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Extended Data Fig. 5 | U-ExM improves immunostaining efficiency in 
Ichthyosporea. a, Improvement in immunostaining efficiency when combined 
with U-ExM, measured as a percentage of cells labelled for tubulin (E7 antibody, 
DSHB) in three biological replicates; nIF = 199, 149, 164, nUExM = 134, 82, 69. 
Statistical analysis was performed using a two-tailed Mann–Whitney U-test; 

P  =  0.1000. Data are mean ± s.d. b, U-ExM reveals ultrastructural details of the 
S. arctica nucleus in comparison with classical IF. Maximum intensity projections 
(MIP) of representative S. arctica nuclei from three biological replicates stained 
either by IF (top) or IF post U-ExM (bottom) and labelled with MAb414 antibody 
(NPC, blue) and DNA (grey). Scale bars, 5 μm (b).



Extended Data Fig. 6 | S. arctica nuclear remodelling in response to 
membrane and microtubule inhibition. a, S. arctica cells arrest with cerulenin 
treatment. b, Maximum intensity projections of cerulenin-treated S. arctica 
interphase and mitotic nuclei immunolabelled for tubulin and NPCs. c, S. arctica 
spindles collapse with acute microtubule inhibition (0.5 μg/ml MBC for 15 min). 
Maximum intensity projections of representative nuclei of cells treated with 
DMSO and MBC and immunolabelled S. arctica spindles at different stages of 

mitosis. d-e, Maximum intensity projections of U-ExM images of S. arctica 
nuclei with tubulin (Tub - red) and pan-labelling (NHS) show loss of spindle MTs, 
while short astral MTs (d) and NPC radial arrays (blue) (e) still persist. f, Schematic 
representation of nuclear remodelling with increased polar indentation and 
spindle collapse in response to acute MT inhibitor treatment. Three independent 
experiments. Scale bars, 50 μm (a); 2 μm (b,d,e); 5 μm (c).
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Extended Data Fig. 7 | Radial distribution of NPCs surrounding the S. arctica 
MTOC. a, Nuclear pore complexes (NPC- MAb414 antibody, blue) organised in 
radial arrays along MTs (tubulin, red). Images are representative maximum 
intensity projections of U-ExM stained S. arctica interphase nuclei from three 
biological replicates. b, 3D model of NPC arrays (dark blue) radiating from the 
MTOC (yellow) overlaid on an orthoslice of a representative S. arctica interphase 
nucleus imaged by FIB-SEM. c, NPCs are present at the centre of the MTOC in a 
subpopulation of nuclei. Representative maximum intensity projections of 
U-ExM images labelled with pan protein label NHS-ester (grey) and MAb414 
antibody (NPC, blue). Yellow arrowhead indicates MTOC position. d, Cladogram 

of Ichthyosporea shows the position of Sphaeroforma sp. within the 
Ichthyophonida (teal) and neighbouring Dermocystids (orange). NPCs are 
organised in radial arrays across three distinct Sphaeroforma species. Images 
shown are representative maximum intensity projections of nuclei from 
Sphaeroforma sister species, S. nootkatensis, S. napiecek and S. gastrica are 
shown. e, NPCs are disorganised in S. arctica on prolonged microtubule 
inhibitor carbendazim (MBC) treatment (25 μg/ml MBC for 4 h). Images shown 
are maximum intensity projections of MBC-treated nuclei with pan protein 
labelling (NHS-ester) and MAb414 immunostaining. Yellow arrowhead indicates 
MTOC position. Scale bars, 5 μm (a,c,e); 500 nm (b); 2 μm (d).



Extended Data Fig. 8 | C. perkinsii shows features of human spindles.  
a, Schematic showing features of mitotic spindles including kinetochore and 
bridging fibres, interkinetochore distance (dkc), twist, spindle length and width. 
b-f, Plot of spindle length; P < 0.0001, nCperk = 28, nRPE1 = 10 (b), spindle width; 
P < 0.0001, nCperk = 28, nRPE1 = 10 (c), spindle width/length ratio; P  =  0.00015, 
nCperk = 28, nRPE1 = 10 (d), interkinetochore distance; P < 0.0001, nCperk = 28, 
nRPE1 = 28 (e) and absolute value of spindle twist; P  =  0.2742, nCperk = 16,  

nRPE1 = 34 (f) in C. perkinsii and human RPE1 cells. Data for RPE1 cells in (d) and  
(e) was taken from Štimac et al.27. Statistical analysis was performed using 
two-tailed Student’s t-test. Three independent experiments. Data are mean 
(black line) ± s.d (dark grey). The light grey area marks the 95% CI on the mean. 
g, Table summarizing spindle parameters (b-f) in C. perkinsii and human RPE1 
cells. n is indicated in brackets.
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Extended Data Fig. 9 | Mitotic strategies in diverse Ichthyosporean and 
corallochytrean species. a, Cladogram shows phylogenetic relationship of 
Sphaeroforma species to other Ichthyophonida (teal) and Dermocystida 
(orange) within the Ichthyosporea. Sphaeroforma species undergo closed 
mitosis. Central panel shows representative maximum intensity projections of 
U-ExM images showing anaphase spindle architecture (left, Tubulin) and NPC 
organisation (right, NPC (blue) and DNA (grey)) in cells of representative 
Sphaeroforma species. b, Representative maximum intensity projections of 

mitosis in A. appalachense cells labelled for DNA (grey) and cellular membranes 
(magenta). c, Representative maximum intensity projections of C. limaciporum 
nuclei through mitosis, labelled microtubules, DNA and NPCs. d, A. appalachense 
has two distinct acentriolar MTOCs, cytoplasmic (yellow asterisk) and nuclear- 
associated (yellow circle). Single slice from a representative TEM tomogram 
of A. appalachense interphase nucleus e, C. limacisporum has a centriolar 
MTOC. Single slices from TEM tomography of C. limacisporum cells showing 
centrioles (purple arrows). Scale bars, 5 μm (a), 2 μm (b and c), 500 nm (d & e).



Extended Data Fig. 10 | Mitosis in multinucleate C. limacisporum and  
C. perkinsii. a, Life cycle of C. limacisporum showing the predominant 
uninucleate and binucleate states. b, Organization of multinucleate cells 
labelled for tubulin and DNA and pan-labelled with NHS ester in representative 
cells from three biological replicates. c, Single slice of a FIB-SEM volume 
showing ultrastructural organization of multinucleate cell. d, U-ExM (left) and 
FIB-SEM (right) images of centriolar MTOCs (black arrowheads) of uninucleate 
and multinucleate cells. U-ExM images are maximum intensity projections  
of cells labelled for tubulin. e, Synchronous mitosis in a multinucleate  
C. limacisporum cell labelled for tubulin and DNA and pan-labelled with NHS 
ester. f, TEM tomography image of C. limacisporum mitotic cell, nuclear 
number unknown, NE (blue) and centrioles (purple arrowhead) are marked.  

g, Representative maximum intensity projections of multipolar spindles in  
C. perkinsii cells from three biological replicates treated with actin inhibitor 
blebbistatin and labelled for tubulin and DNA. Pan-labelling with NHS-ester 
indicates cell boundaries. h, Zoomed in images of insets marked in g. Merged 
maximum intensity projections of spindles labelled for DNA and tubulin. 
Images shown are maximum intensity projections of central slices through the 
nucleus. i, Dot plot showing proportion of cells with multipolar spindles in 
control and blebbistatin treated cells. The dots are shaded to indicate three 
independent replicates (ncontrol = 99, 95 & 89, nbleb = 79, 61 & 75). Statistical analysis 
was performed using a two-tailed Student’s t-test; P = 0.0004, df = 2.486. Data 
are mean ± s.d. (***P < 0.001). Scale bars, 2 μm (b; c; d (left); e & h), 500 nm  
(d (right) & f), 5 μm (g).



Data availability: Data associated with the study is available at https://doi.org/10.6084/m9.figshare.c.6639812 and additional bulk microscopy datasets are available 
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All data was collected on commercial microscopes running the following acquisition software: Zen (Zeiss), SerialEM and Atlas 3D. 

Image analysis was performed in Fiji running ImageJ and Imaris (v992). Additional analyses were carried out using HMMER suite (3.3.2), 
MAFFT (7.490), TrimAL (1.2), IQTree (2.1.2), iTOL (v5)GraphPad 9, RStudio and PyCharmIDE. Segmentation and visualisation of EM images 
was done with 3DMod and Amira (version 2019.3 or 2020.1). 
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NA 
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All data in this study represented either qualitative or quantitative analyses extracted from unmodified microscopy images. 
For fluorescence and/or electron microscopy images minimum of 5-10 cells per condition/timepoint per species were obtained. Following 
initial analysis, additional analysis was collected for any condition with notably lower counts. Sample sizes were determined to enable rigorous 
testing of hypotheses raised by preliminary experimental data. Data acquisition was continued until further acquisition was causing no 
measurable difference in results. 

No data were excluded from the analyses. 

All experiments were repeated with two or three independent biological replicates tested on different days with different source cultures, as 
specified in legends and methods section. A proportion of the experiments were repeated in two different labs. A proportion of the imaging 
assays were replicated by a postdoc in the lab, albeit at a different stage of development. All attempts at replication were successful. 

This is not applicable for our study. All microscopy images were obtained randomly from synchronized cell populations at different days and in 
some cases across two distinct laboratories. 

Data were analysed where possible by automated or semi-automated methods. In cases where manual filtering or correction was 
incorporated, same criteria were applied to all strains or treatments under investigation. 
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Anti-Tub E7 antibody (DSHB), Anti-Tub (NB600-936 Novus Biologicals), AA344 and AA345 
(ABCD antibodies), Anti-NPC MAb414 (Biolegend 902901), Goat anti-Mouse Secondary Antibody, Alexa Fluor 488(Thermo A-11001) , 
Goat anti-guinea pig Secondary Antibody, Alexa Fluor 568 (Thermo A-11075), Goat anti-rabbit Secondary Antibody, Alexa Fluor 568 
(Thermo A78955). 

All primary antibodies used in the study are well established in the field and frequently used for immunofluorescence of the targets. 
All antibodies were supported by manufacturer's validation statements for purposes utilised in the study. 

Anti- Tub E7 was previously validated in various single-celled eukaryotes : 
Choanoflagellates : https://www.sciencedirect.com/science/article/pii/S0960982213011275?via%3Dihub , https://journals.plos.org/ 
plosbiology/article?id=10.1371/journal.pbio.3000226 
Leishmania chagasi: https://www.sciencedirect.com/science/article/pii/S0021925820890899?via%3Dihub 

Anti-Tub (NB600-936 Novus Biologicals) was cross-referenced against Anti-TubE7 in our experiments. 

Anti-NPC MAb414 (Biolegend 902901) was previously validated in various single-celled eukaryotes : 
Yeast : https://journals.biologists.com/jcs/article/135/24/jcs260240/286062/Ultrastructure-expansion-microscopy-reveals-the 
Theleiria parasite: https://journals.asm.org/doi/10.1128/msphere.00709-19 
Plasmodium berghei : https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9601220/ 

The study did not involve laboratory animals- only lab strains of the unicellular models Ichthyosporeans (Sphaeroforma sp. Crolimax 
fragrantissima, Amoebidium sp. ) and Corralochytrium sp. 

This study did not involve wild animals 

For non-animal model organisms, reporting on sex is not relevant. 

This study did not involve field-collected samples 

Ethics approval is not required for research using unicellular holozoa. 
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