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Figure 3: Functional categorization of orthogroup gain and loss. Each panel shows gene 
family (OG) gains (bars above the x-axis) and losses (bars below) in key nodes in Cnidaria for 
a specific function. Nodes with significant enrichment in gains or losses are highlighted. 

Introduction
• Cnidarians (jellyfish, sea anemones, and corals) 

are characterized by complex life histories and 
cnidocytes: explosive stinging cells. 

• Many anthozoans (sea anemones and corals) 
host dinoflagellate symbionts.

• Many medusozoans (jellyfish) possess an 
energetically demanding medusa stage.

• The Endocnidozoa are a parasitic lineage that 
have undergone extensive genome reduction.

• Gene gain and loss can be inferred using 
orthogroups (families of orthologous genes) and 
dollo parsimony, which assumes that 
orthologous genes originate once, but can be 
lost repeatedly in different lineages.

• Comparative single-cell RNA sequencing 
(scRNA-seq) analysis enables the identification 
of cell-type specific expression patterns of genes 
gained at key evolutionary nodes. 

Cnidaria, 626 Ma

Endocnidozoa + 
Medusozoa, 602 Ma

Hydrozoa, 535 Ma

Medusozoa, 578 Ma

Acraspeda, 559 Ma

Scyphozoa (moon 
jellyfish), 482 Ma

Myxozoa, 363 Ma

Siphonophora, 338 Ma

Anthozoa, 601 Ma

Octocorallia (soft-
bodied corals), 346 Ma

Ceriantheria (tube 
anemones), 344 Ma

Ceriantheria + 
Hexacorallia, 581 Ma

Hexacorallia, 541 Ma
Actinaria (sea 

anemones), 408 Ma

Scleractinia (stony 
corals), 215 Ma

Endocnidozoa (parasitic 
cnidarians), 509 Ma

Outgroup

Figure 1: Orthogroup gain and loss in Cnidaria. A time-calibrated phylogenetic tree showing the relationships between 
72 cnidarians and 25 outgroup taxa. Node pie charts reflect the proportion of gene family gains and losses in ancestral 
genomes; sizes are scaled to the total number of changes. Focal nodes are circled, and their divergence times (in million 
of years) are indicated. Species included in the SAMap gene expression analysis have colored tip labels that match the 
color scheme in Figure 2B. Silhouette images are from PhyloPic (https://www.phylopic.org/).

Figure 2: SAMap of 5 cnidarians. A UMAP representation of single cells from: Acropora millepora, Aurelia coerulea, Hydra 
vulgaris, Nematostella vectensis, and Xenia sp. Each point represents one cell. A) is colored by cell type, and B) is colored 
by species. C-M) A collective expression score was calculated for genes gained at specified nodes. Scores are comparable 
across panels, but the color is scaled to each node for visualization. Select cell types in each node are indicated. 

1. Cole, A. G. et al. Updated single cell reference atlas for the starlet anemone Nematostella vectensis. Front Zool 21, 8 (2024).
2. Reijnders, M. J. M. F. & Waterhouse, R. M. Summary Visualizations of Gene Ontology Terms With GO-Figure! Front. Bioinform. 1, 638255 (2021).
3. Gligorijević, V. et al. Structure-based protein function prediction using graph convolutional networks. Nat Commun 12, 3168 (2021).
4. Siebert, S. et al. Stem cell differentiation trajectories in Hydra resolved at single-cell resolution. (2020).
5. Edgar, R. C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461 (2010).
6. Emms, D. M. & Kelly, S. OrthoFinder: phylogenetic orthology inference for comparative genomics. Genome Biol 20, 238 (2019).
7. Tarashansky, A. J. et al. Mapping single-cell atlases throughout Metazoa unravels cell type evolution. eLife 10, e66747 (2021).
8. Hu, M., Zheng, X., Fan, C.-M. & Zheng, Y. Lineage dynamics of the endosymbiotic cell type in the soft coral Xenia. Nature 582, 534–538 (2020).
9. Han, T. et al. In-depth single-cell transcriptomic exploration of the regenerative dynamics in stony coral. Commun Biol 8, 652 (2025).
10. Dong, Z. et al. Genomic and single-cell analyses reveal genetic signatures of swimming pattern and diapause strategy in jellyfish. Nat Commun 15, 5936 (2024).
11. Hao, Y. et al. Dictionary learning for integrative, multimodal and scalable single-cell analysis. Nat Biotechnol 42, 293–304 (2024).
12. elawrey, Wikimedia Commons, https://creativecommons.org/licenses/by/4.0/deed.en
13. Corvana, Wikimedia Commons, https://creativecommons.org/licenses/by-sa/3.0/deed.en
14. Smithsonian Environmental Research Center, Wikimedia Commons, https://creativecommons.org/licenses/by/2.0/deed.en 
15. FredD, Wikimedia Commons, https://creativecommons.org/licenses/by/4.0/deed.en 
16. Siharaditia, Wikimedia Commons, https://creativecommons.org/licenses/by-sa/4.0/deed.en

OrthoFinder6

Find Orthologous 
Groups (OGs) of genes 

72 cnidarian and 25 
outgroup proteomes

USearch5

Find centroid 
sequences from OGs

DeepFRI3

Functionally annotate 
centroid sequences 
with Gene Ontology 

(GO) terms

GO-Figure2

Cluster GO terms

Microsoft CoPilot 
Categorize GO term 

clusters

OrthoDollo
Identify OG gains and 

losses with dollo 
parsimony (results in 

figure 1) 

Fisher Exact
Test significance of 

functional gains and 
losses in focal nodes 
against background 

nodes within Cnidaria 
(results in figure 3)

SAMap7

Combine scRNA-seq 
expression profiles

Seurat11

Calculate a score for 
the expression of 

genes gained at focal 
nodes for each cell 
(results in figure 2)

Methods

Conclusions

Acknowledgments

Objectives
1. Quantify orthogroup (gene family) gain and 

loss across cnidarian phylogeny.
2. Characterize the functions associated 

with bursts of gene gain and loss.
3. Identify cell types with elevated expression 

of genes gained at focal nodes. 
4. Identify instances of gene gains that lead 

to novel cell types.

• Cnidarian gains in regulation, development, extracellular matrix, 
and signaling enabled the emergence of diverse life histories and are 
highly expressed in cnidocytes. 

• Anthozoan gains are expressed in immune, muscle, and gastrodermal 
cells and include functions associated with transporters, signal 
transduction, and binding, which support nutrient exchange, 
symbiont identification, and physical association with symbionts. 

• Gains in cell communication and signaling, cell cycle and division, 
and transport and localization in Medusozoa are expressed in stem 
cells and support the cell proliferation and organization of medusae.

• Some gains in Hydrozoa and Scleractinia are highly expressed in 
lineage specific cell types such as battery cells and calicoblasts.

• Endocnidozoa and Myxozoa exhibit major losses in localization, cell 
periphery, immune system, development, and the cell cycle, 
reflecting reduced functions of free-living cnidarians, while gaining 
transporters that support nutrient exchange with their host.
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Lineage-specific genes are often expressed in lineage-specific cell types
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