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            Abstract
Placodes and neural crests represent defining features of vertebrates, yet their relationship remains unclear despite extensive investigation1,2,3. Here we use a combination of lineage tracing, gene disruption and single-cell RNA-sequencing assays to explore the properties of the lateral plate ectoderm of the proto-vertebrate, Ciona intestinalis. There are notable parallels between the patterning of the lateral plate in Ciona and the compartmentalization of the neural plate ectoderm in vertebrates4. Both systems exhibit sequential patterns of Six1/2, Pax3/7 and Msxb expression that depend on a network of interlocking regulatory interactions4. In Ciona, this compartmentalization network produces distinct but related types of sensory cells that share similarities with derivatives of both cranial placodes and the neural crest in vertebrates. Simple genetic disruptions result in the conversion of one sensory cell type into another. We focused on bipolar tail neurons, because they arise from the tail regions of the lateral plate and possess properties of the dorsal root ganglia, a derivative of the neural crest in vertebrates5. Notably, bipolar tail neurons were readily transformed into palp sensory cells, a proto-placodal sensory cell type that arises from the anterior-most regions of the lateral plate in the Ciona tadpole6. Proof of transformation was confirmed by whole-embryo single-cell RNA-sequencing assays. These findings suggest that compartmentalization of the lateral plate ectoderm preceded the advent of vertebrates, and served as a common source for the evolution of both cranial placodes and neural crest3,4.
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                    Fig. 1: Lateral plate ectoderm.


Fig. 2: Functional analysis of the lateral plate ectoderm.


Fig. 3: Single-cell RNA-seq analysis of BTN transformations.


Fig. 4: Compartmentalization of Ciona lateral plate ectoderm.
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Extended data figures and tables

Extended Data Fig. 1 Sensory cell lineages.
a, Cell lineages of anterior blastomeres (a-line blastomeres) and a posterior blastomere (b-line) from the 16-cell to 110-cell stages. Green, Dmrt.a-expressing blastomeres; magenta, Msxb expression lineages; yellow, Foxc expression. b, Schematic of 16-cell-stage embryos. Each of the blastomeres that was labelled with Dil or DiO is indicated by magenta or green, respectively. câ€“e, Head regions of larvae labelled with DiI or DiO at the 16-cell stage. c, Labelling of the a5.3 lineage. d, Labelling of the a5.4 lineage. e, Labelling of the b5.3 blastomere. fâ€“h, Head region of a larva that was injected with Dmrt.aâ€‰>â€‰CFP and Msxbâ€‰>â€‰mCherry reporter genes. Arrowhead identifies the boundary of the Dmrt.aâ€“Msxb expression territories. iâ€“k, Head region of a larva injected with Foxcâ€‰>â€‰CFP and Dmrt.aâ€‰>â€‰mCherry reporter genes. Anterior is to the left. Scale bars, 100â€‰Î¼m.


Extended Data Fig. 2 Regulation of Eya expression by Dmrt.a and Msxb.
aâ€“c, Head regions of larvae injected with an Eyaâ€‰>â€‰CFP reporter gene. Yellow arrowheads denote Eya expression in the proto-placodal region of control MO-injected larvae (36 out of 36 larvae displayed this pattern) (a). b, There is a loss of expression in Dmrt.a morphants (88 out of 88 larvae showed this phenotype). c, There is expanded expression (white arrowheads) in Msxb morphants (39 out of 48 larvae showed this phenotype). Anterior is to the left. Scale bars, 100Î¼m.


Extended Data Fig. 3 Regulatory interactions among placodal determinants.
a, b, Head regions of larvae that were injected with an Otx MO, and injected with Six1/2â€‰>â€‰mCherry (a) and Eyaâ€‰>â€‰CFP (b) (32 out of 32 larvae showed reduced or no expression of Six1/2â€‰>â€‰mCherry and no expression of Eyaâ€‰>â€‰CFP). c, d, Head regions of larvae injected with Dmrt.aâ€‰>â€‰Msxb, and injected with Six1/2â€‰>â€‰CFP (c; 33 out of 33 larvae showed no expression of Six1/2â€‰>â€‰CFP) and Eyaâ€‰>â€‰CFP (d; 71 out of 71 larvae showed little or no expression of Eyaâ€‰>â€‰CFP). e, f, Head regions of larvae injected with Six1/2â€‰>â€‰mCherry, and injected with H2O (e; 61 out of 61 larvae showed full expression of Six1/2â€‰>â€‰mCherry) or Dmrt.aâ€‰>â€‰Foxc (f; 50 out of 50 larvae showed no expression of Six1/2â€‰>â€‰mCherry). g, h, Head regions of larvae injected with Foxcâ€‰>â€‰mCherry, and injected with H2O (g; 40 out of 40 larvae showed full expression of Foxcâ€‰>â€‰mCherry) or Dmrt.aâ€‰>â€‰Six1/2 (h; 39 out of 39 larvae showed no expression of Foxcâ€‰>â€‰mCherry). Scale bars, 100â€‰Î¼m.


Extended Data Fig. 4 Direct repression of Six1/2 expression by Msxb.
a, Deletion analyses of the 5â€² regulatory region of Six1/2. âˆ’2,410Â bp to âˆ’2,001Â bp of the 5â€² cis-regulatory region is necessary for Kaede expression in the pre-placodal territory. b, c, Head regions of larvae injected with Six1/2 âˆ’2,410 to âˆ’2,001â€‰>â€‰Kaede, and injected with H2O (b; 74 out of 74 larvae showed full expression of Six1/2 âˆ’2,410 to âˆ’2,001â€‰>â€‰Kaede) or Dmrt.aâ€‰>â€‰Msxb (c; 37 out of 37 larvae showed no expression of Six1/2 âˆ’2,410 to âˆ’2,001â€‰>â€‰Kaede). d, The Six1/2 5â€² regulatory region spanning âˆ’2,410 to âˆ’2,001Â bp contains an Otx binding site (green box) and multiple Msxb repressor binding sites (magenta boxes).


Extended Data Fig. 5 Anterior expansion of Msxb expression in Dmrt.a morphant.
Tailbud embryo injected with Dmrt.a MO, Dmrt.a Î”MO target sequence >â€‰CFP and Msxbâ€‰>â€‰mCherry construct. The anterior expansion of the Msxbâ€‰>â€‰mCherry expression pattern is indicated by the white arrowhead. Anterior is to the left. Scale bars, 100â€‰Î¼m.


Extended Data Fig. 6 Specification of aATEN sensory neurons.
aâ€“c, Larvae injected with the CNGAâ€‰>â€‰CFP reporter gene. Yellow arrowheads indicate expression in aATENs, and white arrowheads indicate ectopic sites of differentiated aATENs in the palp. a, Larva injected with Dmrt.a MO (62 out of 62 larvae showed no expression of CNGAâ€‰>â€‰CFP in aATENs). b, Larva injected with control MO (32 out of 32 larvae showed full expression of CNGAâ€‰>â€‰CFP). c, Larva injected with Foxc MO (18 out of 42 larvae showed expanded expression of CNGAâ€‰>â€‰CFP in palp region). Anterior is to the left. Scale bars, 100â€‰Î¼m.


Extended Data Fig. 7 Single-cell RNA-seq analysis.
a, b, Identification of major cell types among 20 clusters with known markers, 3 epidermis clusters were identified by the expression of EpiB; 2 clusters of epidermis and sensory neurons were identified by the expression of either Msxb or nut, along with EpiB; a cluster of sensory neurons identified by the expression of NGN3 and nut; 3 clusters of central nervous system by high levels of nut transcripts; 6 clusters of mesenchyme by their expression of twist; 2 endoderm clusters by the high expression of SOD3; and one notochord cluster by the expression of CiT (T also known as brachyury). c, Representation of overlap between cells from Pax3/7â€‰>â€‰Foxc and control embryos in each cell population. t-SNE plot from Fig.Â 3a, with each cell now coloured to indicate their origin from either Pax3/7â€‰>â€‰Foxc embryos (red dots, nâ€‰=â€‰5,339) or control embryos (blue dots, nâ€‰=â€‰4,850). Both samples contribute to all 20 cell populations. d, Identification of BTNs and PSCs with the combination of representation markers in the control embryo, 27 BTNs (green dots) were identified by the combination of Asic1b and synaphin, and 15 PSCs were identified by the combination of Foxg, islet and SP8. e, Visualization of SV40+ cells in Pax3/7â€‰>â€‰Foxc transgenic embryos within t-SNE projection map. SV40 is detected in cells contained within clusters 2 and 5 for epidermis and sensory neuron cells, as well as weak expression in mesenchyme clusters 15 and 16. None of the transformed or hybrid cells contained in the sensory cell clusters (5 and 6) express any mesenchyme marker genes, suggesting that none of these are transformed by misexpression of Pax3/7. f, Heat map of representative genes (Fig.Â 3e) that show no significant differential expression in SV40+ cells contained within clusters 2, 5, 15 and 16. g, Heat map of all differentially expressed genes between BTNs and PSCs from both control and Pax3/7â€‰>â€‰Foxc embryos.


Extended Data Fig. 8 Newly identified markers for PSCs and BTNs.
Distribution of newly identified marker genes in PSCs (a) and BTNs (b).


Extended Data Fig. 9 Heat map of differentially expressed and coexpressed genes between PSCs, aATENs and BTNs from wild-type late tailbud stage II embryos.
Transcription factors (red), signalling pathway genes (green) and effector genes (black).


Extended Data Fig. 10 Control experiments for MO gene disruption assays.
aâ€“d, Dmrt.a MO. a, Schematic of reporter gene containing Dmrt.a regulatory genes with and without recognition sequences for the Dmrt.a MO that was used in this study. The MO recognition sequences are located in the 5â€² UTR, upstream of the initiating AUG codon (âˆ’1). b, Larva injected with Dmrt.a MO and injected with the Dmrt.aâ€‰>â€‰CFP reporter gene containing the MO recognition sequences (46 out of 46 larvae showed no protein synthesis from the Dmrt.aâ€‰>â€‰CFP reporter). c, Same as b, except that the reporter gene lacks the Dmrt.a MO recognition sequence (Dmrt.a Î”MO targetâ€‰>â€‰CFP) (57 out of 57 larvae showed CFP expression in appropriate head tissues). Dmrt.a MO efficiently blocks the expression of CFP that contains the Dmrt.a MO target sequence. d, Larva injected with Dmrt.a MO, Dmrt.a Î”MOâ€‰>â€‰Dmrt.a and Six1/2â€‰>â€‰mCherry. Dmrt.a MO morphants normally lack Six1/2â€‰>â€‰mCherry expression (Fig.Â 2b), but expression is restored with a Dmrt.a transgene that lacks the MO recognition sequence (107 out of 108 larvae showed expression of Six1/2â€‰>â€‰mCherry). This result shows that the Dmrt.a MO used in this study specifically blocks the synthesis of Dmrt.a protein products. eâ€“h, Msxb MO. e, Diagram of Msxb 5â€² regulatory region and the location of the recognition sequences for the Msxb MO and point mutations in this sequence. f, g, Larvae injected with Msxbâ€‰>â€‰CFP containing MO recognition sequences, and injected with control MO (f; 54 out of 54 larvae showed CFP expression). g, Same as f except that the Msxb MO was injected instead of the control MO (44 out of 44 larvae showed no expression of CFP). These results show that the Msxb MO specifically blocks CFP protein synthesis from the Msxb reporter gene. h, Larva injected with Msxb MO, Six1/2â€‰>â€‰mCherry and Msxbâ€‰>â€‰CFP reporter gene containing point mutations in MO recognition sequence (see red letters in e). Msxb morphants normally display expanded expression of Six1/2 in tail regions (Fig.Â 2c). This expansion is suppressed by injection of the mutant Msxb transgene lacking the MO recognition sequences (h). This result suggests that the Msxb MO inhibits synthesis of Msxb protein products. iâ€“l, Foxc MO. i, Diagram of Foxc 5â€² regulatory region showing the location of the MO recognition sequence and point mutations in this sequence. jâ€“l, Larvae injected with Foxcâ€‰>â€‰Foxc transgene and Foxcâ€‰>â€‰CFP reporter gene, and also injected with control MO (j; 25 out of 25 larvae showed CFP expression). k, Same as j except that the embryo was injected with the Foxc MO instead of the control MO (k; 99 out of 99 larvae showed no expression of CFP). This result shows that the Foxc MO efficiently blocks the synthesis of CFP proteins encoded by the Foxcâ€‰>â€‰CFP reporter gene containing the Foxc MO target sequence. l, Larvae injected with Foxc MO, Foxcâ€‰>â€‰Foxc mut (MO-resistant Foxc cDNA) and Î²Î³-crystallinâ€‰>â€‰mCherry. Normally, Foxc morphants lack expression of the Î²Î³-crystallinâ€‰>â€‰mCherry reporter gene (Fig.Â 2f). However, expression is restored by injection of Foxcâ€‰>â€‰Foxc transgene. This result suggests that the Foxc MO inhibits synthesis of Foxc protein products. Scale bars, 100â€‰Î¼m.
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