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            Abstract
A widely heldâ€”but rarely testedâ€”hypothesis for the origin of animals is that they evolved from a unicellular ancestor, with an apical cilium surrounded by a microvillar collar, that structurally resembled modern sponge choanocytes and choanoflagellates1,2,3,4. Here we test this view of animal origins by comparing the transcriptomes, fates and behaviours of the three primary sponge cell typesâ€”choanocytes, pluripotent mesenchymal archaeocytes and epithelial pinacocytesâ€”with choanoflagellates and other unicellular holozoans. Unexpectedly, we find that the transcriptome of sponge choanocytes is the least similar to the transcriptomes of choanoflagellates and is significantly enriched in genes unique to either animals or sponges alone. By contrast, pluripotent archaeocytes upregulate genesÂ that control cell proliferation and gene expression, as in other metazoan stem cells and in the proliferating stages of two unicellular holozoans, including a colonial choanoflagellate. Choanocytes in the sponge Amphimedon queenslandica exist in a transient metastable state and readily transdifferentiate into archaeocytes, which can differentiate into a range of other cell types. These sponge cell-type conversions are similar to the temporal cell-state changes that occur in unicellular holozoans5. Together, these analyses argue against homology of sponge choanocytes and choanoflagellates, and the view that the first multicellular animals were simple balls of cells with limited capacity to differentiate. Instead, our results are consistent with the first animal cell being able to transition between multiple states in a manner similar to modern transdifferentiating and stem cells.
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                    Fig. 1: Cellular and regulatory traits in metazoans and unicellular holozoans.[image: ]


Fig. 2: Comparison of choanocyte, archaeocyte and pinacocyte transcriptomes.[image: ]


Fig. 3: Analysis of gene age of choanocyte, archaeocyte and pinacocyte transcriptomes.[image: ]


Fig. 4: Transdifferentiation of choanocytes in A. queenslandica.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 A. queenslandica cell types and sPLS-DA of choanocyte, archaeocyte and pinacocyte transcriptomes.
a, Whole-mount internal view of a juvenile A. queenslandica. Cell types are outlined. A, archaeocyte (cluster of four outlined); Cc, choanocyte chamber; S, sclerocyte; Sp, spherulous cell; P, pinacocyte. b, Choanocyte chamber labelled with DiI with an illustration of a single choanocyte below. c, Pinacocyte labelled with DiI with illustration below. d, Archaeocyte labelled with DiI with illustration below. Scale bars, 10Â Âµm (b), 5Â Âµm (c, d). eâ€“i, sPLS-DA identified the gene models that best characterize differences in choanocytes (blue, nÂ =Â 10), archaeocytes (red, nÂ =Â 15) and pinacocytes (green, nÂ =Â 6). e, Sample plot for the optimal number of gene models that discriminate cell types on the first two components; ellipses indicate 95% confidence intervals. f, g, HierarchicallyÂ clustered heat maps show the expression of the 110 gene models selected for the first component (f) and the 98 gene models and 2 long non-coding RNAs selected for the second component (g), which accounted for 15% and 5% of explained variance, respectively. h, i, Venn diagrams summarize the significantly differentially expressed genes identified by the DESeq2 analyses for each cell type and the sPLS-DA on the first (h) and the second (i) sPLS-DA component. Percentages are of the total number of differentially expressed genes identified from all analyses.


Extended Data Fig. 2 Percentage of KEGG cellular processes and environmental information processing (that is, cell signalling) genes present in each cell type, corresponding to the number of components that make up each KEGG category identified.
a, Cellular processes genes. b, Environmental information processing (that is, cell signalling) genes.


Extended Data Fig. 3 Evolutionary age of genes expressed in A. queenslandica choanocytes, archaeocytes and pinacocytes using different expression thresholds.
aâ€“e, Phylostratigraphic enrichment of genes expressed in each cell type (Ar, archaeocyte; Ch, choanocyte; Pi, pinacocyte; ArCh, archaeocyte + choanocyte; ArPi, archaeocyte + pinacocyte; ChPi, choanocyte + pinacocyte; ALL, all three cell types combined) at different expression thresholds. Expressed genes are parsed into quartiles based on transcript abundance in each of the cell types. Quartile 1 (Q1) includes the least abundant transcripts and Q4 the most abundant. a, Phylostratigraphy enrichment of all genes expressed in each of the cell types (Q1â€“Q4). b, Phylostratigraphy enrichment of genes expressed in the top three quartiles (excluding Q1). c, Phylostratigraphy enrichment of genes expressed in the top 50% (Q3 and Q4). d, Phylostratigraphy enrichment of the most highly expressed genes (Q4). e, For comparison, the evolutionary age of differentially expressed genes identified using differential expression analysis, DESeq2. Heat maps indicate enrichment (log-odds ratio based on a two-sided Fisherâ€™s exact test) of phylostrata contained in each gene list in comparison to the A. queenslandica genome (nÂ =Â 44,719). Asterisks mark significant (PÂ <Â 0.05; Fisherâ€™s exact test) overlap between gene lists, indicative of phylostrata enrichment. The heat maps on the far right are collapsed versions of the heat maps on the left, in which the premetazoan category contains phylostrata from cellular to holozoan, and the poriferan category contains phylostrata from poriferan to A. queenslandica. To the left of each heat map is a Venn diagram, showing the number of genes in each cell type and set of cell types. Grey boxes on the heat map indicate that there were no genes in that particular gene list characterized by the given phylostrata. See additional supplementary data on Dryad: /ED_Fig. 3_files and /Fig. 3e. f, Pairwise comparison illustrating the number of overlapping genes for each of the quartiles between the three cell types. The numbers in the cells are the number of genes common between two cell types (for example, there are 1,569 expressed genes in common between Q2 in choanocytes and Q3 in archaeocytes). NE, not expressed. g, The percentage of differentially upregulated genes identified in each of the cell types using DESeq2 in the four quartiles.


Extended Data Fig. 4 Orthologues shared between cell-type-specific gene lists and non-metazoan eukaryotes.
Heat map showing the percentage of A. queenslandica genes with orthogroups shared with select eukaryotes. a, Percentage of genes with orthogroups shared between upregulated and total expressed genes from non-exclusive lists (that is, all genes expressed in each of the three cell types, not excluding genes that overlap between any two cell types). b, Percentage of genes with orthogroups shared between DEG and total expressed genes-exclusive lists (that is, genes uniquely upregulated or expressed in that cell type).


Extended Data Fig. 5 Orthologues found in S. rosetta, C. owczarzaki and C. fragrantissima life-cycle stages, shared with A. queenslandica cell-type transcriptomes and eukaryotic genomes.
a, The percentage and number (in parentheses) of differentially expressed orthogroups found in S. rosetta, C. owczarzaki and C. fragrantissima life-cycle stages that are shared with A. queenslandica cell types. The numbers in parentheses alongside the unicellular holozoan cell states and sponge cell-type names are the total numbers of orthogroups differentially expressed in that specific gene list. b, A heat map showing the percentage of orthogroups shared between genes differentially expressed in S. rosetta, C. owczarzaki and C. fragrantissima life-cycle stages, and genes present in other eukaryotic genomes.


Extended Data Fig. 6 Heat map of transcription factor genes differentially expressed in choanocytes, archaeocytes and pinacocytes.
Ninety-four transcription factor genes that are differentially expressed in A. queenslandica cell types are classified on the basis of phylostratum: premetazoan (light grey), metazoan (dark grey) and poriferan (black). a, Heat map of expression levels in the three cell types combining all analysed CEL-Seq2 data. Depicted values illustrate scaled (z-score) expression levels based on collapsed VST from 10 choanocyte, 15 archaeocyte and 6 pinacocyte transcriptomes. Gene names, families (in parentheses) and phylostrata shading are shown on the right. b, Heat map of uncollapsed expression levels (VST) of all transcriptomes (10 choanocyte, 15 archaeocyte and 6 pinacocyte). Rows in b correspond to the rows and genes in a. c, Venn diagram summary of differentially upregulated transcription factor genes between the three cell types using DESeq2. Percentages are of the total transcription factor genes differentially upregulated in all cell types. d, Bar graph of the number and distribution of transcription factor genes based on evolutionary age in the three cell types.


Extended Data Fig. 7 Analysis of premetazoan transcription factors in A. queenslandica cells and unicellular holozoan cell states.
a, The number and percentage of premetazoan transcription factor orthologues that are present in the genomes of S. rosetta, C. owczarzaki and C. fragrantissima. Percentages are based on the 43 premetazoan genes differentially expressed in the A. queenslandica cell types (Extended Data Fig. 5). The number of transcription factor orthologues in the genome is listed above the bar. The orange bar depicts the percent and number of unicellular holozoan premetazoan transcription factor orthologues that are significantly differentially upregulated in at least one cell state. b, The 15 premetazoan transcription factor orthology groups (listed along the top) that are significantly upregulated in at least one A. queenslandica cell type and one unicellular holozoan cell state. Dots correspond to the cell types and states this occurs. Black dots, orthology group with one gene member; grey dots, orthology group comprising two or more paralogues (see Supplementary File 8 for details).


Extended Data Fig. 8 Choanocyte dedifferentiation into an archaeocyte does not require cell division.
a, b, Four-day-old juveniles 6Â h after CM-DiI and EdU labelling. a, CM-DiI-labelled archaeocytes with EdU incorporation (arrows) found near choanocyte chambers. b, Labelled archaeocytes without EdU incorporation (arrowheads), indicating dedifferentiation from choanocytes without cell division. c, d, Choanocyte-derived archaeocytes are capable of generating new choanocyte chambers. c, Four-day-old juvenile 6Â h after CM-DiI and EdU labelling. Early choanocyte chamber (dotted line) completely labelled with CM-DiI and EdU, indicating that CM-DiI-labelled archaeocytes with large nuclei are forming this chamber. The absence of cilia and space at the centre of this structure indicates it is not yet a functional choanocyte chamber. d, Four-day-old juvenile 12Â h after CM-DiI and 6Â h after EdU labelling. Early choanocyte chamber (dotted line) with multiple EdU labelled cells, with both CM-DiI-labelled choanocytes (arrowheads) and non-CM-DiI-labelled choanocytes (arrows) indicate multiple cell lineages contributing to the formation of this chamber. The images presented in aâ€“d represent the consensus ofÂ cell behaviours obtained from 10 independent labelling experiments, each comprising a minimum of 24 juveniles. Scale bars, 10Â Î¼m.


Extended Data Table 1 Summary of CEL-Seq2 samples used in this studyFull size table
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Supplementary Video 1
: Time-lapse video of a 4 day old juvenile Amphimedon queenslandica. This 10 second video captures 20 minutes of cell behavior on the outer edge of the juvenile. Annotated are (i) a choanocyte chamber (cc) comprising of multiple tethered choanocytes, (ii) three migrating archaeocytes (ar) â€“ there are multiple other archaeocytes in this video, and (iii) a pinacocyte (pi), which comes in and out of focus and is characterised by a thin, transparent cytoplasm with small refractive vesicles. Scale bar, 10 Âµm. n=10 biologically independent samples.


Supplementary Video 2
: Capture and washing of a dissociated archaeocyte. All cells and choanocyte chambers used in this study were fixed or frozen in less than 15 minutes after dissociation from the intact sponge. n=174 biologically independent samples.


Supplementary Video 3
: Time-lapse video of choanocytes transdifferentiating and evacuating chambers in 4 day old juvenile Amphimedon queenslandica. Matching 8-second videos captures 120 min of CM-DiI labelled choanocytes (left, red; right, white), which are initially located in distinct chambers (arrows on four chambers), undergoing transdifferentiation and migrating from the chambers. At the end of the video, none of the CM-DiI labelled chambers are recognisable. Note that many cells vacating the choanocyte chambers are larger, consistent with choanocytes dedifferentiating into larger archaeocytes. Scale bar, 40 Âµm. n=5 biologically independent samples.
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