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Abstract

Background and aims

Parthenogenesis, the embryonal development of an unfused gamete, is a widespread trait within
the brown algae (Phaeophyceae). We hypothesized that the parthenogenetic development of
male gametes of the model brown alga Ectocarpus species 7 would rapidly be dependent on de

novo transcription and translation because of the small size of the gamete cell.
Methods

We followed the development of male Ectocarpus gametes to parthenosporophytes in the
presence of either the transcription inhibitor thiolutin or the translation inhibitor emetine.
Responses in morphology and growth were compared to development in inhibitor-free control
conditions at three time points over 12 days. Potentially persistent inhibitor effects were then

investigated by growing parthenosporophytes in an inhibitor-free post-culture for 14 days.
Key results

Thiolutin did not affect gamete germination, but growth of parthenosporophytes was
significantly delayed. While almost all control parthenosporophytes had grown larger than 10
cells over 12 days, thiolutin inhibited growth beyond a size of 5-10 cells. The effects of thiolutin
were reversible in the post-culture. Consequences of the emetine treatment were more severe,
germination was already strongly inhibited by day 5, and on average only 27.5% of emetine-
treated gametes had completed the first cell division on day 12. Emetine fully inhibited
development beyond the 5-cell stage during the treatment, and induced morphological
abnormalities (i.e., round cell shape and abnormal cell division planes) which persisted

throughout the post-culture.
Conclusions

These results imply that Ectocarpus gametes contain sufficient proteins to germinate, and that
the first cell cycles of parthenogenetic gamete development presumably utilize mRNA already
present in the gametes. We discuss that storing mRNA and proteins in the developing gametes
before release may be an adaptive trait in Ecfocarpus to ensure quick development after

fertilization, or alternatively the vegetative completion of the life cycle in the absence of mates.
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Introduction

Brown algae have been used for decades as models to study embryogenesis (Coelho et al.,
2020; Bogaert et al., 2023). This is because they offer a number of advantages such as the ease
with which gametes and zygotes can be obtained and manipulated (contrary to land plant
systems where the embryos are embedded in parental sporophytic tissue), their suitability for
cellular imaging studies and microinjection, coupled with the ability to carry out biochemical
analyses of large numbers of synchronously developing zygotes (Brownlee et al., 2001;
Bogaert et al., 2013; Coelho and Cock, 2020). Thorough characterization of polarization,
germination and first cell divisions in this group of organisms has revealed that early
developmental processes are crucial in the determination of the correct patterning of the
embryo and future adult (Robinson and Miller, 1997; Brownlee and Bouget, 1998; Corellou et
al., 2000, 2005; Pool et al., 2004). These studies, however, focused on organisms where a large
female gamete (egg) is fertilized by a small male gamete (sperm; i.e., oogamy), such as in the
morphologically most complex brown algal orders of wracks (Fucales) and kelps
(Laminariales). While oogamy is considered the ancestral state in the brown algae (Silberfeld
et al., 2010; Heesch et al., 2021), this group actually exhibits an exceptionally broad range of
sexual systems, ranging from isogamy to oogamy with different degrees of sexual
differentiation (Silberfeld et al., 2010; Luthringer et al., 2014; Heesch et al., 2021). For
instance, in many brown algal species male and female gametes have approximately the same

size (i.e., near-isogamy).

Parthenogenesis is a form of asexual reproduction in which a haploid gamete develops
embryonically despite the absence of gamete fusion. In the predominantly oogamous plants
and animals, parthenogenesis is restricted to the larger gametes, i.e. the eggs. Similarly, in
many oogamous brown algae species, unfertilized eggs can develop into parthenosporophytes
(Heesch et al., 2021) which may be morphologically identical to sporophytes obtained by
gamete fusion (Peters et al., 2008; Hoshino ef al., 2019) or present abnormalities in physiology
and morphology presumably due to their haploid genomes (tom Dieck, 1992; Miiller et al.,
2019). The triggering of embryonic development is therefore independent of fertilization and
ploidy (Bothwell ez al., 2010; Coelho et al., 2011). Interestingly, (near-)isogamy in brown algae
is often associated with the capacity of both gamete sexes to develop parthenogenetically
(Luthringer et al., 2014). In all cases of parthenogenesis, the early developmental program has

to be initiated and sustained in the presence of only one parental genome.
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86

87 Figure 1. Schematic life cycle of Ectocarpus species 7 with emphasis on the stages relevant for parthenogenetic
88 development. Diploid sporophytes produce haploid meiospores in unilocular sporangia (U), which develop into
89 either male or female gametophytes. Gametophytes produce male and female gametes in plurilocular gametangia
90 (P), which fuse to form the next diploid sporophyte generation. In the absence of fusion, gametes can develop into
91 parthenosporophytes. After gamete settlement, the cell elongates during germination. Asynchronous bipolar
92 germination produces two ends of a symmetric prostrate filament which grows and produces lateral filaments.
93 Finally, upright filaments grow into the medium and form sporangia. Spores produced in unilocular sporangia of
94  parthenoporophytes develop into gametophytes, whereas mitospores produced in the plurilocular sporangia of
95 both sporophytes and parthenosporophytes reproduce the respective (partheno)sporophyte stage (omitted from the

96  Figure for clarity).

97

98 Haploid gametophytes of the filamentous model brown alga Ectocarpus produce small
99 (approximately 4 um) male and female near-isogametes, which, upon gamete fusion, initiate
100  the sporophyte generation (Figure 1; Miiller, 1967). For most Ectocarpus strains, gametes that
101  do not fuse with a partner of the opposite sex are able to develop parthenogenetically in an
102  asexual cycle (Miiller, 1966; Bothwell et al., 2010). Compared to zygotic development, which
103  is triggered immediately following gamete fusion, parthenogenetic development of unfused

104  gametes proceeds after a delay of at least 24 h and growth is reduced during the first few days
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105  of development (Peters et al., 2008). Apart from this delay, the pattern of early development
106  of a diploid sporophyte (zygote as initial cell) and a parthenosporophyte (gamete as initial cell)
107  is largely identical (Peters et al., 2008). Following gamete settlement, the round initial cell
108  elongates during germination (Figure 1). Germination is asynchronous but bipolar, and the two
109  daughter cells produce the two ends of a symmetric prostrate filament which grows by further
110  cell divisions within a few days. The cells of the prostrate filament become rounder and their
111 cell walls thicken as they become older. Lateral filaments with the same morphology as the
112 initial filament are produced from the rounded cells, and grow along the surface of the
113 substratum. Finally, upright filaments grow up into the water column bearing plurilocular or
114  unilocular sporangia, which produce either mitospores or meiospores, respectively. Meiospores
115  are produced through meiosis in the diploid sporophyte. Some parthenosporophytes become
116  diploid through endoreduplication, allowing normal meiotic divisions to occur in the unilocular
117  sporangia (Bothwell et al., 2010). If the parthenosporophyte remains haploid, meiosis is not
118  possible, but unispores are produced via apomeiotic cell divisions in the unilocular sporangia
119  (Bothwell et al., 2010). Therefore, both diploid and haploid Ectocarpus sporophytes can

120  complete their respective sexual and asexual life cycles.

121 While an important amount of work has been published on the early stages of development of
122 brown algal zygotes (e.g., Brownlee and Bouget, 1998; Corellou et al., 2000; Bogaert et al.,
123 2023), less is known about the mechanisms regulating parthenogenetic development (but see,
124  Mignerot et al., 2019). The aim of our study was to characterize the dependence of the early
125  stages of development of the Ectocarpus parthenosporophytes on de novo transcription and
126  translation processes by applying specific inhibitors of both mechanisms. We hypothesized that
127  triggering parthenogenesis is dependent on de novo transcription and translation because of the
128  small size of the gamete, which would preclude accumulation of sufficient transcripts and

129  proteins.

130  Surprisingly, we found that germination and the first cell divisions of the parthenosporophytes
131  occurred in the presence of a transcription inhibitor, suggesting that unfertilized Ectocarpus
132 gametes can initiate early development using mRNA already present in the cell.
133 Parthenosporophytes continued to develop up to a size of 5-10 cells within 12 days, but further
134  growth was inhibited. Germination occurred in the presence of a translation inhibitor,
135  suggesting that the proteins necessary for germination are present in the unfertilized gamete.
136  However, the first cell division did not occur when the translation inhibitor was present,

137  indicating that new proteins must be produced during the first cell cycle. Our results, together
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138  with published work on the transcriptome of Ectocarpus gametes (Lipinska et al., 2013), are
139  consistent with the view that these cells contain the mRNA and proteins necessary for the very
140  early steps of development. As gametes are fragile and short-lived, using accumulated mRNA
141  and proteins may be a strategy to facilitate fast embryonic development, and, in the absence of

142 a mate, alternatively ensure asexual reproduction.

143
144  Materials and Methods

145  Algae material and culture

146 We used the male Ectocarpus species 7 (Montecinos et al., 2017) gametophyte strain Ec32,
147  which has been established as a model organism and whose genome has been sequenced (Peters
148 et al., 2004; Cock et al., 2010). Standard culture conditions were used as described by Coelho
149 et al. (2012). Briefly, gametophytes were grown in 140 mm Petri dishes at 15°C, at a density
150  of 10 individuals per petri dish. Natural sea water (NSW) was filtered, autoclaved and enriched
151  with half-strength Provasoli nutrient solution (Provasoli-enriched seawater, PES; Starr and
152 Zeikus, 1993). Maturity of gametophytes was accessed by microscopy. On day O of the
153  experiment, all PES was removed from cultures of mature gametophytes and the material was
154  cultivated with residual moisture in darkness at 13°C for five hours. Synchronous gamete
155  release was then triggered by transferring the gametophytes into strong light and fresh growth
156  medium. Inhibitors were added to the medium before gamete release to ensure that they acted

157  on the gametes from the moment of their release from the plurilocular gametangia.
158
159  Treatments with inhibitors

160  Thioluthin (Sigma-Aldrich) was stored at 1 mM in DMSO and applied at three concentrations
161  (0.03 uM; 0.1 uM and 0.3 uM) to inhibit transcription activity by suppressing RNA polymerase
162  function (Qiu et al., 2021). Emetine (Sigma-Aldrich) was stored at 1 mM in autoclaved distilled
163  water at -20°C and was used at three concentrations (0.1 pM; 0.3 uM and 1 uM) to inhibit
164  translation activity by irreversibly binding to the ribosomal 40S subunit, preventing
165  polypeptide chain formation (Jiménez et al., 1977). The control treatment was prepared using
166 300 uL DMSO L! PES correspondent to the 0.3 uM thiolutin treatment. All treatments were

167  prepared in triplicate (n=3). Released gametes were pipetted onto a glass coverslip inside a
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168  Petri dish and allowed to settle for 1 h before flooding the entire dish with the respective
169  medium. The growth medium was changed every two days for a treatment duration of 12 days.
170  Development was followed on treatment days 5, 7 and 12 by counting at least one hundred
171  individuals under an inverted microscope. Six categories of parthenosporophyte development
172 were quantified: round settled gametes, elongated germinated cells, two cells, 3-5 cells, 6-10
173 cells and larger than 10 cells. To analyze recovery from translation and transcription inhibition,
174  inhibitors were removed by washing the parthenosporophytes three times with PES before

175  cultivation in fresh PES for a post-culture period of 14 days.
176
177  Microscopy

178  After 12 days of emetine treatment and 14 days of post-culture, emetine-treated
179  parthenosporophytes were stained and imaged with a confocal laser scanning microscopy (SP5
180  TCS CLSM microscope, Leica Microsystem) equipped with a HCX PLApo 63x oil objective
181  to visualize the effects of translation inhibition on parthenosporophyte development in
182  comparison to parthenosporophytes grown for 26 days in control medium. Fluorescent
183  Brightener 28 (Calcofluor white M2R, Sigma-Aldrich, excitation at 405 nm and emission at
184  415-475 nm) was diluted at 1 mg mL! in autoclaved distilled water, filtered at 0.2 um and
185  stored at -20°C. Calcofluor white stock solution was diluted 100-fold in PES, incubated with
186  the parthenosporophytes for 15 minutes, and finally washed three times with PES before
187  fluorescence microscopy to visualize cell walls. The plasma membranes were stained with the
188  dye FM4-64 (ThermoFisher, T13320) at a final concentration of 5 pg mL"' 30 min before
189  imaging (excitation 561 nm, emission 575-615). The chloroplasts were visualized from the
190 autofluorescence of the chlorophyll (excitation at 633 nm, emission 670-700 nm). All channels
191  were acquired sequentially with a pinhole set at 1 AU with a voxel size of 150*150*%378 nm

192 (XYZ2).
193
194  Statistical analysis

195  To assess at which stage the development of parthenosporophytes was significantly inhibited,
196  prevalence of developmental stages was added in descending ontogenetic order for each stage
197  (i.e.,> 10 cells, > 6 cells, > 3 cells, > 2 cells, > germinated). Linear models were fitted to assess

198 the prevalence of developmental stages in response to inhibitor concentration within each day.
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199  Factor significance was assessed via analysis of variance (ANOVA) and p-values were
200  corrected for multiple testing following the false discovery rate approach (FDR; Benjamini and

201  Hochberg, 1995).

202
203  Results

204  Gametes exhibit limited parthenogenetic growth in the presence of a transcription inhibitor

205  To evaluate the role of transcription during parthenogenetic development, we monitored the
206  effect of the transcription inhibitor thiolutin (at 0.03 uM; 0.1 uM and 0.3 uM) on the early
207  parthenogenetic development of unfertilized Ectocarpus gametes. Development of the
208  parthenosporophytes was followed for 12 days after release of the gametes (Figure 2).
209  Thiolutin did not significantly affect gamete germination until day 5 (Table 1; Figure 2A;
210 ANOVA; F35=2.55, p-value = 0.172). The first cell division was significantly delayed at day
211 5Sonly in the 0.1 uM thiolutin treatment compared to the control (ANOVA; F3 g =5.45, p-value
212 =0.049; Tukey post-hoc test, p-value = 0.0186). Thiolutin did not have a significant effect on
213 the number of parthenosporophytes with > 3 cells on day 5 (ANOVA; F33 = 0.14, p-value =
214 0.933). While 0.85% of control parthenosporophytes had grown to at least 6 cells on day 5,
215 none of the thiolutin-treated parthenosporophytes had reached this stage (ANOVA; F3s =
216 220.11, p-value < 0.0001).

217

218 Table 1. Results of linear models assessing the effect of thiolutin on the relative prevalence of Ectocarpus species

219 7 developmental stages for each stage and time point.

Day 5 Day 7 Day 12

DFn DFd F-value p-value F-value p-value F-value p-value

> germinated 3 8 25492 0.1719 0.8743  0.4936  1.000 0.4411
> 2 cells 3 8 54543 0.0491 3.518 0.1146  5.301 0.0440
> 3-5 cells 3 8 0.1411  0.9325 22772 0.1958 4.4815 0.0499
> 6-10 cells 3 8 220.11  <0.0001 33.314 0.0004 14.803 0.0031
> 10 cells 3 8 n/a n/a 3.5364 0.1146 18123 <0.0001

220 FDR corrected p-values for ANOVAs on different stages within each day. n=3 for each treatment.

221
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223 Figure 2. Effect of thiolutin on Ectocarpus species 7 parthenogenetic development. (A) Relative prevalence of
224 early developmental stages of Ectocarpus parthenosporophytes in response to different concentrations of the
225 transcription inhibitor thiolutin over 12 days (mean over n=3 per treatment and stage) compared to Provasoli-
226 enriched natural seawater with 0.03% DMSO (control). (B) Microscopic documentation of the development of

227  Ectocarpus parthenosporophytes over time in control medium and with 0.3 uM of thiolutin.

228

229  Continuous incubation with the inhibitor affected further cell divisions. At day 7, the proportion
230  of parthenosporophytes with at least 6 cells was significantly lower in all thiolutin treatments
231 (6.7-17.3%) than in the control treatment (40.1%; ANOVA; F3s = 33.31, p-value = 0.0004;
232 Tukey post-hoc tests, p-value < 0.01). After 12 days, 98.6% of control parthenosporophytes
233 had more than 10 cells, while thiolutin completely prevented growth beyond the 10-cell stage
234 in all treatments (ANOVA; F3s = 18123, p-value < 0.0001), with 49.1-68.7% of individuals
235  arrested at the 6-10 cell stage.

236

237 The first cell divisions of Ectocarpus parthenosporophytes are arrested in the presence of a

238  translation inhibitor

239  In addition, we investigated the effect of emetine, an inhibitor of translation, on the early
240  development of Ectocarpus parthenosporophytes (Figure 3). Germination of
241 parthenosporophytes was strongly affected by the 0.1 uM, 0.3 uM and 1 pM emetine
242 treatments, as only 44.6-61.1% of the emetine-treated individuals had germinated on day 5,
243 compared to 98.8% in the control (Table 2; Figure 3A; ANOVA; Fss = 87.95, p-value <
244 0.0001; Tukey post-hoc tests, p-value < 0.0001). In addition, the first cell divisions were

9
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245  strongly affected. Whereas all control individuals had undergone the first cell division after 12
246 days, 66.7-75.9% of emetine-treated individuals remained undivided (ANOVA; F33 = 600.3,
247  p-value < 0.0001). Only 15.6-30.1% progressed to the 3-5 cell stage (ANOVA; F3s = 385.09,
248  p-value < 0.0001), with a higher proportion in the 0.1 uM treatment compared to 0.3 and 1 uM
249  (Tukey post-hoc tests, p-value < 0.01), indicating a dose-dependent response. Emetine fully
250 inhibited growth beyond the 5-cell stage (Figure 3A,B), and induced irregular cell division
251  planes (Figure 3C,D).

A Day 5 Day 7 Day 12 B
100
Control Emetine 0.3 uM
. S E
- Day 4 N g 9 ° S
s Developmental stage :
S
S >10 cells
3 6-10 cells
& 50 [ 3-5cells
[ B 2cels
g . germinated
B settied
25
0 p—
3 = = 3 = = 3 s =
: 2 3% £ >3% £33
(6] o o [§] - o v (&) o o
Emetine concentration

Control

10 pm

10pm_ 1oum_ 104m_

252

253 Figure 3. Effect of emetine on Ectocarpus species 7 parthenogenetic development. (A) Relative prevalence of
254 early developmental stages of Ectocarpus parthenosporophytes in response to different concentrations of the
255 translation inhibitor emetine over 12 days (mean over n=3 per treatment and stage) compared to Provasoli-
256 enriched natural seawater with 0.03% DMSO (control). (B) Microphotographies (bright field) of the development
257 of Ectocarpus parthenosporophytes over time in control medium and with 0.3 uM of emetine. (C+D) Confocal
258 laser scanning microscopy optical sections of Ectocarpus parthenosporophyte filaments after (C) 26 days in
259  control medium and (D) 12 days in 0.3 pM emetine followed by 14 days of control medium. (1) Bright field
260 channel, (2) plasma membrane channel (FM4-64), (3) cell wall channel (calcofluor white M2R), (4) chlorophyll
261 autofluorescence channel, (5) merged fluorescence channels. Arrow in (D) denotes an abnormal cell division
262 plane.
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263 Table 2. Results of linear models assessing the effect of emetine on the prevalence of Ectocarpus species 7

264 developmental stages for each stage and time point.

Day 5 Day 7 Day 12

DFn DFd F-value p-value F-value p-value F-value p-value

> germinated 3 8 87.951 <0.0001 17.737 0.0008  31.126  0.0001

> 2 cells 3 8 612.46 <0.0001 22544 <0.0001 600.3 <0.0001
> 3-5 cells 3 8 35.842  0.0001  562.12 <0.0001 385.09 <0.0001
> 6-10 cells 3 8 220.11  <0.0001 86.207  <0.0001 14641 <0.0001
> 10 cells 3 8 n/a n/a 3.5364 0.0680 18123 <0.0001

265 FDR corrected p-values for ANOVAs on different stages within each day. n=3 for each treatment.

266

267  Treatment with a translation inhibitor induces persistent morphological abnormalities

268 Inhibition of transcription using thiolutin did not appear to result in developmental
269  abnormalities or cell death at the tested concentrations. The treated parthenosporophytes did
270  not exhibit unusual morphologies (Figure 2B) and the inhibitory effect was reversible (Figure
271  4) during the 14 days of post-culture. Thiolutin-treated parthenosporophytes recovered from
272 the treatment and exhibited a normal, functional pattern of development at later stages,
273 producing upright filaments and plurilocular sporangia, and showing no difference in

274  morphology compared to control samples (Figure 4).

Thiolutin 0.3 u Emetine 0.3 uM

Day 19

(day 5 of recovery)

Day 26
(day 14 of recovery)

275

276 Figure 4. Recovery of Ectocarpus species 7 parthenosporophytes from inhibitor treatments. Bright field images
277 showing Ectocarpus parthenosporophytes on day 19 and 26 of the experiment, corresponding to 19 and 26 days
278 of growth in Provasoli-enriched seawater with 0.03% DMSO (control) and recovery from 12 days of treatment
279 with 0.3 pM thiolutin or 0.3 uM emetine followed by cultivation in control medium for 5 and 14 days,
280  respectively.

11
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281  In contrast, while growth resumed during the recovery phase after 12 days of emetine
282  treatment, the phenotypes of the resulting parthenosporophytes were abnormal even after 14
283  days of culture in inhibitor-free medium, including irregular cell division planes and rotund
284  instead of elongated cell shapes (Figures 3D; 4). In contrast to control parthenosporophytes,
285  which developed upright filaments after 3 weeks in culture, recovering emetine-treated

286  parthenosporophytes did not produce upright filaments within 5 weeks.

287
288  Discussion

289  mRNA stored in the developing gamete facilitates the first parthenogenetic cell cycles

290 Here we investigated the early developmental pattern of Ectocarpus species 7
291  parthenosporophytes in the presence of inhibitors of transcription and translation. Our results
292  indicated that inhibition of transcription did not affect germination of unfused male gametes
293  and parthenogenetic development up to the 5-cell stage, while growth beyond 10 cells was fully
294  suppressed in the presence of a transcription inhibitor (Figure 5). In contrast, inhibition of
295 translation strongly affected germination and growth even beyond the treatment duration.
296  These results suggest that early parthenogenetic development can proceed using mRNA that is
297  already present in the Ectocarpus gamete when it is released from the gametangium.
298  Germination was delayed but still took place in the presence of a translation inhibitor,
299  suggesting that the proteins necessary for germination are already present in the unfertilized
300 gamete. However, cell division was fully inhibited in more than 70% of individuals and no
301 individuals grew beyond the five-cell stage, indicating that de novo protein synthesis is

302  necessary for early parthenosporophyte development (Figure 5).
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304 Figure 5. Schematic representation of contributions of mRNA and protein storage to parthenogenetic
305 development of Ectocarpus species 7 gametes. Gamete settlement and germination are enabled by proteins stored
306 in the gamete, whereas growth up to a 10-celled parthenosporophyte (pSP) is supported by the storage of mRNA,
307 which is translated de novo. Beyond the 10-cell stage, the parthenosporophyte is independent of mRNA and

308  proteins which had been stored within the developing gamete.

309

310  Previous work on the transcriptome of Ectocarpus gametes showed that mRNAs representing
311 50% of the protein coding capacity of the genome are present in the gametes despite their small
312 size, of which 30% correspond to gamete-specific genes compared to somatic gametophyte and
313  sporophyte tissue (Lipinska et al., 2013). Interestingly, enriched gene ontology (GO) terms
314 were related to biological processes of translation, protein metabolism, and cell cycle.
315  Furthermore, transcripts related to transcription and translation were among the 100 most
316 abundant mRNAs in the gametes (Lipinska et al., 2013). mRNAs for protein metabolic
317  processes, in particular biosynthetic pathways (ribosome and translation related) were also
318 present in gametes. mMRNAs encoding cell cycle proteins were significantly enriched in male
319  gametes (Lipinska et al., 2013), including transcripts encoding mitotic kinases such as CDKI,

320 NEK and Aurora-like kinases. Interestingly, cell cycle progression in bladder wrack (Fucus
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321  vesiculosus) zygotes requires maternally-inherited mRNAs coding for cyclin-dependent
322 kinases (CDKs), which are translated only after fertilization (Corellou et al., 2001). Additional
323 highly expressed genes in Ectocarpus gametes include cyclins involved in the G1/S and G2/M
324  transitions of the cell cycle (cyclinD3, cyclin A, cyclin B), and Smc4, a subunit of condensin,
325  which is involved in chromosome assembly and segregation during mitosis, and which is a
326  substrate of CDKI in yeast (Ubersax et al., 2003). According to our data, parthenosporophytes
327  can proceed through five successive cell divisions in the presence of a transcription inhibitor,
328  suggesting that mRNAs present in the gametes are sufficient to support growth, cell division
329 and metabolic processes necessary for the first steps of development of the Ectocarpus
330 parthenosporophyte. In contrast to cell cycle genes, genes related to photosynthesis were
331 underrepresented in male gametes (Lipinska et al., 2013), indicating that the demand for
332 photosynthetic energy in developing gametes is low, which may be compensated by the

333  presence of storage lipids in Ecfocarpus gametes (Maier, 1997).

334 Interestingly, male parthenogenesis is not universal in the genus Ectocarpus. For instance, male
335  gametes of some strains of the closely related species Ectocarpus siliculosus are not capable
336  of developing parthenogenetically beyond the first few cell divisions, whereas female gametes
337  can develop into functional parthenosporophytes (Mignerot et al., 2019). In the study carried
338  out by Mignerot et al. (2019), three quantitative trait loci located at the sex locus and on an
339 autosome were identified as controlling parthenogenesis. The arrested development of non-
340 parthenogenetic E. siliculosus male gametes is reminiscent of that of thiolutin-treated E.
341  species 7 (strain Ec32) parthenosporophytes in our study, in that development of the E.
342  siliculosus germlings arrests at the 3-5 cell stage and results in death after 20 days (Mignerot
343 et al., 2019). Therefore, it may be possible that the male gametes of some strains of E.
344  siliculosus are not able to complete parthenogenetic development because they lack the storage

345  of essential mMRNA and proteins.
346
347  Early developmental processes are essential for the normal patterning of the adult alga

348  Continuous incubation of Ectocarpus parthenosporophytes with emetine inhibited the first cell
349  division. Following the removal of the inhibitor, cell divisions were re-initiated. However, the
350 development of parthenosporophytes was deeply affected, indicating that early developmental
351 processes are essential for the normal patterning of later stage Ectocarpus

352  parthenosporophytes. In many multicellular organisms, early stages of zygote development are
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353  critical for the determination of different cell fates of the early embryonic cells (Fucus: Bouget
354 et al., 1998; Brownlee and Bouget, 1998; C. elegans: Schneider and Bowerman, 2003;
355  Arabidopsis: ten Hove et al., 2015). Our data suggest that developmental events in the initial
356  cell impact embryonic development in Ectocarpus, affecting the morphology of newly formed
357  cells and preventing the growth of upright filaments. It remains unclear whether these long-
358 lasting developmental defects were directly caused by the disruption of crucial developmental
359  processes during the emetine treatment, or by the disturbance of the first cell division as a

360 second-order effect.

361  Two three amino acid loop extension homeodomain transcription factors (TALE HD TFs) have
362  been identified as central to the control of the sporophyte generation developmental program
363  in Ectocarpus (ORO and SAM; Coelho et al., 2011; Arun et al., 2019). Similarly as described
364  for two TALE HD TFs in Chlamydomonas, representing the lineage of green algae and land
365 plants (Lee et al., 2008), they are able to heterodimerize, which is presumed to have an
366  important function in triggering the sporophyte developmental program (Arun et al., 2019).
367  Whereas in Chlamydomonas, either TALE HD TF is exclusively expressed in gametes of only
368  one sex, transcripts of both ORO and SAM are highly abundant in both sexes of Ectocarpus
369  gametes (Arun et al., 2019), but it is not yet known whether they are translated. In the moss
370  Physcomitrella patens, four life-cycle related TALE HD TF proteins are present in eggs, but at
371  least one of them (BELL1) cannot be detected in male gametangia or sperm (Horst et al., 2016).
372 BELLI has a crucial role in zygote development, it accumulates to high amounts in the embryo
373  (Horst et al., 2016), and its transcription is controlled by a glutamate receptor (GLR2; Ortiz-
374 Ramirez et al, 2017). Speculatively, Ectocarpus TALE HD TF translation or
375  heterodimerization may therefore be activated by an upstream regulatory pathway, which is

376  triggered upon gamete fusion, but delayed in unfertilized gametes.
377
378  Parthenogenesis as a potentially adaptive trait?

379  Ectocarpus 1is a sessile broadcast spawner, synchronously releasing gametes into open water,
380 many of which may not fuse with a partner of the opposite sex (Miiller, 1966). Furthermore,
381 the lack of cell walls in gametes directly exposes them to their abiotic environment and
382  facilitates grazing, which makes them the one of the most vulnerable stages of the Ectocarpus
383 life cycle (Coelho et al., 2000; Roleda et al., 2005; Miiller et al., 2008). It may therefore be an

384  adaptive strategy to provide gametes with the necessary cellular machinery and substrates to
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385 initiate development, rather than relying on the availability of sufficient photosynthetic energy
386 and nutrients for de novo transcription and translation. Following gamete fusion, this may
387 facilitate rapid development into a more resilient and self-sustaining sporophyte which
388 completes the sexual life cycle. However, even when sexual reproduction fails, some
389  Ectocarpus gametes are able to develop into parthenosporophytes which circumvents the loss
390 of unfused propagules and may ensure vegetative reproduction. On the contrary, no parthenotes
391  were identified among hundreds of Ectocarpus individuals from NW France and SW Italy
392 (Couceiro et al., 2015), indicating that if parthenogenesis does occur in wild populations, the
393 fitness of parthenosporophytes may be lower than that of sexually obtained sporophytes in the
394  same environment. However, fully parthenogenetic populations of the brown alga Scytosiphon
395  lomentaria (Ectocarpales) have been described in Japan (Hoshino et al., 2019), which

396  potentially inhabit ecological niches unsuitable for sexual strains (Hoshino et al., 2021).

397 Inconclusion, our results are consistent with the idea that the mRNA stored in developing male
398  Ectocarpus sp. 7 gametes at the time of release is sufficient to initiate parthenogenetic growth,
399  but that development rapidly requires de novo translation, as the protein stock of gametes is
400  only sufficient to support gamete germination and, to a lesser extent, early development up to
401  the 5-cell stage. Considering that Ectocarpus sp. 7 is a sessile broadcast spawner with both
402  asexual and sexual life cycles, the mRNA pool in Ectocarpus gametes may be adapted to allow
403  fast propagation and population maintenance even under conditions that are suboptimal for
404  sexual reproduction, by ensuring an alternative vegetative pathway which allows clonal

405  reproduction until mates are available again.

406

407

408

409

410

411

412
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