cell transcriptomes (Figure 1D). Two cells are defined 

as mutual nearest cross-species neighbors when their respective neighborhoods have 

mutual connectivity. Using this new set of cross-species neighbors, we recalculate gene 

expression correlations and reweight the homology graph, which is used as input to 

produce the final atlas alignment. 

 

Homologous cell types emerging from distinct germ layers in frog and fish 

We first applied SAMap to the Xenopus and zebrafish atlases, which both encompass 

embryogenesis until early organogenesis4,5. Previous analysis had linked cell types 

between these two organisms by matching ontogeny, thereby providing a reference for 

comparison. Commonly used batch correction methods (e.g., BBKNN16 and 

Scanorama17, the two top performers of cell atlas stitching algorithms according to a 

recent benchmarking study18) failed to recapitulate these results and found minimal 

alignment between datasets (Supplementary Figure 1A-C). Moreover, matching cell 

types based on marker genes yielded ambiguous relationships among cell types 
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(Supplementary Figure 1D). In contrast, SAMap produced a combined manifold with a 

high degree of cross-species alignment while maintaining high resolution for 

distinguishing cell types in each species (Figure 2A and Supplementary Figure 1B). 

 

SAMap revealed broad agreement between transcriptomic similarity and developmental 

ontogeny, linking 26 out of 27 expected pairs based on previous annotations (Figure 2B 

and Supplementary Table 2)4. The only exception is the embryonic kidney (pronephric 

duct/mesenchyme), potentially indicating that their gene expression programs have 

significantly diverged. In addition, SAMap succeeded in drawing parallels between the 

development of homologous cell types and accurately matched time points along several 

cell lineages (Figure 2C). While the concordance was consistent across cell types and 

included both early and late embryonic stages, we noticed that the exact progression of 

developmental timing can vary across cell types, suggesting that SAMap can quantify 

heterochrony with cell type resolution. 

 

We measured the mapping strength between cell types by calculating an alignment score 

(edges in Figure 2B and color map in Figure 2C), defined as the average number of 

mutual nearest cross-species neighbors of each cell relative to the maximum possible 

number of neighbors. This metric allows us to address two potential sources of error. To 

rule out the possibility that we may rely on a small set of mis-assigned homologs to link 

cell types, we randomly resampled the genes and observed that 83% of cell type pairs 

appeared robustly in replicate trials and those that did not had low alignment scores (<0.2) 

(Supplementary Table 2). To test the influence of incomplete atlases, we systematically 
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removed cell types from one of the datasets. We noticed that cell types with missing 

partners did not link strongly to other cell types, but those that did only linked to cells of a 

similar sort with much lower alignment scores compared to the original pairs (e.g., the 

hindbrain linked to the forebrain when the former was removed from one of the datasets). 

These results show that while SAMap performs optimally on datasets with high coverage 

of cell types, the alignment score can be used as a reliable measure of mapping quality. 

 

Beyond the broad concordance between gene expression and ontogeny, which serves 

as validation for our mapping results, we also made two surprising observations. First, 

SAMap linked secretory cell types that differ in their developmental origin and even arise 

from different germ layers (black edges in Figure 2B). They are linked through a large 

set of genes including conserved transcription factors (e.g., foxa119, grhl20) and proteins 

involved in vesicular protein trafficking (Supplementary Figure 2A). This observation 

corroborates the notion that cell types may be transcriptionally and evolutionarily related 

despite having different developmental origins21.  

 

Second, we noticed that some gene paralogs exhibit much greater similarity in expression 

across species than their corresponding orthologs. As a result, weighting homologous 

gene pairs based on overlapping expressions significantly improved the alignment scores 

of many cell types (Figure 2D-E). To explore this phenomenon further, we used Eggnog 

to map proteins to orthology groups at different ancestral nodes in the tree of life22. We 

found that SAMap selected 4,271 vertebrate orthologs and 5,191 paralogs for manifold 

alignment. Among these, 462 genes have higher expression correlations (correlation 
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difference > 0.3) with their paralogs than orthologs (Figure 2F and Supplementary 

Figure 2B). We term these events as “paralog substitutions”. In 182 of these cases, the 

ortholog is either absent or lowly-expressed with no cell-type specificity, suggesting that 

the functions of these orthologs may have prevailed in the paralogs (Supplementary 

Table 3). SAMap linked an additional 648 homologous pairs with no annotated orthology 

or paralogy but high expression correlations (>0.5 Pearson correlation), which may 

represent unannotated orthologs/paralogs or isofunctional but distantly related 

homologous proteins23. These results illustrate the potential of SAMap in leveraging 

single-cell gene expression data to complement protein sequences in inferring gene 

homology. 

 

Homologous cell types between two flatworm species with divergent body plans 

To test if we can identify homologous cell types in animals of different body plans, we 

mapped the cell atlases of two flatworms, the planarian Schmidtea mediterranea6, and 

the trematode Schistosoma mansoni, which we collected recently24. They represent two 

distant lineages within the same phylum but have remarkably distinct body plans and 

autecology25. While planarians live in freshwater and are known for their ability to 

regenerate26, schistosomes live as parasites in humans. The degree to which cell types 

are conserved between them is unresolved, given the vast phenetic differences caused 

by the transition from free-living to parasitic habits25.   

 

SAMap revealed broad cell type homology between schistosomes and planarians. The 

schistosome had cells mapped to the planarian stem cells, called neoblasts, as well as 
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most of the differentiated tissues: neural, muscle, intestine, epidermis, parenchymal, 

protonephridia, and cathepsin+ cells, the latter of which consists of cryptic cell types that, 

until now, have only been found in planarians6 (Figure 3A). These mappings are 

evidenced by both known cell type specific marker genes and numerous homologous 

transcriptional regulators (Figure 3B and Supplementary Figure 3A-C). SAMap did not 

find any schistosome cell types mapped to planarian pharynx populations, consistent with 

previous anatomic characterizations suggesting the schistosome lacks a pharynx27.  

 

We next determined if cell type homologies exist at the subtype level. For this, we 

compared the neoblasts, as planarian neoblasts are known to comprise populations of 

pluripotent cells and tissue-specific progenitors6,28. By mapping the schistosome 

neoblasts to a planarian neoblast atlas28, we found that the schistosome has a population 

of neoblasts (ε-cells29) that cluster with the planarian’s pluripotent neoblasts, both 

expressing a common set of TFs (e.g., soxp2, unc4, pax6a, gcm1) (Figure 3C-D). We 

note that ε-cells are closely associated with juvenile development and lost in adult 

schistosomes29, indicating pluripotent stem cells may be a transient population restricted 

to their early developmental stages. This is consistent with the fact that, while 

schistosomes can heal wounds, they have very limited regenerative ability30. SAMap also 

linked other schistosome neoblast populations with planarian progenitors. In particular, 

SAMap linked two populations of schistosome neoblasts (denoted as μ15 and μ’) to 

planarian muscle progenitors, all of which express myoD, a canonical master regulator of 

myogenesis31. Because μ-cells do not yet express differentiated muscle markers such as 
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troponin whereas μ’-cells do (Supplementary Figure 3D), they may represent early and 

late muscle progenitors, respectively.  

  

Cell type families spanning the animal tree of life 

To compare cell types across broader taxonomic scales, we extended our analysis to 

include freshwater sponge (Spongilla lacustris)2, Hydra (Hydra vulgaris)3, and mouse 

(Mus musculus) embryogenesis32 atlases. SAMap connected large fractions of cells for 

all 21 pairwise comparisons. Consistent with the evolutionary distances, more cells 

mapped with higher alignment scores between vertebrates compared to mappings across 

broader taxa (Figure 4A). In total, SAMap linked 910 cross-species pairs of cell types, 

which are defined according to previous annotations, though the same analysis could be 

performed using de novo cluster assignments should annotations not be available. 

 

We observed interconnected groups of cell types with dense, many-to-many connections 

between them. This finding corroborates recent suggestions that ancestral cell types may 

have diversified into families of cell types over long evolutionary distances9,21. We used 

‘transitivity’ to quantify the connectivity, in which two mapping partners also link to at least 

one common cell type in a third dataset, forming a triangle. The transitivity of a cell type 

pair (edge) or a cell type (node) is defined as the fraction of triads to which they belong 

that are in triangles (Figure 4B). The majority (81%) of cell type pairs have non-zero 

transitivity independent of alignment score (Supplementary Figure 4).  
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We next used the vertebrate cell types as references to identify highly transitive groups 

of cell types across phyla. This led us to neurons and contractile/muscle cells (Figure 

4C), which have high interconnectedness compared to the overall graph connectivity 

(bootstrap p-value < 5x10-3) (Figure 4D). Consistent with the nerve net hypothesis 

suggesting a unified origin of neural cell types33, the neural family includes vertebrate 

brain tissues, both bilaterian and cnidarian neurons, and Spongilla choanocytes and 

apopylar cells, both of which are not considered as neurons but have been shown to 

express postsynaptic-like scaffolding machinery2. The contractile family includes 

myocytes in bilaterian animals, Hydra myoepithelial cells that are known to have 

contractile myofibrils34, and sponge pinacocytes and myopeptidocytes, both of which 

have been implicated recently to play roles in contractility2. In contrast to the groups 

encompassing all seven species, we also found a fully interconnected subgraph that 

contains invertebrate pluripotent stem cells, including planarian and schistosome 

neoblasts, Hydra interstitial cells, and sponge archeocytes. Our findings suggest these 

cell types may emerge early in animal evolution. 

 

It is difficult to define potential “false positives” and “false negatives” in mapping cell types, 

as there is little prior knowledge and mapped pairs typically have significant overlap in 

gene expression. However, cell type pairs gain additional support via transitivity because 

they share common relationships to other cell types through independent mappings. We 

note that ~16% mapped cell type pairs have zero edge transitivity but non-zero node 

transitivity, meaning that at least one of their cell types connects to only a single member 

of a cell type family (Figure 4E). Such edges may be potential “false positives” as they 
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should connect to other members of the same group. Conversely, cell types that are 

incorrectly disconnected due to large evolutionary distances could be transitively linked if 

they belong to the same larger cell type family. Therefore, transitivity provides a 

quantifiable measure of mapping quality, especially over long evolutionary distances.         

 

Transcriptomic signatures of cell type families  

The high interconnectedness between cell types across broad taxonomic scales suggests 

that they should share ancestral transcriptional programs11,21. SAMap identified broad 

transcriptomic similarity between bilaterian and non-bilaterian contractile cells that 

extends beyond the core contractile apparatus. It links a total of 11,641 gene pairs, 

connecting 5,884 unique genes, which are enriched in at least one contractile cell type 

pair (see Methods for the definition of gene enrichment in cell type pairs). Performing 

functional enrichment analysis on these genes, we found cytoskeleton and signal 

transduction functions to be enriched (p-value < 10-3) based on the KOG functional 

classifications35 assigned by Eggnog (Figure 5A). These genes include orthology groups 

spanning diverse functional roles in contractile cells, including actin regulation, cell 

adhesion and stability, and signaling (Figure 5B and Supplementary Table 4), indicating 

that contractile cells were likely multifunctional near the beginning of animal evolution. 

 

We also identified several transcriptional regulators shared among contractile cells 

(Figure 5B). Previously known core regulators involved in myocyte specification36 were 

enriched only in bilaterian (e.g., myod, and tcf4/E12) or vertebrate contractile cells (e.g., 

mef2). In contrast, we found homologs of Muscle Lim Protein (Csrp) and Forkhead Box 
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Group 137 enriched in contractile cells from all seven species. The Fox proteins included 

FoxC, which is known to regulate cardiac muscle identity in vertebrates36 and is 

contractile-specific in all species except schistosome and Spongilla. Notably, we also 

identified FoxG orthologs to be enriched in three of the four invertebrates 

(Supplementary Figure 5), suggesting that FoxG may play an underappreciated role in 

contractile cell specification outside vertebrates.  

 

For the family of invertebrate stem cells, we identified 3,340 genes that are enriched in at 

least one cell type pair and observed significant enrichment (p-value < 10-3) of genes 

involved in translational regulation such as RNA processing, translation, and post-

translational modification (Figure 5C). These genes form 979 orthology groups, 17% of 

which are enriched in all cell types of this family (Supplementary Table 4). Importantly, 

other stem cell populations in Hydra and planarian lineage-restricted neoblasts have 

significantly reduced expression of these genes (Figure 5D). These results suggest that 

SAMap identified a large, deeply conserved gene module specifically associated with 

multipotency. 

 

Discussion 

Cell types evolve as their gene expression programs change either as integrated units or 

split to give rise to separate derived programs that cause new cell types to emerge. while 

this notion of coupled cellular and molecular evolution has gained significant traction in 

the past years, it has remained mostly untested over long evolutionary distances. Here, 

we present the first study mapping single-cell atlases between evolutionarily distant 
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species, which were thought to be prohibitively difficult. SAMap aligns cell atlases in two 

mutually reinforcing directions, mapping both the genes and the cells, with each feeding 

back into the other. This method allows us to identify one-to-one cell type concordance 

between animals in the same phylum, whereas between phyla, we observe 

interconnected cell types forming distinct families. These finding support the recently 

proposed hierarchical cell type diversification in evolution9, where a cell type family is 

composed of evolutionary related cell types sharing a common gene expression program 

that originated from a common ancestral cell type. One-to-one cell type homologies 

persist only if no further cell type diversification has occurred since the species split. In 

parallel, our results reveal surprising prevalence of paralogs exhibiting greater expression 

similarity than orthologs across species, resolving previously documented discrepancies 

between the conservation of protein sequence and function4.  

 

Besides studying cell type evolution, SAMap can also catalyze the annotation of new cell 

atlases, which often represents a substantial bottleneck requiring extensive manual 

curation and prior knowledge that non-model organisms often lack. Its ability to use the 

existing atlases to inform the annotation of cell types in related species will keep improving 

as more datasets become available to better sample the diversity of cell types in the tree 

of life. Moreover, our approach allows leveraging existing and forthcoming single-cell 

gene expression data to deconvolute homology relationships, predict gene functions, and 

guide future mechanistic molecular studies.   
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Figure 1: SAMap addresses challenges in mapping cell atlases of distantly related 

species. (A) Schematic showing the phylogenetic relationships among 7 species 

analyzed. (B) Two challenges in mapping single-cell transcriptomes. Gene duplications 

cause large numbers of homologs per gene, determined by reciprocal BLAST (cut-off: e-

value < 10-6), and frequent gene losses and the acquisition of new genes results in large 

fractions of transcriptomes lacking homology, which limits the amount of information 

comparable across species. (C) SAMap workflow. Homologous gene pairs initially 
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weighted by protein sequence similarity are used to align the manifolds, low dimensional 

representations of the cell atlases. Gene-gene correlations calculated from the aligned 

manifolds are used to update the edge weights in the bipartite graph, which are then used 

to improve manifold alignment. (D) Mutual nearest neighborhoods improve the detection 

of cross-species mutual nearest neighbors by connecting cells that target one other’s 

within-species neighborhoods.  
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Figure 2: SAMap successfully maps D. rerio and X. tropicalis atlases and reveals 

prevalent paralog substitutions. (A) UMAP projection of the combined zebrafish 

(yellow) and Xenopus (blue) manifolds, with cell types highlighted in (E) circled. (B) 

Sankey plot summarizing the cell type mappings. Edges with alignment score < 0.1 are 

omitted. Edges that connect developmentally distinct secretory cell types are highlighted 
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in black. (C) Heatmaps of alignment scores between developmental time points for 

ionocyte, forebrain/midbrain, placodal, and neural crest lineages. Time points are 

grouped based on one-to-one correspondence between development stages across 

species. X-axis: zebrafish. Y-axis: Xenopus. (D) Improvement in alignment scores after 

using gene expression to curate gene homology, compared to the initial alignment based 

on sequence similarity alone. Each dot represents a cell type pair supported by ontogeny 

annotations. (E) Distribution of single-cell alignment scores in cell type pairs with the 

largest improvement. Circles denote the mean. (F) Expression of orthologous (left) and 

paralogous (right) gene pairs overlaid on the combined UMAP projection. Expressing 

cells are color-coded by species, with those that are connected across species colored 

cyan. Cells with no expression are shown in gray. More examples are provided in 

Supplementary Figure 2B.  
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Figure 3: SAMap transfers cell type information from a well-annotated organism 

(planarian S. mediterranea) to its less-studied cousin (schistosome S. mansoni) 

and identifies parallel stem cell compartments. (A) UMAP projection of the combined 

manifolds. Tissue type annotations are adopted from the S. mediterranea atlas6. The 

schistosome atlas was collected from juvenile worms, which we found to contain 

neoblasts with an abundance comparable to that of planarian neoblasts24. (B) 

Overlapping expressions of selected tissue-specific TFs with expressing cell types 

circled. (C) UMAP projection of the aligned manifolds showing planarian and schistosome 

neoblasts, with homologous subpopulations circled. Planarian neoblast data is from28, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 30, 2020. ; https://doi.org/10.1101/2020.09.28.317784doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.28.317784
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

and cNeoblasts correspond to the Nb2 population, which are pluripotent cells that can 

rescue neoblast-depleted planarians in transplantation experiments. (D) Distributions of 

conserved TF expressions in each neoblast subpopulation. Expression values are k-

nearest-neighbor averaged and standardized, with negative values set to zero. Blue: 

planarian; yellow: schistosome.  
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Figure 4: Mapping evolutionarily distant species identifies densely connected cell 

type groups. (A) Distribution of single-cell alignment scores for all 21 pairwise mappings 

between the 7 species. Circles denote the median. The percentage of cells with greater 

than 0.1 alignment score (dotted line) are reported at the top. Species acronyms are the 

same as in Figure 1A. (B) Schematic illustrating edge (left) and node (right) transitivities, 
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defined as the fraction of triads (set of three connected nodes) in closed triangles. (C) 

Network graphs showing highly connected cell type groups. Each node represents a cell 

type, color-coded by species (detailed annotations are provided in Supplementary Table 

5). Mapped cell types are connected with an edge. (D) Boxplot showing the median and 

interquartile ranges of node transitivities for highly connected cell type groups. The 

average node transitivity per group is compared to a bootstrapped null transitivity 

distribution, generated by repeatedly sampling subsets of nodes in the cell type graph 

and calculating their transitivities. *p < 5x10-3, ** p < 5x10-5, ***p < 5x10-7. (E) The 

percentage of cell type pairs that are topologically equivalent to the green edge in each 

illustrated motif.   

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 30, 2020. ; https://doi.org/10.1101/2020.09.28.317784doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.28.317784
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

 

Figure 5: SAMap identifies muscle and stem cell transcriptional signatures 

conserved across species. (A) Enrichment of KOG functional annotations calculated 

for genes shared in contractile cell types. For each species, genes enriched in individual 

contractile cell types are combined. (B) Expression and enrichment of conserved muscle 

genes in contractile cell types. Color: mean standardized expression. Symbol size: the 

fraction of cells each gene is expressed in per cell type. Homologs are grouped based on 

overlapping eukaryotic Eggnog orthology groups. If multiple genes from a species are 

contained within an orthology group, the gene with highest standardized expression is 

shown. Genes in blue: core transcriptional program of bilaterian muscles; red: 

transcription factors conserved throughout Metazoa. (C) Enrichment of KOG functional 

annotations for genes shared by stem cell types. (D) Boxplot showing the median and 
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interquartile ranges of the mean standardized expressions of genes in hydra and 

planarian stem cells/progenitors that are conserved across all invertebrate species in this 

study. Planarian progenitors: piwi+ cells that cluster with differentiated tissues in Fincher 

et al.6. Neoblasts: cluster 0 in Fincher et al.6 that does not express any tissue-specific 

markers. 
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Supplementary Figure 1: Existing methods failed to map D. rerio and X. tropicalis 

atlases. (A) UMAP projections of the integration results from Scanorama and BBKNN. 

(B) Sankey plot of the mapping results output by BBKNN. Edge thickness: alignment 

score. The alignment is weak so a reference edge with unit alignment score is provided 

for comparison at the bottom. (C) Distribution of alignment scores between individual cells 

calculated by SAMap, Scanorama, BBKNN, and SAMap modified to use only mutual 

nearest neighbors as opposed to neighborhoods. Importantly, since both BBKNN and 

SAMap use nearest-neighbor graphs as the primary representation of the datasets, the 

observed contrast in their performance suggests that extending the notion of mutual 

connectivity between cells to neighborhoods of cells is crucial for SAMap to successfully 

align manifolds. Indeed, modifying SAMap to only rely on mutual connectivity between 

individual cells results in dramatically reduced alignment (bottom). (D) Sankey plot of cell 

type mapping through matching marker genes. Cell types sharing at least 5 homologous 

marker genes are connected with an edge.   
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Supplementary Figure 2: Expression of selected genes enriched in secretory cell 

types and representative examples of paralog substitution events in D. rerio and X. 

tropicalis atlases. (A) Expressions of orthologous gene pairs linked by SAMap are 

overlaid on the combined UMAP projection. Expressing cells are color-coded by species, 

with those that are connected across species colored cyan. Cells with no expression are 

shown in gray. The mapped secretory cell types are highlighted with circles. (B) 

Expressions of orthologous and paralogous gene pairs are overlaid on the combined 

UMAP projection. Expressing cells are color-coded by species, with those that are 

connected across species colored in cyan. Cells with no expression are shown in gray.  
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Supplementary Figure 3: SAMap-linked gene pairs that are enriched in cell type 

pairs between S. mediterranea and S. mansoni. (A) Rows: linked cell types. 

Schistosome cell types correspond to leiden clusters. Columns: genes linked by SAMap 
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with overlapping eukaryotic Eggnog orthology groups. We calculate the average 

standardized expression of each gene in an orthology group for its corresponding cell 

type in a particular pair and report the highest expression. A selected set of orthology 

groups corresponding to transcriptional regulators are labeled. (B) Fluorescence in situ 

hybridization shows the co-expression of wnt (Smp_156540) and a panel of muscle 

markers (collagen, troponin, myosin and tropomyosin) in S. mansoni juveniles. The body 

wall muscles are expected to be located close to the parasite surface (dashed outline). 

The images are maximum intensity projections constructed from ~10 confocal slices with 

optimal axial spacing recommended by the Zen software collected on a Zeiss LSM 800 

confocal microscope using a 40× (N.A. = 1.1, working distance = 0.62 mm) water-

immersion objective (LD C-Apochromat Corr M27).  (C) Whole mount in situ hybridization 

images showing that the expression of wnt and frizzled (Smp_174350) are concentrated 

in the parasite tail (arrows) with decreasing gradients extending anteriorly. In planarian 

muscles, Wnt genes provide the positional cues for setting up the body plan during 

regeneration31. The presence of an anterior-posterior expression gradient of wnt and 

frizzled in muscles of schistosome juveniles as well suggests that they may have similar 

functional roles in patterning during development. (D) UMAP projections of schistosome 

neoblasts with gene expressions overlaid. μ and μ’ cells are circled. Colormap: 

expression in units of 𝑙𝑙𝑙𝑙𝑔𝑔2(𝐷𝐷 + 1). For visualization, expression was smoothed via 

nearest-neighbor averaging using SAM. Note that myod1 and cabp are expressed in both 

presumptive muscle progenitor populations, whereas all other markers are enriched in μ’ 

cells. All genes displayed are also expressed in fully differentiated muscle tissues.  
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Supplementary Figure 4: Alignment scores are independent of edge transitivity in 

the cell type connectivity graph constructed from all 7 species. Top left: alignment 

scores and edge transitivity for all cell type pairs in the connectivity graph. Dotted line: the 

linear best fit, with the Pearson correlation coefficient reported at the top. Alignment 
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scores and edge transitivity for individual species pairs are shown in the remaining 

subplots.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 30, 2020. ; https://doi.org/10.1101/2020.09.28.317784doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.28.317784
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 30, 2020. ; https://doi.org/10.1101/2020.09.28.317784doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.28.317784
http://creativecommons.org/licenses/by-nc-nd/4.0/


36 

Supplementary Figure 5: Phylogenetic reconstruction of animal contractile cell 

transcriptional regulators. Trees depict Csrp/Crip (A) and Fox group I (B) gene families. 

Genes labelled red are enriched in at least one contractile gene pair identified via SAMap. 

Support values indicate bootstrap support from 1,000 nonparametric (Csrp) or ultrafast 

(Fox) bootstrap replicates. Besides these two transcriptional regulators, contractile cells 

in all seven species were found to be also enriched for transcription factors from the C2H2 

Zinc Finger, Lim Homeobox, and Paired Homeobox families, although in different cell 

types we found enrichment of a number of distinct orthologs. Whether this reflects an 

ancestral role for these transcription factor families in regulating contractility or their 

independent evolution will require additional taxonomic sampling and broader coverage 

of muscle cell diversity to resolve.   
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Supplementary table captions 

 

Supplementary Table 1: Cell atlas metadata and cell annotations. Metadata includes 

the number of cells, number of transcripts in the transcriptome, median number of 

transcripts detected per cell, the reference transcriptome used in this study, database 

through which the transcriptomes are provided, technology used for constructing the cell 

atlases, atlas data accessions, processing notes, and references. Leiden clusters and 

cell type annotations are reported for cells in each atlas. The Zebrafish and Xenopus 

tables include both the original cell type annotations and those used in this study. D. rerio, 

X. tropicalis, and mouse annotations include developmental stages. 

 

 

Supplementary Table 2: Bootstrapping results and cell type annotations for the 

zebrafish-Xenopus mapping. For each pair of mapped cell types output by SAMap, the 

mean, variance, and dispersion of the alignment scores from replicate bootstrap trials are 

reported. The original alignment score and the fraction of trials in which each edge is 

observed with greater than 0.1 alignment score are also provided. 83% of cell type pairs 

appeared in at least 85% of trials. A list of cell type annotations in the original study4,5 and 

corresponding annotations used in this study is provided for both D. rerio and X. tropicalis 

atlases. 

 

Supplementary Table 3: Identified paralog substitution events in the zebrafish-

Xenopus mapping. Each row contains a pair of vertebrate-orthologous genes and a 
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corresponding pair of eukaryotic paralogs with higher correlation in expression compared 

to the orthologs, the expression correlations for ortholog and paralog pairs, the difference 

between their correlations, and if the substituted ortholog is either absent or lowly-

expressed with no cell-type specificity. Highlighted rows are shown in Figure 2F and 

Supplementary Figure 2B. 

 

Supplementary Table 4: Genes enriched in contractile cell types and invertebrate 

stem cells highlighted in Figure 4C. The IDs of the genes enriched in the contractile 

and invertebrate stem cell types are provided along with the IDs of the Eggnog orthology 

groups to which they belong. In cases where multiple genes from a species belonging to 

the same orthology group are enriched, the most differentially expressed gene is shown. 

The descriptions in the stem cell table are orthology annotations associated with the 

Spongilla genes provided in the original study2. 

 

Supplementary Table 5: Cell types in the cell type families shown in Figure 4C. For 

the schistosome cell types, we annotated two neural clusters, both of which express the 

neural marker complexin24. One of the clusters expresses the antigen SmKK7, so we 

label the clusters “Neural” and “Neural_KK7”, respectively. The “Muscle” population 

contains non-neoblast cells expressing troponin. The “Tegument_prog” and “Tegument” 

populations consist of cells expressing tegument progenitor and differentiated marker 

genes, respectively, as reported in38.   
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