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30 Multicellularity evolved multiple times independently during eukaryotic
31 diversification'™. Two distinct mechanisms underpin multicellularity®: clonality (serial
32 cell division without sister-cell separation) and aggregation (whereby independent
33  cells assemble into a multicellular entity). Clonal and aggregative multicellularity are
34 traditionally considered mutually exclusive’®® with rare exceptions, and
35 evolutionary hypotheses have addressed why multicellularity might diverge toward
36 one or the other extreme®*. Both animals and their sister group, the choanoflagellates,
37 are currently only known to acquire multicellularity clonally*''-'®. Here, we show that
38 the choanoflagellate Choanoeca flexa'* forms motile and contractile cell monolayers
39  (or “sheets”) through multiple mechanisms: C. flexa sheets can form purely clonally,
40 purely aggregatively, or by a combination of both processes. We characterise the life
41  history of C. flexa in its natural environment — ephemeral splash pools on the island of
42 Curagao - and show that C. flexa undergoes reversible transitions between
43 unicellularity and multicellularity during cycles of evaporation and refilling. Different
44  splash pools house genetically distinct strains of C. flexa, between which aggregation

1518 We show that clonal-aggregative multicellularity

45 is constrained by kin recognition
46 serves as a versatile strategy for the robust re-establishment of multicellularity in this
47 variable and fast-fluctuating environment. Our findings challenge former
48 generalisations about choanoflagellates and expand the option space of choanozoan
49  multicellularity.

50

51 Multicellularity has evolved independently more than 45 times across eukaryotes'®,
52 with multiple independent origins of both clonal and aggregative multicellularity”?. Efforts to
53  reconstruct the origin of animal multicellularity have benefited from the study of their closest
54 living relatives, the choanoflagellates (Figure 1A)*'*. Choanoflagellates are bacterivorous
55 aquatic microeukaryotes bearing an apical flagellum surrounded by a collar of actin-filled
56  microvilli (Figure 1B-C)*. Moreover, many choanoflagellate species display facultative
57  multicellularity®®. The best-characterised choanoflagellate, Salpingoeca rosetta, forms
58  colonies exclusively clonally?®, and clonal multicellularity has classically been assumed to be
59  a general feature of choanoflagellates*?>?". However, this assumption remains to be tested
60 across choanoflagellate diversity. Interestingly, while animal multicellularity is purely clonal,
61 other close relatives of animals besides choanoflagellates exhibit diverse forms of

28-31

62  multicellularity, including aggregation in filastereans as well as cellularization of

32,33 33-36

63  multinucleated cells and cleavage-like serial cell divisions in ichthyosporeans
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64 Here, we describe an unusual mode of multicellularity in the choanoflagellate
65  Choanoeca flexa™ that challenges prevailing assumptions about choanoflagellates. We show
66 that C. flexa colonies can form by serial cell division, aggregation, or a combination of both, a
67  mechanism we refer to as ‘clonal-aggregative multicellularity’. We propose that this mode of
68  multicellularity represents an adaptation to the dynamic natural environment of C. flexa:
69 ephemeral splash pools that undergo extreme salinity fluctuations during natural cycles of

70  evaporation and refilling.

71

72  C. flexa sheets can form clonally

73

74 C. flexa was discovered in 2018 in the form of curved monolayers of polarised cells (or

75  ‘sheet colonies’) held together through direct collar-collar adhesions™ (Figure 1A-D). C. flexa
76  sheets can reversibly invert their curvature in response to light-to-dark transitions, switching
77  between a feeding state (relaxed form, flagella-in; Figure 1B) and a swimming state (inverted
78  form, flagella-out; Figure 1D)*" In an earlier study, we established stable cultures of C. flexa
79  sheets from a single isolated cell, indicating that sheets can arise from individual cells®’.
80  Nevertheless, the mechanisms that establish multicellularity in C. flexa remain unknown.

81 To understand C. flexa colony formation, we isolated and monitored single cells from
82  mechanically disassembled sheets by time-lapse microscopy. In this context, we observed
83  clonal formation of sheets by serial cell division of single cells (Figure 1E-F; movie S1): cells
84  divided asynchronously every ~8-10 hours, and sister cells remained attached to each other
85 by collar-collar contacts. This resulted in a monolayer of polarised cells with the signature
86  curved morphology of C. flexa sheets (Figure 1B,E; movie S1). These observations show
87  that small C. flexa sheets (up to 7 cells) can form clonally. To test whether clonality can
88  contribute to the further growth of C. flexa colonies, we monitored small and medium-sized
89  colonies (from 6 to 46 cells) by time-lapse microscopy and observed clonal expansion by cell
90 division both at the core and the periphery of the sheets (Figures 1G and S1; movies S2-
91  S3). However, and unexpectedly, we also captured instances of free-swimming single cells
92  and doublets meeting colonies, attaching to their periphery, reorienting to align their main
93  apico-basal polarity axis with neighbouring cells, and seemingly integrating into the sheet
94  (Figures 1G and S1; movies S2-S3). These results suggested that C. flexa colonies could
95  form clonally but might also expand by aggregation. This motivated us to test whether C. flexa
96  might be capable of purely aggregative multicellularity (Figure 1H).

97
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98 C. flexa sheets can form by aggregation
99

100 To test whether C. flexa colonies can form by aggregation, we mechanically
101  disassembled colonies into free-swimming single cells and performed live imaging of the
102  dissociated cells (Figure 2A-D; movies S4-S6). Surprisingly, C. flexa single cells aggregated
103 within minutes into cell doublets connected by collar-collar contacts (Figure 2C; movie S5).
104  Doublets grew into larger groups of cells both through the incorporation of additional solitary
105  cells and through fusion between groups (Figure 2D; movie S6). Early aggregates were often
106 irregular in shape, reflecting initial collision and adhesion in diverse, random orientations.
107  Aggregates later underwent morphological maturation through cellular rearrangements and
108  reorientation into polarised monolayers with canonical C. flexa sheet morphology (Figure 2D;
109  movie S6).

110 To quantify the dynamics of aggregation and maturation, we fixed sheets at successive
111  stages of aggregation, followed by membrane and F-actin staining and Airyscan confocal
112 imaging (Figures 2E-G and S2; movies S7-S11). We quantified two morphological metrics:
113  the adhesion angle between the collars of neighbouring cells (or collar-collar angle) and the
114  proportion of cells with aligned apico-basal polarity (Figures 2F and S2A). Both metrics
115 initially showed high variance, consistent with variable cell orientations at early stages, and
116  progressively converged towards stereotypical values during maturation (Figures 2E-G and
117  S2; movies S7-S11). Moreover, early aggregates showed diverse types of intercellular
118  contacts, including collar-collar, collar-cell body, and cell body-cell body contacts (Figures 2E
119 and S2B). By contrast, mature colonies resulting from 24 hours of aggregation were polarised
120 monolayers of cells connected almost exclusively by collar-collar contacts (Figures 2E and
121  S2B; movie S11). At that stage, colonies comprised about 50 cells on average and up to 120
122 cells (Figures 2G” and S2D). This size further confirmed that they could not have formed
123 exclusively through cell division within 24 hours, given the cell cycle duration in C. flexa (at
124 least 8 hours; Figure 1F), which would allow for sheets of at most 16 cells, assuming maximal
125  and synchronised proliferation.

126 To independently confirm that the regular sheets observed 24 hours post-dissociation
127  (hpd) resulted from the maturation of early aggregates, we performed aggregation assays by
128  mixing two populations of dissociated single cells stained with different fluorophores (Figures
129  2H and S3; movies S12-S13). Cells of both colours assembled within minutes into irregular
130  chimeric aggregates (Figure S3A; movie S12). After 24 hours, we observed chimeric

131  polarised monolayers composed of cells of both colours (Figures 2H and S3B-C; movie S13),
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132 confirming their aggregative origin. Furthermore, treatment with the cell cycle inhibitor
133 aphidicolin did not abolish aggregation (Figure 2l and S4), confirming that aggregation can
134 occur independently of cell division. Finally, we sought to determine whether aggregation was
135 an active process or whether it might simply result, at least at early stages, from passive cell
136  stickiness. While live cells readily aggregated, fixed cells did not (even under orbital agitation
137  forcing cell encounters), suggesting that aggregation requires live cells and is thus an active
138  process (Figure S5).

139 Taken together, these data indicate that C. flexa sheets can form by aggregation. This
140  process is independent of cell division, is active, and occurs in multiple steps: random cell
141  collisions initially form irregular clumps of variable morphology, which then mature into regular,
142 polarised monolayers of cells via cell reorientation.

143 The discovery of clonal-aggregative multicellularity in C. flexa contrasts with prevailing
144  assumptions about choanoflagellates, which — based largely on studies of the model species
145  S. rosetta®® — were thought to acquire multicellularity only clonally. Notably, clonal and
146  aggregative multicellularity usually occupy different ecological niches: aggregation is often an

147  ‘emergency response’ to sudden stress*°

, Whereas clonality requires sufficiently stable
148  environmental conditions to sustain cell division. This prompted us to investigate the natural
149  environmental context in which C. flexa might employ clonal-aggregative multicellularity.

150

151  Occurrence of multicellular C. flexa in the field is limited by salinity

152

153 C. flexa was originally discovered in its multicellular form on the tropical island of

241 C. flexa has been

154  Curagao™ (Figure 3A). Unlike other multicellular choanoflagellates
155 repeatedly re-isolated in the field since its discovery in 2018 and can thus be studied in its
156  native biotope. C. flexa sheets are found on the windward, northern part of the island, in splash
157  pools that undergo natural cycles of evaporation and refilling***® (Figures 3A-C and S6A-B;
158  movie S14). Water-filled splash pools gradually evaporate, leading to increasing salinity and,
159  occasionally, complete desiccation (Figure 3C). Splash pools are subsequently refilled by
160  waves, splash, or rain, restoring lower salinity levels (Figures 3C and S6B; movie S14). As
161  a consequence, splash pools are ephemeral habitats in which organisms are exposed to
162  extreme and recurrent hypersaline and hyperosmotic stress***¢. We therefore set out to
163  investigate how this dynamic habitat might influence the life history and multicellularity of C.

164 flexa.
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165 We focused our studies on Shete Boka National Park, where C. flexa is consistently found
166  (Figure 3A). We measured salinity and scored the presence of C. flexa sheets in 150 splash
167  pools in two different field expeditions, Exped-A and Exped-B (Figures 3D and S6; Table S1).
168  During Exped-A, we sampled 79 splash pools (numbered Sp1 to Sp79) along approximately
169 2 kilometres of coastline (Figure 3D; see Materials and Methods for details). While seawater
170  collected from adjacent inlets (or bokas) had a stable salinity of ~40 parts per thousand (ppt;
171  Table S1), splash pool salinity ranged from below that of average seawater salinity (15 ppt)
172  to saturation (= 280 ppt) (Figures 3E and S6D; Table S1). In 10 of the 79 splash pools, we
173  found choanoflagellate sheets that we identified as C. flexa based on morphology, inversion
174  behaviour, and 18S ribosomal DNA (rDNA) sequencing (Figures 3F and S7; movie S15;
175 Tables S1-S2; Supplementary files S1-S4). C. flexa sheets were not observed in the other
176 69 splash pools. Interestingly, although the salinity of surveyed splash pools ranged from 15
177  to 280 ppt, C. flexa sheets were predominantly found in splash pools with ~2-fold seawater
178  salinity during Exped-A (Figures 3E and S6D; Table S1). To independently test whether the
179  presence of multicellular C. flexa was constrained by an upper salinity limit, we exhaustively
180  sampled all splash pools within a 4-meter by 10-meter quadrant during a second expedition
181  (Exped-B; n=71 splash pools, numbered M1 to M71; Figure 3D’ and S6C; Table S1). We
182  observed sheets in 14 splash pools and not in 57 others, with a maximum salinity threshold
183  of 94 ppt for sheet occurrence (Figures 3E and S6D). Across both expeditions, C. flexa sheets
184  were found in splash pools with an average salinity of 62.1+24.8 ppt (equivalent to 1.55-fold
185  seawater salinity; Figures 3E; Table S1), which was significantly lower than the salinity of
186  splash pools in which sheets were not observed (146.3+95.7 ppt; p=1.7e-06 by the Mann-
187  Whitney U test; Figures 3E; Table S1). Across both expeditions, we never observed actively
188  swimming and inverting C. flexa sheets in splash pools exceeding 128 ppt (~3-fold seawater
189  salinity; Figures 3E and S6D; Table S1).

190

191 Natural evaporation-refilling cycles cause reversible transitions between
192  unicellular and multicellular states in splash pools

193

194 We next examined how the natural evaporation-refilling cycles of splash pools impacts the
195  occurrence of sheets. We monitored ten splash pools where C. flexa sheets had already been
196  found during Exped-A, along with five additional randomly selected splash pools, once per
197  day during eight days (Figures 3E,G-H and S8). We recorded salinity and maximum depth,

198 and noted the presence of sheets (Figures 3E,G-H and S8). We observed a progressive
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199 increase in salinity and decrease in depth in all 15 splash pools (presumably due to
200  evaporation; Figure S8A-B), with six desiccation events (Figure S8C-D) and four refilling
201  events (Figure S8E-F; three examples are shown in Figure 3H). In all cases, actively
202  swimming and inverting C. flexa sheets were no longer observed after salinity exceeded a
203 128 ppt threshold during gradual evaporation (Figures 3H and S8), consistent with results
204  from Exped-A and Exped-B (Figures 3E-H and S8). Interestingly, we observed two isolated
205  colonies with an apparently stressed phenotype (characterized by irregular outlines, loose cell
206  packing, lack of flagellar beating, and absence of inversion behaviour) at 200 and 212 ppt in
207  two different splash pools (Sp64 and Sp69, respectively on Days 4 and 3; Figures 3H and
208  S8E-F; Table S1). These irregular and inactive colonies were not observed at later time
209  points, suggesting they had either died or dissociated (Figures 3H and S8F; Table S1).
210  Similarly, gradual evaporation in the laboratory of a natural splash pool sample containing
211  sheets led to sheet disappearance (Figure S9). These observations confirmed that the
212 multicellular form of C. flexa does not tolerate high salinity.

213 Notably, in two dry splash pools that underwent refilling during our study (where salinity
214  was restored to ~50 ppt), sheets were observed 48 hours after refilling (Sp69 and Sp70;
215  Figures 3H and S8E-F). The newly observed sheets may have originated from the ocean or
216  from neighbouring splash pools. Alternatively, C. flexa might have persisted in the soil of
217  desiccated splash pools in a cryptic resistant form, such as unicellular cysts (as described in

218  other choanoflagellates*’°)

. To test this possibility in situ, we collected soil samples from six
219  desiccated splash pools in which C. flexa had been previously observed, rehydrated them in
220  the laboratory, and monitored the rehydrated samples for several days (Figure 3I-K; movie
221  S16 and Table S1). Sheets were consistently recovered from soil samples from two splash
222 pools after 2-7 days of desiccation in the field followed by 2-3 days of rehydration in the
223  laboratory, suggesting that a resistant form of C. flexa can survive complete desiccation
224  (Figure 3I-K and Table S1).

225 Given that salinity fluctuations in splash pools seemed to impact C. flexa multicellularity in
226  nature, we next set out to investigate the phenotypic response of C. flexa to comparable
227  evaporation-refilling cycles in a laboratory context.

228

229  Evaporation-refilling cycles cause reversible transitions between multicellular
230 and unicellular states in the laboratory

231
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232 To mimic natural evaporation-refilling cycles in the laboratory, we subjected C. flexa
233 cultures to gradual evaporation in an incubator (Figure 4A), replicating the temperature
234 (30°C) and evaporation rate of natural splash pools (Figure 4B and S10A; see Materials and
235  Methods). Starting from the standard salinity of artificial seawater (35 ppt; hereafter “1X
236  salinity’), this resulted in complete desiccation after four days. Under these conditions, C. flexa
237  sheets gradually dissociated into non-motile single cells (Figures 4C-D and S10B; movie
238  $17), with more than 50% solitary cells observed once salinity crossed the natural limit of
239  active sheet occurrence (128 ppt; Figures 3E and 4C-D). By the time salinity reached
240  saturation, nearly all sheets had dissociated into single cells (Figures 4C-D and S10B; movie
241  S17). By contrast, control cultures maintained under constant conditions without evaporation
242 remained multicellular throughout the experiment (Figure S10C). Finally, to directly test
243 whether the loss of multicellularity was caused by increased salinity, we added seawater salt
244 to C. flexa cultures (without evaporation) and similarly observed dissociation of multicellular
245  sheets into single cells (Figure S11A-C).

246 We then tested whether single cells resulting from sheet dissociation were viable and
247  capable of surviving desiccation. We rehydrated samples by adding artificial seawater three
248  hours after desiccation, thereby mimicking refilling by waves. This restored salinity to ~50 ppt
249 and was followed by the reappearance of multicellular sheets within 24 hours post-
250  rehydration, as well as by a continuous increase in the number of colonies over the following
251 days (Figure 4C-D). We assessed the mechanism of colony re-formation by time-lapse
252 microscopy of desiccated cultures after rehydration and captured instances of unicellular
253  flagellates engaging in both clonal divisions and aggregation (Figure S10D; movie S18).
254 Taken together, our results show that C. flexa sheets dissociate into non-motile single
255  cells during gradual evaporation, that these solitary cells can survive complete desiccation,
256  and that sheets reform after rehydration through both clonal division and aggregation. These
257  findings are consistent with our field observations, where we recovered sheets after
258  rehydrating soil samples from dry splash pools (Figure 3I-K and Table S1), and further
259  support the existence of a desiccation-resistant form of C. flexa.

260

261 C. flexa sheets undergo dissociation-encystation at high salinity

262

263 We next investigated the phenotype of desiccation-induced single cells. In diverse protists,

50-52

264  resistance to desiccation is achieved through differentiation into cysts — dormant cells

265 characterized by reduced metabolic activity and proliferation. Encystation often entails
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266  significant morphological changes, including cell rounding, flagellar loss, and the formation of
267  aprotective cell wall*’*°. We monitored cellular morphology by DIC microscopy during gradual
268  evaporation and observed asynchronous structural changes that produced a heterogeneous
269  cell population (Figure 4E-H). At 3X salinity, most cells had dissociated from their colonies
270 and displayed a rounded cell body lacking microvilli, often missing a flagellum and
271  occasionally bearing filopodia-like protrusions (Figure 4F-H). Membrane and F-actin staining
272  of desiccation-resistant cells (hereafter ‘cysts’) confirmed the absence of a collar complex and
273  revealed a transient F-actin cortex, detectable at 3X salinity but lost above 6X (near saturation;
274  Figures 41-K and S12). This cortex may help protect the plasma membrane against osmotic
275  stress during early differentiation®-%¢. Cysts did not proliferate: growth was arrested above 2X
276  salinity, with a net cell loss above 3X salinity (Figures 4L and S13), similar to cell cycle arrest

277  during encystation in other protists®°’

. Finally, morphometric analysis of cell body and
278  nucleus volume showed that cysts had a larger nucleus-to-cytoplasm ratio compared with
279 flagellates at 1X salinity (Figure S$14). An increase in the nucleus-to-cytoplasm ratio is
280 frequently associated with cell quiescence®®, consistent with growth arrest in C. flexa cysts.
281  To confirm that these changes were induced by hypersaline stress, we directly increased the
282  salinity of C. flexa cultures by adding seawater salts and observed similar morphological
283 changes and arrest in cell growth (Figure S$11). Thus, the cellular changes induced by
284  hypersalinity in C. flexa closely resemble encystation in diverse other protists®*>°.

285 Sheet dissociation during encystation is likely caused by retraction of the microvilli that
286  connect neighbouring cells within colonies™. We tested this hypothesis by inducing microvillar
287  retraction (independently of encystation) by treatment with the actin-depolymerizing
288  compound latrunculin B, and observed dissociation of colonies within minutes (Figure S15A-
289 D). Similarly, latrunculin B treatment of single cells prevented aggregation (Figure S15E-H).
290  These results confirm that microvillar integrity is necessary for multicellularity in C. flexa and
291  further support the idea that sheets undergo a coupled dissociation-encystation process under
292 hypersaline conditions.

293 During the natural evaporation-refilling cycles of splash pools, C. flexa therefore alternates
294  between multicellular, flagellated sheets (at low salinity) and unicellular cysts (at high salinity),
295  suggesting these two phenotypes each confer an adaptive advantage in their respective
296  environments (Figure 4M). We then sought to directly test these putative advantages under
297  laboratory conditions.

298
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299  Multicellular sheets and unicellular cysts are respectively advantaged at low
300 and high salinity

301

302 If C. flexa cysts represent a desiccation-resistant form, we could expect these cells to be
303  more resistant to hypersaline stress and desiccation than the sheets. To test this, we induced
304 the differentiation of C. flexa sheets into cysts by gradual evaporation, following the protocol
305 detailed in the previous section (from 1X salinity to complete desiccation over 72 hours). In
306 parallel, we subjected sheets to rapid evaporation, causing desiccation over a period of 20
307  hours from 1X salinity (see Materials and Methods). Under these conditions, cells did not
308 acquire a cyst-like morphology but instead retained their flagellum, collar, and multicellular
309 morphology, even when completely desiccated (Figure S16A). This observation suggests
310 that the formation of cysts requires gradual evaporation at a rate comparable to that of natural
311  splash pools. After desiccation, we rehydrated both types of cells by adding artificial seawater
312  and monitored their recovery. We found that desiccated sheets that had undergone rapid
313  evaporation never gave rise to viable cells after rehydration (Figure 4N). In contrast,
314 rehydrated cysts consistently gave rise to viable sheets (Figure 4N). These observations
315 show that cysts, unlike flagellates, are equipped to survive hypersalinity and desiccation, and
316  suggest that encystation confers a selective advantage during evaporation.

317 We further wondered whether multicellularity, by contrast, was advantageous in the other
318 phase of the evaporation-refilling cycle, marked by low salinity. Multicellular choanoflagellates
319  have been proposed to feed more efficiently, thanks to cooperative hydrodynamic interactions

320 between flagella that enhance prey capture®®-°2

, although attempts to test this hypothesis in
321  S.rosetta have yielded conflicting results®®®3% To test for a feeding advantage in multicellular
322  C. flexa sheets, we quantified the capture of fluorescent bacteria in sheets and in dissociated
323  single flagellates (Figure 40 and S16B). We found that sheets captured more than twice as
324 many fluorescent bacteria per cell as single cells (Figure 40). This suggests that
325  multicellularity confers a prey capture advantage at salinities compatible with the maintenance
326  of a functional collar complex, and therefore with feeding.

327

328 Clonal-aggregative multicellularity is a versatile strategy for robust re-
329 establishment of multicellularity in a variable environment

330

331 Although splash pools all undergo similar evaporation-refilling cycles, they vary in size,

332  evaporation rate, and salinity after refilling. Given this variability, we wondered whether
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333  environmental parameters might shift the relative contributions of clonality and aggregation.
334  Notably, we reasoned that conditions that impair cell division might favour aggregation,
|335 whereas conditions that limit cell-cell encounters might favour clonal multicellularity.

336 We first examined the influence of salinity within the range compatible with
337  multicellularity (i.e., below the dissociation-encystation threshold). At seawater salinity (1X),
338  both cell division and aggregation occurred (Figure 5A and S17A). By contrast, medium-high
339  salinity (2X) arrested cell division but did not affect aggregation (Figure 5A and S17A). Thus,
340 C. flexa sheets formed through mixed clonal-aggregative multicellularity at 1X salinity, but
341  through pure aggregation at 2X salinity.

342 We next examined the effect of cell density, reasoning that it might influence
343  aggregation efficiency by modulating encounter rates between cells. Field measurements
344  across 12 splash pools revealed densities ranging from 30 to 4.4*10* cells/mL (Figure S17B;
345  Table S1; see Materials and Methods). This range overlapped with cell concentrations used
346  in laboratory aggregation experiments (from 1.0*10* to 6.7*10° cells/mL), confirming that C.
347  flexa can reach densities sufficient for aggregation in nature. To quantify the effect of cell
348  density, we seeded dissociated cells at 10% to 10° cells/mL under both 1X and 2X salinity. We
349  assessed aggregation efficiency by measuring final colony size under purely aggregative
350  conditions (2X salinity), and clonality efficiency by quantifying additional colony growth at 1X
351  salinity over the 2X baseline (see Materials and Methods). Measurements were taken during
352 early sheet formation to avoid saturation effects. Aggregation efficiency increased
353  monotonically with cell density and peaked at the highest density tested (10° cells/mL) (Figure
354 5B and S17C). By contrast, clonality efficiency remained constant across intermediate
355  densities (10%-10* cells/mL) but decreased at the highest density (10° cells/mL), likely due to
356  depletion of bacterial prey limiting proliferation (Figure 5B and S17C). Therefore, low
357  densities favour clonal multicellularity, high densities favour aggregative multicellularity, and
358 intermediate densities support mixed clonal-aggregative formation.

359 Taken together, these data show that clonal-aggregative multicellularity spans a
360  spectrum along which environmental conditions modulate the relative contributions of clonality
361 and aggregation (Figure 5C). Importantly, certain environmentally relevant conditions — such
362 as medium-high salinity or extreme cell densities — suppress one mode, resulting in purely
363 clonal or purely aggregative multicellularity. This plasticity thus allows C. flexa to achieve
364  multicellularity across a broader environmental range than either mechanism alone would
365 permit.

366
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367 C. flexa sheets formed by aggregation are equivalent to control sheets in
368 morphology and behaviour

369

370 Having identified environmentally relevant conditions that modulate the balance between
371  clonal and aggregative multicellularity, we next asked whether C. flexa colonies formed by
372  aggregation are functionally equivalent to those formed by cell division. We set out to
373  characterise purely aggregative sheets, obtained by seeding dissociated cells at high density
374  under 2X salinity. These were compared to control sheets generated under conditions
375  permissive for clonality (1X salinity and a low initial density of 200 cells/mL; see Materials and
376  Methods). Both control and aggregative sheets exhibited a similar polarised monolayer
377  structure (Figures 5D-E and S17D-G) and were statistically indistinguishable in size (Figure
378  S17H), proportion of aligned cells (Figure S171), collar-collar angles (Figure 5F and S17I’),
379  and circularity (Figures 5F’ and S17J).

380 To test whether aggregation could also support the growth of pre-formed colonies
381 independently of cell division, we fluorescently labelled single cells and added them to pre-
382  formed sheets under 2X salinity (Figure S18A). The labelled cells initially adhered at the
383  periphery of the sheets in variable orientations (Figure S18B-C,F) but, after 24 hours, they
384  were robustly incorporated into the pre-existing colonies, displaying collar-collar contacts and
385 aligned apico-basal polarity with their unlabelled neighbours (Figure S18D-F). These
386  observations show that aggregation alone is sufficient to support both the formation and
387  growth of sheets with wild-type morphology, independently of cell division.

388 We then characterised the behaviour of purely aggregative sheets. Both control and
389 aggregative sheets exhibited equivalent inversion behaviour in response to light-to-dark
390 transitions (Figures 5G and S$19) and comparable prey capture efficiency over single cells
391 (Figure 5H). In an independent assay, we also generated sheets by aggregation of cells
392  labelled with two different colours (as in Figure 2H) and confirmed that the resulting chimeric
393  sheets robustly inverted in response to light-to-dark transitions (Movie S19). These results
394  demonstrate that C. flexa can form fully functional colonies through aggregation alone.

395 Thus, although environmental parameters modulate the strategy by which C. flexa
396 becomes multicellular, the morphology and behaviour of the resulting sheets appear largely
397  uncoupled from their formation mechanism.

398

399 Aggregation is species-specific and constrained by kin recognition

400
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401 To assess the relevance of aggregation in the life history of C. flexa, we tested for
402  biological signatures of aggregative multicellularity. A frequent feature of this process is
403  species specificity, whereby cells aggregate preferentially with their own species and little or
404  not at all with others®®. We tested this by mixing equal quantities of C. flexa and S. rosetta
405 single cells. C. flexa formed aggregative sheets that completely excluded S. rosetta,
406  demonstrating species-specific aggregation (Figure S20). Notably, S. rosetta cells did not
407  aggregate with each other under these conditions, confirming that aggregation is specific to
408  C. flexa rather than a general behaviour of choanoflagellate cells at sufficient density.

409 A second frequent feature of aggregative multicellularity is kin recognition — i.e., the ability
410  to discriminate kin versus non-kin and to preferentially aggregate with closely related strains
411  within the same species. Kin recognition increases genetic homogeneity within the resulting
412 multicellular entity, which is thought to facilitate the evolution of coordinated collective
413 behaviour®® and/or restrict the spread of cheater mutants'®. We assessed kin recognition
414  among three C. flexa strains isolated from different splash pools: Strain 1 (originally isolated
415 in 2019 and used in laboratory experiments above), and Strains 2 and 3 (both isolated in 2023
416  during Exped-B; Figure 6A-B). Each strain was established by manual isolation of a single
417  sheet, followed by amplification in laboratory cultures (referred to as ‘single-sheet-
418  bottlenecked’ cultures). Isolation of single cells from each single-sheet-bottlenecked culture
419 allowed the establishment of clonal strains (referred to as ‘single-cell-bottlenecked cultures’
420  or ‘clones’).

421 To test for genetic divergence between these strains, we first sequenced, assembled, and
422  annotated the C. flexa reference genome using a combination of long-read and Omni-C
423  sequencing. The final assembly comprised 56 Mb and 14,084 genes across 528 scaffolds,
424  with a BUSCO completeness score of 82.8%. This represents the third high-quality
425  choanoflagellate genome after M. brevicollis’™ and S. rosetta®”®®. We then performed short-
426  read sequencing of Strains 1, 2 and 3, as well as of three clonal descendants of each strain.
427  Across all samples, we detected 193,564 SNPs, allowing us to reconstruct a phylogenomic
428  tree in which all three parent strains were clearly delineated from each other (Figure 6C and
429  Supplementary Files S5,S6). All clones clustered with their strain of origin with strong
430  support and contained similar levels of genetic diversity to their corresponding single-sheet-
431  bottlenecked strain (Figure S21). These results suggest either clonal formation of the
432  originally isolated sheets (as in Figure 1E-G) or a loss of genetic diversity during sheet

433  isolation and establishment of laboratory cultures (see Materials and Methods).
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434 We tested kin recognition by dissociating sheets from all three strains, staining them with
435  different fluorophores, and assessing aggregation across all pairwise strain combinations
436  seeded at equal initial cell density (as in Figure 2H). All strains aggregated within hours,
437  confirming that aggregation is a widespread behaviour among independently isolated C. flexa
438  strains. Interestingly, cells of Strains 1 and 2 preferentially aggregated with their own strain
439  when mixed, indicating kin recognition (Figures 6D-G and S22). By contrast, other pairwise
440  combinations of strains showed no quantifiable preference for self-aggregation and readily
441  formed chimeric sheets, as did cells of the same strain stained with different fluorophores
442  (consistent with earlier results; Figures 2H and S3).

443 These results suggest the existence of a kin recognition system in C. flexa, reminiscent of
444  those described in other aggregative multicellular organisms such as dictyostelid social
445  amoebae. In the latter, kin recognition is mediated by polymorphic surface receptors rich in
446  immunoglobulin and other adhesion domains'®®°. In Dictyostelium, such receptors were first
447  identified by their high ratio of non-synonymous to synonymous substitutions (Ka/Ks), a
448  signature of diversifying selection'®. We reasoned that, if C. flexa indeed possesses a
449  comparable kin recognition mechanism, candidate kin recognition loci might be revealed by
450  screening the genomes of Strains 1 and 2 for high Ka/Ks loci. Across all pairwise strain
451  comparisons, we identified 840 genes with high Ka/Ks regions (Figure 6H), including multiple
452  transmembrane proteins (Figure S23A). These high Ka/Ks genes encoded predicted proteins
453  with a significant overrepresentation of domains consistent with adhesion (cadherins, TM132)
454  or signalling (protein kinase) functions (Figures 61 and S23B). The most promising kin
455  recognition candidates notably included one predicted cadherin (FUN_000880; Figure 6l-J)
456 and one predicted receptor-protein kinase (FUN_003087; Figures 6l and S23B-C) that
457  displayed particularly strong signatures of diversifying selection between Strains 1 and 2.
458 These findings indicate that polymorphic receptor candidates potentially mediating kin
459  recognition can be readily identified in C. flexa, although some of these proteins may perform
460  other functions, such as capture of bacterial prey. Determining their precise roles will require
461  functional genetic tools, which are not yet available for C. flexa.

462 Taken together, species-specificity and kin recognition support the view that aggregation
463 is a regulated biological process in C. flexa.

464

465 Discussion

466
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467 Our findings suggest that evaporation-refilling cycles of splash pools, the natural habitat
468  of C. flexa, regulate its clonal-aggregative multicellularity (Figure 6K). C. flexa sheets are
469  found in water-filled splash pools with salinities up to ~3-fold that of natural seawater. As
470  gradual evaporation proceeds, salinity increases, and sheets dissociate, with cells
471  differentiating into solitary, non-motile, non-proliferative cysts. These cysts can survive
472  complete desiccation and persist in the soil of the splash pools. Upon splash pool refilling,
473  cysts regenerate a collar complex and transition back into free-swimming flagellates, which
474  re-form multicellular sheets through aggregation and/or clonal division. This mixed
475  mechanism confers two key advantages in this environment: (i) robust re-establishment of
476  multicellularity across a broad range of conditions, and (ii) fast acquisition of multicellularity
477 by simultaneous action of both mechanisms. Indeed, aggregation generally provides a speed
478 advantage over clonality, as aggregative eukaryotes often complete multicellular formation

479 within a few hours®2°"°

, Whereas clonal multicellularity is constrained by cell cycle duration,
480  which ranges from one to eleven days in diverse micro-organisms in the wild (Table S3).
481  Thus, the ability of C. flexa to aggregate may therefore allow faster and more robust re-
482  establishment of multicellularity in the variable and ephemeral environment of splash pools.
483 The environmentally entrained life history of C. flexa parallels other recently described
484  examples in which unicellular-to-multicellular transitions are modulated by fluctuating
485 environmental parameters, such as salinity in cyanobacteria inhabiting brackish
486  environments’' and periodic flooding in cave-dwelling bacteria’. A selective advantage for
487  regulated life cycles in fluctuating environments is also supported by laboratory experiments
488  in yeast’ and by theoretical models®’*">. The environmentally entrained life cycle of C. flexa
489  may thus allow it to combine both the benefits of multicellularity (enhanced filter-feeding,
490 presumably supporting faster proliferation) with those of the unicellular cyst form (resistance
491  to desiccation).

492 The ability of C. flexa to aggregate contrasts with prevailing views of choanoflagellates,

25:39.76-78 _ |ike animals,

493  which are canonically considered to exhibit strictly clonal multicellularity
494  their sister-group. Our study therefore reveals unexpected diversity in the modes of
495  multicellularity within a pivotal clade for reconstituting animal origins. Notably, strictly clonal
496  multicellularity has so far been experimentally demonstrated in only a single choanoflagellate
497  species, the model S. rosetta®. This suggests that the diversity of choanoflagellate
498  multicellularity warrants more systematic re-exploration. Although incomplete character-state
499  mapping currently limits ancestral-state reconstruction, broader taxonomic sampling in the

500  future will ultimately clarify whether clonal-aggregative multicellularity contributed to the
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501 origins of animals (as proposed by some authors?’) or represents a specific innovation of the
502  C. flexa lineage.
503 The mixed clonal-aggregative multicellularity of C. flexa was a surprise, given that

504 clonal and aggregative multicellularity are often depicted as mutually exclusive in

2,79 -82

505  holozoans and eukaryotes in general® However, although clonal-aggregative
506  multicellularity has not previously been reported in close relatives of animals, nor in the context
507  of a regulated life cycle to our knowledge, clonality and aggregation occasionally cooperate
508 in the formation of other biological structures. These include bacterial biofilms®?,
509 experimentally evolved clusters of bacteria®, predator-induced groups of freshwater algae
510  (which can even combine different species)'’, clusters of budding yeast®, and certain
511  syncytial amoebae'. While these diverse processes may not all represent bona fide
512 multicellularity®® — since the resulting structures often lack multicellular-level adaptations such
513  as controlled shape, size, or collective behaviour — they demonstrate that aggregation and
514  incomplete cell division can coexist. Clonal-aggregative multicellularity may therefore be more
515  widespread than currently appreciated.

516 Aggregation presents a well-known evolutionary challenge: a single aggregate can
517  combine cells of different ancestries and potentially different genotypes, creating the potential

518  for genetic conflict®-%°

and, perhaps more importantly, limiting the coevolution of genes
519  required for the emergence of complex multicellular behaviours®®®. The risks of chimerism
520  can be mitigated if aggregation is restricted to close relatives — either actively, through kin
521  recognition mechanisms, or passively, through a spatially structured environment limiting
522  dispersal®’®2. The latter might be relevant to C. flexa, as splash pools are collections of
523  physically disconnected environments that might promote geographic divergence of
524  genotypes, as shown for other organisms in similar environments (e.g., Daphnia
525  metapopulations in tide pools®). Splash pools may thus have favoured the evolution of
526  aggregative multicellularity by initially relaxing selection for strong kin recognition mechanisms
527  (which C. flexa nonetheless appears to have eventually evolved). This scenario aligns with
528  the emerging concept of ‘ecological scaffolding’, which proposes that patchy environments
529  can facilitate the emergence of multicellularity by fostering local cooperation®. In the future,
530 these questions will be informed by deeper characterization of dispersal, molecular kin
531  recognition mechanisms, and natural genetic diversity at different scales (within and between
532 colonies, within and between splash pools) in C. flexa.

533 The complex life history of C. flexa illustrates the phenotypic plasticity of close

534  unicellular relatives of animals and thus lends additional support to the emerging concept of
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535  a pre-metazoan origin for complex life cycles?"%®. Beyond this, our study establishes C. flexa
536  as a powerful model to study the establishment of multicellularity in a close relative of animals
537  within its natural context. This contrasts with other well-characterised facultatively multicellular
538  holozoans, such as S. rosetta®? and C. owczarzaki®®, which were each isolated only once from
539  their natural environment over two decades ago, inevitably restricting studies of unicellular-
540  to-multicellular transitions in these species to laboratory settings. In the future, we expect the
541  continued dialogue between field and laboratory studies of C. flexa to continue clarifying key
542 questions, such as the selective advantage(s) and ecological consequences of multicellularity
543  versus unicellularity, the evolvability of clonal-aggregative behaviours under diverse selective
544  pressures in diverse environments, and the molecular mechanisms of kin recognition.

545

s46 Data availability

547  The annotated reference C. flexa genome has been deposited on Zenodo under doi:
548 10.5281/zen0do0.13837466. Raw short reads for Strains 1, 2 and 3 have been deposited on Zenodo
549  under doi: 10.5281/zenodo.13837614.

550
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615 Figure 1. Choanoeca flexa sheets can form clonally but display aggregative features.

616  (A) Choanoflagellates (turquoise) are the sister group to animals (Metazoa). The phylogenetic
617 relationships depicted are based on several recent phylogenomic studies'#%”. Uncertain positions are
618 represented with polytomies. (B) Brightfield image of a C. flexa multicellular colony (“sheet”) in its
619  relaxed conformation (B’). B”, dashed square: zoom-in showing flagella (magenta pseudocolour) and
620  direct collar-collar contacts between cells (green pseudocolour). Scale bar in B”: 10 um. (C) Diagnostic
621 morphological features of a choanoflagellate cell. C. flexa cells within a sheet are linked by their collars
622 (magenta arrow). (D) 3D reconstruction of an Airyscan confocal Z-stack of a fixed sheet exhibiting an
623 inverted conformation (D’), with cell bodies stained with a membrane/cytoplasmic dye (FM 1-43FX,
624  magenta, which distributes to the membrane and cytoplasm of cells following fixation), and collars
625  stained with a filamentous actin (F-actin) dye (Phalloidin-Rhodamine, white). (E) Stills from a brightfield
626  timelapse movie of clonal C. flexa sheet formation by serial cell division from a single C. flexa swimmer
627  cell (white arrowhead). After each division, the sister cells remain adhered to each other by direct collar-
628  collar contacts between cells (black arrow). Note that cells retract their flagellum during division. Time
629  scale hh:mm. (F) Cell lineage tracing as a function of time in E shows that cells divide asynchronously
630  during colony formation, taking ~8-10 hours between each round of division. (G) Stills from a brightfield
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631 timelapse movie depicting a medium-sized C. flexa sheet (flagella-in conformation) that expands in cell
632 number both by cell division (pseudocolours in orange, pink, blue and yellow) and by cellular
633  aggregation (white arrow, pseudocolour in green). Time is hh:mm. (H) Schematics of C. flexa clonal
634  multicellularity observed under laboratory culture conditions: unicellular flagellate (swimmer) cells can
635 divide clonally to initiate a colony; in turn, colonies can increase in cell number by clonal division. Sister
636  cells resulting from cell division adhere to each other through direct collar-collar contacts between cells
637  (magenta arrowhead). The hypothesis that C. flexa sheets might be able to form purely by aggregation
638 s tested in Figure 2. Figure related to Figure S1 and movies $1-S3.
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639

640  Figure 2. C. flexa sheets can form by aggregation.

641 (A) Experimental pipeline. Mechanical dissociation of colonies into single cells is followed by live
642  imaging. (B) Dissociated flagellate cells form aggregates (red arrowheads) within minutes. Stills from
643  Movie S4. Upper right: time. (C) Two dissociated flagellate cells (red and blue arrowheads) aggregating
644  into a doublet connected by collar-collar contact. Stills from Movie S5. Upper right: time. (D) A cell
645  doublet (white arrowheads) and two small sheets (red and blue arrowheads) at t=0 (left, pre-
646  aggregation) aggregate into a larger sheet. The aggregate initially comprises cells with diverse
647  orientations (middle, irregular aggregate) but later matures into a polarised monolayer showing cells
648  with the same apico-basal orientation connected by collar-collar contacts (right, mature aggregate).
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649  Stills from Movie S6. Upper right: time. (D’) Dashed square: closeup of the area in the white dotted
650 square in D, showing collar-collar contacts (black arrowheads). Scale bar: 10 ym. Timescales in B-D:
651 mm:ss. (E) 3D reconstruction of Airyscan confocal z-stacks of dissociated flagellate cells fixed after 10
652 minutes (n=11), 30 minutes (n=14), 2 hours (n=17), and 24 hours (n=13) of aggregation, stained for
653 membrane/cytoplasm (FM 4-64FX, magenta) and F-actin (phalloidin, white). Note that cells frequently
654 show unaligned apico-basal polarity and diverse cell orientations at early timepoints, but almost
655 exclusively collar-collar contacts at late timepoints (white arrowheads; cb-c: cell body-collar contacts,
656 cb-cb: cell body-cell body contacts, c-c: collar-collar contacts). Time scale: hh:mm. (F) Schematics of
657 the morphological metrics quantified from the cells in E: adhesion angle between collar-collar contacts
658  of neighbouring cells (o) and proportion of cells with aligned apico-basal polarity. (G) Quantification of
659 collar-collar angle variance between cells during aggregation in E. (G’) Quantification of percentage of
660  aligned cells within colonies in E. (G”) Quantification of cell number per colony during aggregation in
661 E. Black circles: mean; error bars and grey ribbon: standard deviation; diamonds: mean values of each
662 independent replicate. (H) (Left panel) Dissociated single flagellate cells labelled with CellTrace CFSE
663  (green) or CellTrace Far Red (magenta) and mixed at a 1:1 ratio will form chimeric sheets 24 hours
664  post-dissociation (hpd) if aggregation occurs. (Right panel) 3D reconstruction of Airyscan confocal z-
665 stacks of a sheet formed by aggregation from dissociated flagellated cells labelled as depicted before
666  and fixed 24 hpd, with additional F-actin staining (phalloidin, white). (H’) Mid z cross-section (dashed
667 line) in H. Note that cells within the chimeric sheet are connected by collar-collar contacts (white
668  arrowheads) and maintain their apico-basal polarity. (H”) Schematics of H’, showing a polarised
669  monolayer of cells and collar-collar contacts (c-c) of the chimeric sheet in H. (1) Quantification of particle
670 area during an aggregation time course of dissociated single cells pre-treated with 17 ug/mL Aphidicolin
671 overnight or the equivalent volume of a DMSO (dimethyl sulfoxide) control (n=9). Statistics in G-G”
672  (comparing t=10 min and t=24 h) and | (comparing average area of Aphidicolin-treated versus DMSO
673 control at each timepoint) by the Mann-Whitney U test (* for p<0.05; ** for p<0.01; *** for p<0.001; n.s.,
674 non-significant). Statistics in G’ by linear regression: adjusted R2 = 0.081, p-value= 0.042. Figure related

675  to Figures S2-S5 and movies S4-S13.
676
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680  Figure 3. Natural evaporation-refilling cycles constrain the occurrence of multicellular
681 C. flexa in the wild.

682  (A) Map of Curagao and location of Shete Boka National Park (turquoise star) where fieldwork data
683  were collected in Exped-A and Exped-B (12° 22' 5.718" N, 69° 06' 56.916" W). (B) Representative
684  photograph of the landscape in Shete Boka, including splash pools where C. flexa sheets can be found
685  (white arrowheads). (C) Schematic of the natural cycle of splash pool evaporation, desiccation, and
686  refilling. (D) Maps showing the locations of sampled splash pools in Exped-A and in Exped-B. In Exped-
687 A (D), samples were collected from splash pools along ~2 km of Shete Boka coastline (n=79). 10 splash
688  pools with sheets and 5 without sheets on Day 1 were randomly selected for daily monitoring during
689  eight days (stars). Colours indicate whether sheets were found (magenta) or not found (turquoise) on
690 Day 1. In Exped-B (D’), a random number generator was used to select the randomised sampling
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691  location (purple pin, 204 m upstream of Boka Wandomi). Samples were collected from splash pools
692  withina 10 m x4 m area (n=71). (E) Distribution of salinity of splash pools surveyed in Exped-A (circles),
693 Exped-A time course (triangles), and Exped-B (squares). For Exped-A time course, all measurements
694  are shown, except for those where splash pools were dry. The observed natural limit of salinity where
695 active sheets were found (128 ppt) and the average seawater salinity measured in the bokas are
696 indicated with grey dotted lines. Grey area: salinity saturation (>280 ppt). (F) Brightfield image of a
697  sheet observed in a splash pool sample (n=18). (G) Representative images of a splash pool near Boka
698 Kalki (Sp15) followed for eight days, showing recorded salinity in the upper left. This splash pool was
699  partially evaporated on day 0 (left) and completely desiccated on day 5 (right). Dashed line: splash pool
700  outline. (H) Salinity (upper panel) and depth (lower panel) measurements in three representative splash
701 pools followed over eight days (n=15). Shown are one splash pool that experienced evaporation but
702 not complete desiccation (Sp50), one splash pool that experienced complete desiccation (Sp15), and
703 one splash pool that experienced both desiccation and refilling (Sp69). (I) Recovery of sheets from soil
704 samples collected from a splash pool (Sp12 from Exped-A) when desiccated. Soil samples were
705 collected every day for eight days and were independently rehydrated in the laboratory with filtered
706 natural seawater. Each rehydrated soil sample was monitored over five days for sheet re-appearance.
707 rh: rehydration. Rehydration experiments were performed from soil collected in n=6 independent splash
708 pools, with a minimum of three independent rehydrations each. (J) Brightfield image of a soil-recovered
709 sheet (same experiment as in |) collected after 3 days of desiccation and rehydrated in the laboratory.
710  (K) Brightfield image of a soil-recovered sheet independently collected and rehydrated from a splash
711 pool sample (Soil #18) in Exped-C, showing collar-collar contacts (black arrowhead). Dashed square:
712 detail of cell-cell contacts by the collars (black arrowhead). Green pseudocolour: collars; yellow
713 pseudocolour: cell bodies. Rehydration experiment performed from soils collected in n=26 independent
714 splash pools. Time post-rehydration in J-K is depicted in the lower left. Figure related to Figures S6-
715  S9, movies S14-S16, Tables $1-S2 and Supplementary Files S1-S4.

716
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Figure 4. Experimental evaporation-refilling cycles cause reversible transitions in and
out of multicellularity.
(A) Laboratory experimental evaporation setup in a 30°C incubator. Lid-off plates (gradual evaporation
condition) and lid-on plates (no-evaporation control) were placed on a grid to allow air renewal and
covered with a plastic box to avoid contamination. (B) Salinity increases over time in 12 gradually
evaporating splash pools (data from Exped-A time course; Figures 3H and $8) and in the laboratory
evaporation setup in A. Splash pools with fewer than three points below saturation are not depicted
(Sp12, Sp42, and Sp70; see Figure S10). (C) Quantification of salinity and fraction of cells in
multicellular versus unicellular forms during a nine-day gradual evaporation time course. Lines: mean
values. Ribbon: standard deviation. (D) Micrographs of C. flexa sheets during the gradual evaporation
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728 experiment in C. Upper left: salinity. Upper right: time. Sheets had completely dissociated into single
729 cells (white arrowheads) after 80 hours. Multicellular sheets were observed again after complete
730 desiccation and rehydration with artificial seawater. (E-H) Brightfield images of C. flexa showing
731 morphological changes during gradual evaporation. Upper right: salinity (in ppt). At 1X salinity (35 ppt,
732  E), C. flexa occurs in multicellular sheets of flagellates (dashed square). Green pseudocolour: collar;
733 magenta pseudocolour: flagellum. During gradual evaporation (F-H), sheets dissociate into unicellular
734 cysts. Cysts often lack a collar (c) and a flagellum (fl) but can exhibit filopodia-like protrusions (magenta
735 arrowheads). (I-K) Airyscan micrographs of C. flexa cells fixed during gradual evaporation stained with
736  amembrane (FM 4-64FX, magenta) and F-actin (phalloidin) dyes, showing salinity (in ppt, upper right).
737 A flagellate cell (I, low-evaporation control) exhibits distribution of F-actin in the collar (c, white
738  arrowhead) and filopodia (fp, white arrowhead). Gradual evaporation triggers a morphological change
739  from a flagellate to a cyst, showing filopodia-like protrusions (magenta arrowheads) and a transient
740  actin cortex (cx) at early stages of evaporation (J, white arrow) which disappears as salinity approaches
741 saturation (K). (L) Growth rate of cells at different salinities during gradual evaporation. Black circles:
742 mean; error bars: standard deviation; diamonds: mean values of independent biological replicates. (M)
743 Schematic summarizing loss of multicellularity and phenotypic changes experienced by C. flexa cells
744  during gradual evaporation. (N) Quantification of cell survival after 12 hours of desiccation in
745 multicellular sheets (n=6) to unicellular cysts (n=6). Diamonds: means; error bars: standard deviations.
746  (O) C. flexa multicellular sheets are more efficient at capturing bacteria than unicellular flagellates.
747  Number of labelled bacteria captured per flagellate cells in multicellular colonies (n=9) or in cultures of
748 unicellular flagellates (n=9). Black circles: means; error bars: standard deviations; diamonds: means of
749  independent biological replicates. Statistics in L, N, and O by the Mann-Whitney U test (* for p<0.05; **
750  for p<0.01; *** for p<0.001; n.s., non-significant). Figure related to Figures S10-S16 and movies S17-
751 S18.

752
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753

754  Figure 5. Environmental parameters modulate the relative contributions of clonality
755  and aggregation.

756 (A) Normalised growth of C. flexa cells at different salinities during gradual evaporation (turquoise, left
757  y-axis; from experiment in Figure 4L). Efficiency of aggregation of C. flexa cells at different salinities
758 (magenta, right y-axis), calculated based on the area of sheets in a 2-hour time course experiment (see
759  Materials and Methods). Black circles: mean; error bars: standard deviation. (B) Efficiency of clonality
760  (turquoise, left y-axis) and aggregation (magenta, right y-axis) at different initial cell densities, based
761 on the area of sheets in a 24-hour time course experiment (see Materials and Methods). Lines: mean.
762  (C) Schematics illustrating the relative contributions of clonality and aggregation to C. flexa
763 multicellularity, as modulated by environmental conditions. At low salinity and low cell density, clonality
764  dominates, whereas at medium-high salinity and high density, aggregation dominates. (D-E) 3D
765 reconstruction of Airyscan confocal z-stacks of purely aggregative sheets (D) and control sheets (E),
766  stained for membrane/cytoplasm (FM 4-64FX, magenta) and F-actin (phalloidin, white). (D’-E’) Mid z
767  cross-sections (dashed lines) in D-E. Note that cells are connected by direct collar-collar contacts (c-c,
768  white arrowheads), forming polarised monolayers of cells. (F) Quantification of mean collar-collar
769  angles between cells in aggregative and control sheets in D-E. (F’) Quantification of mean circularity of
770  aggregative and control sheets in D-E. Black circles: mean; error bars: standard deviation; diamonds:
771 mean values of each independent replicate (n=41 aggregative sheets; n=46 control sheets). (G)
772 Normalised colony area changes before and after light-to-dark transitions (vertical dashed line, t=0) in
773 control or purely aggregative sheets. Line: normalised mean area; ribbon: standard deviation. n=5
774  sheets quantified by condition. (H) C. flexa aggregative and control multicellular sheets are more
775 efficient at capturing bacteria than unicellular flagellates. Experiment performed as in Figure 40. Black
776 circles: means; error bars: standard deviations; diamonds: means of independent biological replicates.
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777  Statistics in A, F-F’, and H by the Mann-Whitney U test (* for p<0.05; ** for p<0.01; *** for p<0.001; n.s.,
778 non-significant). Figure related to Figures S17-S19 and movie S19.
779
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782  Figure 6. C. flexa aggregation is constrained by kin recognition.

783  (A) Source location of the three distinct strains of C. flexa used in kin recognition experiments. (B) Aerial
784 view of the M44 and M60 splash pools in the Exped-B site, from which Strains 2 and 3 were respectively
785  isolated. Dashed lines: splash pool outlines. (C) Phylogenomic tree of Strains 1, 2 and 3, including
786  single-sheet-bottleneck cultures (SSB) and three to four single-cell bottlenecked clones from each
787 strain. (D) Cells of the same strain (here Strain 1), marked with magenta or green fluorophores, readily
788 aggregated together regardless of colour, resulting in chimeric colonies (white arrowhead; compare
789 Figure 2H). (E) Cells of Strains 1 and 3 (clone 1), marked with distinct fluorophores, readily aggregate
790  into chimeric sheets (white arrowhead). (F) Cells of Strains 1 and 2 (clone 1), marked with distinct
791 fluorophores, preferentially aggregate with their own strain, resulting in colonies with little or no
792  chimerism (magenta and green arrowheads), indicating kin recognition. (G) Quantification of kin
793 recognition using a segregation index (s) in different pairwise strain combinations (see Figure S22 and
794  Materials and Methods). The s index is calculated based on the proportion of green (or red) cells across
795  sheets for a given combination of strains (as in®®). An s index of 0 indicates no kin discrimination, while
796  an s index of 1 indicates complete segregation of strains, and thus kin discrimination (Figure S22B,
797  see Materials and Methods). p = 1.75e-09 by a one-way ANOVA. (H) Number of genes with high Ka/Ks
798  regions (Ka/Ks > 2) for each pairwise comparison of strains. (I) Top 10 InterProScan domain
799 annotations enriched in high Ka/Ks ratio regions in the Strain 1 versus Strain 2 comparison (p-value,
800  Fisher's exact test). Domain IDs: Cadherin-like (IPR002126); Protein kinase-like domain superfamily
801 (IPR011009); WD40/YVTN repeat-like-containing domain superfamily (IPR015943); Armadillo-type
802  fold (IPR016024); PDZ superfamily (IPR036034); Knr4/Smi1-like domain superfamily (IPR037883);
803  Synembryn (IPR008376); Hedgehog protein, Hint domain (IPR001767); Protein patched/dispatched
804  (IPR003392); Transmembrane protein family 132, middle domain (IPR031437). (J) Top candidate kin
805  recognition gene encoding a cadherin-like domain-containing protein (FUN_000880) with a potential
806 role in cell-cell adhesion. Upper row: Ka/Ks ratio along the gene coding sequence in each pairwise
807  strain combination (red: Strain 1 vs. Strain 2; blue: Strain 1 vs. Strain 3; green: Strain 2 vs. Strain 3).
808 Lower row: InterProScan domain architecture schematics. Tm: transmembrane domain; cyt:
809  cytoplasmic domain. (J') Number of non-synonymous substitutions in FUN_000880 for all pairwise
810  strain combinations. (K) Summary schematic of C. flexa mixed clonal-aggregative multicellularity
811 entrained by natural splash pool evaporation-refilling cycles. Multicellularity is favoured in low salinity,
812 where sheets can form both by clonal division and by aggregation, and exhibit enhanced growth and
813 prey capture (turquoise): (1) unicellular flagellate cells can divide clonally and/or aggregate to form
814  multicellular sheets, maintaining direct cell-cell adhesions in their collar (magenta arrowheads); (2)
815 sheets expand by clonal division, by aggregation of individual cells, and by sheet fusion. (3) Gradual
816  evaporation leads to increase in salinity to medium-high levels, which prevents clonality but still allows
817  aggregation and multicellularity. High salinity (>3-fold salinity) favours unicellularity (magenta): (4) C.
818  flexa sheets dissociate into single cells that are incapable of proliferation and occasionally undergo cell
819  death (5). Gradual evaporation, instead, results in the differentiation of flagellates into cysts (6) capable
820  of surviving desiccation. (7) Rehydration restores permissive salinity and induces differentiation of cysts
821 into flagellates, which can engage in clonal-aggregative multicellularity. Figure related to Figures S20-
822  S23, Table S3, and Supplementary Files S5-S6.

823
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