
Supplementary Table: Timeless methods for biological discovery applied to S. rosetta 

Technology Method Gene 
Delivery S. rosetta In other Choanoflagellates 

Cell Biology  
 

  

Light Microscopy  
 

  

•Vital Dyes and Stains Cross-reactive 
antibodies and dyes 

N Cytoskeleton Staining: anti-Tubulin Antibody 
& Phalloidin for F-Actin Stain (Sebé-Pedrós et 
al., 2013)  

Collar Complex Architecture (Karpov 
and Leadbeater, 1998) 
Tubulin and F-actin (King et al., 
2009)  

Custom Antibodies N Rosetteless (Levin et al., 2014) 
Homer (Burkhardt et al., 2014) 
Synaptobrevin (Göhde et al., 2021) 

Cadherin (Abedin and King, 2008) 
Myc (Young et al., 2011) 

•Live cell imaging Time-lapse  N Rosette Development (Fairclough et al., 2010; 
Larson et al., 2020) 
Cell differentiation (Dayel et al., 2011) 
Phagocytosis (Dayel and King, 2014) 
Aerotaxis (Kirkegaard et al., 2016) 
pH-taxis (Miño et al., 2017) 
Fluid Dynamics (Roper et al., 2013) 

Collective contractility (Brunet et al., 
2019) 

 
Genetically encoded 
fluorescent markers 

Y Amoeboid Motility (Brunet et al., 2021) 
Glycosyl Transferase (Wetzel et al., 2018) 
Septin Localization (Booth et al., 2018) 

STING (Woznica et al., 2021) 

Electron Microscopy 
    

•Transmission EM Heavy Metal Staining N Intercellular Bridges in Colonial Cells 
(Fairclough et al., 2013)  

General Cell Biology (Leadbeater, 
1983, 2015) 
Collar Architecture (Karpov and 
Leadbeater, 1998) 
Flagellar Vane (Leadbeater, 2006)  

 3D Reconstruction N Spatial Cell Differentiation (Laundon et al., 
2019; Naumann and Burkhardt, 2019) 

 

•Scanning EM Heavy Metal Staining N Phagocytosis and Collar Links (Dayel and 
King, 2014) 

Loricate Structure (Frösler and 
Leadbeater, 2009) 
 

     



     

Biochemistry  
 

  

Pharmacological 
Inhibitors 

Highly conserved gene 
inhibitors 

N Aphidicolin (Fairclough et al., 2010) 
Nocodazole (Anderson et al., 2016) 
Tyrosine Kinases (King et al., 2003) 
Actin-based Motility Inhibitors: 
Blebbistatin/Latrunculin B/CK666 (Brunet et 
al., 2021) 

Phosphodiesterase Inhibitors: 
Caffeine/IBMX (Brunet et al., 2019) 
Cell Permeable Nucleotides (Brunet 
et al., 2019; Woznica et al., 2021) 
Germanium (Marron et al., 2016) 
Cytoskeletal Inhibitors for Loricate 
patterning (Frösler and Leadbeater, 
2009)  

Biochemical 
Resconstitution 

Chemical 
Ecology/Classical 
Biochemistry 

N Rosette Inducing Lipids (Alegado et al., 2012; 
Beemelmanns et al., 2014; Woznica et al., 
2016) 
EroS (Woznica et al., 2017) 
Ciliary Proteome (Sigg et al., 2017)  

 

 
Recombinant Protein 
Activity 

N Homer (Burkhardt et al., 2014) 
GKPID (Anderson et al., 2016) 
CamKII (Bhattacharyya et al., 2016) 
Cbl (Amacher et al., 2018) 

Myc (Young et al., 2011) 
Src (Manning et al., 2008) 

Genetics 
    

Genomics Whole Genome 
Sequence 

N S. rosetta (Fairclough et al., 2013) M. brevicollis (King et al., 2008) 
Environmental sample (López-
Escardó et al., 2019)  

Transcriptomics N Differential gene expression (Fairclough et al., 
2013) 

Comparative Transcriptomes (Brunet 
et al., 2019; Richter et al., 2018) 

Forward Genetics Mutagenesis N Sex and recombination (Levin and King, 
2013) 

 

 
Genetic Mapping N Rosetteless (Levin et al., 2014) 

Glycosyl Transferase (Wetzel et al., 2018) 

 

Reverse Genetics Genome Editing Y Point Mutation and Gene Knockout (Booth 
and King, 2020) 

Gene Knockout (Woznica et al., 
2021)  

Transgenesis  Y Complementation (Wetzel et al., 2018) 
Reporter gene expression and localization 
(Booth et al., 2018) 

STING Localization (Woznica et al., 
2021) 

 
  



PAbedin M, King N. 2008. The Premetazoan Ancestry of Cadherins. Science 319:946–948. doi:10.1126/science.1151084 
Alegado RA, Brown LW, Cao S, Dermenjian RK, Zuzow R, Fairclough SR, Clardy J, King N. 2012. A bacterial sulfonolipid triggers multicellular 

development in the closest living relatives of animals. eLife 1:e00013. doi:10.7554/eLife.00013 
Amacher JF, Hobbs HT, Cantor AC, Shah L, Rivero M-J, Mulchand SA, Kuriyan J. 2018. Phosphorylation control of the ubiquitin ligase Cbl is 

conserved in choanoflagellates. Protein Sci 27:923–932. doi:10.1002/pro.3397 
Anderson DP, Whitney DS, Hanson-Smith V, Woznica A, Campodonico-Burnett W, Volkman BF, King N, Thornton JW, Prehoda KE. 2016. 

Evolution of an ancient protein function involved in organized multicellularity in animals. eLife 5:e10147. doi:10.7554/eLife.10147 
Beemelmanns C, Woznica A, Alegado RA, Cantley AM, King N, Clardy J. 2014. Synthesis of the rosette-inducing factor RIF-1 and analogs. J Am 

Chem Soc 136:10210–10213. doi:10.1021/ja5046692 
Bhattacharyya M, Stratton MM, Going CC, McSpadden ED, Huang Y, Susa AC, Elleman A, Cao YM, Pappireddi N, Burkhardt P, Gee CL, Barros T, 

Schulman H, Williams ER, Kuriyan J. 2016. Molecular mechanism of activation-triggered subunit exchange in Ca2+/calmodulin-dependent 
protein kinase II. eLife 5:e13405. doi:10.7554/eLife.13405 

Booth DS, King N. 2020. Genome editing enables reverse genetics of multicellular development in the choanoflagellate Salpingoeca rosetta. eLife 
9:e56193. doi:10.7554/eLife.56193 

Booth DS, Szmidt-Middleton H, King N. 2018. Choanoflagellate transfection illuminates their cell biology and the ancestry of animal septins. Mol Biol 
Cell mbcE18080514. doi:10.1091/mbc.E18-08-0514 

Brunet T, Albert M, Roman W, Coyle MC, Spitzer DC, King N. 2021. A flagellate-to-amoeboid switch in the closest living relatives of animals. eLife 
10. doi:10.7554/eLife.61037 

Brunet T, Larson BT, Linden TA, Vermeij MJA, McDonald K, King N. 2019. Light-regulated collective contractility in a multicellular choanoflagellate. 
Science 366:326–334. doi:10.1126/science.aay2346 

Burkhardt P, Grønborg M, McDonald K, Sulur T, Wang Q, King N. 2014. Evolutionary Insights into Premetazoan Functions of the Neuronal Protein 
Homer. Mol Biol Evol 31:2342–2355. doi:10.1093/molbev/msu178 

Dayel MJ, Alegado RA, Fairclough SR, Levin TC, Nichols SA, McDonald K, King N. 2011. Cell differentiation and morphogenesis in the colony-
forming choanoflagellate Salpingoeca rosetta. Dev Biol 357:73–82. doi:10.1016/j.ydbio.2011.06.003 

Dayel MJ, King N. 2014. Prey Capture and Phagocytosis in the Choanoflagellate Salpingoeca rosetta. PLOS ONE 9:e95577. 
doi:10.1371/journal.pone.0095577 

Fairclough SR, Chen Z, Kramer E, Zeng Q, Young S, Robertson HM, Begovic E, Richter DJ, Russ C, Westbrook MJ, Manning G, Lang BF, Haas B, 
Nusbaum C, King N. 2013. Premetazoan genome evolution and the regulation of cell differentiation in the choanoflagellate Salpingoeca 
rosetta. Genome Biol 14:R15. doi:10.1186/gb-2013-14-2-r15 

Fairclough SR, Dayel MJ, King N. 2010. Multicellular development in a choanoflagellate. Curr Biol 20:R875–R876. doi:10.1016/j.cub.2010.09.014 
Frösler J, Leadbeater BSC. 2009. Role of the Cytoskeleton in Choanoflagellate Lorica Assembly. J Eukaryot Microbiol 56:167–173. 

doi:10.1111/j.1550-7408.2008.00385.x 
Göhde R, Naumann B, Laundon D, Imig C, McDonald K, Cooper BH, Varoqueaux F, Fasshauer D, Burkhardt P. 2021. Choanoflagellates and the 

ancestry of neurosecretory vesicles. Philos Trans R Soc B Biol Sci 376:20190759. doi:10.1098/rstb.2019.0759 
Karpov SA, Leadbeater BSC. 1998. Cytoskeleton Structure and Composition in Choanoflagellates. J Eukaryot Microbiol 45:361–367. 

doi:https://doi.org/10.1111/j.1550-7408.1998.tb04550.x 
King N, Hittinger CT, Carroll SB. 2003. Evolution of Key Cell Signaling and Adhesion Protein Families Predates Animal Origins. Science 301:361–

363. doi:10.1126/science.1083853 
King N, Westbrook MJ, Young SL, Kuo A, Abedin M, Chapman J, Fairclough S, Hellsten U, Isogai Y, Letunic I, Marr M, Pincus D, Putnam N, Rokas 

A, Wright KJ, Zuzow R, Dirks W, Good M, Goodstein D, Lemons D, Li W, Lyons JB, Morris A, Nichols S, Richter DJ, Salamov A, 



Sequencing JGI, Bork P, Lim WA, Manning G, Miller WT, McGinnis W, Shapiro H, Tjian R, Grigoriev IV, Rokhsar D. 2008. The genome of 
the choanoflagellate Monosiga brevicollis and the origin of metazoans. Nature 451:783–788. doi:10.1038/nature06617 

King N, Young SL, Abedin M, Carr M, Leadbeater BSC. 2009. Visualizing the Subcellular Localization of Actin, β-Tubulin, and DNA in Monosiga 
brevicollis. Cold Spring Harb Protoc 2009:pdb.prot5150. doi:10.1101/pdb.prot5150 

Kirkegaard JB, Bouillant A, Marron AO, Leptos KC, Goldstein RE. 2016. Aerotaxis in the closest relatives of animals. eLife 5:e18109. 
doi:10.7554/eLife.18109 

Larson BT, Ruiz-Herrero T, Lee S, Kumar S, Mahadevan L, King N. 2020. Biophysical principles of choanoflagellate self-organization. Proc Natl 
Acad Sci 117:1303–1311. doi:10.1073/pnas.1909447117 

Laundon D, Larson BT, McDonald K, King N, Burkhardt P. 2019. The architecture of cell differentiation in choanoflagellates and sponge 
choanocytes. PLOS Biol 17:e3000226. doi:10.1371/journal.pbio.3000226 

Leadbeater B. 2006. The “mystery” of the flagellar vane in choanoflagellates. 
Leadbeater BSC. 2015. The choanoflagellates: evolution, biology, and ecology. Cambridge, United Kingdom: Cambridge University Press. 
Leadbeater BSC. 1983. Life-history and ultrastructure of a new marine species of Proterospongia (Choanoflagellida). J Mar Biol Assoc U K 63:135–

160. doi:10.1017/S0025315400049857 
Levin TC, Greaney AJ, Wetzel L, King N. 2014. The Rosetteless gene controls development in the choanoflagellate S. rosetta. eLife 3. 

doi:10.7554/eLife.04070 
Levin TC, King N. 2013. Evidence for Sex and Recombination in the Choanoflagellate Salpingoeca rosetta. Curr Biol 23:2176–2180. 

doi:10.1016/j.cub.2013.08.061 
López-Escardó D, Grau-Bové X, Guillaumet-Adkins A, Gut M, Sieracki ME, Ruiz-Trillo I. 2019. Reconstruction of protein domain evolution using 

single-cell amplified genomes of uncultured choanoflagellates sheds light on the origin of animals. Philos Trans R Soc B Biol Sci 
374:20190088. doi:10.1098/rstb.2019.0088 

Manning G, Young SL, Miller WT, Zhai Y. 2008. The protist, Monosiga brevicollis, has a tyrosine kinase signaling network more elaborate and 
diverse than found in any known metazoan. Proc Natl Acad Sci 105:9674–9679. doi:10.1073/pnas.0801314105 

Marron AO, Chappell H, Ratcliffe S, Goldstein RE. 2016. A model for the effects of germanium on silica biomineralization in choanoflagellates. J R 
Soc Interface 13:20160485. doi:10.1098/rsif.2016.0485 

Miño GL, Koehl M a. R, King N, Stocker R. 2017. Finding patches in a heterogeneous aquatic environment: pH-taxis by the dispersal stage of 
choanoflagellates. Limnol Oceanogr Lett 2:37–46. doi:https://doi.org/10.1002/lol2.10035 

Naumann B, Burkhardt P. 2019. Spatial Cell Disparity in the Colonial Choanoflagellate Salpingoeca rosetta. Front Cell Dev Biol 7. 
doi:10.3389/fcell.2019.00231 

Richter DJ, Fozouni P, Eisen MB, King N. 2018. Gene family innovation, conservation and loss on the animal stem lineage. eLife 7:e34226. 
doi:10.7554/eLife.34226 

Roper M, Dayel MJ, Pepper RE, Koehl MAR. 2013. Cooperatively Generated Stresslet Flows Supply Fresh Fluid to Multicellular Choanoflagellate 
Colonies. Phys Rev Lett 110:228104. doi:10.1103/PhysRevLett.110.228104 

Sebé-Pedrós A, Burkhardt P, Sánchez-Pons N, Fairclough SR, Lang BF, King N, Ruiz-Trillo I. 2013. Insights into the Origin of Metazoan Filopodia 
and Microvilli. Mol Biol Evol 30:2013–2023. doi:10.1093/molbev/mst110 

Sigg MA, Menchen T, Lee C, Johnson J, Jungnickel MK, Choksi SP, Garcia G, Busengdal H, Dougherty GW, Pennekamp P, Werner C, Rentzsch 
F, Florman HM, Krogan N, Wallingford JB, Omran H, Reiter JF. 2017. Evolutionary Proteomics Uncovers Ancient Associations of Cilia with 
Signaling Pathways. Dev Cell 43:744-762.e11. doi:10.1016/j.devcel.2017.11.014 

Wetzel LA, Levin TC, Hulett RE, Chan D, King GA, Aldayafleh R, Booth DS, Sigg MA, King N. 2018. Predicted glycosyltransferases promote 
development and prevent spurious cell clumping in the choanoflagellate S. rosetta. eLife 7. doi:10.7554/eLife.41482 



Woznica A, Cantley AM, Beemelmanns C, Freinkman E, Clardy J, King N. 2016. Bacterial lipids activate, synergize, and inhibit a developmental 
switch in choanoflagellates. Proc Natl Acad Sci U S A 113:7894–7899. doi:10.1073/pnas.1605015113 

Woznica A, Gerdt JP, Hulett RE, Clardy J, King N. 2017. Mating in the Closest Living Relatives of Animals Is Induced by a Bacterial Chondroitinase. 
Cell 170:1175-1183.e11. doi:10.1016/j.cell.2017.08.005 

Woznica A, Kumar A, Sturge CR, Xing C, King N, Pfeiffer JK. 2021. STING mediates immune responses in a unicellular choanoflagellate. bioRxiv 
2021.05.13.443778. doi:10.1101/2021.05.13.443778 

Young SL, Diolaiti D, Conacci-Sorrell M, Ruiz-Trillo I, Eisenman RN, King N. 2011. Premetazoan Ancestry of the Myc–Max Network. Mol Biol Evol 
28:2961–2971. doi:10.1093/molbev/msr132 

 


