

https://www.frontiersin.org/research-topics/16239/new-approaches-in-chordate-and-vertebrate-evolution-and-development
https://www.frontiersin.org/research-topics/16239/new-approaches-in-chordate-and-vertebrate-evolution-and-development
https://www.frontiersin.org/research-topics/16239/new-approaches-in-chordate-and-vertebrate-evolution-and-development
https://www.frontiersin.org/research-topics/16239/new-approaches-in-chordate-and-vertebrate-evolution-and-development
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/ecology-and-evolution



https://www.frontiersin.org/research-topics/16239/new-approaches-in-chordate-and-vertebrate-evolution-and-development
https://www.frontiersin.org/journals/cell-and-developmental-biology
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact



https://www.frontiersin.org/research-topics/16239/new-approaches-in-chordate-and-vertebrate-evolution-and-development
https://www.frontiersin.org/journals/cell-and-developmental-biology
http://doi.org/10.3389/978-2-88976-053-4



https://www.frontiersin.org/research-topics/16239/new-approaches-in-chordate-and-vertebrate-evolution-and-development
https://www.frontiersin.org/journals/cell-and-developmental-biology



https://www.frontiersin.org/research-topics/16239/new-approaches-in-chordate-and-vertebrate-evolution-and-development
https://www.frontiersin.org/journals/cell-and-developmental-biology



http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.917101&domain=pdf&date_stamp=2022-05-12
https://www.frontiersin.org/articles/10.3389/fcell.2022.917101/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.917101/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.917101/full
https://www.frontiersin.org/researchtopic/16239
http://creativecommons.org/licenses/by/4.0/
mailto:jpascualanaya@gmail.com
https://doi.org/10.3389/fcell.2022.917101
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.917101



https://www.frontiersin.org/articles/10.3389/fevo.2021.703163/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.713918/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.749963/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.702787/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.668006/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.668006/full
http://phylopic.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.668025/full
https://www.frontiersin.org/articles/10.3389/fevo.2021.666722/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.749806/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.696875
https://www.frontiersin.org/articles/10.3389/fcell.2021.702986/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.702290/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.702688/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.702688/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.700827/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.700827/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.709696/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.709696/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.704367/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.701779/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.701779/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.700860/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.760366/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.744982/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.750833/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.667296/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.613545/full
https://www.frontiersin.org/articles/10.3389/fcell.2021.639522/full
https://doi.org/10.1038/nature14433
https://doi.org/10.1016/b978-0-12-802996-1.00001-8
https://doi.org/10.1073/pnas.97.9.4449
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.613545
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.613545
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.613545&domain=pdf&date_stamp=2021-03-23
https://www.frontiersin.org/articles/10.3389/fcell.2021.613545/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.613545/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.613545/full#supplementary-material
https://doi.org/10.1002/aja.1001330104
https://doi.org/10.1002/jmor.1051420104
https://doi.org/10.1002/jmor.1051420104
https://doi.org/10.1002/aja.1001390203
https://doi.org/10.1002/aja.1001390203
https://doi.org/10.1159/000144389
https://doi.org/10.1159/000144389
https://doi.org/10.1002/ar.20592
https://doi.org/10.1098/rsif.2009.0490
https://doi.org/10.1002/dvdy.20400
https://doi.org/10.1002/ar.23516
https://doi.org/10.1002/ar.23516
https://doi.org/10.1002/ar.23999
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1002/ar.23028
https://doi.org/10.1002/ar.23030
https://doi.org/10.1242/jeb.097402
https://doi.org/10.1242/jeb.097402
https://doi.org/10.1111/j.1439-0264.1973.tb00253.x
https://doi.org/10.1371/journal.pone.0034685
https://doi.org/10.1371/journal.pone.0034685
https://doi.org/10.2992/007.081.0101
https://doi.org/10.2992/007.081.0101
https://doi.org/10.1206/0003-00902006295[0001:OTCOOC]2.0.CO;2
https://doi.org/10.1111/joa.12449
https://doi.org/10.1023/A:1009436419637
https://doi.org/10.1023/A:1009436419637
https://doi.org/10.1159/000047920
https://doi.org/10.1007/BF02301074
https://doi.org/10.1007/BF02301074
https://doi.org/10.1017/S0094837300012197
https://doi.org/10.1159/000065938
https://doi.org/10.1016/j.tree.2006.01.001
https://doi.org/10.1007/BF02568739
https://doi.org/10.1007/BF02568739
https://doi.org/10.1292/jvms1939.42.377
https://doi.org/10.1292/jvms1939.42.377
https://doi.org/10.1644/06-MAMM-A-273R.1
https://doi.org/10.1644/06-MAMM-A-273R.1
https://doi.org/10.1002/jmor.1052020308
https://doi.org/10.1002/jmor.1052020308
https://doi.org/10.1206/365.1
https://doi.org/10.1002/ar.23024
https://doi.org/10.1002/ar.23023
https://doi.org/10.1016/0021-9975(92)90018-p
https://doi.org/10.1073/pnas.1917836117/-/DCSupplemental
https://doi.org/10.5479/si.00810282.627
https://doi.org/10.5479/si.00810282.627
https://doi.org/10.1071/ZO06101
https://doi.org/10.1016/j.cub.2020.12.043
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1002/jmor.10263
https://doi.org/10.1007/s10914-005-5731-5
https://doi.org/10.1007/s10914-005-5731-5
https://doi.org/10.1002/ar.23027
https://doi.org/10.1002/ar.23027
https://doi.org/10.26049/VZ70-3-2020-10
https://doi.org/10.5194/pb-2-89-2015
https://doi.org/10.1017/s0022215100049707
https://batnames.org/
https://doi.org/10.1038/nature06549
https://doi.org/10.1002/ar.24488
https://doi.org/10.1007/s10914-011-9178-6
https://doi.org/10.1007/s10914-011-9178-6
https://doi.org/10.1002/ar.20724
https://doi.org/10.1007/s10914-020-09525-6
https://doi.org/10.1007/s10914-020-09525-6
https://doi.org/10.1073/pnas.111551998
https://doi.org/10.1111/j.1439-0469.2009.00560.x
https://doi.org/10.1016/S1055-7903(03)00117-9
https://doi.org/10.1073/pnas.022477199
https://doi.org/10.1126/science.1105113
https://doi.org/10.1111/j.1469-7580.2010.01329.x
https://doi.org/10.1111/j.1469-7580.2010.01329.x
https://doi.org/10.1002/ar.23021
https://doi.org/10.13140/RG.2.2.24876.92800
https://doi.org/10.1002/ar.24422
https://doi.org/10.3389/fnana.2018.00032
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.667296
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.667296
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.667296&domain=pdf&date_stamp=2021-04-13
https://www.frontiersin.org/articles/10.3389/fcell.2021.667296/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.667296/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.667296/full#supplementary-material
https://doi.org/10.7554/eLife.32808
https://doi.org/10.1002/cne
https://doi.org/10.1186/2041-9139-4-25
https://doi.org/10.1186/2041-9139-4-25
https://doi.org/10.1016/j.ydbio.2018.04.019
https://doi.org/10.1016/j.neuron.2005.05.026
https://doi.org/10.1242/dev.097048
https://doi.org/10.1242/dev.097048
https://doi.org/10.1016/j.devcel.2019.05.037
https://doi.org/10.1101/698035
https://doi.org/10.1089/zeb.2014.1005
https://doi.org/10.1242/dev.039693
https://doi.org/10.1242/dev.192500
https://doi.org/10.1016/j.cub.2020.05.048
https://doi.org/10.1016/j.cub.2020.05.048
https://doi.org/10.1016/j.ydbio.2008.05.545
https://doi.org/10.1016/j.ydbio.2008.05.545
https://doi.org/10.3791/53792
https://doi.org/10.1242/dev.165068
https://doi.org/10.1242/dev.141291
https://doi.org/10.1242/dev.141291
https://doi.org/10.1089/zeb.2011.0713
https://doi.org/10.1016/j.devcel.2013.09.023
https://doi.org/10.1186/s13227-020-00159-6
https://doi.org/10.1016/S0960-9822(06)00025-X
https://doi.org/10.1016/S0960-9822(06)00025-X
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1242/dev.071407
https://doi.org/10.1101/2020.05.15.098483
https://doi.org/10.1016/J.YDBIO.2018.07.014
https://doi.org/10.1016/bs.ctdb.2019.08.002
https://doi.org/10.1371/journal.pbio.1000214
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1242/dev.054106
https://doi.org/10.1242/dev.054106
https://doi.org/10.1126/science.1127144
https://doi.org/10.1016/B978-0-12-802148-4.00012-8
https://doi.org/10.1016/B978-0-12-802148-4.00012-8
https://doi.org/10.7554/elife.55190
https://doi.org/10.1146/annurev.genet.37.110801.143752
https://doi.org/10.1146/annurev.genet.37.110801.143752
https://doi.org/10.1371/journal.pone.0212591
https://doi.org/10.1016/bs.ctdb.2020.05.001
https://doi.org/10.1098/rsbl.2018.0101
https://doi.org/10.7554/eLife.50160
https://doi.org/10.1002/dvdy.22144
https://doi.org/10.1242/dev.158832
https://doi.org/10.7554/eLife.54445
https://doi.org/10.1126/science.277.5323.254
https://doi.org/10.1126/science.277.5323.254
https://doi.org/10.1126/SCIENCE.289.5479.631
https://doi.org/10.1126/SCIENCE.289.5479.631
https://doi.org/10.1038/nature02906.1
https://doi.org/10.1038/nature02906.1
https://doi.org/10.1016/j.cub.2010.07.017
https://doi.org/10.1093/icb/icy006
https://doi.org/10.1242/dev.00723
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.668025
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.668025
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.668025&domain=pdf&date_stamp=2021-04-26
https://www.frontiersin.org/articles/10.3389/fcell.2021.668025/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://github.com/EBISPOT/webulous
https://github.com/EBISPOT/amphx_ontology
http://obofoundry.org/ontology/amphx.html
http://www.ontobee.org/ontology/AMPHX
https://www.ebi.ac.uk/ols/ontologies/amphx
http://bioportal.bioontology.org/ontologies/AMPHX?p=summary
https://en.wikipedia.org/wiki/FAIR_data
https://fairsharing.org/bsg-s001582/
http://purl.obolibrary.org/obo/cl.owl
http://purl.obolibrary.org/obo/ro.owl
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.youtube.com/watch?v=p8XF7yJvW4E
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.668025/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.668025/full#supplementary-material
https://doi.org/10.1038/ng.3497
https://doi.org/10.1038/s41559-019-0933-z
https://doi.org/10.1038/s41559-019-0933-z
https://doi.org/10.1242/dev.066720
https://doi.org/10.3389/fcell.2021.668006
https://doi.org/10.3389/fcell.2021.668006
https://doi.org/10.1371/journal.pbio.0030314
https://doi.org/10.1371/journal.pbio.0030314
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1002/jmor.1052030308
https://doi.org/10.1002/jmor.1052070106
https://doi.org/10.1086/bblv219n2p132
https://doi.org/10.1086/bblv219n2p132
https://doi.org/10.1002/jmor.21297
https://doi.org/10.1002/cfg.248
https://doi.org/10.1002/cfg.248
https://doi.org/10.1371/journal.pone.0096434
https://doi.org/10.1371/journal.pone.0096434
https://doi.org/10.1515/jib-2007-65
https://doi.org/10.1016/j.cub.2008.04.078
https://doi.org/10.1038/s41587-019-0080-8
https://doi.org/10.1038/s41587-019-0080-8
https://doi.org/10.1186/1471-213X-8-92
https://doi.org/10.1186/1471-213X-8-92
https://doi.org/10.1038/nbt1346
https://doi.org/10.1073/pnas.1100045109
https://doi.org/10.1186/2041-1480-5-12
https://doi.org/10.1186/2041-1480-5-12
https://doi.org/10.1146/annurev.es.20.110189.000411
https://doi.org/10.1016/j.dci.2014.05.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.668006
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.668006
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.668006&domain=pdf&date_stamp=2021-05-20
https://www.frontiersin.org/articles/10.3389/fcell.2021.668006/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



http://movincell.com/projects/14
http://movincell.com/projects/14
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.668006/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.668006/full#supplementary-material
https://doi.org/10.1093/molbev/msaa147
https://doi.org/10.1093/molbev/msaa147
https://doi.org/10.1038/ng.3497
https://doi.org/10.1038/ng.3497
https://doi.org/10.1038/s41598-017-08157-w
https://doi.org/10.1038/s41598-017-08157-w
https://doi.org/10.1073/pnas.1014235108
https://doi.org/10.3389/fcell.2021.668025
https://doi.org/10.1242/dev.066720
https://doi.org/10.1387/ijdb.170227ms
https://doi.org/10.1387/ijdb.170227ms
https://doi.org/10.1387/ijdb.170192ms
https://doi.org/10.1186/s12862-016-0863-1
https://doi.org/10.1002/jmor.1050540103
https://doi.org/10.1242/dev.164368
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1002/jez.b.21179
https://doi.org/10.1002/jez.b.20025
https://doi.org/10.1002/jmor.1052030308
https://doi.org/10.1002/jmor.1052070106
https://doi.org/10.1007/978-3-7091-1856-6_3
https://doi.org/10.1007/978-3-7091-1856-6_3
https://doi.org/10.2307/1542182
https://doi.org/10.1093/icb/38.4.647
https://doi.org/10.1002/wdev.11
https://doi.org/10.1002/wdev.11
https://doi.org/10.1016/s0091-679x(04)74009-1 
https://doi.org/10.1016/s0091-679x(04)74009-1 
https://doi.org/10.1186/s13227-018-0104-3
https://doi.org/10.2307/1541578
https://doi.org/10.1111/j.1525-142X.2006.00085.x
https://doi.org/10.1086/BBLv219n2p132
https://doi.org/10.1387/ijdb.160395LH
https://doi.org/10.1086/BBLv228n1p13
https://doi.org/10.1242/dev.122.9.2911
https://doi.org/10.1038/s41598-017-00786-5
https://doi.org/10.1038/s41598-017-00786-5
https://doi.org/10.1186/s40851-016-0038-3
https://doi.org/10.1186/s40851-016-0038-3
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1186/1471-2148-7-127
https://doi.org/10.1242/dev.126.6.1295
https://doi.org/10.1242/dev.126.6.1295
https://doi.org/10.1016/j.ydbio.2007.03.009
https://doi.org/10.1038/s41559-017-0226-3
https://doi.org/10.1242/dev.048975
https://doi.org/10.1016/j.jgg.2014.02.003
https://doi.org/10.1371/journal.pone.0075461
https://doi.org/10.1093/bfgp/els003
https://doi.org/10.1242/dev.073833
https://doi.org/10.1242/dev.073833
https://doi.org/10.1038/s41586-018-0734-6
https://doi.org/10.1007/978-3-030-23459-1_6
https://doi.org/10.1098/rsob.160062
https://doi.org/10.1098/rsob.160062
https://doi.org/10.2108/zsj.21.1131
https://doi.org/10.1007/s004270050309
https://doi.org/10.1007/BF00312054
https://doi.org/10.1007/BF00312054
https://doi.org/10.1242/dev.162586
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1387/ijdb.170139zk
https://doi.org/10.1387/ijdb.170139zk
https://doi.org/10.1016/j.cub.2008.04.078
https://doi.org/10.1242/jcs.02873
https://doi.org/10.1242/jcs.02873
https://doi.org/10.1080/00212210.1996.10688872
https://doi.org/10.1091/mbc.e10-10-0844
https://doi.org/10.1038/nature06967
https://doi.org/10.1038/nature06967
https://doi.org/10.1002/jmor.10119
https://doi.org/10.1007/978-1-61779-210-6_14
https://doi.org/10.1007/978-1-61779-210-6_14
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/S1567-133X(02)00099-6
https://doi.org/10.1016/j.jgg.2018.06.002
https://doi.org/10.1038/s41559-020-1156-z
https://doi.org/10.1038/361490a0
https://doi.org/10.1002/jmor.10618
https://doi.org/10.1007/s00427-008-0256-6
https://doi.org/10.1242/jeb.200.11.1661
https://doi.org/10.1111/j.1463-6395.1995.tb00986.x
https://doi.org/10.1111/j.1463-6395.1995.tb00986.x
https://doi.org/10.3390/genes11111311
https://doi.org/10.3390/genes11111311
https://doi.org/10.1371/journal.pone.0229119
https://doi.org/10.1371/journal.pone.0229119
https://doi.org/10.2108/zsj.24.787
https://doi.org/10.1017/S0025315400033555
https://doi.org/10.1016/j.ydbio.2011.02.014
https://doi.org/10.1038/srep23195
https://doi.org/10.1007/978-1-4939-8904-1_8
https://doi.org/10.1101/pdb.prot5286
https://doi.org/10.1093/gbe/evu212
https://doi.org/10.1186/2041-9139-4-17
https://doi.org/10.1186/2041-9139-4-17
https://doi.org/10.1002/jez.b.21172
https://doi.org/10.2108/zsj.23.573
https://doi.org/10.1242/dev.182469
https://doi.org/10.1242/dev.182469
https://doi.org/10.1007/s00018-017-2734-3
https://doi.org/10.1007/s00018-017-2734-3
https://doi.org/10.1387/ijdb.170153sc
https://doi.org/10.1387/ijdb.170153sc
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.639522
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.639522
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.639522&domain=pdf&date_stamp=2021-05-26
https://www.frontiersin.org/articles/10.3389/fcell.2021.639522/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.639522/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.639522/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1111/2041-210x.12035
https://doi.org/10.1002/jmor.1052140302
https://doi.org/10.1159/000109960
https://doi.org/10.1007/978-1-4614-7397-8_2
https://doi.org/10.1007/978-1-4614-7397-8_2
https://doi.org/10.1016/j.semcdb.2008.10.011
https://doi.org/10.1016/j.semcdb.2008.10.011
https://doi.org/10.1098/rspb.1998.0583
https://doi.org/10.1038/sj.hdy.6800118
https://doi.org/10.1111/j.1469-185X.1991.tb01138.x
https://doi.org/10.1111/j.1469-185X.1991.tb01138.x
https://doi.org/10.1002/ajpa.21555
https://doi.org/10.3390/sym9040051
https://doi.org/10.3390/sym9040051
https://doi.org/10.1111/pala.12426
https://doi.org/10.1002/dvdy.90
https://doi.org/10.1002/dvdy.90
https://doi.org/10.24188/recia.v10.n2.2018.623
https://doi.org/10.1002/wdev.50
https://doi.org/10.1002/wdev.50
https://doi.org/10.1101/gad.1620408
https://doi.org/10.1002/dvdy.20400
https://doi.org/10.1111/j.1420-9101.2006.01175.x
https://doi.org/10.1098/rspb.2010.0117
https://doi.org/10.1098/rspb.2010.0117
https://doi.org/10.1515/mammalia-2017-0006
https://doi.org/10.1515/mammalia-2017-0006
https://doi.org/10.3106/ms2017-0077
https://doi.org/10.1159/000109962
https://doi.org/10.1139/z95-116
https://doi.org/10.1007/978-1-4899-1751-5_6
https://doi.org/10.1007/978-1-4899-1751-5_6
https://doi.org/10.1023/A:1020540418554
https://doi.org/10.1002/jez.b.15
https://doi.org/10.1111/j.1469-7998.1993.tb02705.x
https://doi.org/10.1111/j.1469-7998.1993.tb02705.x
https://doi.org/10.1046/j.1420-9101.2001.00298.x
https://doi.org/10.1046/j.1420-9101.2001.00298.x
https://doi.org/10.1046/j.1420-9101.2001.00299.x
https://doi.org/10.1086/375177
https://doi.org/10.3390/sym7020843
https://doi.org/10.1111/j.1558-5646.1998.tb02018.x
https://doi.org/10.1111/j.1558-5646.1998.tb02018.x
https://doi.org/10.1111/j.1558-5646.1999.tb03772.x
https://doi.org/10.1002/jez.b.22581
https://doi.org/10.1038/nature01657
https://doi.org/10.2307/1382746
https://doi.org/10.1146/annurev.ecolsys.36.102003.152640
https://doi.org/10.1146/annurev.ecolsys.36.102003.152640
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1186/s12862-019-1396-1
https://doi.org/10.1186/s12862-019-1396-1
https://doi.org/10.1002/jez.b.22846
https://doi.org/10.11144/javeriana.sc20-1.acal
https://doi.org/10.32942/osf.io/k3y5f
https://doi.org/10.1111/j.1095-8312.2004.00407.x
https://doi.org/10.1111/j.1095-8312.2004.00407.x
https://doi.org/10.1002/ajpa.22218
https://doi.org/10.1111/jeb.13522
https://doi.org/10.1002/dvdy.81
https://doi.org/10.1007/978-94-011-0830-0_26
https://doi.org/10.1111/j.1469-7998.1996.tb05295.x
https://doi.org/10.1111/j.1469-7998.1996.tb05295.x
https://doi.org/10.1002/ar.23705
https://doi.org/10.1111/evo.13933
https://doi.org/10.1073/pnas.0509716103
https://doi.org/10.1073/pnas.0509716103
https://doi.org/10.1002/ajpa.1330910405
https://doi.org/10.1111/evo.13092
https://doi.org/10.3897/subtbiol.15.4807
https://doi.org/10.1007/s00265-004-0874-6
https://doi.org/10.1016/j.jhsa.2014.12.015
https://doi.org/10.1002/ajpa.22809
https://doi.org/10.1371/journal.pbio.1000477
https://doi.org/10.1371/journal.pbio.1000477
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.666722
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.666722
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.666722&domain=pdf&date_stamp=2021-06-04
https://www.frontiersin.org/articles/10.3389/fevo.2021.666722/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://doi.org/10.3389/fevo.2015.00080
https://doi.org/10.3389/fevo.2015.00080
https://doi.org/10.1146/annurev.neuro.31/060407.125536
https://doi.org/10.1146/annurev.neuro.31/060407.125536
https://doi.org/10.1186/s12915-021-01045-w
https://doi.org/10.1002/cne.23785
https://doi.org/10.1111/j.1095-8649.1994.tb01205.x
https://doi.org/10.1186/1471-2148-9-242
https://doi.org/10.1186/1471-2148-9-242
https://doi.org/10.1007/s00441-020-03378-4
https://doi.org/10.1007/s00441-020-03378-4
https://doi.org/10.1159/000147530
https://doi.org/10.1159/000147530
https://doi.org/10.1016/j.cub.2016.10.047
https://doi.org/10.1016/j.cub.2016.10.047
https://doi.org/10.1016/bs.ctdb.2020.07.001
https://doi.org/10.1016/bs.ctdb.2020.07.001
https://doi.org/10.3389/fncr.2013.00062
https://doi.org/10.3389/fncr.2013.00062
https://doi.org/10.1046/j.1463-6395.2003.00109.x
https://doi.org/10.1046/j.1463-6395.2003.00109.x
https://doi.org/10.1139/Z04-162
https://doi.org/10.1139/Z04-162
https://doi.org/10.1046/j.1463-6395.2002.00065.x
https://doi.org/10.1046/j.1463-6395.2002.00065.x
https://doi.org/10.1038/d41586-020-02947-5
https://doi.org/10.1038/sj.hdy.6800664
https://doi.org/10.1038/s41467-019-12839-6
https://doi.org/10.1038/s41467-019-12839-6
https://doi.org/10.1186/1741.7007.12.7
https://doi.org/10.1038/nrn2151
https://doi.org/10.1098/rsob.200330
https://doi.org/10.3389/fnana.2015.00027
https://doi.org/10.1139/cjz-2019-0284
https://doi.org/10.1016/j.celrep.2020.108596
https://doi.org/10.1007/s004270050200
https://doi.org/10.1016/j.conb.2013.09.005
https://doi.org/10.1016/j.conb.2019.04.009
https://doi.org/10.1139/Z04-163
https://doi.org/10.1139/Z04-163
https://doi.org/10.3389/fnana.2011.00021
https://doi.org/10.1111/dgd.12348
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.700827
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.700827
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.700827&domain=pdf&date_stamp=2021-06-09
https://www.frontiersin.org/articles/10.3389/fcell.2021.700827/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



http://oikoarrays.biology.uiowa.edu/Oiko
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://evodevogenomics-unibarcelona.weebly.com/lab-resources--files.html
https://evodevogenomics-unibarcelona.weebly.com/lab-resources--files.html
https://evodevogenomics-unibarcelona.weebly.com/lab-resources--files.html
https://www.frontiersin.org/articles/10.3389/fcell.2021.700827/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.700827/full#supplementary-material
https://doi.org/10.1038/nrg.2016.39
https://doi.org/10.1242/dev.119065
https://doi.org/10.1006/dbio.1999.9516
https://doi.org/10.1006/dbio.2000.9647
https://doi.org/10.1016/j.ydbio.2007.02.032
https://doi.org/10.1371/journal.pgen.1000496
https://doi.org/10.1093/molbev/msq052
https://doi.org/10.1016/j.devcel.2012.12.003
https://doi.org/10.5962/bhl.title.4801
https://doi.org/10.5962/bhl.title.4801
https://doi.org/10.1016/j.ydbio.2006.08.045
https://doi.org/10.1016/j.ydbio.2006.08.045
https://doi.org/10.1016/j.ydbio.2010.12.041
https://doi.org/10.1016/j.mod.2010.11.003
https://doi.org/10.1093/nar/gks1159
https://doi.org/10.1093/nar/gks1159
https://doi.org/10.1371/journal.pbio.2003698
https://doi.org/10.1371/journal.pbio.2003698
https://doi.org/10.1146/annurev.genet.40.110405.090439
https://doi.org/10.1146/annurev.genet.40.110405.090439
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1038/s41559-019-1069-x
https://doi.org/10.1007/978-3-030-23459-1_4
https://doi.org/10.1007/s00427-008-0205-4
https://doi.org/10.1016/j.ydbio.2006.10.021
https://doi.org/10.1016/j.ydbio.2006.10.021
https://doi.org/10.1002/dvdy.21934
https://doi.org/10.1002/dvdy.21934
https://doi.org/10.1093/molbev/msm120
https://doi.org/10.1038/s41559-020-1129-2
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1038/35011068
https://doi.org/10.1093/molbev/msaa172
https://doi.org/10.1093/nar/gkv169
https://doi.org/10.1242/dev.01270
https://doi.org/10.1038/nrg2487
https://doi.org/10.1016/j.devcel.2016.08.011
https://doi.org/10.1073/pnas.1106801108
https://doi.org/10.1002/wdev.54
https://doi.org/10.1016/S0925-4773(98)00013-6
https://doi.org/10.1111/j.1525-142X.2012.00534.x
https://doi.org/10.1111/j.1525-142X.2012.00534.x
https://doi.org/10.1093/molbev/msw118
https://doi.org/10.1002/dvg.22800
https://doi.org/10.1016/j.gep.2013.07.007
https://doi.org/10.1093/nar/gkm321
https://doi.org/10.1007/s00427-005-0035-6
https://doi.org/10.1042/BC20090042
https://doi.org/10.1186/s12861-018-0165-5
https://doi.org/10.1007/BF01632806
https://doi.org/10.1038/srep44226
https://doi.org/10.1007/s00427-013-0438-8
https://doi.org/10.1007/s00427-013-0438-8
https://doi.org/10.1098/rspb.2015.0435
https://doi.org/10.1016/j.ydbio.2009.05.571
https://doi.org/10.1073/pnas.1916858117
https://doi.org/10.1073/pnas.1916858117
https://doi.org/10.1007/s00427-017-0588-1
https://doi.org/10.1002/dvdy.21109
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1016/S0960-9822(02)01068-0
https://doi.org/10.1016/j.cellsig.2013.11.021
https://doi.org/10.1002/dvg.22754
https://doi.org/10.1007/s004270000108
https://doi.org/10.1038/nature02709
https://doi.org/10.1038/nature02709
https://doi.org/10.1038/s41467-018-03667-1
https://doi.org/10.1038/s41467-018-03667-1
https://doi.org/10.1242/dev.02446
https://doi.org/10.1242/dev.02358
https://doi.org/10.1186/s13059-018-1468-3
https://doi.org/10.1002/cne.21376
https://doi.org/10.1002/cne.21376
https://doi.org/10.1073/pnas.0710196105
https://doi.org/10.1016/j.devcel.2010.09.003
https://doi.org/10.1016/j.cell.2005.01.013
https://doi.org/10.1016/j.cell.2005.01.013
https://doi.org/10.1016/j.xplc.2020.100103
https://doi.org/10.1016/j.xplc.2020.100103
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.704367
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.704367
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.704367&domain=pdf&date_stamp=2021-06-21
https://www.frontiersin.org/articles/10.3389/fcell.2021.704367/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



http://ghost.zool.kyoto-u.ac.jp/cgi-bin/photogetkh.cgi?inkey=CLSTR02020
http://ghost.zool.kyoto-u.ac.jp/cgi-bin/photogetkh.cgi?inkey=CLSTR02020
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120035
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120035
http://dx.doi.org/10.17632/n4pxpr28cb.1
http://dx.doi.org/10.17632/n4pxpr28cb.1
https://www.frontiersin.org/articles/10.3389/fcell.2021.704367/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.704367/full#supplementary-material
https://doi.org/10.1073/pnas.202320599
https://doi.org/10.1073/pnas.202320599
https://doi.org/10.1016/s0960-9822(99)80113-4
https://doi.org/10.1038/s41586-019-1385-y
https://doi.org/10.1093/nar/gkv1120
https://doi.org/10.1093/nar/gkv1120
https://doi.org/10.1242/dev.125.19.3905
https://doi.org/10.1242/dev.124.12.2335
https://doi.org/10.1242/dev.124.12.2335
https://doi.org/10.1242/dev.124.3.589
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1016/j.ydbio.2010.12.018
https://doi.org/10.1006/dbio.1996.0148
https://doi.org/10.1006/dbio.1996.0148
https://doi.org/10.1002/(sici)1097-4687(200006)244:3<167::aid-jmor2>3.0.co;2-j
https://doi.org/10.1002/(sici)1097-4687(200006)244:3<167::aid-jmor2>3.0.co;2-j
https://doi.org/10.1007/s00018-006-6095-6
https://doi.org/10.1091/mbc.e03-01-0028
https://doi.org/10.1007/s004270050011
https://doi.org/10.1016/s0070-2153(04)62003-5
https://doi.org/10.1038/s41586-018-0385-7
https://doi.org/10.1101/gad.317669.118
https://doi.org/10.1101/gad.317669.118
https://doi.org/10.1111/j.1525-142x.2007.00212.x
https://doi.org/10.1002/dvdy.22254
https://doi.org/10.1242/dev.01270
https://doi.org/10.1126/science.1123404
https://doi.org/10.1126/science.1123404
https://doi.org/10.1242/dev.026419
https://doi.org/10.2108/zsj.27.84
https://doi.org/10.1371/journal.pgen.1005730
https://doi.org/10.1242/dev.046789
https://doi.org/10.1016/j.ydbio.2006.05.039
https://doi.org/10.1016/j.ydbio.2006.05.039
https://doi.org/10.1242/dev.129.11.2555
https://doi.org/10.1002/(sici)1097-4687(199704)232:1<57::aid-jmor3>3.0.co;2-l
https://doi.org/10.1002/(sici)1097-4687(199704)232:1<57::aid-jmor3>3.0.co;2-l
https://doi.org/10.1242/dev.124.8.1465
https://doi.org/10.1242/dev.122.7.2225
https://doi.org/10.1002/dvdy.24009
https://doi.org/10.1111/j.1440-169x.2011.01319.x
https://doi.org/10.1016/j.ydbio.2018.11.011
https://doi.org/10.1016/j.ydbio.2016.10.014
https://doi.org/10.1242/dev.038141
https://doi.org/10.1016/j.ydbio.2011.01.021
https://doi.org/10.1016/j.ydbio.2011.01.021
https://doi.org/10.1038/nrn1628
https://doi.org/10.1242/dev.110.1.19
https://doi.org/10.1126/science.2237443
https://doi.org/10.1002/cm.970280307
https://doi.org/10.1242/dev.125.12.2203
https://doi.org/10.1242/dev.125.12.2203
https://doi.org/10.1098/rspb.2014.1729
https://doi.org/10.1098/rspb.2014.1729
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.2108/zsj.22.837
https://doi.org/10.1242/dev.029157
https://doi.org/10.1242/dev.121.9.2755
https://doi.org/10.1242/dev.121.9.2755
https://doi.org/10.1242/dev.01812
https://doi.org/10.1242/dev.01812
https://doi.org/10.1016/s0925-4773(02)00150-8
https://doi.org/10.1016/s0925-4773(02)00150-8
https://doi.org/10.1016/j.modgep.2006.01.006
https://doi.org/10.1038/336775a0
https://doi.org/10.1038/336775a0
https://zfin.org/ZDB-PUB-010810-1.
https://zfin.org/ZDB-PUB-010810-1.
https://doi.org/10.1002/aja.1002030308
https://doi.org/10.1038/364582b0
https://doi.org/10.1101/gr.184648.114
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.703163
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.703163
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.703163&domain=pdf&date_stamp=2021-06-29
https://www.frontiersin.org/articles/10.3389/fevo.2021.703163/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.ncbi.nlm.nih.gov/assembly/organism
https://www.ncbi.nlm.nih.gov/genome/browse#!/eukaryotes/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://doi.org/10.1093/molbev/msaa147
https://doi.org/10.1038/nature12027
https://doi.org/10.1073/pnas.0914312107
https://doi.org/10.1126/science.282.5394.1711
https://doi.org/10.1038/s41598-018-27700-x
https://doi.org/10.1038/ncomms4657
https://doi.org/10.1038/ncomms4657
https://doi.org/10.1073/pnas.1014235108
https://doi.org/10.1242/dev.066720
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://doi.org/10.1186/s12864-021-07512-6
https://doi.org/10.1038/s41588-018-0163-3
https://doi.org/10.1038/ng.3526
https://doi.org/10.1093/nar/gkx1108
https://doi.org/10.1093/molbev/msl049
https://doi.org/10.1016/j.tig.2007.09.006
https://doi.org/10.1186/gb-2003-4-3-208
https://doi.org/10.1186/gb-2003-4-3-208
https://doi.org/10.1016/j.semcdb.2012.12.008
https://doi.org/10.1159/000354098
https://doi.org/10.1101/gad.442408
https://doi.org/10.1002/dvdy.24007
https://doi.org/10.1002/dvdy.24007
https://doi.org/10.1371/journal.pgen.0020056
https://doi.org/10.1074/jbc.M107018200
https://doi.org/10.1074/jbc.M107018200
https://doi.org/10.3389/fgene.2019.00776
https://doi.org/10.1093/nar/gkz955
https://doi.org/10.1093/nar/gkz955
https://doi.org/10.1371/journal.pbio.0030314
https://doi.org/10.1038/nature04336
https://doi.org/10.1126/science.1194167
https://doi.org/10.1126/science.1194167
https://doi.org/10.1371/journal.pcbi.1003998
https://doi.org/10.1371/journal.pcbi.1003998
https://doi.org/10.1016/j.tree.2005.04.008
https://doi.org/10.1016/j.tree.2005.04.008
https://doi.org/10.1038/s41559-020-1166-x
https://doi.org/10.1242/dev.001065
https://doi.org/10.1002/j.1460-2075.1989.tb03534.x
https://doi.org/10.3389/fgene.2015.00227
https://doi.org/10.2741/3033
https://doi.org/10.1093/molbev/msp242
https://doi.org/10.1038/s41598-019-40055-1
https://doi.org/10.3389/fevo.2016.00036
https://doi.org/10.1139/G07-112
https://doi.org/10.1002/jez.10091
https://doi.org/10.1002/jez.10091
https://doi.org/10.1002/jez.b.37
https://doi.org/10.1093/molbev/msm194
https://doi.org/10.1093/molbev/msm194
https://doi.org/10.1126/science.220.4594.268
https://doi.org/10.1038/370563a0
https://doi.org/10.1387/ijdb.180162sg
https://doi.org/10.1038/hdy.2013.19
https://doi.org/10.1038/hdy.2013.19
https://doi.org/10.1007/s00438-014-0889-2
https://doi.org/10.1016/0092-8674(89)90912-4
https://doi.org/10.1016/j.diff.2014.02.001
https://doi.org/10.1093/gbe/evaa026
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://doi.org/10.1186/1741-7007-5-31
https://doi.org/10.1186/1741-7007-5-31
https://doi.org/10.1016/j.semcdb.2017.11.010
https://doi.org/10.1007/s00239-004-2613-z
https://doi.org/10.1016/j.tig.2005.06.004
https://doi.org/10.1016/j.cub.2015.12.024
https://doi.org/10.1016/j.cub.2015.12.024
https://doi.org/10.1101/gr.073676.107
https://doi.org/10.1101/gr.073676.107
https://doi.org/10.1046/j.1469-7580.199.parts1-2.8.x
https://doi.org/10.1046/j.1469-7580.199.parts1-2.8.x
https://doi.org/10.1186/s13059-018-1592-0
https://doi.org/10.1002/wdev.78
https://doi.org/10.1186/gb-2007-8-5-213
https://doi.org/10.1038/nature04838
https://doi.org/10.1038/nature04838
https://doi.org/10.1016/S1546-5098(07)26001-7
https://doi.org/10.1038/nature02975
https://doi.org/10.1002/jez.b.21109
https://doi.org/10.1093/bfgp/elp029
https://doi.org/10.1038/nature02876
https://doi.org/10.1093/molbev/msr020
https://doi.org/10.1371/journal.pgen.0040029
https://doi.org/10.1371/journal.pgen.0040029
https://doi.org/10.1126/science.1085753
https://doi.org/10.1016/0168-9525(86)90286-6
https://doi.org/10.1073/pnas.0237317100
https://doi.org/10.1073/pnas.0237317100
https://doi.org/10.1016/0092-8674(94)90290-9
https://doi.org/10.1387/ijdb.180330rr
https://doi.org/10.1186/1471-2148-11-21
https://doi.org/10.1111/dgd.12258
https://doi.org/10.1093/molbev/msn222
https://doi.org/10.1002/jez.10152
https://doi.org/10.1071/RD09083
https://doi.org/10.1242/dev.048975
https://doi.org/10.1073/pnas.1720115115
https://doi.org/10.1073/pnas.1720115115
https://doi.org/10.1038/nature17164
https://doi.org/10.1126/science.290.5494.1151
https://doi.org/10.1098/rspb.2013.2881
https://doi.org/10.1098/rspb.2013.2881
https://doi.org/10.1038/s41586-018-0734-6
https://doi.org/10.1093/molbev/msu202
https://doi.org/10.1002/jez.b.22726
https://doi.org/10.1002/jez.b.22726
https://doi.org/10.1073/pnas.1315760110
https://doi.org/10.1073/pnas.1315760110
https://doi.org/10.1016/S0955-0674(99)00039-3
https://doi.org/10.1016/S0955-0674(99)00039-3
https://doi.org/10.1038/s41586-021-03198-8
https://doi.org/10.1002/bies.20293
https://doi.org/10.1016/S0378-1119(01)00828-9
https://doi.org/10.1111/febs.12379
https://doi.org/10.7150/ijbs.2.95
https://doi.org/10.1093/molbev/msn097
https://doi.org/10.1007/BF00713071
https://doi.org/10.1159/000133087
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://doi.org/10.1101/gr.6316407
https://doi.org/10.1016/j.ydbio.2008.10.044
https://doi.org/10.1073/pnas.1206625109
https://doi.org/10.1101/gr.2972804
https://doi.org/10.1007/978-3-642-86659-3
https://doi.org/10.1007/978-3-642-86659-3
https://doi.org/10.1038/s41559-018-0526-2
https://doi.org/10.1038/nature06967
https://doi.org/10.1016/j.tig.2010.07.002
https://doi.org/10.1186/s13059-017-1241-z
https://doi.org/10.1186/s13039-015-0194-8
https://doi.org/10.1186/s13059-018-1559-1
https://doi.org/10.1186/1471-2148-9-194
https://doi.org/10.1007/s10641-010-9628-7
https://doi.org/10.1093/gbe/evab068
https://doi.org/10.1242/jcs.038356
https://doi.org/10.1016/j.tree.2006.01.009
https://doi.org/10.1016/S1567-133X(02)00099-6
https://doi.org/10.1186/s40851-017-0078-3
https://doi.org/10.1073/pnas.0708705105
https://doi.org/10.1038/nature19840
https://doi.org/10.1038/s41559-020-1156-z
https://doi.org/10.1016/j.cub.2012.06.028
https://doi.org/10.1101/gr.184135.114
https://doi.org/10.1038/ng.2568
https://doi.org/10.1038/ng.2568
https://doi.org/10.1038/s41588-017-0036-1
https://doi.org/10.1038/s41588-017-0036-1
https://doi.org/10.1007/s00427-008-0256-6
https://doi.org/10.1186/1471-2164-7-20
https://doi.org/10.1038/nature15758
https://doi.org/10.2478/s11756-014-0427-z
https://doi.org/10.2478/s11756-014-0427-z
https://doi.org/10.1242/dev.01539
https://doi.org/10.1242/dev.01539
https://doi.org/10.1016/S0168-9525(01)02318-6
https://doi.org/10.1016/S0168-9525(01)02318-6
https://doi.org/10.1016/j.ydbio.2017.06.032
https://doi.org/10.1371/journal.pgen.1000398
https://doi.org/10.1038/hdy.2013.65
https://doi.org/10.1046/j.1525-142X.2003.03051.x
https://doi.org/10.1101/gr.7101908
https://doi.org/10.1016/j.cell.2021.01.047
https://doi.org/10.1038/nature06936
https://doi.org/10.3389/fncel.2013.00217
https://doi.org/10.3389/fncel.2013.00217
https://doi.org/10.1101/gr.7149808
https://doi.org/10.1101/gr.076208.108
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://doi.org/10.1016/S0006-291X(03)00081-0
https://doi.org/10.1016/S0006-291X(03)00081-0
https://doi.org/10.1016/S0169-5347(03)00033-8
https://doi.org/10.3389/fphys.2018.01833
https://doi.org/10.3389/fphys.2018.01833
https://doi.org/10.1038/s41586-020-03039-0
https://doi.org/10.1038/s41586-020-03039-0
https://doi.org/10.1111/1755-0998.13279
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.702688
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.702688
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.702688&domain=pdf&date_stamp=2021-07-02
https://www.frontiersin.org/articles/10.3389/fcell.2021.702688/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



http://oikoarrays.biology.uiowa.edu/Oiko
https://www.aniseed.cnrs.fr/
https://www.ncbi.nlm.nih.gov/sra/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.702688/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.702688/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1099/mic.0.058024-0
https://doi.org/10.1006/jmbi.2001.4776
https://doi.org/10.1039/c3mt00123g
https://doi.org/10.1002/anie.201611873
https://doi.org/10.1021/acs.biochem.9b00830
https://doi.org/10.1093/gbe/evu122
https://doi.org/10.1016/j.margen.2015.07.007
https://doi.org/10.1016/j.ympev.2011.11.013
https://doi.org/10.1016/j.ympev.2011.11.013
https://doi.org/10.1371/journal.pcbi.0020114
https://doi.org/10.1016/j.jmb.2005.08.067
https://doi.org/10.1016/j.jmb.2005.08.067
https://doi.org/10.1186/s12864-021-07512-6
https://doi.org/10.1016/0022-2836(86)90412-2
https://doi.org/10.1016/0022-2836(86)90412-2
https://doi.org/10.1093/molbev/msab184
https://doi.org/10.1093/molbev/msaa230
https://doi.org/10.1039/c8mt00177d
https://doi.org/10.1007/s00775-011-0798-3
https://doi.org/10.1016/j.ccr.2011.07.006
https://doi.org/10.1002/anie.200501183
https://doi.org/10.1371/journal.pgen.1005987
https://doi.org/10.1016/s0162-0134(97)00085-8
https://doi.org/10.1016/s0162-0134(97)00085-8
https://doi.org/10.1007/s10646-012-0961-9
https://doi.org/10.1039/c9mt00259f
https://doi.org/10.1039/c9mt00259f
https://doi.org/10.1126/science.1194167
https://doi.org/10.1126/science.1194167
https://doi.org/10.1007/s00775-008-0435-y
https://doi.org/10.1186/s12862-020-1591-0
https://doi.org/10.1111/j.1365-2443.2006.00971.x
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1371/journal.pone.0043299
https://doi.org/10.1371/journal.pone.0043299
https://doi.org/10.1073/pnas.89.22.10915
https://doi.org/10.1371/journal.pone.0148651
https://doi.org/10.1371/journal.pone.0148651
https://doi.org/10.1007/s00239-016-9758-4
https://doi.org/10.1093/bioinformatics/btu531
https://doi.org/10.1093/bioinformatics/btu531
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1016/j.jmb.2010.09.027
https://doi.org/10.1002/dvg.22800
https://doi.org/10.1007/s00775-002-0345-3
https://doi.org/10.1186/s41240-017-0054-z
https://doi.org/10.1186/s41240-017-0054-z
https://doi.org/10.1073/pnas.77.12.7094
https://doi.org/10.1073/pnas.77.12.7094
https://doi.org/10.1007/s00775-011-0827-2
https://doi.org/10.1039/c3mt00266g
https://doi.org/10.1039/c3mt00266g
https://doi.org/10.1006/jmbi.1999.2967
https://doi.org/10.1093/molbev/msu062
https://doi.org/10.1016/0022-2836(88)90106-4
https://doi.org/10.1016/S0021-9258(18)61226-8
https://doi.org/10.1016/j.fob.2013.01.005
https://doi.org/10.1016/j.fob.2013.01.005
https://doi.org/10.1007/s00775-011-0799-2
https://doi.org/10.1007/s00775-011-0799-2
https://doi.org/10.1007/s00427-015-0502-7
https://doi.org/10.1007/s00427-015-0502-7
https://doi.org/10.1111/dgd.12689
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.702787
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.702787
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.702787&domain=pdf&date_stamp=2021-07-06
https://www.frontiersin.org/articles/10.3389/fcell.2021.702787/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1002/wdev.265
https://doi.org/10.1038/ng.3497
https://doi.org/10.1186/gb-2009-10-4-r38
https://doi.org/10.1038/s41588-019-0564-y
https://doi.org/10.1038/s41588-019-0564-y
https://doi.org/10.1101/gad.267583.115
https://doi.org/10.1126/science.1234167
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1016/S0092-8674(00)81967-4
https://doi.org/10.1242/dev.171736
https://doi.org/10.1038/nrg.2016.112
https://doi.org/10.1016/j.cell.2017.09.043
https://doi.org/10.1038/nature22063
https://doi.org/10.1371/journal.pgen.1009435
https://doi.org/10.1371/journal.pgen.1009435
https://doi.org/10.1093/nar/gkaa1051
https://doi.org/10.1093/nar/gkaa1051
https://doi.org/10.1038/s41586-019-1812-0
https://doi.org/10.1016/j.stem.2017.02.004
https://doi.org/10.1016/j.ajhg.2020.09.002
https://doi.org/10.1016/j.ajhg.2020.09.002
https://doi.org/10.1016/j.molcel.2015.09.023
https://doi.org/10.1016/j.cell.2014.05.050
https://doi.org/10.1038/s41588-019-0466-z
https://doi.org/10.1038/s41588-019-0466-z
https://doi.org/10.1038/nature14222
https://doi.org/10.1038/nature11082
https://doi.org/10.1016/j.cell.2014.09.030
https://doi.org/10.1038/nature23263
https://doi.org/10.1038/s41388-020-01625-0
https://doi.org/10.1371/journal.pgen.1008278
https://doi.org/10.1038/s41588-021-00816-z
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1128/mcb.16.6.2802
https://doi.org/10.1016/j.trecan.2017.02.006
https://doi.org/10.1016/j.trecan.2017.02.006
https://doi.org/10.1101/2020.09.08.282707
https://doi.org/10.1016/j.ceb.2018.06.009
https://doi.org/10.1038/nature19800
https://doi.org/10.1016/j.celrep.2016.04.085
https://doi.org/10.1126/science.aau0320
https://doi.org/10.1101/sqb.2017.82.035030
https://doi.org/10.15252/embj.201798083
https://doi.org/10.15252/embj.201798083
https://doi.org/10.1038/s41588-019-0462-3
https://doi.org/10.1038/s41588-019-0462-3
https://doi.org/10.1038/nature13417
https://doi.org/10.1038/nature13417
https://doi.org/10.1073/pnas.1505463112
https://doi.org/10.1073/pnas.1505463112
https://doi.org/10.1016/j.cell.2017.04.013
https://doi.org/10.1016/j.cell.2017.04.013
https://doi.org/10.1038/s41586-019-1210-7
https://doi.org/10.1038/nature08079
https://doi.org/10.1038/s41467-017-00524-5
https://doi.org/10.1126/science.aad9024
https://doi.org/10.1016/j.molcel.2020.03.002
https://doi.org/10.1016/j.molcel.2020.03.002
https://doi.org/10.1016/j.cell.2017.03.024
https://doi.org/10.1186/s13059-014-0423-1
https://doi.org/10.1016/j.ceb.2020.01.003
https://doi.org/10.1038/s41588-021-00799-x
https://doi.org/10.1038/s41588-021-00799-x
https://doi.org/10.1038/srep00433
https://doi.org/10.1038/srep00433
https://doi.org/10.1242/dev.02239
https://doi.org/10.1038/s41580-021-00362-w
https://doi.org/10.1038/s41580-021-00362-w
https://doi.org/10.1016/j.dnarep.2013.02.006
https://doi.org/10.1016/j.celrep.2018.06.003
https://doi.org/10.1038/nature09380
https://doi.org/10.1038/ng.3335
https://doi.org/10.1186/s13059-019-1894-x
https://doi.org/10.1186/s13059-019-1894-x
https://doi.org/10.1186/s12915-018-0556-x
https://doi.org/10.1016/j.molcel.2020.03.003
https://doi.org/10.1038/s41594-020-00539-5
https://doi.org/10.1016/j.stem.2019.03.004
https://doi.org/10.1038/s41588-018-0080-5
https://doi.org/10.1073/pnas.1719885115
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1093/hmg/ddg180
https://doi.org/10.1126/science.1181369
https://doi.org/10.1126/science.1181369
https://doi.org/10.1016/j.febslet.2015.04.024
https://doi.org/10.1126/science.1257493
https://doi.org/10.1016/j.cell.2021.01.001
https://doi.org/10.1016/j.cell.2015.04.004
https://doi.org/10.1016/j.cell.2015.04.004
https://doi.org/10.1016/j.gde.2016.10.004
https://doi.org/10.1016/j.ajhg.2021.01.001
https://doi.org/10.1016/j.molcel.2019.12.021
https://doi.org/10.1146/annurev-genom-083115-022339
https://doi.org/10.1371/journal.pone.0034915
https://doi.org/10.1084/jem.20151323
https://doi.org/10.1084/jem.20151323
https://doi.org/10.1101/454082
https://doi.org/10.1146/annurev-genet-102108-134233
https://doi.org/10.1038/s41467-020-19283-x
https://doi.org/10.1016/j.cell.2017.05.004
https://doi.org/10.1038/nature11049
https://doi.org/10.1038/s41467-020-16598-7
https://doi.org/10.1101/2020.08.05.237768
https://doi.org/10.1073/pnas.1900672116
https://doi.org/10.1016/j.cell.2008.01.011
https://doi.org/10.1016/j.cell.2009.06.001
https://doi.org/10.15252/msb.20188214
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1016/j.cell.2017.09.026
https://doi.org/10.1016/j.molcel.2020.03.018
https://doi.org/10.1016/j.molcel.2020.03.018
https://doi.org/10.1038/s41576-018-0060-8
https://doi.org/10.1242/dev.032714
https://doi.org/10.1242/dev.01613
https://doi.org/10.1073/pnas.1518552112
https://doi.org/10.1038/nature24281
https://doi.org/10.1016/j.ceb.2020.11.009
https://doi.org/10.1016/j.ceb.2015.08.003
https://doi.org/10.1038/s41576-018-0007-0
https://doi.org/10.1016/s0092-8674(03)00310-6
https://doi.org/10.1101/gr.163519.113
https://doi.org/10.1371/journal.pgen.1009229
https://doi.org/10.1016/j.gde.2019.04.009
https://doi.org/10.1186/s13059-017-1225-z
https://doi.org/10.1186/s13059-017-1225-z
https://doi.org/10.1016/j.celrep.2015.02.004
https://doi.org/10.1016/j.celrep.2015.02.004
https://doi.org/10.1016/j.cell.2017.11.008
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1101/gr.269860.120
https://doi.org/10.1242/dev.179523
https://doi.org/10.15252/embj.201798004
https://doi.org/10.1101/gr.212803.116
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.713918
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.713918
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.713918&domain=pdf&date_stamp=2021-07-06
https://www.frontiersin.org/articles/10.3389/fcell.2021.713918/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://genome-public.pks.mpg.de
https://doi.org/10.1016/j.cell.2017.12.022
https://doi.org/10.1387/ijdb.14756346
https://doi.org/10.1038/109553a0
https://doi.org/10.1016/0092-8674(86)90818-4
https://doi.org/10.1016/0092-8674(86)90818-4
https://doi.org/10.1523/JNEUROSCI.4646-14.2015
https://doi.org/10.1111/febs.13990
https://doi.org/10.1038/nsmb.2474
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1093/cercor/bhp168
https://doi.org/10.1073/pnas.1714590114
https://doi.org/10.1126/science.abc6405
https://doi.org/10.1002/bies.950190905
https://doi.org/10.1186/1471-2148-8-31
https://doi.org/10.1186/1471-2148-8-31
https://doi.org/10.1073/pnas.1810575115
https://doi.org/10.1016/j.gde.2017.03.003
https://doi.org/10.1242/dev.1994.Supplement.135
https://doi.org/10.1242/dev.1994.Supplement.135
https://doi.org/10.1146/annurev-genet-120213-092023
https://doi.org/10.5483/BMBRep.2019.52.7.137
https://doi.org/10.1038/nrg1723
https://doi.org/10.1038/364109a0
https://doi.org/10.1038/nature10245
https://doi.org/10.1038/nature10245
https://doi.org/10.1515/9783110848281
https://doi.org/10.1073/pnas.0712259105
https://doi.org/10.1073/pnas.0712259105
https://doi.org/10.1016/j.febslet.2007.03.027
https://doi.org/10.1016/j.febslet.2007.03.027
https://doi.org/10.1038/ncomms1248
https://doi.org/10.1038/ncomms1248
https://doi.org/10.1186/1741-7007-5-1
https://doi.org/10.1073/pnas.1012333108
https://doi.org/10.4161/rna.9.1.18387
https://doi.org/10.4161/rna.9.1.18387
https://doi.org/10.1126/science.860134
https://doi.org/10.1126/science.860134
https://doi.org/10.1038/s41586-020-2486-3
https://doi.org/10.1093/bfgp/elp029
https://doi.org/10.1371/journal.pgen.1001191
https://doi.org/10.1038/35057062
https://doi.org/10.1098/rstb.2012.0507
https://doi.org/10.1038/276565a0
https://doi.org/10.1016/j.cell.2017.03.025
https://doi.org/10.1186/s12915-020-00842-z
https://doi.org/10.1038/308428a0
https://doi.org/10.1186/s13059-020-02172-3
https://doi.org/10.1186/s13059-020-02172-3
https://doi.org/10.1007/978-3-642-86659-3
https://doi.org/10.1007/978-3-642-86659-3
https://doi.org/10.1016/j.semcdb.2015.08.014
https://doi.org/10.1016/j.semcdb.2015.08.014
https://doi.org/10.1016/j.cell.2017.12.029
https://doi.org/10.1242/dev.184044
https://doi.org/10.1016/j.cell.2017.12.024
https://doi.org/10.1038/nature06967
https://doi.org/10.7208/chicago/9780226256573.001.0001
https://doi.org/10.7208/chicago/9780226256573.001.0001
https://doi.org/10.1530/REP-16-0325
https://doi.org/10.3390/v12101188
https://doi.org/10.1016/j.cell.2017.02.004
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1073/pnas.81.13.4115
https://doi.org/10.1038/35001608
https://doi.org/10.1016/j.ydbio.2016.11.012
https://doi.org/10.1016/j.ydbio.2016.11.012
https://doi.org/10.7554/eLife.55136
https://doi.org/10.1038/361490a0
https://doi.org/10.1073/pnas.70.5.1486
https://doi.org/10.1371/journal.pgen.1008160
https://doi.org/10.1515/9781400851461
https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.1074/jbc.M110.156620
https://doi.org/10.1074/jbc.M110.156620
https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171737a0
https://doi.org/10.1186/1471-2148-5-54
https://doi.org/10.1186/1471-2148-5-54
https://doi.org/10.1016/J.MCN.2007.02.007
https://doi.org/10.1038/s41586-019-1093-7
https://doi.org/10.1038/s41586-019-1093-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.696875
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.696875
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.696875&domain=pdf&date_stamp=2021-07-15
https://www.frontiersin.org/articles/10.3389/fcell.2021.696875/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



http://www.ncbi.nlm.nih.gov/bioproject/
https://www.orthoscope.jp
https://www.sda-technical-editor.org
https://www.frontiersin.org/articles/10.3389/fcell.2021.696875/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.696875/full#supplementary-material
https://doi.org/10.1093/molbev/msaa147
https://doi.org/10.1016/0378-1119(96)00174-6
https://doi.org/10.1242/dev.066720
https://doi.org/10.1242/dev.066720
https://doi.org/10.1038/nature05241
https://doi.org/10.1126/science.aar5780
https://doi.org/10.1126/science.aar5780
https://doi.org/10.1038/31933
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1038/s41586-019-1385-y
https://doi.org/10.1101/2020.05.26.112193
https://doi.org/10.1002/jmor.1050540103
https://doi.org/10.1002/jmor.1050540103
https://doi.org/10.1038/nature04336
https://doi.org/10.1038/370563a0
https://doi.org/10.1016/j.celrep.2013.08.012
https://doi.org/10.1006/dbio.2001.0426
https://doi.org/10.1101/2020.10.12.33533
https://doi.org/10.1006/dbio.2001.0503
https://doi.org/10.1006/dbio.2001.0503
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1007/s004270050159
https://doi.org/10.1038/nature14433
https://doi.org/10.1242/dev.121.12.4283
https://doi.org/10.1038/ncomms6896
https://doi.org/10.1126/science.1123404
https://doi.org/10.1093/molbev/msy002
https://doi.org/10.1186/s40851-017-0064-9
https://doi.org/10.1006/dbio.2000.9630
https://doi.org/10.1002/dvdy.21184
https://doi.org/10.1038/nature14434
https://doi.org/10.1038/nature14434
https://doi.org/10.1242/dev.129.21.4953
https://doi.org/10.7150/ijbs.1.19
https://doi.org/10.1242/dev.129.1.13
https://doi.org/10.1046/j.1525-142x.2000.00073.x
https://doi.org/10.1242/dev.02577
https://doi.org/10.1186/s40851-015-0030-3
https://doi.org/10.1242/dev.162586
https://doi.org/10.1016/j.ydbio.2008.11.027
https://doi.org/10.1016/j.ydbio.2008.11.027
https://doi.org/10.1186/2041-9139-3-28
https://doi.org/10.1038/s41559-017-0226-3
https://doi.org/10.1038/s41559-017-0226-3
https://doi.org/10.1002/jez.10149
https://doi.org/10.1111/j.1525-142x.2011.00522.x
https://doi.org/10.1046/j.1525-142x.2000.00047.x
https://doi.org/10.1046/j.1525-142x.2000.00047.x
https://doi.org/10.1006/dbio.2001.0460
https://doi.org/10.1073/pnas.0403216101
https://doi.org/10.1016/s1567-133x(02)00099-6
https://doi.org/10.1016/s1567-133x(02)00099-6
https://doi.org/10.1016/j.ydbio.2018.09.023
https://doi.org/10.1007/s004270050251
https://doi.org/10.1006/dbio.1996.8481
https://doi.org/10.1006/dbio.1996.8481
https://doi.org/10.1007/s004270050225
https://doi.org/10.1007/s004270050225
https://doi.org/10.1007/s004270000073
https://doi.org/10.1038/s41559-020-1156-z
https://doi.org/10.1006/dbio.2000.9796
https://doi.org/10.1016/s0925-4773(98)00078-1
https://doi.org/10.1016/s0925-4773(98)00078-1
https://doi.org/10.2478/s11756-014-0427-z
https://doi.org/10.2478/s11756-014-0427-z
https://doi.org/10.1007/s004270050086
https://doi.org/10.1002/dvg.23240
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1046/j.1525-142x.2003.03051.x
https://doi.org/10.1046/j.1525-142x.2003.03051.x
https://doi.org/10.1006/dbio.1999.9369
https://doi.org/10.1006/dbio.1999.9369
https://doi.org/10.1126/science.aar4362
https://doi.org/10.1016/j.ydbio.2011.02.014
https://doi.org/10.1002/jez.b.22540
https://doi.org/10.1038/nature05472
https://doi.org/10.1016/j.gep.2020.119152
https://doi.org/10.1016/j.gep.2020.119152
https://doi.org/10.2108/zsj.23.573
https://doi.org/10.1242/dev.182469
https://doi.org/10.1242/dev.182469
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.702986
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.702986
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.702986&domain=pdf&date_stamp=2021-07-26
https://www.frontiersin.org/articles/10.3389/fcell.2021.702986/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.702986/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.702986/full#supplementary-material
https://doi.org/10.1038/nprot.2015.111
https://doi.org/10.2307/1543136
https://doi.org/10.2307/1543136
https://doi.org/10.1186/1471-2148-9-77
https://doi.org/10.1387/ijdb.170259ik
https://doi.org/10.1002/cne.23785
https://doi.org/10.1002/jmor.1050540103
https://doi.org/10.2307/25066625
https://doi.org/10.1038/nature04336
https://doi.org/10.1002/cne.10803
https://doi.org/10.1002/cne.10803
https://doi.org/10.1038/ncomms11088
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1242/dev.022426
https://doi.org/10.1242/dev.022426
https://doi.org/10.1002/cne.1039
https://doi.org/10.1186/s40851-016-0038-3
https://doi.org/10.1186/s40851-016-0038-3
https://doi.org/10.1086/BBLv217n2p151
https://doi.org/10.1016/j.conb.2009.03.008
https://doi.org/10.1016/j.conb.2009.03.008
https://doi.org/10.1016/j.cub.2005.04.063
https://doi.org/10.1016/bs.mcb.2016.01.001
https://doi.org/10.1002/jmor.10133
https://doi.org/10.1098/rspb.1999.0801
https://doi.org/10.1098/rspb.1999.0801
https://doi.org/10.1098/rstb.1994.0059
https://doi.org/10.1038/srep16898
https://doi.org/10.1038/srep16898
https://doi.org/10.1002/advs.201901891
https://doi.org/10.1387/ijdb.170230zk
https://doi.org/10.3389/fcell.2020.00705
https://doi.org/10.1016/0306-9877(92)90014-4
https://doi.org/10.1111/j.1463-6395.1995.tb00986.x
https://doi.org/10.1111/j.1463-6395.1995.tb00986.x
https://doi.org/10.1038/nprot.2015.085
https://doi.org/10.1073/pnas.1207580109
https://doi.org/10.1139/z04-163
https://doi.org/10.1139/z04-163
https://doi.org/10.1038/044202a0
https://doi.org/10.1038/051433a0
https://doi.org/10.2108/zsj.25.1012
https://doi.org/10.1002/jmor.20228
https://doi.org/10.1038/srep28350
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.709696
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.709696
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.709696&domain=pdf&date_stamp=2021-08-03
https://www.frontiersin.org/articles/10.3389/fcell.2021.709696/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



http://www.aniseed.cnrs.fr/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



http://www.aniseed.cnrs.fr/
https://www.frontiersin.org/articles/10.3389/fcell.2021.709696/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.709696/full#supplementary-material
https://doi.org/10.1186/s12859-018-2420-y
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1093/molbev/msl211
https://doi.org/10.1016/0304-419X(91)90011-9
https://doi.org/10.1016/0304-419X(91)90011-9
https://doi.org/10.1016/S0006-2952(02)01158-9
https://doi.org/10.1242/dev.00186
https://doi.org/10.1093/nar/gku1055
https://doi.org/10.1093/nar/gkx1108
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1038/s41586-019-0969-x
https://doi.org/10.1093/BIOINFORMATICS/BTP348
https://doi.org/10.1101/pdb.prot5348
https://doi.org/10.1016/0005-2728(94)90144-9
https://doi.org/10.1242/dev.124.3.589
https://doi.org/10.1016/j.ydbio.2011.05.584
https://doi.org/10.1083/jcb.145.5.1049
https://doi.org/10.1016/j.devcel.2016.01.024
https://doi.org/10.1016/j.devcel.2016.01.024
http://conference.scipy.org/proceedings/SciPy2008/paper_2
http://conference.scipy.org/proceedings/SciPy2008/paper_2
https://doi.org/10.1002/dvdy.21188
https://doi.org/10.1002/dvdy.21188
https://doi.org/10.1242/dev.01270
https://doi.org/10.1016/j.cub.2004.12.041
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1002/dvdy.22719
https://doi.org/10.1371/journal.pgen.1005730
https://doi.org/10.1016/S0955-0674(97)80068-3
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1083/jcb.200308155
https://doi.org/10.1006/dbio.2002.0656
https://doi.org/10.1146/annurev.immunol.16.1.569
https://doi.org/10.1016/j.isci.2018.05.004
https://doi.org/10.1007/s00586-007-0475-y
https://doi.org/10.1074/jbc.M112.387266
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1038/nature01763
https://doi.org/10.1038/nature14569
https://doi.org/10.1038/emboj.2012.275
https://doi.org/10.3892/ijo.12.3.685
https://doi.org/10.1242/dev.126.21.4737
https://doi.org/10.1242/dev.126.21.4737
https://doi.org/10.1016/0888-7543(92)90161-K
https://doi.org/10.1042/bc20090042
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1242/dev.139857
https://doi.org/10.1016/j.stem.2013.05.024
https://doi.org/10.1371/JOURNAL.PONE.0009490
https://doi.org/10.1371/JOURNAL.PONE.0009490
https://doi.org/10.1016/j.tig.2004.11.014
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1083/jcb.103.6.2499
https://doi.org/10.1002/gene.10119
https://doi.org/10.1007/s00262-008-0557-7
https://doi.org/10.1007/s00262-008-0557-7
https://doi.org/10.1186/s13227-016-0056-4
https://doi.org/10.1016/j.cell.2005.03.031
https://doi.org/10.1053/joca.2001.0450
https://doi.org/10.1016/S0378-1119(01)00830-7
https://doi.org/10.1128/mcb.00346-15
https://doi.org/10.1016/j.ydbio.2005.09.018
https://doi.org/10.1016/j.ydbio.2005.09.018
https://doi.org/10.1016/S1534-5807(01)00005-3
https://doi.org/10.1016/S1534-5807(01)00005-3
https://doi.org/10.1016/S0168-9525(03)00203-8
https://doi.org/10.1038/sj.onc.1204416
https://doi.org/10.1038/35011077
https://doi.org/10.1038/360741a0
https://doi.org/10.1182/blood-2013-11-541391
https://doi.org/10.1073/pnas.88.24.11416
https://doi.org/10.1007/s00427-003-0316-x
https://doi.org/10.1093/emboj/16.24.7393
https://doi.org/10.1093/emboj/16.24.7393
https://doi.org/10.1002/dvdy.20644
https://doi.org/10.1002/dvdy.20644
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.702290
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.702290
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.702290&domain=pdf&date_stamp=2021-08-12
https://www.frontiersin.org/articles/10.3389/fcell.2021.702290/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.702290/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.702290/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1371/journal.pone.0071599
https://doi.org/10.1242/dev.066720
https://doi.org/10.1038/nature04336
https://doi.org/10.1002/bies.201800130
https://doi.org/10.1007/978-1-0716-0974-3_1
https://doi.org/10.1007/978-1-0716-0974-3_1
https://doi.org/10.1242/dev.157172
https://doi.org/10.1242/dev.157172
https://doi.org/10.1038/ncomms6896
https://doi.org/10.1016/j.jgg.2014.02.003
https://doi.org/10.1073/pnas.1620519114
https://doi.org/10.1073/pnas.1620519114
https://doi.org/10.1371/journal.pone.0099264
https://doi.org/10.1371/journal.pone.0050838
https://doi.org/10.1007/s00427-013-0441-0
https://doi.org/10.1038/s41586-018-0734-6
https://doi.org/10.1038/nature06967
https://doi.org/10.1038/s41559-020-1248-9
https://doi.org/10.1006/dbio.2001.0460
https://doi.org/10.1016/j.jgg.2018.06.002
https://doi.org/10.1073/pnas.1100045109
https://doi.org/10.3390/genes11111311
https://doi.org/10.3390/genes11111311
https://doi.org/10.1186/2041-9139-4-17
https://doi.org/10.1186/2041-9139-4-17
https://doi.org/10.1002/jez.b.21172
https://doi.org/10.1186/s12915-020-00796-2
https://doi.org/10.1186/s12915-020-00796-2
https://doi.org/10.1242/dev.182469
https://doi.org/10.1242/dev.182469
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.700860
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.700860
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.700860&domain=pdf&date_stamp=2021-08-18
https://www.frontiersin.org/articles/10.3389/fcell.2021.700860/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.700860/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.700860/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1242/dev.011569
https://doi.org/10.3389/fnana.2016.00049
https://doi.org/10.3389/fnana.2016.00049
https://doi.org/10.1038/43670
https://doi.org/10.1038/43670
https://doi.org/10.1242/dev.106559
https://doi.org/10.1242/dev.106559
https://doi.org/10.1242/dev.101758
https://doi.org/10.1111/ede.12067
https://doi.org/10.1523/jneurosci.6201-09.2010
https://doi.org/10.1523/jneurosci.6201-09.2010
https://doi.org/10.1242/dev.033480
https://doi.org/10.1002/cne.901460202
https://doi.org/10.1002/cne.901460202
https://doi.org/10.1038/s41559-018-0673-5
https://doi.org/10.1038/s41559-018-0673-5
https://doi.org/10.1111/dgd.12349
https://doi.org/10.1111/dgd.12349
https://doi.org/10.1038/s41586-018-0782-y
https://doi.org/10.1080/14734220600589202
https://doi.org/10.1080/14734220600589202
https://doi.org/10.1016/j.neuron.2005.06.007
https://doi.org/10.1016/j.ydbio.2010.03.024
https://doi.org/10.1016/s0925-4773(99)00262-2
https://doi.org/10.2108/zsj.23.1053
https://doi.org/10.1093/nar/gkt389
https://doi.org/10.1016/s0304-3940(97)00802-1
https://doi.org/10.1007/s12311-015-0724-2
https://doi.org/10.1007/s12311-015-0724-2
https://doi.org/10.1016/s0166-2236(02)02062-3
https://doi.org/10.1016/s0166-2236(02)02062-3
https://doi.org/10.1016/0092-8674(90)90385-r
https://doi.org/10.1016/S0079-6123(08)60962-0
https://doi.org/10.1038/nature11794
https://doi.org/10.1038/nature05633
https://doi.org/10.1038/nature05633
https://doi.org/10.1038/Nature10838
https://doi.org/10.1038/s41559-018-0526-2
https://doi.org/10.1038/s41598-019-56085-8
https://doi.org/10.1038/s41598-019-56085-8
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1038/ncomms4337
https://doi.org/10.1038/ncomms4337
https://doi.org/10.1126/science.1068310
https://doi.org/10.1242/dev.059360
https://doi.org/10.1038/nature16518
https://doi.org/10.1111/dgd.12347
https://doi.org/10.1016/j.ydbio.2007.05.009
https://doi.org/10.1038/nature02616
https://doi.org/10.1007/s004270050176
https://doi.org/10.1016/s0959-4388(00)00177-x
https://doi.org/10.3389/fnana.2011.00027
https://doi.org/10.3389/fnana.2011.00027
https://doi.org/10.1523/jneurosci.1423-07.2007
https://doi.org/10.1523/jneurosci.1423-07.2007
https://doi.org/10.7554/eLife.01305
https://doi.org/10.7554/eLife.01305
https://doi.org/10.1242/dev.063784
https://doi.org/10.1242/dev.063784
https://doi.org/10.1073/pnas.1704457114
https://doi.org/10.1073/pnas.1704457114
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.701779
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.701779
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.701779&domain=pdf&date_stamp=2021-09-06
https://www.frontiersin.org/articles/10.3389/fcell.2021.701779/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1038/nature11589
https://doi.org/10.1387/ijdb.041878tb
https://doi.org/10.2307/1542063
https://doi.org/10.1007/bf00361337
https://doi.org/10.1098/rstb.1931.0006
https://doi.org/10.1098/rstb.1931.0006
https://doi.org/10.1002/neu.20242
https://doi.org/10.1111/mec.13854
https://doi.org/10.1111/jzs.12101
https://doi.org/10.1038/s41586-019-1385-y
https://doi.org/10.1073/pnas.0610158104
https://doi.org/10.1046/j.1440-169x.1997.t01-3-00004.x
https://doi.org/10.1046/j.1440-169x.1997.t01-3-00004.x
https://doi.org/10.1016/j.ydbio.2004.04.001
https://doi.org/10.1016/j.ydbio.2011.05.584
https://doi.org/10.1111/j.1432-0436.2006.00071.x
https://doi.org/10.1006/dbio.2001.0339
https://doi.org/10.1126/science.1080049
https://doi.org/10.1007/bf02584045
https://doi.org/10.1007/bf02584045
https://doi.org/10.1371/journal.pone.0035731
https://doi.org/10.1016/j.ydbio.2014.12.032
https://doi.org/10.1016/j.ydbio.2017.03.003
https://doi.org/10.1016/j.ydbio.2017.03.003
https://doi.org/10.1126/science.172.3987.1052
https://doi.org/10.1016/j.ydbio.2014.07.010
https://doi.org/10.1016/j.ydbio.2014.07.010
https://doi.org/10.1038/s41586-018-0385-7
https://doi.org/10.1101/gad.317669.118
https://doi.org/10.1101/gad.317669.118
https://doi.org/10.1002/cne.21733
https://doi.org/10.1006/scdb.2000.0195
https://doi.org/10.1242/dev.002352
https://doi.org/10.1242/dev.01270
https://doi.org/10.1242/dev.026419
https://doi.org/10.1093/oxfordjournals.molbev.a026147
https://doi.org/10.1242/jeb.01420
https://doi.org/10.1126/science.1225829
https://doi.org/10.2307/1541186
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.7554/eLife.44753
https://doi.org/10.1016/s0014-5793(01)02877-0
https://doi.org/10.1016/s0014-5793(01)02877-0
https://doi.org/10.1006/dbio.1996.0082
https://doi.org/10.1016/j.molmed.2006.07.008
https://doi.org/10.1002/jez.1400340204
https://doi.org/10.1146/annurev.neuro.27.070203.144255
https://doi.org/10.1242/dev.124.24.5149
https://doi.org/10.1016/s0092-8674(00)80112-9
https://doi.org/10.1111/j.1460-9568.2005.04147.x
https://doi.org/10.1002/cne.10645
https://doi.org/10.1002/cne.10645
https://doi.org/10.1002/cne.903090402
https://doi.org/10.1016/0012-1606(87)90188-6
https://doi.org/10.1016/0012-1606(89)90232-7
https://doi.org/10.1016/0012-1606(89)90232-7
https://doi.org/10.1111/j.1440-169x.2008.01039.x
https://doi.org/10.1152/physiolgenomics.00229.2004
https://doi.org/10.1016/j.ydbio.2018.11.011
https://doi.org/10.1016/j.ydbio.2016.10.014
https://doi.org/10.1016/j.ydbio.2009.12.032
https://doi.org/10.1016/j.ydbio.2009.12.032
https://doi.org/10.1016/j.ydbio.2018.11.013
https://doi.org/10.1016/j.ydbio.2018.11.013
https://doi.org/10.1186/s13227-017-0074-x
https://doi.org/10.7554/elife.49921
https://doi.org/10.1186/1741-7007-10-45
https://doi.org/10.1186/1741-7007-10-45
https://doi.org/10.1093/molbev/mst066
https://doi.org/10.1093/molbev/mst066
https://doi.org/10.7554/eLife.16962
https://doi.org/10.1002/cne.20142
https://doi.org/10.1242/jeb.177972
https://doi.org/10.1111/j.1440-169x.2012.01343.x
https://doi.org/10.1111/j.1440-169x.2012.01343.x
https://doi.org/10.1007/s00227-012-1898-5
https://doi.org/10.1034/j.1600-0749.2001.140602.x
https://doi.org/10.1016/s0168-9525(03)00144-6
https://doi.org/10.1016/s0168-9525(03)00144-6
https://doi.org/10.1016/j.ydbio.2018.09.023
https://doi.org/10.1016/j.ydbio.2018.09.023
https://doi.org/10.1002/dvdy.20792
https://doi.org/10.1002/dvdy.20792
https://doi.org/10.1242/dev.057323
https://doi.org/10.1242/dev.057323
https://doi.org/10.1242/dev.114488
https://doi.org/10.1242/dev.114488
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.2108/zsj.14.297
https://doi.org/10.2108/zsj.14.297
https://doi.org/10.1016/j.cub.2005.12.044
https://doi.org/10.1016/j.cub.2005.12.044
https://doi.org/10.1002/(sici)1097-0177(199604)205:4<445::aid-aja8>3.0.co;2-i
https://doi.org/10.1002/(sici)1097-0177(199604)205:4<445::aid-aja8>3.0.co;2-i
https://doi.org/10.1242/jeb.00235
https://doi.org/10.1242/dev.078485
https://doi.org/10.1242/dev.078485
https://doi.org/10.2307/1540926
https://doi.org/10.2307/1540926
https://doi.org/10.1002/gene.20032
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.760366
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.760366
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.760366&domain=pdf&date_stamp=2021-09-28
https://www.frontiersin.org/articles/10.3389/fcell.2021.760366/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1016/s1534-5807(03)00263-6
https://doi.org/10.1016/s1534-5807(03)00263-6
https://doi.org/10.1002/jez.1402670309
https://doi.org/10.1002/jez.1402670309
https://doi.org/10.1016/S0955-0674(00)00159-9
https://doi.org/10.1016/S0955-0674(00)00159-9
https://doi.org/10.1002/jmor.1052070207
https://doi.org/10.1002/jmor.1052070207
https://doi.org/10.1098/rstb.2015.0043
https://doi.org/10.7554/eLife.19607
https://doi.org/10.1016/S1534-5807(03)00033-9
https://doi.org/10.1016/S1534-5807(03)00033-9
https://doi.org/10.1002/bies.1056
https://doi.org/10.1038/sj.embor.embor920
https://doi.org/10.1038/sj.embor.embor920
https://doi.org/10.1093/molbev/msy002
https://doi.org/10.2108/zsj.23.1053
https://doi.org/10.1006/dbio.1999.9266
https://doi.org/10.1186/s12915-020-00851-y
https://doi.org/10.1016/j.ydbio.2010.10.029
https://doi.org/10.1002/dvdy.20587
https://doi.org/10.3389/fevo.2021.702576
https://doi.org/10.1242/dev.02183
https://doi.org/10.1242/dev.128017
https://doi.org/10.1242/dev.128017
https://doi.org/10.1002/jmor.1052120304
https://doi.org/10.1002/jmor.1052120304
https://doi.org/10.1242/jeb.126292
https://doi.org/10.1242/jeb.126292
https://doi.org/10.1038/35040549
https://doi.org/10.1016/s0925-4773(02)00415-x
https://doi.org/10.1186/s40851-014-0005-9
https://doi.org/10.1186/s40851-014-0005-9
https://doi.org/10.1038/s41559-017-0330-4
https://doi.org/10.1038/s41559-017-0330-4
https://doi.org/10.1111/dgd.12591
https://doi.org/10.1002/dvdy.22113
https://doi.org/10.1083/jcb.10.4.159
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1002/dvdy.95
https://doi.org/10.1007/s00429-006-0127-8
https://doi.org/10.1186/s40851-014-0006-8
https://doi.org/10.1186/s40851-014-0006-8
https://doi.org/10.1098/rspb.2019.1571
https://doi.org/10.1098/rspb.2019.1571
https://doi.org/10.1101/gad.346205
https://doi.org/10.1186/s12983-017-0216-y
https://doi.org/10.1186/s12983-017-0216-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.744982
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.744982
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.744982&domain=pdf&date_stamp=2021-10-22
https://www.frontiersin.org/articles/10.3389/fcell.2021.744982/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.ncbi.nlm.nih.gov/assembly/GCF_902713615.1/#/st_Primary-Assembly
https://www.ncbi.nlm.nih.gov/assembly/GCF_902713615.1/#/st_Primary-Assembly
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/articles/10.3389/fcell.2021.744982/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.744982/full#supplementary-material
https://doi.org/10.1007/978-1-0716-0623-0_11
https://doi.org/10.1007/978-1-0716-0623-0_11
https://doi.org/10.1016/0092-8674(94)90522-3
https://doi.org/10.1016/0092-8674(94)90522-3
https://doi.org/10.1016/j.cell.2019.11.025
https://doi.org/10.1002/jez.1402670309
https://doi.org/10.1002/jez.1402670309
https://doi.org/10.7554/eLife.31515
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://doi.org/10.1016/S0925-4773(02)00136-3
https://doi.org/10.1126/science.aaa6090
https://doi.org/10.1242/dev.140137
https://doi.org/10.1242/dev.165753
https://doi.org/10.12688/f1000research.9720.1
https://doi.org/10.1101/pdb.emo111
https://doi.org/10.1006/dbio.2002.0700
https://doi.org/10.1590/S1415-47572009000200001
https://doi.org/10.1214/aoms/1177696968
https://doi.org/10.1007/978-1-4939-9009-2_9
https://doi.org/10.1007/978-1-4939-9009-2_9
https://doi.org/10.1038/s41467-021-23834-1
https://doi.org/10.1101/gad.938601
https://doi.org/10.1101/gad.938601
https://doi.org/10.1016/j.cell.2014.09.038
https://doi.org/10.1038/ncomms7686
https://doi.org/10.1016/j.molmed.2017.05.004
https://doi.org/10.1126/science.aau5324
https://doi.org/10.1126/science.aau5324
https://doi.org/10.1016/j.ydbio.2006.12.029
https://doi.org/10.1126/sciadv.abb3446
https://doi.org/10.1126/sciadv.abb3446
https://doi.org/10.1016/j.ydbio.2004.11.019
https://doi.org/10.1016/j.ydbio.2004.11.019
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.3389/fnana.2015.00037
https://doi.org/10.3389/fnana.2015.00037
https://doi.org/10.1126/science.aaf2403
https://doi.org/10.1038/s41592-019-0701-7
https://doi.org/10.1242/dev.156869
https://doi.org/10.1038/s41586-020-2024-3
https://doi.org/10.1038/s41586-020-2024-3
https://doi.org/10.1038/s41592-019-0548-y
https://doi.org/10.1038/s42003-020-01341-1
https://doi.org/10.1016/0092-8674(94)90523-1
https://doi.org/10.1016/j.devcel.2015.12.010
https://doi.org/10.1006/dbio.2000.0105
https://doi.org/10.1182/blood.2019004446
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.749806
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.749806
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.749806&domain=pdf&date_stamp=2021-10-29
https://www.frontiersin.org/articles/10.3389/fcell.2021.749806/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://blast.ncbi.nlm.nih.gov/
https://metazoa.ensembl.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles



https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Somorijai et al. JNK Signalling During Amphioxus Development

FIGURE 8 | JNK inhibition induces Caspase-3-mediated apoptosis. (A) Under ordinary control conditions, there is no Caspase-3-mediated apoptosis in N4
embryos. (B) JNK inhibition with SP600125 causes dramatic accumulation of cleaved Caspase-3 in cells that have been extruded between the neural tube and
epidermis (magenta arrowhead), around the notochord and within the accumulated cells of the archenteron where pycnotic nuclei (grey arrow) and F-Actin
aggregates (blue arrow) are observed. Rounded cells that have delaminated with strong membrane staining and no F-Actin aggregates have intact nuclei and are
cCasp-3~. Note how ventral cells highlighted by white, blue, and grey arrowheads lack cCasp-3 staining in single magenta channel (cells outlined with yellow dotted
lines). Representative embryos are shown. Phalloidin staining of F-Actin is in blue and cleaved Caspase-3 (cCasp-3) immunoreactivity is in magenta, while DAPI
stained nuclei are in grey. Embryos are orientated with anterior to the left and dorsal up. cv, cerebral vesicle; nt, neural tube; no, notochord. Scale bars = 50 M.

FIGURE 9 | A pan-Caspase inhibitor only partially rescues weak JNK inhibition phenotypes. (A,A’,A”) N5 stage DMSO control with 10 somite pairs (A), a preoral pit
(A’), and expanding pharyngeal region (A”, yellow asterisks). (B,B’,B”) Stage matched embryo treated with the pan-Caspase inhibitor Z-VAD-fmk at high
concentration (200 wM). Embryos are slightly shorter but otherwise equivalent to the controls, with all differentiated structures present. (C,C’,C”) Weak JNK
inhibition with 2.5 uM SP600125 shows dramatic accumulation of cleaved Caspase-3 in dying cells, including degenerating anterior somites (C, s1-s3, magenta
arrowheads; inset u), cells extruded around the notochord (C’, magenta arrows, inset v), and within the archenteron (C’, inset w). No real pharyngeal region has
differentiated (yellow asterisks). (D,D’,D””) Embryos co-treated with SP600125 and Z-VAD-fmk are grossly similar to embryos treated with SP600125 alone.
However, cleaved Caspase-3 immunoreactivity is significantly reduced both quantitatively and qualitatively. The notochord, although still delayed, has a more regular
cellular arrangement (compare CG”,D”), and cellular protrusions (insets x and y) contain rounded cells, but fewer central F-Actin aggregates. Rounded cells in the
anterior of the archenteron have a similar “healthier” phenotype (compare w and z, filled and outlined blue and magenta arrowheads), with evidence that at least
some may originate from within the anterior ventral endoderm layer. Phalloidin staining of F-Actin is in blue and cleaved Caspase-3 (cCasp-3) immunoreactivity is in
magenta, while DAPI stained nuclei are in grey. Embryos are orientated with anterior to the left and dorsal up. Each panel series shows one representative embryo at
different confocal planes. cv, cerebral vesicle; nt, neural tube; no, notochord; s1, s2, etc., somite pairs. Scale bars = 50 M.
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the lowest 2.5 pM SP6000125 treatment condition, allowing
embryos to develop with clearly discernible morphology to N4
or even TO stages.

We found no overt anatomical differences between Z-VAD-
fmk and control embryos (compare Figures 9A,A’,A” with
B,B’,B”), except perhaps a negligible decrease in size under
treatment conditions. Similarly, on first inspection, JNK
inhibition alone vs. SP600125 4+ Z-VAD-fmk inhibitor appeared
to generate similar phenotypes (compare Figures 9C,C’,C”
with D,D’,D”). However, both the nerve cord and notochord
appeared more regular and extended, and cCasp-3 expression
was reduced in the double-treated embryos, both quantitatively
(fewer patches) and qualitatively (lower intensity) (see insets u-w
and x-z), suggesting that Z-VAD-fmk might provide some mild
rescue of the Caspase-dependent apoptosis induced by SP600125.
In addition, although both conditions resulted in rounded cells
accumulating within the gut space, as well as lateral bulges of
rounded actin-rich cells between the somites and endoderm
(insets v and y), many fewer of these were pycnotic, with
the characteristic central actin aggregates, particularly within
the anterior gut when both inhibitors were used (compare
closed and open magenta and blue arrowheads in w and z,
respectively). Indeed, these cells appear to have rounded up
and exited their tissues, but not to have died. Taken together,
the mild rescue seen in these experiments suggest that the
orca phenotype is probably the result of both the effect of
JNK inhibition on polarity/cell movements and on the normal
programmed cell death required to remodel amphioxus tissues
during early development.

MAPK/ERK Signalling Is Ectopically
Activated

Having ascertained that JNK inhibition leads to an apparent
delamination and death of misplaced cells in several tissues,
resulting in CE defects, we wanted to determine the mechanism
by which this might occur. Several reports suggest that JNK
interacts with several pathways including MAPK and TGFB/BMP
to coordinate cellular movements, cell division and polarity
(Gros et al., 2010). Specifically, regulation of MAPK-ERK activity
governs cellular behaviour and extrusion, followed in many cases
by apoptosis, in vertebrate and invertebrate models (Moreno
et al, 2019; Aikin et al, 2020; Tada, 2021). SP600125 is a
highly selective inhibitor of c-Jun phosphorylation but has no
observable effect on ERK or p38 phosphorylation (Bennett
et al, 2001). Thus, any changes in ERK phosphorylation act
as a readout of MAPK signalling, and we therefore reasoned
that this pathway might be responsible for some of the altered
cellular behaviour and patterning that we observed. We therefore
assessed levels of pERK in SP600125-treated N2 stage embryos,
prior to the onset of the most dramatic defects caused by
JNK inhibition, using a pERK antibody that detects active ERK
signalling. Our results indicate that under control conditions,
there was very little localised expression of activated MAPK
(Figures 10A,A’). However, in embryos treated with the JNK
inhibitor, we found strong ectopic expression in epidermal cells,
and in a few cases, in neural cells (Figure 10B’ and inset

y). More dramatically, we saw an unexpected upregulation of
pERK in many medial notochord cells, but also in anterior
notochord cells (Figure 10B and inset x, white outlined rainbow
arrowheads), specifically in cells neighbouring the rounding cells,
whose membranes are F-Actin rich, and which appear to be
targeted for extrusion (Figure 10B and inset x, blue outlined
black arrowheads). This response was also apparent at later
stages (N3) when most cell rearrangement occurs within the
notochord (note multi-layered aspect) and apoptotic cells have
accumulated within the gut (Figure 10C and inset z). Taken
together, these data suggest that there is a correlation between
loss of JNK-mediated polarity, cellular extrusion and pERK
activation, and that this response is non-cell autonomous in the
chordamesoderm/notochord.

DISCUSSION

Although pharmacological inhibition of JNK activity using
SP600125 is commonplace in vertebrate cell lines or epithelia
in vitro (Yu et al., 2019; Brunt et al., 2021), studies on whole
embryos are comparatively rare. This is surprising given its
versatility as a tool, particularly in aquatic organisms with
external development, where it allows studies of morphogenetic
processes of complex tissues within specific temporal windows,
without the need for designing labour and time-intensive tools.
This is true even in models with long-established genetic
manipulation methodologies such as zebrafish (e.g., He et al,
20165 Lietal., 2019), or even ascidians (e.g., Krasovec et al., 2019),
especially where late functions need to be assessed. In amphioxus,
treatment with SP600125 results in a complex phenotype likely
encompassing the full range of its functions, suggesting it is a
good chordate model for understanding the evolution of JNK
function at the invertebrate to vertebrate transition.

Evolution of the Chordate Functional
JNK Repertoire

The two whole genome duplications that occurred in the
vertebrate ancestor (Dehal and Boore, 2005) resulted in the
presence of multiple paralogues in vertebrate relative to
invertebrate chordate genomes, barring any lineage-specific
duplication or gene loss events. The evolution of JNKs represents
a near textbook-case scenario, with single jnk genes in amphioxus
and ascidians (similarly to other invertebrates, e.g., basket in
Drosophila; Satou et al., 2003; Bertrand et al, 2009), and
three orthologues in mammals (Zeke et al., 2016). In parallel,
the mitogen activated signalling cascade upstream of JNK is
considerably more simplified in invertebrate chordates relative
to vertebrates (Satou et al., 2003; Bertrand et al, 2009).
In vertebrates, such duplication events have conferred some
genetic redundancy, protecting critical cellular functions. For
instance, single JNK mutant mice survive, but double mutants
for JNK1 and JNK2 are embryonic lethal, with region-specific
dysregulation of apoptosis in the early brain (Kuan et al., 1999).
Apparently, some constraint exists on the number of JNK copies
tolerated in vertebrate genomes. Bony fish, for instance, might be
expected to harbour many more duplicates (at least 8, assuming
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DMSO Control

SP600125

FIGURE 10 | JNK inhibition leads to upregulation of pERK in neighbours of extruding cells. (A,A’) N2 stage DMSO control embryo with five formed somite pairs. The
notochord cells are arranged in two parallel rows, except anteriorly under the cerebral vesicle, and are multiple cell layers thick. There is little to no pERK staining.
(B,B’) SP600125-treated embryos allowed to progress to the same stage have broader monolayered notochords. They accumulate cytoplasmic and nuclear pERK
in notochord (rainbow arrowheads in B,B” and inset y) and overlying neural and epidermal cells (rainbow arrowheads in B and inset x). Two different embryos are
shown. (C) This pattern is seen in treated embryos allowed to progress to the equivalent of the N3 stage, in which notochord cells appear to attempt to stack
dorsoventrally in multiple layers (inset z). In all cases, pERK accumulation occurs in cells neighbouring rounding cells apparently in the process of extruding (note
apical rounding and F-Actin accumulation in membranes, blue outlined black arrowheads in insets x, y, and z). Phalloidin staining of F-Actin is in blue and
phosphorylated ERK (pERK) immunoreactivity is in a purple/orange gradient, while DAPI stained nuclei are in grey. Embryos are orientated with anterior to the left
either dorsal (A,B and inset x) or lateral views (A’,B’,C and insets y and z) are shown. Representative embryos are shown. cv, cerebral vesicle; epi, epidermis; nt,
neural tube; no, notochord; pharynx, ph; pp, preoral pit; s1, s2, etc., somite pairs. Scale bars = 50 uM.

no gene losses) due to an independent genome duplication in
the teleost ancestor (Glasauer and Neuhauss, 2014). Surprisingly,
however, a single JNK2 and JNK3, and only two JNKI paralogues
named JNKIa and JNKIb have been identified in zebrafish
(Santos-Ledo et al., 2020). Similarly, Xenbase reports only two
MAPKS8/JNK1, one MAPK9/JNK2, and two MAPK10/JNK3 genes
in Xenopus laevis (Karimi et al., 2018). This is still fewer than
expected but can be explained by the species’ allotetraploid
origins, likely reflecting asymmetric evolution of the subgenomes,
with one chromosome set more prone to gene loss (Session
et al., 2016). To compensate, alternative splicing of jnks appears
to be rampant in vertebrates, increasingly dramatically the
functional repertoire of JNK proteins. For example, in zebrafish,
four isoforms have been identified for each of the JNKla and
JNK1b paralogues, with the jukla Ex7 Lg transcript required
to generate correct numbers of cardiac progenitors within the
ventricle of the developing heart (Santos-Ledo et al., 2020).
In humans, all three JNK genes encode multiple alternative
splice isoforms: four each for JNK1 and JNK2, and eight for

JNK3, of which only three have been characterised (Zeke et al.,
2016). The isoforms include alternative exons in the C-terminal
lobe of the kinase domain (a- and B-isoforms arising from
use of a mutually exclusive exon pair, normally the sixth, but
nomenclature is inconsistent), and in both the N- and C-terminal
flexible extensions of the proteins. Functionally, it is predicted
that different JNK isoforms will exhibit different kinetics and
enzyme activities as well as substrate affinities (Zeke et al., 2016).
Intriguingly, Ait-Hamlat et al. (2020) have recently predicted
the existence of a new JNK1 isoform lacking exons 6, 7, and
8, the critical region for kinase structural stability and MKP7
phosphatase binding, which they named JNK18. Nevertheless, the
isoform has stable secondary structure in solution, is expressed
in human, mouse and fugu, and produces four peptides (Ait-
Hamlat et al., 2020). Mechanistically, splicing of JNKs is regulated
by Nova through differential availability of Nova-binding sites in
the paralogues (Letunic et al., 2002; Zeke et al., 2016), and Nova
also regulates JNK splicing in amphioxus in a tissue-specific
fashion (Irimia et al., 2011). These studies highlight the increased
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functional complexity possible through both duplication and
alternative splicing, and help explain why it is difficult to
dissect the myriad roles of JNK signalling even in amphioxus,
which has a single gene. It will be informative to further study
differences between amphioxus and vertebrates in function of
JNK paralogues vs. isoforms during development through more
targeted approaches.

JNK Plays a Conserved Role in
Gastrulation and Convergence Extension

Movements

This study adds to several lines of evidence pointing to a
conserved role for JNK signalling in regulating tissue movements,
both during gastrulation and in processes intimately linked to
axis elongation. For instance, our gastrulation arrest phenotype,
with little to no change in cell type specification, closely
parallels that seen in sea urchins treated with SP600125,
which inhibited invagination, but not endoderm differentiation
(Long et al, 2015). Although our understanding of early
patterning processes in amphioxus has advanced dramatically
in the last few years (Li et al, 2017; Aldea et al., 2019
Kozmikova and Kozmik, 2020; and many others), still little
is known about the invagination process at the cellular level.
While we focus here on the role of JNK in later processes,
it is intriguing that we found no evidence of inductive
events between endoderm and ectoderm, since disruption
of archenteron formation and lack of normal apposition of
endoderm and ectoderm resulted in no changes in gene
expression; notochord, mesoderm and neural tissues all appear
properly specified in early treatments, at least until late
gastrula stages.

Intimately linked to axis elongation in chordates is the
process of notochord morphogenesis, which like invagination
requires precise spatio-temporal control of cellular behaviours.
In vertebrates such as zebrafish and Xenopus, correct CE
movements of dorsal mesoderm at the midline require JNK
signalling downstream of Wnt/PCP pathways (Yamanaka
et al., 2002; Kim and Han, 2005; Williams and Solnica-
Krezel, 2020), although there is considerable variation in
how mediolateral intercalation behaviour is regulated across
species (Keller and Sutherland, 2020). Nevertheless, our
results suggest conservation of the core polarity mechanism
in chordates, since inhibition of JNK activity causes dramatic
defects in medial chordamesoderm and notochord cells, in
spite of apparent correct specification of midline structures
(e.g., Brachyury2 and chordin), and a strong axial elongation
phenotype. Intriguingly, this also translates to a truncation
of the anterior notochord, correlating with a reduction in
six3/6 expression in a notochordal domain rostral to the
hypothalamo-prethalamic primordium of the cerebral vesicle
(“HyPTh”; Albuixech-Crespo et al, 2017). Despite several
differences with vertebrate anatomy and genoarchitecture,
this six3/6™ region may represent the amphioxus homologue
of the prechordal plate (Albuixech-Crespo et al, 2017). In
vertebrates, notochord formation from axial mesoderm requires
the complex orchestration among active migration of prechordal

cells (Bosze et al., 2020), non-canonical Wntl1-mediated cellular
movements of paraxial mesoderm (Heisenberg et al., 2000),
and CE of deep neural cells (Keller and Sutherland, 2020).
Treatment with SP600125 also inhibits the mediolateral cell
intercalation of the neurectoderm required for axial elongation
in the annelid Platynereis dumerilii (Steinmetz et al., 2007).
Thus, inhibition of JNK throughout amphioxus tissues likely
perturbs cellular polarity and coordination of behaviours across
germ layers, culminating in the truncated axis phenotype we see
here, highlighting an ancient global function for this pathway in
regulating CE movements.

JNK Is Required for Formation of Oral

Structures in Amphioxus

Our results show that inhibiting JNK signalling has a profound
and specific effect on the formation of anterior and oral
structures in amphioxus, beyond those attributed to anterior
notochord extension defects. For instance, we show that even
mild treatments with SP600125 result in loss of the ciliated
preoral pit, derivative of the initial kidney (or HatscheK’s left
diverticulum) and by extension cells of the posterior first
left somite (Holland, 2018). This may be due to a loss of
migratory activity of precursors detaching from the somite,
and/or to degradation of the somite itself. We also fail to
see any of the oral perforations in pharyngeal endoderm that
presage club shaped gland, gill slit or mouth formation. In
fact, cells appear to continue to round up and delaminate
from anterior ventral endoderm until very late developmental
stages (e.g., Supplementary Figure 4). Although there is
continued debate surrounding the homology of chordate
mouths (reviewed in Holland, 2018), the conservation of a
role for JNK in perforation at the junction of epithelial
membranes is consistent with our observations. In Xenopus,
JNK signalling is crucial for epidermal integrity and E-Cadherin
localisation at the adherens junction, with a failure of
buccopharyngeal opening and subsequent embryonic mouth
formation in embryos treated with SP600125 or injected with
morpholinos against JNKI (Houssin et al., 2017). However,
this phenotype was not caused by either the apoptotic or cell
cycle regulatory functions of JNK signalling (Houssin et al.,
2017). Because our treatments were continuous rather than
targeted to the specific window of pharyngeal differentiation,
we cannot exclude the possibility that other factors are
at play. Indeed, even embryos treated with only 2.5 uM
SP600125, with or without Caspase inhibition, continue to
show large numbers of rounded cells apparently delaminating
within the pharyngeal region. This is also consistent with
a more general function in adhesion or anterior endoderm
specification, similarly to the role played by Wnt/JNK signalling
in determining foregut identity and cellular morphology in
zebrafish (Zhang et al., 2016) and endodermal tissue integrity
during gut elongation in Xenopus (Dush and Nascone-
Yoder, 2013). The apparent loss of the anterior ventral
endoderm expression domain of wntll might be consistent
with a loss of specific structures in this region. Future
work should be aimed at specifically addressing the link
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between JNK signalling and morphogenesis of oral and “head”
structures, including the expression of late endoderm markers, in
cephalochordates.

Wnt Genes May Be Transcriptional
Targets of JNK Signalling in Amphioxus

In several cellular contexts, the non-canonical Wnt/PCP
pathways are mediated by JNK via specific Wnt ligands,
independently of nuclear B-catenin-dependent canonical Wnt
signalling. As previously discussed, Wnt/JNK signalling through
Wnt5 or Wntll paralogues plays an important role during
avian, zebrafish and Xenopus gastrulation (Heisenberg et al.,
2000; Hardy et al., 2008; Seo et al., 2010; Keller and Sutherland,
2020). Wnt5a is also responsible for correct orientation of
mesenchymal cell movements and division during proximo-
distal limb bud elongation in chick and mouse through JNK
signalling (Gros et al., 2010). However, Wnt genes may also
themselves be targets of JNK activity. For instance, depletion
of JNK activators MKK4b and MKK?7 results in CE defects
during gastrulation and abnormal somitogenesis in zebrafish,
with wntll a direct downstream target of Wnt/JNK signalling
(Seo et al., 2010).

In amphioxus, the functional data permitting the
identification of non-canonical Wnt ligands are still lacking,
and comparative studies of the Wnt family expression atlas
across chordates suggest that considerable function shuffling
of Wnt ligands has occurred in these lineages (Somorjai et al.,
2018). In particular, the expression of wnt2 in the amphioxus
cerebral vesicle/nerve cord is conserved with vertebrates but is
a cephalochordate novelty in the notochord (Somorjai et al,
2018). Nevertheless, our data suggest that wnt2 and wntl1 may
be (direct or indirect) targets of a non-canonical Wnt/JNK
signalling pathway in amphioxus within specific spatio-temporal
contexts. For instance, wntl1 appears to be ectopically activated
in the posterior ectoderm after SP600125 treatment, which is
consistent with the zebrafish data (Seo et al., 2010). However,
it is also downregulated in the paraxial mesoderm and in the
chordoneural hinge, and possibly in the ventral endoderm.
This could be explained if Wntll is both upstream of JNK
signalling and its target, with SP600125 resulting in threshold-
dependent autoregulation in a negative feedback loop. This
is not unheard of, as we have shown similar contradictory
downregulation of sp5 in the amphioxus tailbud in response to
strong and prolonged treatment with a GSK3-f inhibitor (which
activates Wnt/B-catenin signalling), when otherwise it behaves
as a positive target (Dailey et al., 2017). Wnt2, in contrast,
appears to be downregulated persistently and exclusively in
the notochord, with no effect of the inhibitor on expression
in the nerve cord, suggesting wnt2 may be a direct target
of JNK signalling in chordamesoderm. However, we cannot
currently exclude a second possibility, which is that the loss of
wnt2 and wntll expression reflects an indirect effect of JNK
on notochord or endoderm differentiation, respectively. In
vertebrates, Wnt2, Wnt5a/5b, and Wntl11 induce differentiation
of human cardiomyocytes from lateral plate mesoderm via an
atypical Wnt/Ca?T pathway (Mazzotta et al., 2016). There is

also increasing evidence for direct crosstalk between JNK and
the canonical Wnt signalling pathways at the transcriptional
level (Bikkavilli and Malbon, 2009), complicating interpretation.
Because of its late onset of expression, Wnt2~/* or Wnt2~/~
transgenics could conceivably be generated in amphioxus to help
distinguish between these possibilities.

Changes in Caspase-3-Mediated
Apoptosis and Proliferation Within
Tissues Cannot Explain
SP600125-Induced Cellular Loss

It is now well established (if not well understood) that JNK
plays important pro-proliferative and pro-apoptotic roles during
development and tissue replacement, depending on the cellular
context (reviewed in Ricci and Srivastava, 2018; Pinal et al.,
2019; Guerin et al.,, 2021). JNK activity has also been proposed
to act as a pivot point, balancing cell death and proliferation
to maintain body proportions during whole body regeneration
and starvation-induced homeostatic degrowth in flatworms
(Almuedo-Castillo et al., 2014). Our orca phenotype could
therefore be interpreted as a dysregulation of this equilibrium,
resulting from either constitutive or local increases in apoptosis
or, alternatively, decreases in proliferation.

In amphioxus, TUNEL staining — an assay used to detect
apoptotic DNA cleavage as well as other types of DNA
damage - previously suggested that programmed cell death is
regulated during embryogenesis, with apoptosis likely required
for anterior endoderm remodelling starting during neurulation
stages (Bayascas et al., 2002). At larval stages, dying cells are
scattered throughout the tissues, with concentration of signal in
the pharyngeal and tail regions (Bayascas et al., 2002), and a burst
is again seen at the onset of metamorphosis around the forming
mouth, gills and anus, in the club shaped gland and preoral pit,
and in tail epidermis (Holland et al., 2009). Tail regression, on the
other hand, appears to primarily employ remodelling (Koop et al.,
2011). In contrast, in the solitary ascidian Ciona, programmed
cell death is necessary for regression of the tadpole tail and
settlement (Krasovec et al., 2019). Here, signalling by both ERK
and JNK MAP kinases is required (Chambon et al., 2007), and tail
regression fails when either the pathway is inhibited, or Caspase
activity is blocked (Chambon et al., 2002; Krasovec et al., 2019).

Amphioxus is known to have a single Caspase-3/7 orthologue
of mammalian effector caspases with similar substrate preference
to vertebrate Caspase-7, and which induces apoptosis. Its
transcript expression is rather non-specific within mesendoderm
and uncorrelated with TUNEL; the authors conclude that the role
of Caspase-3/7 is to confer the ability for cells to die rather than
instructing apoptosis (Bayascas et al., 2002). Similarly, in control
embryos we see little convincing immunoreactivity with cCasp-3
antibody, which marks cells that are committed to apoptosis. In
contrast, SP600125 induces considerable nuclear fragmentation
coincident with expression of cCasp-3. However, cCasp3™ cells
are rarely found within the embryonic tissues, being generally
limited to cells that have already clearly delaminated into
luminal or coelomic spaces (e.g., within the archenteron or
between the epidermis and neural tube), and only within
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specific early developmental windows corresponding to neurula
stages. Therefore, we do not see a pattern of Caspase-3 activity
corresponding to previously reported TUNEL staining. This
suggests that other cell death pathways (possibly including
necroptotic; Tait and Green, 2008) may be involved during
normal development. Consistent with this, single treatments with
the pan-Caspase inhibitor Z-VAD-fmk, which was demonstrated
to inhibit Caspase-3/7 from cleaving its substrates in vitro
(Bayascas et al, 2002), had little effect on morphogenesis.
However, it did appear to rescue to some degree the Caspase-
3-mediated apoptosis of cells that had already delaminated into
luminal spaces. Although we have no lineage data to support
this (indeed, we never saw gene marker expression within
delaminated cells, suggesting it was lost once cells became mis-
specified, or that they had already progressed within the apoptotic
pathway), our observations suggest that some of these cells derive
from the anterior or pharyngeal endoderm, which might be
primed to undergo programmed cell death. Unfortunately, it was
beyond the scope of this work to perform TUNEL staining in
our SP600125 or SP600125 + Z-VAD-fmk rescue experiments,
but we predict that the pattern of cell death would differ relative
to controls specifically within anterior ventral endoderm. Thus,
JNK inhibition may not directly activate Caspase-3-mediated
apoptosis within amphioxus tissues proper, which is instead
induced secondarily within “shed” cells. An alternative, which
we do not favour, is that cCasp-3 immunoreactivity is simply
not sensitive enough in early stages of delamination to detect in
our experiments.

Regardless of how cells are lost from tissues, changes in the
levels or patterns of proliferation relative to baseline might in
part account for the phenotypes we observe. Under control
conditions, we saw broad but variable patterns of cell division,
with relatively large numbers of PH3" cells in the endoderm
throughout development. Few cells were labelled in the nerve
cord, somites, or notochord in any one individual, with more
consistent proliferation in the posterior notochord and nerve
cord within the tailbud. Our results are broadly congruent with
BrDU pulse-chase experiments (Holland and Holland, 2006),
which label dividing cells and their progeny, demonstrating that
much of the raw material of the notochord is generated by
proliferation in the gastrula and early neurula, with proliferation
gradually declining at later stages except in the anterior and
posterior tips. Although it was too challenging to accurately
quantify proliferation in treated embryos here, these patterns
appear to be maintained after exposure to SP600125, and
therefore are unlikely to account for shortening of the primary
axis. However, we cannot discount the possibility that JNK
inhibition might in fact delay or arrest passage through the
cell cycle, and thus contribute to defects in elongation and
patterning. For instance, treatment with SP600125 prolongs
mitotic progression through S and G2 phases of the cell cycle in
synchronised mouse cells; such growth-inhibited cells eventually
die via apoptosis (Du et al, 2004). SP600125 also enhances
Caspase-3 dependent apoptosis in tumour cells (Kuntzen et al.,
2005) and prevents transition from the G2 to M phase (Kuntzen
et al, 2005; Kim et al., 2010). However, this arrest may
occur independently of its ability to inhibit JNK, since specific

knockdown of JNK1/2 by siRNA has no effect on PH3 protein
levels in cells (Kim et al., 2010). These studies might also help
to explain some apparently contradictory results in flatworms,
which show both that SP600125 causes G2/M arrest (Tasaki et al.,
2011) and faster entry of neoblasts into mitosis after INK(RNAi)
(Almuedo-Castillo et al., 2014). Our static snapshots using
PH3 immunostaining, which only labels cells in G2/Mitosis,
clearly do not capture the complexity of cell cycle dynamics.
Nevertheless, even if there is some non-specific effect of SP600125
on proliferation kinetics in our experiments, or a general delay
in cell division, we consider it unlikely that a decrease in
proliferation alone can account for our results.

In light of these observations, we currently favour the
hypothesis that inhibiting JNK signalling tips the balance
in favour of cellular loss, resulting in shortened and mis-
proportioned embryos, with cell division unable to compensate;
apoptosis is effectively a secondary effect of a loss of cellular
polarity and tissue integrity. However, careful analysis of cell cycle
dynamics and cellular behaviours of labelled cells in vivo, as well
as more detailed studies on JNK-mediated cell death in specific
tissues using molecular markers, will be required to test and refine
this model to dissect the context-dependency of apoptosis and
proliferation during amphioxus morphogenesis.

Phosphorylated ERK Activation May Be a
Mechanism for Cellular Extrusion in

Notochord and Neural Cells

Our observation that JNK inhibition appears to cause cytoskeletal
changes, rounding, and delamination of cells into extracellular
spaces, combined with CE-type defects, might suggest that active
cellular extrusion of mis-specified cells is occurring, followed by
(or concomitant with) their Caspase-3-mediated apoptosis. Both
live and apoptotic cellular extrusion are important regulators
of growth and cell density and are critical for maintaining
tissue homeostasis (Ohsawa et al., 2018). The orientation of
cellular extrusion - either basally or apically depending on the
model - can lead to either hypertrophic overgrowth (cancer) or
apoptosis. Importantly, epithelial extrusion is a highly dynamic
process in vivo, requiring coordination of the actin cytoskeleton
and cell junction dis/assembly in cells fated to die as well
as their neighbours to maintain tissue integrity (reviewed in
Gagliardi and Primo, 2019). Intriguingly, mechanical stress due
to crowding alone within a proliferating tissue is also sufficient to
cause Caspase induction and basal delamination in the fly notum
and may depend on the direction of cell division (Levayer et al.,
2016; reviewed in Tada, 2021). Thus, various types of signal can
lead to cell extrusion when cells are stressed or dying.

The role of JNK in these processes is complex, and results are
often contradictory depending on the cellular context. Typically,
inappropriate JNK induction in “loser cells” is associated with
their cellular elimination and apoptosis in a cell competition
scenario, but can also result in hyperproliferation, for instance
during regeneration (Pinal et al., 2019). It has also been suggested
that cell cycle progression in G2/M is a checkpoint for cellular
extrusion, such that “unfit” cells die if they are in G2 during
cell competition (Tada, 2021). In the context of our work in
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amphioxus, SP600125 treatment might lead to extrusion of
cells in several ways, including changes in apicobasal polarity
or orientation of cell division, cell crowding, and competition.
These might be particularly prevalent in tissues undergoing active
cellular rearrangement and extension, such as the notochord at
mid-neurula stages, or that proliferate and remodel extensively,
such as the anterior ventral endoderm.

One of the key findings of this study was that after
JNK inhibition, ERK signalling is activated in the neighbours
of cells undergoing extrusion and dying, as evidenced by
instances of nuclear fragmentation and Caspase-3 cleavage.
This phenomenon was most apparent in the monolayer of the
early notochord, but pERK™ cells were also sometimes seen
in the nerve cord. Our data are both consistent with and
appear to contradict results in other systems. For instance, in
zebrafish, correct regulation of ERK activity is important for axis
elongation and notochord differentiation from chordamesoderm,
but not for its early patterning or specification (Hawkins et al.,
2008), similarly to amphioxus and contrary to its early role
in notochord determination in Ciona (Minokawa et al., 2001;
Sakabe et al., 2006). U0126 treatment (which blocks ERK1/2
phosphorylation and thus ERK activation), however, results in
an increase in TUNELT apoptotic cells in 24hpf zebrafish,
but not in the notochord (Hawkins et al., 2008), which is
inconsistent with our own results. In a similar vein, during
Ciona tail regression, ERK activity induces apoptosis in the
notochord and epidermis (Chambon et al., 2002, 2007). However,
SP600125 or U0126 treatment both reduce the number of
TUNEL™ cells in the tail. Chambon et al. (2007) propose a model
whereby normal JNK activation in the CNS induces apoptosis
through activation of ERK in adjacent tissues, including the
notochord, via modification of the ECM. The endoderm and
CNS themselves are non-receptive and escape the death signals
(Chambon et al., 2002, 2007). We would argue that some of these
apparent discrepancies across studies may be due to regulative vs.
determined developmental mode, the level of cellular resolution,
variable tissue-specific and temporal responses, or differences
between ERK and JNK targets. It is of further note that in the
Drosophila epidermis, mis-specified cells exhibit aberrant EGFR
signalling with ERK activation, leading to apoptosis, whereas
endogenous ERK activation apparently promotes cell survival
(Crossman et al., 2018), and that cumulative ERK dosage impacts
developmental income (Johnson and Toettcher, 2019). Thus,
ERK response varies both across physiological conditions as well
as under different aberrant ones.

Several lines of evidence suggest that regulation of ERK might
also link cellular extrusion, cell competition, and cellular survival
outcomes with mechanical forces within tissues (Moreno et al.,
2019; Valon et al,, 2021). Compaction and/or a reduction in
tension results in down-regulation of EGFR/ERK signalling in
looser cells, leading to their elimination via apoptosis; conversely
local tissue stretching was correlated with activation of ERK
(Moreno et al., 2019). Interestingly, compression in the Xenopus
embryonic epithelium by high gravity causes the cells to activate
FGFR/ERK signalling by sensing tensile forces at the adherens
and tight junctions (Kinoshita et al., 2020). While we did not
directly manipulate forces, it seems likely that SP600125-treated
embryos are subjected to considerable compressive forces and

tension due to incompatible changes in growth and cellular
behaviours across different tissues during neurulation and
gastrulation. These conflicts might be expected to be strongest
in the notochord as it fails to elongate properly and cells
compete for space, and in the anterior somites as they continue
to be compressed by cellular accumulation. Punctate B-catenin
accumulation at the membranes around extruding (normally
PERK low) cells might provide some limited evidence to support
an effect on the adherens junctions in the notochord. The fact we
saw no convincing pERK modulation in anterior endoderm cells,
which appear to also round up and delaminate, can be explained
if the effect of JNK inhibition here were due to changes in the
plane of division symmetry during proliferation or the cell cycle,
rather than from mechanical stresses associated with the highly
regulated requirements for CE seen in notochord. Although few
specific antibodies are available in cephalochordates, it would
be interesting to further examine the effects of Wnt/JNK and
other pathways known to affect cellular movements or polarity
(e.g., ROCK) on both ERK activity and distribution of apicobasal
membrane proteins.

Perspectives

This research presents the first data supporting a putative role
for Wnt/JNK signalling in cell behaviour and cell fate decisions
during cephalochordate development. Specifically, treatment
with the SP600125 inhibitor causes axis shortening consistent
with CE defects, accompanied by dramatic changes in the
notochord both at the cellular and the molecular levels. Anterior
endoderm patterning and somite derivatives are also affected
by inhibition of JNK, hinting at some conserved mechanisms
with vertebrates, in addition to more ancient roles in regulating
the balance between apoptosis and cell survival. Combining the
benefits of invertebrate (e.g., a single orthologue) and vertebrate
models (chordate body plan and morphogenesis), amphioxus is
therefore a good system for studying the myriad and complex
roles of JNK signalling in cell biology and morphogenesis.

Our work has several limitations, including the reliance on
fixed material and therefore static snapshots of highly dynamic
processes in vivo. It remains difficult to effectively immobilise live
amphioxus embryos, which at all stages are extremely fragile. The
ciliary movement embryos use to glide through the water column,
even prior to active muscle contraction-dependent swimming
in larval stages, has proven difficult to pharmacologically
inhibit without causing other defects. Even trying to hold
embryos in place in agarose, without applying undue pressure
using coverslips — which can itself modulate normal cellular
behaviours and even gene expression - is short lived as
the embryos ultimately rotate in place. In addition, although
the reliance on pharmacological treatment presents notable
advantages, it does prevent the dissection of the molecular
mechanisms underlying the context-dependent functions of JNK
achievable with more targeted genetic approaches. However,
the generation of transgenic or mutant lines (e.g., Li et al,
2017), for example to allow temporal and spatial analysis of
cell movements at high resolution, is still limited to a handful
of laboratories with access to tropical species with short life
cycles, and the resources to maintain breeding animal colonies
long term. These considerations apply to many non-traditional,
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particularly marine model systems. Nevertheless, advances such
as hydrogel encapsulation (Burnett et al., 2018) or acoustic
trapping combined with live imaging (Yang et al., 2019) have
shown proof of principle that embryos can be maintained alive
and develop normally to allow studies of cellular movements.
Combined with better fluorescent dyes, for instance to label cell
membranes, and fast 3D imaging, as well as further developments
in cell tracking, imaging dynamic cells movements in amphioxus
should soon prove more tractable, permitting more detailed
analyses of the evolution of morphogenetic and cellular processes
at the origin of chordates.
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Meng Hao?, Wenting Wan?, Yang Dong?, Yandong Ren?, Si Zhang®, Tao Zeng®,

Fayou Wang®, Luonan Chen®7, Gary Wessel®, Brian T. Livingston®, Cynthia Bradham '°,
Wen Wang?'" and Naoki Irie "**

' Department of Biological Sciences, Graduate School of Science, The University of Tokyo, Tokyo, Japan, 2State Key Laboratory
of Genetic Resources and Evolution, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming, China, >RIKEN
Center for Biosystems Dynamics Research (BDR), Kobe, Japan, “Universal Biology Institute, The University of Tokyo, Tokyo,
Japan, ®°Sado Island Center for Ecological Sustainability, Niigata University, Niigata, Japan, °Shanghai Institute of Biochemistry
and Cell Biology, Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences, Shanghai, China, 7Key
Laboratory of Systems Biology, Hangzhou Institute for Advanced Studly, University of Chinese Academy of Sciences, Chinese
Academy of Sciences, Hangzhou, China, ®Providence Institute of Molecular Oogenesis, Brown University, Providence, R,
United States, °Department of Biological Sciences, California State University, Long Beach, CA, United States, "°Department of
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Species retaining ancestral features, such as species called living fossils, are often
regarded as less derived than their sister groups, but such discussions are usually
based on qualitative enumeration of conserved traits. This approach creates a major
barrier, especially when quantifying the degree of phenotypic evolution or degree of
derivedness, since it focuses only on commmonly shared traits, and newly acquired or lost
traits are often overlooked. To provide a potential solution to this problem, especially for
inter-species comparison of gene expression profiles, we propose a new method named
“derivedness index” to quantify the degree of derivedness. In contrast to the conservation-
based approach, which deals with expressions of commonly shared genes among
species being compared, the derivedness index also considers those that were
potentially lost or duplicated during evolution. By applying our method, we found that
the gene expression profiles of penta-radial phases in echinoderm tended to be more
highly derived than those of the bilateral phase. However, our results suggest that
echinoderms may not have experienced much larger modifications to their
developmental systems than chordates, at least at the transcriptomic level. In
vertebrates, we found that the mid-embryonic and organogenesis stages were

Abbreviations: Aj, sea cucumber (Apostichopus japonicus); Cg, oyster (Crassostrea gigas); DCO, derivedness-correlative
ortholog-groups; Mm, mouse (Mus musculus); Gg, chicken (Gallus gallus); Ps, Chinese soft-shelled turtle (Pelodiscus sinensis);
Xl, African clawed frog (Xenopus laevis); Dr, zebrafish (Danio rerio); Ol, medaka (Oryzias latipes); Ci, Vase tunicate (Ciona
intestinalis); Bf, amphioxus (Branchiostoma floridae); Oj, feather star (Anneissia japonica); Lv, green sea urchin (Lytechinus
variegatus); Sp, purple sea urchin (Strongylocentrotus purpuratus).
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Leong et al.

Derivedness Index of Embryonic Transcriptomes

generally less derived than the earlier or later stages, indicating that the conserved
phylotypic period is also less derived. We also found genes that potentially explain less
derivedness, such as Hox genes. Finally, we highlight technical concerns that may
influence the measured transcriptomic derivedness, such as read depth and library
preparation protocols, for further improvement of our method through future studies.
We anticipate that this index will serve as a quantitative guide in the search for constrained
developmental phases or processes.

Keywords: derivedness, evo-devo, phenotypic evolution, phylotypic period, chordates, echinoderms

1 INTRODUCTION

Considering the fact that species of different lineages have spent
exactly the same geological time since the split from their common
ancestor (Baum and Smith, 2012), it can be said that they are
equally evolved. However, various factors, such as different
generation turnover times (Martin and Palumbi, 1993; Li et al,
1996) and population sizes (Woolfit, 2009; Lynch et al., 2016), have
led to different biological times spent by them in different lineages
(Bromham and Penny, 2003; Baer et al., 2007; Lanfear et al., 2010;
Gaut et al,, 2011). This means that the evolutionary speed of each
species and lineages differs from each other, as indicated by the
different genome evolutionary rates (Green et al., 2014; Urry et al,,
2016). Species called living fossils, such as coelacanth (Amemiya
et al,, 2013) and tuatara (Miller et al., 2009), are good examples
because they retain a variety of ancestral or conserved traits and
have slower evolutionary rates in their genomes than their sister
groups (Amemiya et al., 2013; Gemmell et al.,, 2020). Similarly,
phenotypic changes during evolution also differ among different
traits even within the same species; some traits, such as basic
anatomical features, or the body plan for each animal phylum,
remain strictly conserved through hundreds of millions of years
(Arthur, 1997; Erwin et al,, 2011), while body size or coat colors
appear to change rather frequently (Stern, 2001; Hoekstra, 2006).
Recent studies have demonstrated that mid-embryonic,
organogenesis stages (or phylotypic period in the developmental
hourglass model (Duboule, 1994)) of animals (such as vertebrates
(Hazkani-Covo et al, 2005; Irie and Sehara-Fujisawa, 2007;
Domazet-Lo$o and Tautz, 2010; Irie and Kuratani, 2011; Wang
et al., 2013; Hu et al,, 2017), Drosophila species (Kalinka et al.,
2010), nematodes (Levin et al., 2012), and molluscs (Xu et al.,
2016)) are evolutionarily more conserved than their earlier or later
developmental stages. This implies that conserved stages or traits
are more ancestral; however, it has to be noted that conservation
may not necessarily indicate that these traits are “less derived” than
others, retaining more ancestral states. This is because
“conservation” generally focuses on traits, genes, or genomic
sequences commonly shared among the species being
compared, and those that are lost or newly acquired during
evolution are often excluded. In other words, the degree of
changes accumulated during evolution or degree of
“derivedness,” may not be effectively measured by estimations
using only commonly shared features.

This causes a variety of ambiguities in understanding
phenotypic evolution. For example, we still cannot determine

which group of animals are more (or less) phenotypically derived
on average than other groups (Irie et al., 2018). Echinoderms, for
example, are often regarded as “highly derived” species (Hyman,
1955; Morris, 1999; Brusca et al., 2016), as they are a unique group
of bilaterians which evolved pentaradial symmetric body plans in
adults. However, the idea that echinoderms are highly derived is
based on the enumeration of novel traits, such as development of
body plan with pentaradial symmetry, and it still remains to be
tested if echinoderms indeed experienced greater changes as a
whole to their phenotypes (more derived) than their sister groups.
Similarly, a detailed examination is needed to determine whether
the phylotypic period is the least derived stage during
development. Its conservation is often evaluated based on the
expression profiles of genes that are shared in all the species (1:1
orthologs), and changes accumulated by non-shared genes are
underestimated. To tackle these problems, we propose a
transcriptomic “derivedness index” to address the degree of
phenotypic changes observed in embryos, inherited from a
common ancestor. Specifically, we compared the gene
expression profiles of echinoderms (Tu et al, 2012; Li et al,
2018, 2020; Hogan et al., 2020) and chordates (Wang et al., 2013;
Hu et al,, 2017) to test whether echinoderms are more highly
derived than chordates.

2 RESULTS

2.1 Procedure to Calculate Derivedness
Index of Embryonic Transcriptomes

While our recent study indicated that echinoderms have a
comparable evolutionary rate in their genomes compared with
that of chordates (Li et al., 2020), it still remains to be tested if
echinoderms have experienced larger modifications to their
development than their sister groups. Meanwhile, it is tempting
to know if developmental stages that establish pentaradial
symmetry and its later stages are more highly derived than the
embryos of their sister groups. To answer this question, we
developed a method for quantifying the derivedness of embryos
using gene expression profiles (Figure 1A). Specifically, we used
whole embryonic developmental transcriptomes as a phenotype of
embryos, and compared them between echinoderms (Anneissia
japonica,  Apostichopus  japonicus, Lytechinus  variegatus,
Strongylocentrotus purpuratus) and chordates (Mus musculus,
Gallus gallus, Pelodiscus sinensis, Xenopus laevis, Danio rerio,
Oryzias latipes, Ciona intestinalis, and Branchiostoma floridae).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

n

November 2021 | Volume 9 | Article 749963


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Leong et al.

Derivedness Index of Embryonic Transcriptomes

Embryos of
medaka

derivedness

Derivedness-based tree

B ortholog groups-based expression table
species genes X_embryo Y_embryo | Z_embryo
ortholog-group A X: ALA, A A VA | ZA A A
Y: A A -A1LA2 -¢w -1,¢2,3
Z: Avhohs mean expression level mean mean
ortholog-group B X: B X-B1 Y-B1,B> none
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FIGURE 1 | Tree based on phenotypic derivedness of embryos. (A) Schematic illustration of a phylogenetic tree drawn by classic viewpoint (left) and that by
transcriptomic derivedness (right). Phenotypic derivedness aims to introduce quantitative evaluation of how derived each sample or embryo became from their common
ancestor. (B) In contrast to evaluating conservation with commonly shared genes, such as 1:1 orthologs, our method takes advantage of ortholog group-based
expression table, which considers the expression of paralogs and potential lost genes.

In contrast to approaches that compare the expression of only
conserved 1:1 orthologs, our approach encompasses expression of
paralogs and potentially lost genes to cover as many evolutionary
changes as possible. As indicated in a previous study, I:
1 ortholog-based comparisons encounter a major barrier when
multiple species are compared (Hu et al.,, 2017). In brief, the
number of 1:1 orthologs that can be identified comes up to a very
small ratio of genes in the entire genome (e.g., only 1,704 1:1
orthologs could be identified in their analysis with eight chordate
species (Hu et al., 2017)). This situation is intensified in our
analysis when both chordates and echinoderms are involved (13
species in total), where only 271 1:1 orthologs could be identified.
These not only account for ~1% of all genes in a typical vertebrate
genome (~20,000 genes) but also overlook the changes (such as
those by gene duplication and/or gene loss) that occur during
evolution, which leads to possible underestimation of how
derived each embryo is from their common ancestor.

To identify genes in orthologous groups of distantly related
species, we first compared protein-coding genes and identified
22,699 ortholog-groups using the PorthoMCL software for eight
chordates, four echinoderms, and one outgroup species (Li et al.,
2003; Tabari and Su, 2017) (Supplementary Figure S1). We then
calculated the normalized expression (see also Table 1 in
Methods for the normalization methods tested) for each
ortholog-group by 1) taking the mean expression of paralogs

and 2) giving “zero” expression value to potentially lost genes
(taking sum-expression of paralogs also provided similar results,
as in a previous study (Hu et al., 2017); see also Figure 1B and
Supplementary Figure S3A). However, species-specific genes
were not included, as the analyses including these genes did
not meet the criteria we utilized (described in detail below).
Finally, transcriptomic distance was calculated with various
combinations of normalization, distance, and tree inference
methods and scanned for a suitable combination (Figure 2A)
based on the following three criteria (Figure 2B): 1)
developmental stages cluster by species (Kalinka et al.,, 2010;
Hu et al, 2017); 2) tree topology is consistent with known
phylogeny inferred from genomic sequences (suggested by
previous studies (Kalinka et al., 2010; Hu et al., 2017)); and 3)
within-species transcriptomic distances show gradual changes
along development (high smoothness in the distance image).
Criterion 1, a topology of developmental stages clustered by
species, can be expected for the species covered in this study. For
example, even with six closely related Drosophila species that split
less than 40 million years ago and share very similar
morphological features, their whole embryonic transcriptomes
still cluster by species rather than by stages (Kalinka et al., 2010).
This is presumably because despite sharing many conserved
developmental features, larger differences including those with
respect to species-specific characteristics exist, such as ovariole
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TABLE 1 | Derivedness tree construction method combinations for scanning.

Procedure Methods to test

Normalization logs (TPM+1)

log1o (TPM+1)

quantile normalization

ascending rank

descending rank

z-score

logz (TPM+1) — quantile

logs (TPM+1) — z-score

logo (TPM+1) — quantile — z-score
1—Pearson’s correlation coefficient r
1—S8pearman’s correlation coefficient p
tEuclidean

tManhattan

Cosine

Canberra

Jensen-Shannon

NJ (neighbor-joining) (Saitou and Nei, 1987)
BIONJ (Gascuel, 1997)

FastME, balanced (Lefort et al., 2015)
FastME, OLS (Lefort et al., 2015)
Fitch-Margoliash (PHYLIP) (Fitch and Margoliash, 1967; Revell
and Chamberlain, 2014)

Distance
methods

Tree inference

number and genome size (Markow and O’Grady, 2007), and this
may have clustered samples by species. Development-related
genes account for only 10-25% of the whole genome of
chordate species (Hu et al., 2017). Therefore, in this study, we
selected representative species that should be distantly related
enough to avoid the tree topology of clustering by stage. Criterion
2 was based on the assumption that the derivedness of the tree
based on overall transcriptomic profiles does not differ from the
known phylogenetic topology deduced from the genome, and this
is supported by a study that analyzed more closely related
Drosophila species (Kalinka et al., 2010). For criterion 3, we
deployed image texture analysis to score the degree of smoothness
of distance matrix images generated by different distance
methods, as transcriptomic changes are expected to be
continuous along developmental stages.

The results of our scanning show that both rank and
logarithmic transformations of the expression data met criterion
1, namely, clustering samples by species (shown in Figure 2C and
in the visualized expression images in Supplementary Figure S2).
In addition, we found that calculating pairwise distances of gene
expression profiles using “1—Spearman’s correlation coefficient p”
(abbreviated as Spearman distance below) meets all three criteria
and is the most suitable method among the tested distance
methods (Figures 2C, 2D, 3A). Finally, we tested several
commonly used tree inference methods, where BION]
outperformed the other tested methods with its speed and
algorithmic design to cluster samples with the lowest distances
together (Saitou and Nei, 1987; Gascuel, 1997), although most
methods generated similar results except for the Fitch-Margoliash
method (Supplementary Figure S3B). A simplified scheme of the
most suitable combination based on our criteria is summarized in
Figure 2E. As mentioned above, our analyses did not cover the
expression of species-specific genes. Intuitively, inclusion of
species-specific genes may allow us to more comprehensively

Derivedness Index of Embryonic Transcriptomes

cover and evaluate the changes made during evolution;
however, we excluded these genes as the analyses including
species-specific genes did not meet criterion 2 (consistent with
known phylogeny). X. laevis became an outgroup of other
vertebrates in this tree (Supplementary Figure S4). This may
be due to the low accuracy of gene prediction, which led to an
excessive number of species-specific genes which biases the
distance calculation (Supplementary Figure S1D). Notably,
7,879 (40%) of these non-paralogous, specific-specific genes in
X. laevis are lowly expressed (max TPM <1) throughout the
developmental stages examined, suggesting that many of these
genes might be inaccurately annotated.

2.2 Penta-Radial Phase of Echinoderms
Appear to Be Highly Derived, but Their
Overall Developmental Systems May Not Be
Much More Derived Than Those of

Chordates

We defined the derivedness index of each embryo as the total
branch length from the putative common ancestral node on the
inferred tree (Figure 3A), which is the common ancestor of
chordates and echinoderms. As has been assumed, some of the
echinoderm species, especially embryos of two sea urchins,
showed much higher derivedness indices than those of
invertebrate chordates. Notably, the tendency was more
obvious for the developmental stages with pentaradial
symmetry (shaded stages in Figure 3A). Meanwhile, the other
echinoderms, such as the feather star (an early-diverged
echinoderm species (Cannon et al., 2014; Li et al., 2020)) and
the sea cucumber showed rather less-derived indices when
compared to those of vertebrates (Figure 3A). These
tendencies were corroborated by summarizing the range of the
derivedness indices of all embryos for each species [Figure 3B;
changes in the indices among different species were statistically
significant (p < 2e-16 by Kruskal-Wallis test)], and that for all
chordates and echinoderm species. (Figure 3C). Nevertheless,
when we compared the derivedness index of the penta-radial
phase of echinoderm development (including metamorphosis,
juvenile, and adult stages) against the bilateral phase (early stages
to larval stages, before penta-radial structures start to appear) in
each species, the penta-radial phase was indeed more derived in
the feather star and the two sea urchin species (Figure 3D,
statistically significant, tested with the Wilcoxon signed-rank
test). Considering that the two sea urchin species, which split
around 180 million years ago (Li et al, 2020), share similar
developmental characteristics, the reason why L. variegatus
showed a relatively higher derivedness index than S
purpuratus remains to be clarified (L. varietagus became even
more highly derived when species-specific genes were considered;
Supplementary Figure S4). However, this could partially be due
to L. variegatus having a faster genomic evolutionary rate than S.
purpuratus (Li et al., 2020; see also Supplementary Figure S19).
These results suggest that although echinoderms may not have
experienced larger modifications to their molecular
developmental systems than chordates since their split from
the deuterostome common ancestor, sea urchins appear to
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FIGURE 2 | Proposed workflow to estimate phenotypic derivedness of embryos using gene expression profiles and evaluation of methods. (A) Outline of measuring
transcriptomic derivedness. Whole embryonic transcriptomes from different species were compared using the expression levels of ortholog groups, which consider not only 1:1
orthologs but also paralogs and genes that are presumably lost in specific ineages. Derivedness index of each embryo was defined as the total branch length from the putative
common ancestral node on the inferred tree. (B) Criteria for selecting the suitable method for quantifying derivedness of embryos. These include: [1] clusters samples by
species; [2] topology of derivedness tree consistent with known phylogeny estimated from genomic sequences (Kalinka et al., 2010; Hu et al., 2017), with support from biological
replicates; [3] Transcriptomic similarities show gradual change along developmental stages. (C) Rank (involved in calculating Spearman distance) and logarithmic normalizations of
expression data tend to meet the criteria of clustering stages by species. Shaded boxes represent normalization and distance methods showing this topology in the inferred tree.
(D) Spearman distance scores the highest in smoothness analysis. (E) Summary of the most suitable method among the combinations tested.

Derivedness tree

have accumulated more changes in their developmental systems,
especially in the later embryonic stages when pentaradial
structures become evident. However, this may not be solely
due to gene expression from pentaradial structures or their
source structures, as the sample “Lv_8wpfRudiment” (the
forming rudiment in 8-weeks-post-fertilization embryo of L.
variegatus) is almost as highly derived as “Lv_8wpfLarva” (the
remaining larval body with the rudiment removed), which does
not contain pentaradial structures. The differences in
transcriptomic derivedness indices of the pre-metamorphosis
and the pentaradial phases could at least partly be attributed
to how genes are expressed at different levels in the two phases

(rather than the two developmental phases deploying different
sets of genes) (Supplementary Figure S17). Further studies
delineating the molecular mechanisms of the metamorphosis
process may help explain why stages with pentaradial
structures tend to show highly derived indices.

2.3 “Conserved” Phylotypic Periods Are the

Least Derived in Vertebrates

Consistent with previous studies that supported the
developmental hourglass model with 1:1 orthologs (Irie and
Kuratani, 2011; Levin et al,, 2012; Wang et al, 2013; Uesaka
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This shows that echinoderms do not appear to have much higher derivedness index than chordates. (Mann-Whitney p = 0.75) (D) The range of derivedness indices of the
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FIGURE 3| bilateral (green) and the pentaradial (yellow) phases of echinoderm development. The penta-radial phase is more derived in feather star (O)), green sea urchin
(Lv), and purple sea urchin (Sp). (Mann-Whitney U test, **: p < 0.01; **: p < 0.001; ***: p < 0.0001; ns: p > 0.05). Species abbreviations: Gg, chicken; Ps, soft-shelled
turtle; Mm, mouse; X1, clawed frog; Ol, medaka; Dr, zebrafish; Ci, ascidian; Bf, amphioxus; Oj, feather star; Aj, sea cucumber; Lv, green sea urchin; Sp, purple sea urchin.

et al., 2019), our results show a similar trend in vertebrates, with
conserved mid-embryogenesis (especially organogenesis stages)
being the least derived within each species from the common
ancestor of chordates (Figures 4A-F). Meanwhile, in some
species, the identified least derived stages showed a slight shift
from the previously reported conserved stages; for instance, while
Prim-5-6 of the zebrafish (D. rerio) was previously suggested to be
the most conserved stage (or vertebrate-phylotypic period), but
the least derived stage was at a slightly earlier, 14-somites stage,
and the Prim-5-6 stage was the second least derived embryo (see
also Supplementary Figure S7). Larger differences were observed
in Ciona and amphioxus. While the most conserved stages,
identified by 1:1 orthologs, in Ciona were around st.24-29, the
least derived stages were st.1-10. In amphioxus, while the mid-
neurula stage (Hu et al., 2017; Marlétaz et al., 2018) was the most
conserved, stage L2 (open-mouth larva) was found to be the least
derived. These results imply that “conserved” phylotypic period
are in general less derived than the earlier/later stages, but these
may show larger differences especially when more number and/or
distantly related species are being compared.

Nevertheless, among the species analyzed, for the range of
derivedness indices and position of the common ancestral node of
all the embryos of each species, the Chinese soft-shell turtle tends
to show more derived developmental systems than the other
vertebrates. This is consistent with the view that turtles possess
many highly derived morphological diapsid features (Nagashima
et al., 2009; Gilbert and Corfe, 2013). However, genomic analyses
indicated that turtles have a slow evolutionary rate (Bradley
Shaffer et al., 2013; Green et al., 2014), and further studies are
required to explain this discrepancy. Meanwhile, given that the
fossil records of turtles remained morphologically conserved
since their appearance (Li et al., 2008; Benton, 2014), it is
possible that the turtle embryos are transcriptomically more
derived (expressing orthologous genes in a different way) than
the other vertebrate species while maintaining a slow genomic
evolutionary rate. In contrast, our results indicate that the mouse
appears to possess the least derived molecular developmental
system among the vertebrates compared (Figures 3B, 6B-iii).
Another unexpected result was that the overall stages of Ciona
showed the least derived indices when compared with those of the
embryos of other chordates, including the early diverged
amphioxus. This is in contrast to both morphological and
genomic studies, which suggested that tunicates could be the
most derived species in chordates (Holland, 2015, 2016).
Moreover, a similar tendency was also corroborated by the
tree that covered species-specific genes (Supplementary Figure
$4) and the tree drawn by 1:1 orthologs (Supplementary Figure
§5). The exact reason for this is unclear; however, a potential
reason would be due to the vast number of potentially lost genes
in Ciona, as it may bias the distances against different species by
giving higher transcriptomic similarity to the rest of the species.

Given that our method correctly captured transcriptomic
derivedness, the results imply that their orthologous genes
used during embryonic development remain rather ancestral,
despite their highly divergent genomic sequences (Berna and
Alvarez-Valin, 2014) after the split from the Olfactores common
ancestor.

2.4 Characterization of Least Derived
Stages by Extracting Highly Expressed

Ortholog-Groups

While there were a few reports that hint how the body plan-
establishing phase became conserved (Bogdanovi¢ et al., 2016; Hu
etal., 2017; Zalts and Yanai, 2017; Uchida et al., 2018), we further
sought for potential hints toward the mid-embryonic
conservation. Specifically, we asked which ortholog-groups
could potentially characterize this conserved phase, given that
the least derived stage only differed slightly from the reported
conserved phase in vertebrates. For this purpose, we sought
ortholog-groups that were highly/lowly expressed during the
stages with less derivedness, by calculating the correlation
(Spearman’s correlation coefficient) between the expression of
each ortholog-group and derivedness indices during
development. For example, ortholog-groups with strong
negative correlations across species (dark blue in Figure 5A,
abbreviated as “negative DCOs,” derivedness-correlative
ortholog-groups) tended to show higher expression around the
less derived developmental phase and lower expressions in more
derived stages. We especially looked for negative DCOs across the
six vertebrate species, as they may represent transcriptomic
features of the phylotypic period and could potentially provide
a hint about the mechanism of its conservation.

To avoid unexpected bias, we excluded samples obtained by
Quartz-Seq (2-cells to blastocyst in mouse and all stages in sea
cucumber) for this analysis, as these were obtained by different
RNA-seq protocols than the others (discussed in detail in the next
section). Among the 22,699 ortholog-groups analyzed, we focused
on 7,775 ortholog-groups that had at least one gene counterpart in
each vertebrate species (Figure 5B). Among these, we found
695 ortholog-groups showing negative correlation in all six
vertebrate species concomitantly (category 6 in Figure 5B;
Supplementary Table S19), including 18 HOX ortholog-groups,
201 development-related ortholog-groups, and 161 ortholog-groups
involved in signaling transduction (Figure 5C, Supplementary
Figures S8-10; the ratio of development-related ortholog-groups
is significantly higher in category 6 than in any other category;
Fisher's exact test), consistent with the actively proceeding
organogenesis in these stages. Along with whole embryonic
expression, some of aforementioned genes are also known to
show conserved spatial expression patterns (Thisse et al., 2004;
Darnell et al, 2007; Yokoyama et al, 2009; Bowes et al., 2010;
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FIGURE 4 | Derivedness index of embryos of chordates and echinoderms estimated from their respective common ancestors. The range of derivedness indices of
each embryo, from the common ancestor of chordates and echinoderms, respectively, in 100 biological replicates-included (BRI) trees. (A-F) The least derived stages in
vertebrate species (Gg, Ps, Mm, XI, Dr, and Ol) are mid-embryonic and organogenesis stages (Gg: HH14-19, Ps: TK11, Mm: E7.5*, XI: stage 31, Dr: 14-somites, and O:
stage 23). *: E9.5, in mouse when the Quartz-Seq samples were removed (see Figures 6B-6ii). (G-H) The tunicate C. intestinalis shows relatively lower
derivedness indices in stage 1 to stage 10 embryos, and the least derived stage in the amphioxus B. floridae is around the L2 (open-mouth larva) stage. (I-L) In
echinoderm species, the least derived stage is around the gastrula in sea cucumber and sea urchins, whereas the 32-cell stage is the least derived in feather star.
(Differences in derivedness index for each developmental stage are statistically significant; Friedman test).
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correlation. 695 ortholog-groups in category 6 (showing negative correlations in all six vertebrate species analyzed) were further analyzed in (C-E). (C) Category 6
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