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Summary (250 words) 18 

Zoosporic fungi, also called chytrids, produce single celled motile spores with flagellar 19 

swimming tails (zoospores)1,2. These fungi are key components of aquatic food webs, acting 20 

as pathogens, saprotrophs and prey3–8. Little is known about the swimming behaviour of fungal 21 

zoospores, a crucial factor governing dispersal, biogeographical range, ecological function 22 

and infection dynamics6,9. Here, we track the swimming patterns of zoospores from 12 23 

evolutionary divergent species of zoosporic fungi from across seven orders of the 24 

Chytridiomycota and the Blastocladiomycota. We report two major swimming patterns which 25 

correlate with the cytoskeletal ultrastructure of these zoospores. Specifically, we show that 26 

species without major cytoplasmic tubulin components swim in a circular fashion, while 27 

species with prominent cytoplasmic tubulin structures swim in a pattern akin to a random walk 28 

(move-stop-redirect-move). We confirm cytoskeleton architecture by performing fluorescence 29 

confocal microscopy across all 12 species. We then treat representative species with variant 30 

swimming behaviours and cytoplasmic-cytoskeletal arrangements with tubulin stabilizing 31 

(Taxol) and depolymerizing (Nocodazole) pharmacological compounds. We observed that 32 

when treating the ‘random walk’ species with Nocodazole their swimming behaviour changes 33 

to a circular swimming pattern. Confocal imaging of the nocodazole-treated zoospores 34 

demonstrates these cells maintain flagellum tubulin structures but lack their characteristic 35 

cytoplasmic tubulin structures. Our data demonstrate that the capability of zoospores to 36 
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perform ‘complex’ random walk movement is linked to the presence of prominent cytoplasmic 37 

tubulin structures and suggests a link between cytology, sensory systems, and swimming 38 

behaviour in a diversity of zoosporic fungi. 39 

 40 

Results and discussion 41 

Differential swimming in variant chytrids 42 

Most chytrid species form uniflagellated zoospores, with only a few species developing 43 

multiflagellated zoospores (e.g., Neocallimastix and Piromyces10) or spores without flagella 44 

(e.g., Hyaloraphidium11). Zoospores can move using two distinct cellular mechanisms: 45 

swimming propelled by beating of the tubulin articulated flagellum3,12; or amoeboid crawling 46 

using actin driven pseudopodia13,14. Crawling is an adaptation for traveling short distances on 47 

surfaces (e.g., exploration of trophic substrate15). In contrast, flagellum-based swimming is 48 

ideal for medium range dispersal across aquatic environments9. Thus, swimming plays an 49 

important role in facilitating the trophic life cycle of these fungi, a function that is often governed 50 

by chemo- or photo-taxis16–19.  51 

To explore swimming function in chytrid fungi we analysed the patterns of movement 52 

for zoospores from 12 species from the two major phyla: Chytridiomycota and 53 

Blastocladiomycota. These include eight Chytridiomycota species grouped into six orders: 54 

Synchytrium microbalum (Synchytriales), Clydaea vesicula (Lobulomycetales), Chytriomyces 55 

hyalinus (Chytridiales), Rhizoclosmatium globosum (Chytridiales), Homolaphlyctis polyrhiza 56 

(Rhizophydiales), Rhizophlyctis rosea (Rhizophlyctidiales), Geranomyces variabilis 57 

(Spizellomycetales), and Spizellomyces punctatus (Spizellomycetales); and four species of 58 

Blastocladiomycota from the order Blastocladiales: Catenophlyctis sp. (Catenariaceae), 59 

Blastocladiella emersonii, Allomyces macrogynus and Allomyces reticulatus 60 

(Blastocladiaceae).  61 

We find that medium-range motility patterns (swimming trajectories measured over 62 

tens of seconds) varied markedly among different species (Figure 1), with the zoospores from 63 

four species of Chytridiomycota (S. microbalum, C. hyalinus, R. globosum and H. polyrhiza) 64 

swimming in a circular pattern. In contrast, all zoospores from species of Blastocladiomycota 65 

tested and four different species of Chytridiomycota (C. vesicula, R. rosea, G. variabilis and 66 

S. punctatus) swim using a pattern akin to a random walk (move-stop-redirect-move; Figure 67 

1A). To investigate this pattern further, we plotted the distribution of reorientation (turn) angles 68 

and the mean square displacement (MSD) of these 12 movement patterns to characterize 69 

motility dynamics at both shorter and longer timescales, respectively (see the methods for the 70 

mathematical formulae). Such methods can be used to quantitatively differentiate random walk 71 

and circular motility patterns20,21. Circular swimming cells are expected to reorient themselves 72 

more consistently than those swimming in a random walk pattern, resulting in a narrower 73 



distribution of turn angles. For cells exhibiting circular motility patterns, the MSD plot should 74 

form a plateau in the later phases of the MSDs plots. Consistent with the conclusions from our 75 

primary observations (Figure 1A), we find that reorientation angle distributions are indeed 76 

generally narrower for circular swimming zoospores (Figure 1B), and that the MSD plateaus 77 

at shorter timescales for these species in comparison to the other zoosporic fungi species 78 

which swim in random walk patterns (Figure 1C). We note that the random walk swimmer A. 79 

macrogynus (Am) shows a narrower distribution and the circular swimmer C. hyalinus (Ch) 80 

shows a broader angle range when compared to chytrids with similar swimming behaviours. 81 

This is because Am tends to swim in more regular, directed trajectories than other random 82 

walkers; this is also apparent from the MSD plot which scales with a higher exponent than that 83 

of other species (this inconsistency is discussed further below). On the other hand, Ch is the 84 

circular-swimmer with the most variable radii, resulting in a wider turn angle distribution. We 85 

expect that differences in species-specific behaviours will be further heightened in 86 

experiments conducted with greater imaging resolution (e.g., using a camera with a higher 87 

frame rate). Apart from slightly higher speeds observed in H. polyrhiza, no significant 88 

differences in instantaneous swimming speed were observed across the 12 species (Figure 89 

S3A), suggesting the difference in movement behaviour is a product of cellular mechanics and 90 

not propulsion velocity.  91 

Our results provide support for a primary conclusion that zoosporic fungi show two 92 

distinct swimming patterns, circular and a random walk. These patterns have previously been 93 

noted in a subset of chytrid fungi. Specifically, circular swimming in the zoospores of the 94 

Rhizophydiales chytrid Rhizophydium planktonicum22 and random walk swimming patterns in 95 

the zoospores of the Blastocladiomycota Paraphysoderma sedebokerense14 and Physoderma 96 

spp.23 from the order Physodermatales. These additional observations support our results and 97 

suggest that a wider diversity of chytrid zoospore swim using two fundamentally different 98 

general patterns.   99 

  100 

An association between zoospore swimming pattern and cytoplasmic tubulin 101 

structures 102 

To gain insights into the cellular mechanisms which putatively underpin these differences in 103 

swimming patterns, we performed fluorescent confocal microscopy of the 12 species studied 104 

using antibodies and cytological stains against α-tubulin, actin and the lipid components of the 105 

zoospores (Figure 2). To further support our observations we reviewed previous electron 106 

microscope studies24–31 (Table S1). These results suggest that observed variation in motility 107 



patterns segregate with cytological characters, specifically the presence of prominent 108 

cytoplasmic tubulin structures, and not by higher taxonomic classification (Figures 1, 2, 3A).  109 

In all four Blastocladiomycota species, we show that the cytoplasmic tubulin 110 

microtubules create prominent and complex cytoskeletal arrays or ‘ribs’ within the cell body 111 

which extend from the kinetosome of the flagellum around the periphery of the main body of 112 

the cell (n ≥ 10 - Figures 3B1, E1, H1 and K1). Our microscopy shows that an actin 113 

cytoskeleton is less apparent (Figure 2, 3A; n ≥ 10 cells observed for each species). Similarly, 114 

for two Chytridiomycota species that show random walk movement patterns, S. punctatus and 115 

G. variabilis (Spizellomycetales) we also observe prominent tubulin microtubules that radiate 116 

into the zoospore cytoplasm from the kinetosome (n ≥ 10 - Figures 3Z1, C2). These 117 

microtubules have been observed in previous ultrastructural TEM-based studies25,28,31,32 118 

(Table S1). For these Spizellomycetales, actin is present and forms patches in both species 119 

(the presence of these patches indicates possible actin organisation centres15,33).  120 

Two additional random walk Chytridiomycota species also showed prominent 121 

cytoplasmic α-tubulin-stained material; R. rosea and C. vesicula. Although these were not 122 

organised as clearly defined ribs in our micrograph analyses, such cell forms also performed 123 

random walk movement behaviours. The zoospores of R. rosea (n = 10) showed both 124 

seemingly randomly arrayed α-tubulin accumulations and actin patches through-out the 125 

cytoplasm. Interestingly, microscopy imaging of C. vesicula identified an additional distinct α-126 

tubulin organisation consisting of a peripheral cytoplasmic mesh of microtubule structures (n 127 

= 10 - Figure 3Q1). These α-tubulin-stained structures were not detected in the original TEM-128 

based descriptions for both sepcies27,30. However, the strains of R. rosea (JEL0764) and C. 129 

vesicula (JEL0476) used, are different to the strains investigated in the original descriptions 130 

(Barr186/BR186 and JEL369 respectively27,30,34) so some variation in cytoskeletal structure 131 

may be present within these species complexes. Additionally, these observations were made 132 

using TEM27,30, thus, these analyses would fail to detect non-electron dense dissociated 133 

tubulin material like the cytoplasmic structures detected for R. rosea and C. vesicula in our 134 

analyses (Figure 2Q1, W1). In C. vesicula we observe cytoplasmic actin co-localizing with the 135 

canonical vesicles found near the kinetosome of this species27 (Figure 2). R. rosea zoospores 136 

also have a large fibrillar rhizoplast extending from kinetosome which may be involved in 137 

controlling movement30 (Table S1). 138 

In contrast to the previously described Chytridiomycota species, we find no prominent 139 

tubulin structures in the cytoplasm of the circular-swimming zoospores of S. microbalum 140 

(Synchytriales), H. polyrhiza (Rhizophydiales), C. hyalinus, and R. globosum (Chytridiales) (n 141 

≥ 10 cells observed for each species - Figure 2, 3A, Table S1). Furthermore, in these four 142 

Chytridiomycota actin is the only cytoplasmic-cytoskeletal protein detected. It is important to 143 

note that we refer to these cytoplasmic tubulin structures as ‘prominent’ because we are aware 144 



that in the zoospores of C. hyalinus, R. globosum and H. polyrhiza there are minor cytoplasmic 145 

tubulin components in the form of small bundles of microtubules connecting the kinetosome 146 

with the lipid-organelle and its associated rumposome (Figure 3A). These tubulin structures 147 

have been observed using TEM35 (Table S1).  148 

To our knowledge, this is the first systematic study of swimming patterns across a wide 149 

representation of the chytrids with the patterns identified placed into a cellular and 150 

phylogenetic context (Figure 3A). Our analyses confirm that the presence of prominent 151 

cytoplasmic tubulin of various arrangements correlates with different swimming patterns. 152 

Specifically, zoospores from Chytridiomycota species that lack prominent cytoplasmic tubulin 153 

structures swim in a circular pattern. In contrast, all four Blastocladiomycota species and those 154 

Chytridiomycota species which have prominent α-tubulin-stained structures within their 155 

cytoplasm, manifest a random walk swimming pattern (Figure 3A). 156 

Lastly, by performing live-fluorescent imaging of B. emersonii (Be) zoospores after 157 

staining with Nile Red lipid stain (n = 50) we identified that the random walk pattern is 158 

characterized by straight movements, followed by a stop and redirection of the cellular body 159 

towards the side in which the lipid body is located. These observation in Be led to the 160 

hypothesis that re-direction in random walk movement occurs by hinge-like bending at the 161 

area between the cytoplasmic microtubular structures and the flagellar kinetosome, and in an 162 

angle greater than the final angle of movement (Figure 3B). Alternatively, cells without 163 

prominent tubulin cytoplasmic structures lack this hinge-like articulation, thus, are restricted to 164 

swim using circular/spiral patterns. 165 

 166 

Pharmacological inhibition demonstrates tubulin structures determine how random 167 

walker cells reorient  168 

To test the involvement of tubulin cytoplasmic structures in their swimming patterns, we 169 

treated representative species of each swimming behaviour and cytoplasmic cytoskeletal type 170 

with 1 µM of tubulin stabilizing (Taxol) or depolymerizing (Nocodazole) drugs. These drugs 171 

have successfully been used on several microbial eukaryotes to study cytoplasmic and 172 

flagellar tubulin-based structures36–40.  We selected B. emersonii (Be; Blastocladiomycota) and 173 

S. punctatus (Sp; Chytridiomycota) given their prominent microtubular ribs and marked 174 

random walk movement, and R. globosum (Rg; Chytridiomycota) due to its lack of major 175 

tubulin cytoplasmic structures, circular swimming and the increasing utility of this species as 176 

a model system41.  177 

We observed that when treating random walk species Be and Sp with nocodazole their 178 

swimming behaviour changes to manifest a circular swimming pattern, as shown by their MSD 179 

plots reaching plateau (Figure 4A). However, there was no observable change in the 180 

swimming behaviour of the circular swimming Rg zoospores treated with nocodazole. All taxol-181 



treated zoospores showed no change in their swimming patterns. After imaging these 182 

nocodazole-treated and taxol-treated zoospores, we confirmed that nocodazole-treated 183 

zoospores lack their characteristic tubulin rib-like cytoplasmic arrangements, while there was 184 

no change in the tubulin arrangement of the taxol-treated species (Figure 4B-G). We also note 185 

that for the nocodazole-treated Be zoospores the lipid component, which is usually located to 186 

one side next to the base of the flagellum, loses its posterior cellular position and is relocated 187 

randomly within the cell possibly towards the anterior side (Figure 4C2).  188 

We note neither drug stopped flagellum swimming and in all three test species tubulin 189 

structures of the flagellum showed no major structural changes besides a putative and minor 190 

reduction in flagellar length in nocodazole-treated Be (Figure 4). Flagellar length does not 191 

seem to be factor determining the observed swimming patterns. All described zoospores vary 192 

in their flagellar length regardless of their swimming patterns, and species with the same 193 

flagellar length (e.g., ~20 µm) can present either circular (e.g., C. hyalinus) or random walk 194 

movement patterns (e.g., S. punctatus) (Table S1). In our test species Rg retains a long 195 

flagella and circular swimming across all treatments and after nocodazole treatment Sp retains 196 

a similar flagellar length, but the movement behaviour is transformed to a circular swimming 197 

mode.  198 

Our results demonstrate that we succeeded in inhibiting the polymerization/formation 199 

of ribs within the main body of Be and Sp zoospores which became circular swimmers after 200 

treatment (Figure 4). Thus, we conclude that the capability of zoospores to perform ‘complex’ 201 

movements in a random walk fashion is linked to the presence of prominent cytoplasmic 202 

tubulin structures. Overall, these findings demonstrate that a prominent tubulin-cytoplasmic 203 

component may allow zoospores to swim using intricate patterns in which they can redirect 204 

movement by using a hinge-like articulation, the random walk pattern.  205 

We performed an additional series of controls to test the involvement of actin in 206 

zoospore swimming behaviour by using actin depolymerizing drugs (Cytochalasin D, 207 

Latrunculin B and Jasplakinolide). As observed previously for Batrachochytrium 208 

dendrobatidis43 these drugs caused mass zoospore encystation in all three species, and no 209 

change in the swimming behaviour of the few remaining swimming zoospores was observed 210 

(Figure S4).  211 

 212 

Is movement pattern connected to light-sensing and to the lipid organelle in these 213 

zoospores? 214 

Regarding the lipid component of chytrid zoospores, in Chytridiomycota we consistently 215 

observed one large lipid globule in all species (n ≥ 10), with one exception found in R. rosea 216 

in which we identified numerous small lipid droplets, a characteristic of this Chytridiomycota 217 

species30 (Figure 2). In Blastocladiomycota species we consistently observed clusters of 218 



several lipid globules (n ≥ 10 – for these four species), usually located towards the flagellum 219 

(Figure 2).   220 

The arrangement of these lipid organelles is diverse (Figure 2, 3A) and are referred to 221 

as the microbody-lipid globule complex (MLCs)35. MLCs are structures thought to be involved 222 

in storage and production of chemical energy for flagellar beating35 although other functions 223 

are possible. These structures are composed of microbodies, mitochondria, ribosomes and 224 

one or more large membrane-enclosed lipid globule (Figure 2, 3A)2,35. Using Powell’s (1978) 225 

classification35 all MLCs discussed here from Chytridiomycota are classified as type 1, which 226 

can be classified as A or B; depending on the respective absence or presence of a rumposome 227 

(a cisterna-like disc of membranous tubules); zoospores can be further classified as A/B1 or 228 

A/B2 depending on the arrangement of different cellular components. On the other hand, the 229 

lipid-filled MLC organelles from Blastocladiomycota are type 4, and can alternatively be 230 

referred to as side-body complexes (SBCs) (Figure 2, 3A)1,25,35,44.  231 

In addition to energetics, these organelles have been hypothesised to be involved in 232 

light perception17,42,45,46. Indeed, Blastocladiella emersonii and Allomyces reticulatus 233 

zoospores show positive phototaxis17,18,47,48. In particular, the SBC of B. emersonii was found 234 

to be in close spatial association with a layer of RGC (or CyclOp) proteins (a fusion protein 235 

composed of a type I microbial rhodopsin and guanylyl cyclase enzyme domain) which 236 

participates in a cGMP-mediated light-sensing pathway17,49,50 by controlling flagellar activation 237 

from its localization next to the SBC. Both these systems are in close physical association at 238 

the base of the flagellum. Recent analyses suggest that the molecular elements necessary for 239 

a functional RGC based light sensing pathway are present in the eight of the twelve fungal 240 

species analysed here45,51,52. These include six species with homodimeric RGC variants (all 241 

four Blastocladiomycota species, S. microbalum and H. polyrhiza) and two species with 242 

heterodimeric RGC complexes (Chytridiales: C. hyalinus, R. globosum) (Figure 3A), which 243 

consist of two subunits with distinct photochemical properties which evolved from an ancient 244 

duplication of the RGC gene51,52. We observe no association between RGC type, swimming 245 

pattern and ultrastructure. However, within the Chytridiomycota analysed here, those species 246 

which swim in circular patterns possess RGCs genes and MLCs type 1B and those with 247 

random walk movement lack RGCs and have MLCs type 1A (Figure 3A), but wider sampling 248 

is needed to test this pattern.  249 

However, some swimming behaviours clearly seem to be influenced by the presence 250 

of the MLC. Particularly, Be produces zoospores with the RGC system and that swim in a 251 

random walk pattern and its SBC is found at one side of the kinetosome. Our live-imaging 252 

experiments show that the cell-bending and redirection of motion in Be zoospores occurs 253 

towards the side of the cell in which the SBC is present (Figure 3B). Among the possible 254 

explanations could be that the prominent SBC is structurally restraining the movement of the 255 



Be zoospores towards that side, or that the zoospore moves towards the direction in which 256 

the light sensing organelle gets its stimulus. The position of MLCs relative to their movement 257 

is harder to assess in Chytridiomycota species, given their small cellular sizes and MLCs, 258 

which are generally more loosely located within the cell. Lastly, fluorescent confocal 259 

microscopy revealed that nocodazole-treated Be zoospores not only lacked cytoplasmic 260 

tubulin microtubules, but they also lost the typical arrangement of the SBC organelle at the 261 

base of the flagellum, providing further evidence that its positioning is dependent on tubulin 262 

structures (Figure 4C). The physical link between the SBC and the base of the kinetosome 263 

may therefore be essential for the transduction of the light signal to flagellar movement which 264 

then translates to the observed swimming pattern.  265 

Lastly, we show that A. macrogynus (Am) tends to swim in more regular, directed 266 

trajectories than other random walkers; as shown by its a narrower angle range distribution 267 

and a high MSD exponent (Figure 1B-C). One possible explanation is that Am is the only 268 

Blastocladiomycota in our sample known to have replaced light-sensing with chemo-sensing18. 269 

If our set up is triggering constant re-orientation by light sensing (all observations are under 270 

undirected white light stimulus) but not by chemo sensing (no amino acid gradients), it would 271 

explain the broad angle distribution observed in all Blastocladiomycota except in Am, which 272 

has no response to light. Overall, these experiments point towards a link between zoospore 273 

ultrastructure, movement, and the light sensing organelle component. Our findings provide 274 

comparative model systems for further exploration of the link between cytology, sensing and 275 

divergent motility behaviour in single-celled eukaryotic microbes. 276 
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 301 

Figure 1. Movement tracks for 12 zoosporic fungal species. (A) Tracks show cytology-302 

specific swimming pattern behaviours, with all Blastocladiomycota species and 303 

Chytridiomycota species possessing prominent tubulin-based cytoplasmic structures 304 

swimming in a random walk pattern, while Chytridiomycota zoospores without prominent 305 

cytoplasmic tubulin structures swim in circular movements. Composite tracks are shown 306 

compiled into a single plot with starting points (time = 0) centred at the point of origin. (B) 307 

Distribution of turn (reorientation) angles for each group of zoospores (Blastocladiomycota 308 

species, Chytridiomycota species with prominent tubulin-based cytoplasmic components, and 309 

Chytridiomycota species with no prominent tubulin-based cytoplasmic structures). Species-310 

averaged distributions are shown as partially transparent lines, as labelled. (C) Ensemble- and 311 

time-averaged mean-squared displacement (MSD) for each group of zoospores. Species-312 

averaged MSDs are shown as partially transparent lines, as labelled. For effective comparison 313 

between groups, MSD plots are normalised by the initial value (at time lag 1) for each species. 314 

Unnormalized MSDs for each cell are shown in Figure S3B. Labels: Catenophlyctis sp.: Cat, 315 

Blastocladiella emersonii: Be, Allomyces macrogynus: Am, Allomyces reticulatus: Ar, 316 

Synchytrium microbalum: Sm, Clydaea vesicula: Cv, Chytriomyces hyalinus: Ch, 317 

Rhizoclosmatium globosum: Rg, Homolaphlyctis polyrhiza: Hp, Rhizophlyctis rosea: Rr, 318 

Geranomyces variabilis: Gv, and Spizellomyces punctatus: Sp.  319 

 320 

Figure 2. Ultrastructure of Blastocladiomycota and Chytridiomycota zoospores. First 321 

columns show brightfield phase contrast confocal microscopy images; second columns show 322 

fluorescent confocal microscopy micrograph of the zoospore; third columns show the merged 323 

images of brightfield and fluorescent channels. Microscopy images were taken and stained 324 

using the methods described in Galindo et al. (2022)45 with Nile Red to stain lipid droplets, α-325 

tubulin DM1A + Alexa Fluor 647 to stain tubulin and Alexa Fluor 488 Phalloidin to stain actin. 326 

In micrographs α-tubulin structures are stained magenta, actin stained cyan, and the lipid 327 



bodies (proposed to function as a light-sensing organelle) are stained yellow (see Figures S1-328 

2 for individual fluorescent channels). In the fluorescent channel panels for those species 329 

which possess cytoplasmic α-tubulin staining there is a small panel detailing the α-tubulin 330 

component. Species/micrographs bracketed/highlighted with red - belong to the 331 

Blastocladiomycota and those species micrographs with green-to-pink highlight-brackets 332 

correspond to Chytridiomycota from the: Synchytriales (M1-O1), Lobulomycetales (P1-L1), 333 

Chytridiales (M1-R1), Rhizophydiales (S1-U1), Rhizophlyctidiales (V1-X1) and 334 

Spizellomycetales (Y1-D2), respectively (the same colour code is used in Figure 3). Scale 335 

bars: A1-O1 = 10 µm; P1-D2 = 5 µm. Scale bars in small α-tubulin panels: B1, E1, H1 = 10 336 

µm; K1, Q1, W1, Z1 and C2 = 5 µm. Labels: Catenophlyctis sp.: Cat, Blastocladiella emersonii: 337 

Be, Allomyces macrogynus: Am, Allomyces reticulatus: Ar, Synchytrium microbalum: Sm, 338 

Clydaea vesicula: Cv, Chytriomyces hyalinus: Ch, Rhizoclosmatium globosum: Rg, 339 

Homolaphlyctis polyrhiza: Hp, Rhizophlyctis rosea: Rr, Geranomyces variabilis: Gv, and 340 

Spizellomyces punctatus: Sp. 341 

 342 

Figure 3. Depiction of motility, ultrastructure and phylogenetic relationships of the 343 

zoosporic fungal species from this study. (A) Phylogenetic tree is adapted from Amses et 344 

al. 202253 showing the absence (black branches) or presence of homodimeric (yellow 345 

branches) or heterodimeric (magenta branches) RGCs opsin complexes (adapted from Broser 346 

et al. 202352). Illustrations depict the overall ultrastructure of each zoospore including their lipid 347 

(yellow), actin (cyan), and α-tubulin-based components (magenta). A representative trajectory 348 

highlighting the overall movement pattern of each species is shown to the right of each drawing 349 

and grouped by a continuous (circular pattern) or discontinuous line (random walk pattern). 350 

Number in parentheses bellow the species names and main branches indicate the lipid-351 

organelle MLC type of each zoospore according to Powell’s (1978) classification35. See Table 352 

S1 for references. (B) Random walk swimming pattern hypothesis based on our findings in B. 353 

emersonii zoospores. 354 

  355 

Figure 4. Movement tracks and confocal imaging of fungal zoospore from three chytrid 356 

species after treatment with Nocodazole and Taxol. (A) Representative swimming patterns 357 

and ensemble- and time-averaged mean-squared displacement (MSD) for each treatment in 358 

three zoospores fungal species (see Figure S4 for further treatments). (B1-G5) Confocal 359 

imaging of drug treated zoospores. The first column shows brightfield phase contrast confocal 360 

microscopy images (B1-G1); second column shows in yellow the channel for Nile Red staining 361 

of lipid droplets (B2-G2); third column shows in magenta α-tubulin DM1A + Alexa Fluor 647 362 

staining of α-tubulin (B3-G3); fourth column shows the fluorescent channel merged (B4-G4); 363 

fifth column shows the merged images of brightfield and fluorescent channels (B5-G5). Scale 364 



bars = 10 µm. Blastocladiella emersonii: Be, Spizellomyces punctatus: Sp, Rhizoclosmatium 365 

globosum: Rg. 366 
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fulfilled by the Lead Contact, Jasmine A. Nirody (jnirody@uchicago.edu). 373 

 374 

Materials availability 375 

This study did not generate any new or unique reagents. 376 

 377 

Data and code availability 378 

All data are available in the figures, tables, and data files associated with this manuscript. Plots 379 

of all tracks for each species are shown in Supplementary Material. Raw videos are available 380 

at https://figshare.com/account/home#/projects/207943 and tracking data, detailed protocols, 381 

and analysis codes are provided at http://github.com/jnirody/fungalzoospores. Raw confocal 382 

microscopic images can be found at: https://figshare.com/projects/FungEye/132734. Any 383 

additional information required to reanalyse the data reported in this work paper is available 384 

from the Lead Contact upon request. 385 

 386 

Experimental model and subject details 387 

Cultures of Blastocladiella emersonii ATCC 22665 (ATCC; American Type Culture Collection), 388 

Catenophlyctis sp. JEL0575 (CZEUM; Collection of Zoosporic Eufungi at University of 389 

Michigan; 18S rDNA sequence could indicate it belongs to a species of Catenaria34), Clydaea 390 

vesicula JEL0476 (CZEUM), Chytriomyces hyalinus CBS 675.73 (previously referred as C. 391 

confervae given that CBS 675.73 = ATCC 24931 = Barr 97 and Barr 97 is C. hyalinus 34,54; 392 

Westerdijk Fungal Biodiversity Institute), Homolaphlyctis polyrhiza JEL0142 (CZEUM), 393 

Rhizophlyctis rosea JEL0764 (CZEUM), Geranomyces variabilis JEL0559 (CZEUM), and 394 

Spizellomyces punctatus SW1 (CZEUM) were vegetatively grown in 25 cm2 culture flasks 395 

(Sarstedt) filled with 25 mL of PYG liquid media (0.13%  w/v peptone, 0.13% w/v yeast extract, 396 

0.3% w/v glucose). Rhizoclosmatium globosum JEL0800 (CZEUM) vegetative cells were 397 

grown on PYG agar plates (0.13% w/v peptone, 0.13% w/v yeast extract, 0.3% w/v glucose, 398 

and 1.5% w/v agar). Allomyces macrogynus Australia_3 (CZEUM) and Allomyces reticulatus 399 

ATCC 42465 (ATCC) was grown in 25 cm2 culture flasks filled with 25 mL of Emerson YpSs/4 400 

liquid media (0.1% w/v yeast extract, 0.375% w/v soluble starch, 0.025% w/v dipotassium 401 
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phosphate, 0.01% w/v magnesium sulfate). Synchytrium microbalum JEL0517 (CZEUM) 402 

vegetative cells were grown on PYG agar plates (0.13% w/v peptone, 0.13% w/v yeast extract, 403 

0.3% w/v glucose, and 1.5% w/v agar) and in PYG liquid media (0.13% w/v peptone, 0.13% 404 

w/v yeast extract, 0.3% w/v glucose). All fungal vegetative growth was performed at 21°C and 405 

transferred every two weeks by inoculating 25 µl of previous culture to a new flask/plate 406 

containing 25 ml of media.  407 

To induce sporulation of B. emersonii ATCC 22665, C. vesicula JEL0476, C. hyalinus 408 

CBS 675.73, H. polyrhiza JEL0142, R. rosea JEL0764, G. variabilis JEL0559, and S. 409 

punctatus SW1, 200 mL of liquid PYG were inoculated with 20 ml of vegetative cells in 175 410 

cm2 culture flasks (Sarstedt), and incubated, with 150 rpm agitation, for 24 h at 21°C. To 411 

induce sporulation in A. macrogynus Australia_3, A. reticulatus ATCC 42465 and 412 

Catenophlyctis sp. JEL0575 vegetative growth was performed for ~5 days in 25 ml of liquid 413 

YpSs/4 (Allomyces) or PYG (Catenophlyctis). Sporangia were then separated from the culture 414 

using sterile tweezers, washed with distilled H2O, and placed in 20 mL of distilled H2O in a 415 

25cm2 culture flask at 21°C overnight. R. globosum JEL0800 and S. microbalum JEL0517 416 

zoospore obtention was performed by growing this strain on PYG agar plates for 4 days. Plates 417 

were then flooded with 7 mL of distilled H2O and after resting for 15 min to allow sporulation, 418 

zoospore-containing H2O was transferred to a 15 ml falcon tube. Zoospores were then 419 

separated from sporangia using a 20 µm pluriStrainer (pluriSelect) into 50 ml falcon tubes. All 420 

sporulation inductions were performed at 21°C. 421 

 422 

Method details 423 

Images acquisition 424 

Out of the 12 obtained liquid zoospore solutions, seven were PYG-based and five were H2O -425 

based (A. macrogynus, A. reticulatus, Catenophlyctis sp., S. microbalum and R. globosum). 426 

After sporulation, both 7 μl and 100 μl of zoospore suspension aliquots were placed 427 

respectively on a slide and coverslip or placed on the bottom of the well of a flat bottom 86-428 

well plate. S. microbalum was recorded only on plates and A. reticulatus culture died before 429 

plate videos could be recorded. Thus, we image zoospores both in a physically constrained 430 

and non-constrained environment; we observed no difference between the two conditions 431 

(Figure S3C). Alternatively, Nile Red (Thermo Fisher Scientific, Cat# N1142) was added in a 432 

1:500 v/v concentration for 5 min before live-imaging of zoospores. Cells were imaged on an 433 

Olympus CKX53 inverted microscope with 10X, 20X, and 40X objectives according to the size 434 

of the zoospores and/or their swimming trajectories. Videos of 15 to 30 seconds were taken 435 

at 60 fps with a Std Chromyx HD camera mounted on a U-TV0.5XC-3-8 0.5x C-Mount Adapter. 436 



Exposures, focus, and stage position were kept constant while recording for motility analyses. 437 

The number of trials n recorded for each species is shown in Figure 1A.  438 

Both PYG media and H2O have similar physical conditions and the use of different 439 

liquid media did not seem to affect the swimming behaviours of closely related species with 440 

similar cellular structures (e.g., circular swimming: R. globosum in H2O and C. hyalinus in PYG 441 

medium; random walk swimming: A. reticulatus in H2O and B. emersonii in PYG medium). We 442 

note that given the small size of the zoospores, minor changes in media viscosity are unlikely 443 

to affect cell mechanics. However, it is possible that environmental chemistry and the 444 

presence of different ion concentrations in the aqueous environment may modify swimming 445 

behaviour55,56. To explore this source of variation further, we re-recorded the swimming 446 

behaviour of zoospores of the 7 species which were originally recorded in PYG media also in 447 

distilled H2O media (by filtering and re-suspension in dH2O). We observed no change in the 448 

swimming patterns when moved to alternative media (Figure S3D).  449 

 450 

Tracking and motility analysis 451 

Movies of swimming zoospores were viewed in FIJI57, and movement was tracked using a 452 

semi-automated protocol with the TrackMate plugin58. Before tracking, videos were pre-453 

processed as follows: (1) the background was subtracted; (2) artifacts were detected and 454 

removed by subtracting the median image of the video from each frame. Cells were 455 

segmented using TrackMate's Difference of Gaussian detector; manual quality control by eye 456 

was performed on the first frame for each video. The centre-of-mass of segmented images 457 

were joined to create tracks using a Linear Assignment Problem (LAP) tracker; maximum gap 458 

closing was set at 50 pixels and maximum frame gap at 10 frames. Final quality control of all 459 

tracks was performed using TrackScheme to ensure each track consisted of only one detected 460 

spot per frame.  461 

 462 

Drug assays 463 

Drugs assays were conducted by exposing cultures of B. emersonii, S. punctatus (grown 464 

overnight) and R. globosum (grown for 4-days) for 5 hours at 21°C to 1 µM of Nocodazole 465 

(tubulin polymerization inhibition) and separately Taxol (microtubule stabilizing) solution 466 

resuspended in DMSO. Zoospores were strained-filtered from sporangia as described before 467 

and then fixed in 4% w/v paraformaldehyde (for confocal imaging) and/or video recording. 468 

Aliquots of zoospore solution of these three species were also exposed for 10 min at room 469 

temperature to 1 μM Latrunculin B (a drug which sequesters actin monomers), 100 μM 470 

Cytochalasin D (a drug which caps actin filaments), 10 μM Jasplakinolide (a drug which 471 

stabilizes actin filaments) solutions and then resuspended on DMSO for movement behaviour 472 

video recording. Protocols and drug concentrations were based on previous studies using 473 



these same drug treatments on either zoosporic fungi and/or alternative microbial 474 

eukaryotes36–40,43,59. 475 

 476 

Quantification and statistical analysis 477 

Plotting of tracks and quantitative motility metrics were performed from exported COM data 478 

using in-house scripts written in Python. Random walk and circular motility patterns were 479 

quantitatively differentiated using reorientation angle (or turn angle), a measure of local cellular 480 

behaviour, and mean square displacement (MSD), a measure of the deviation of the position 481 

of a cell r over time. Turn angles at time t were calculated as:  =  tan − 1 [𝐯(𝑡)  𝐯(𝑡 +482 

1)) / (𝐯(𝑡) 𝐯(𝑡 + 1)]. The MSD of a cell at time t is calculated by 𝑀𝑆𝐷(𝜏) = < 𝑟(𝑡 + 𝜏) −483 

𝑟(𝑡) >, as a function of lag time 𝜏. MSD values are calculated across the entire trajectory for 484 

lag times τ ranging from 1 to 800 frames (0.017 to 13.3 s). Cells exhibiting circular motility 485 

patterns are expected to show plateaus at long-time MSDs. Plots of time-averaged MSD for 486 

each cell are shown as grey lines in Figure S3B; ensemble-averages are shown for each 487 

species in red. For interspecies comparisons (Figure 1C), ensemble-averaged MSDs for each 488 

species were normalised by dividing by the MSD value at 𝜏 = 1. 489 

 490 

Fluorescence assays 491 

In all cases, zoospores were collected from the suspension medium by centrifugation at 1000 492 

x g for 5 min followed by removal of the supernatant in order to concentrate the cells. In all 493 

cases the cell pellet was fixed in 0.5 ml of 4% w/v paraformaldehyde in 1X PBS and transferred 494 

into a 15 ml Falcon tube for 15 min at room temperature. Cells were concentrated by 495 

centrifugation and resuspended in PBS for the first washing step. The cell pellet was then 496 

resuspended and permeabilized in 0.5 ml of PBS containing 0.1% v/v Triton X-100 in PBS. A 497 

second washing step in 0.5 ml of PBS was performed and then the cells were blocked with 498 

0.5 ml of 1% w/v BSA in PBS and incubated for 45 min at room temperature, followed by the 499 

addition of the primary antibody α-tubulin DM1A (Sigma-Aldrich, Cat# T6199, RRID: 500 

AB_477583) at a concentration of 1:500 v/v in 1% w/v BSA in PBS for 180 min at room 501 

temperature. After a third washing step of the primary antibody with 1X PBS, the secondary 502 

antibody Alexa Fluor 647 Goat anti-mouse IgG1 antibody was added (Thermo Fisher 503 

Scientific, Cat#A-21240, RRID: AB_2535809) to the PBS-resuspended fixed zoospore 504 

solution for 60 min at room temperature. Alexa Fluor 488 Phalloidin (Invitrogen, Cat# A12379, 505 

RRID: AB_2759222) and Nile Red (Thermo Fisher Scientific, Cat# N1142) were also added 506 

at a 1:500 v/v concentration for 60 min at room temperature. After two washing steps with 1X 507 

PBS, the final cell pellets were resuspended in 100 µl of 20% v/v Citifluor AF2 Antifadent 508 

Mountant Solution and 7 µl was placed on a slide and covered with a coverslip, which was 509 

then sealed with transparent nail polish on the edges to avoid evaporation. Cells were imaged 510 



on a Zeiss LSM-780 inverted high-resolution laser scanning confocal microscope with a Ph3 511 

×100 oil objective. Exposures were kept constant during experiments, and images collected 512 

using ZEISS ZEN Software (ZEN Digital Imaging for Light Microscopy), and 513 

analysed/formatted with Fiji 57.  514 
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Figure S1. Imaging of ultrastructure in Blastocladiomycota zoospores, related to Figure 2. 
First columns show brightfield phase contrast confocal microscopy images (A, G, M, S). Second 
columns show fluorescent confocal microscopy micrograph of the zoospore stained with with 
NileRed to stain lipid droplets (B, H, N, T; yellow). Third column shows zoospores stained with 
Alexa Fluor 488 Phalloidin to stain actin (C, I, O, U; cyan). Fourth column shows α-tubulin DM1A 
+ Alexa Fluor 647 staining for α-tubulin (D, J, P, V, magenta). The fifth column shows the merge 
of all fluorescent channels (E, D, J, P, V). The sixth column shows the merged images of 
brightfield and fluorescent channels (F, L, R, X). Scale bars: A1-O1 = 10 μm; P1-D2 = 5 μm. Scale 
bars in small α-tubulin panels: B1, E1, H1 = 10 μm; K1, Q1, W1, Z1 and C2 = 5 μm. Labels: 
Catenophlyctis sp.: Cat, Blastocladiella emersonii: Be, Allomyces macrogynus: Am, Allomyces 
reticulatus: Ar.  

 
 
  

Be

Am

Ar

(i) (j) (k)

Bright-field α-tubulin/A647 Merge

Cat

NileRed Phalloidin/A488 Fluorescence
Merge

A B C D E F

G H I J K L

M N O P Q R

TS VU W X

Supplemental Data



 

Figure S2. Imaging of ultrastructure in Chytridiomycota zoospores, related to Figure 2. First 
columns show brightfield phase contrast confocal microscopy images (A1, G1, M1, S1, Y1, E2, 
K2, Q2). Second columns show fluo- rescent confocal microscopy micrograph of the zoospore 
stained with with NileRed to stain lipid droplets (B1, H1, N1, T1, Z1, F2, L2, R2; yellow). Third 
column shows zoospores stained with Alexa Fluor 488 Phalloidin to stain actin (C1, I1, O1, U1, 
A2, G2, M2, S2; cyan). Fourth column shows α-tubulin DM1A + Alexa Fluor 647 staining for α-
tubulin (D1, J1, P1, V1, B2, H2, N2, T2; magenta). The fifth column shows the merge of all 
fluorescent channels (E1, K1, Q1, W1, C2, I2, O2, U2). The sixth column shows the merged 
images of brightfield and fluorescent channels (F1, L1, R1, X1, D2, J2, P2, V2). Scale bars: A1-
O1 = 10 μm; P1-D2 = 5 μm. Scale bars in small α-tubulin panels: B1, E1, H1 = 10 μm; K1, Q1, 
W1, Z1 and C2 = 5 μm. Synchytrium microbalum: Sm, Clydaea vesicula: Cv, Chytriomyces 
hyalinus: Ch, Rhizoclosmatium globosum: Rg, Homolaphlyctis polyrhiza: Hp, Rhizophlyctis rosea: 
Rr, Geranomyces variabilis: Gv, and Spizellomyces punctatus: Sp.  
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Figure S3. Motility metrics, related to Figure 1. (A) Instantaneous speeds (in units of microns 
per second) over all trials for each fungal zoospore species. (B) Time averaged MSD values (grey 
lines) and ensemble averaged MSD values (red lines) for each fungal zoospore species. Time- 
and ensemble-averaged MSDs comparing the motility dynamics of various zoospore species in 
(C) an unconfined environment (86-well plate) and (D) water as opposed to a control condition in 
between two coverslips in media as denoted in the main text. 
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Figure S4. Effects of drugs, related to Figure 4. (A) Encystation in zoospores from three fungal 
species after exposure to actin depolymerizing drugs. Zoospore solution of these three species 
was alternatively exposed for 10 min at RT to 1 μM Latrunculin B (to sequester actin monomers), 
100 μM Cytochalasin D (to cap actin filaments), 10 μM Jasplakinolide (to stabilize actin filaments) 
solutions resuspended on DMSO before being recorded. Scale bars = 50 µm. (B) Time- and 
ensemble-averaged MSDs comparing motility patterns after exposure to actin depolymerizing 
drugs. Blastocladiella emersonii: Be, Spizellomyces punctatus: Sp, Rhizoclosmatium globosum: 
Rg. 
 

Cytochalasin D Latrunculin B Jasplakinolide

Be

Sp

Rg

No encystation

No encystation No encystation

no
rm

al
iz

ed
 M

SD
 

time lag (s) time lag (s) time lag (s) 

Sp Sp Be
Cylochalasin control Jasplakinolide control Latruculin control

A

B


