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Summary

Gephyrocapsa huxleyi is a prevalent, bloom-forming phytoplankton species in the
oceans. It exhibits a complex haplo-diplontic life cycle, featuring a diploid-calcified
phase, a haploid phase, and a third ‘decoupled' phase produced during viral
infection. Decoupled cells display a haploid-like phenotype, but are diploid.

Here, we investigated the fate of decoupled cells during culture observations and we
compared the transcriptome profiling and the cellular architecture in three dimensions
of the three cell types.

We found that decoupled cells can revert to the calcified form in the absence of viral
pressure, revealing the transient nature of this cell type. Ultrastructural analyses
showed distinct nuclear organisation with variations in chromatin volume.
Transcriptomic analyses revealed gene expression patterns specific to each life phase.
These included multiple regulatory functions in chromatin remodelling, broader
epigenetic mechanisms and life cycling, which likely contributed to cell differentiation.
Finally, the exploration of available host-virus transcriptomes supports life cycle
transition during viral infection.

This study provides cellular and molecular foundations for nuclear remodelling and
cell differentiation in coccolithophores and the identification of gene markers for

studying coccolithophore life cycles in natural populations.

Key words: Cell differentiation, Coccolithophore, Chromatin organization, Epigenetic

regulation, Life cycle, Transcriptome, Viral infection.
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Introduction

Eukaryotes exhibit complex life cycles comprising multiple phases interlinked by
sexual mechanisms (syngamy and meiosis). They involve gene recombination,
variations in ploidy levels (haploid,1n and diploid, 2n), as well as asexual
mechanisms of cell differentiation. These transitions are crucial for the
developmental and reproductive cycles of organisms, as well as for the adaptation to
environmental changes through the differentiation of physiologically fit or resistant
phenotypes (Mable & Otto, 1998; Von Dassow & Montresor, 2011).

Coccolithophores are a prevalent group of marine unicellular algae that produce
distinct CaCOs plates, coccoliths, coating the cell surface (Monteiro et al., 2016).
Due to photosynthesis and calcification, these microorganisms play a pivotal role in
the global carbon cycle (Balch, 2018). Coccolithophores have complex sexual
haplodiplontic life cycles, composed of 1n- and calcified 2n-cell phases, each
capable to independent cell division and expressing dissimilar morphology
(heteromorphic). Such life cycles are proposed to widen niche-space and facilitate
the adaptation to environmental variability (Houdan et al., 2004; Frada et al., 2019;
de Vries et al., 2021).

Gephyrocapsa huxleyi (formerly Emiliania huxleyi, (Bendif et al., 2023)), is the most
prevalent coccolithophore in the ocean and forms extensive seasonal blooms in high
latitude regions, impacting marine ecology and biogeochemistry (Balch, 2018).The
haplodiplontic, heteromorphic life cycle of G. huxleyi features diploid calcified cells
(2n-calcified) that are non-motile and haploid non-calcified, biflagellated cells, coated
by simpler organic scales (1n-flagellated) (Klaveness, 1972; Green et al., 1996).
Although 1n cells have been detected in 2n cultures, controlled manipulation of
sexual transitions (syngamy or meiosis) has not yet been achieved. Transcriptome
analyses have identified vast differences between diploid and haploid cells,
particularly in transcripts linked to calcification, membrane trafficking and motility
genes expressed in 2n-calcified cells and 1n-flagellated cells, respectively (von
Dassow et al., 2009; Rokitta et al., 2011; Rokitta & Rost, 2012). However, despite
extensive research on the ecological and biogeochemical roles of the 2n-calcified
cells, the ecology of 1n-flagellated cells remains poorly understood (Frada et al.,
2012).


https://doi.org/10.1101/2024.07.03.601694

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.03.601694; this version posted July 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

76 A major influence on G. huxleyi blooms are specific lytic viruses (Emiliania huxleyi-
77 specific viruses, EhV) that infect diploid cells and drive bloom decay (e.g. Bratbak et
78 al., 1993; Vardi et al., 2012). Strikingly, culture experiments have demonstrated that
79  1n cells are resistant to EhV (Frada et al., 2008). In addition, during infection of 2n-
80 calcified cells, cells displaying a haploid-like phenotype (biflagellated, organic scale-
81 bearing) and resistant to EhV are produced during viral infections (Frada et al. 2017).
82 These cells are however diploid, thus referred to as the 'decoupled ' cell type (2n-
83 flagellated) (Frada et al., 2017), whose production resembles apospory reported in
84 plants and algae, where diploid gametophytes (typically haploid) develop without

85 meiosis (Coelho et al., 2007). Such differentiation of 2n-flagellated cells may confer
86 an escape strategy from EhV, potentially setting the stage for post-bloom recovery
87 (Fradaetal., 2017).

88 Life cycle transitions typically involve layers of mechanisms, notably epigenetic
89  processes. These include chemical modifications of chromatin via the addition or
90 removal of chemical moieties on histone tails (histone post-translational
91  modifications, hPTMs) driving chromatin ultrastructural remodelling and gene
92  expression regulation (Lawrence et al., 2016). Some hPTMs and associated proteins
93 are implicated in life cycle regulation. Notably, the Polycomb Repressive Complex 2
94 (PRC2) mediates the silencing of key three-amino acids loop extension (TALE)
95 homeodomain transcription factors (KNOX- and BELL-like) that in turn, regulate
96 haploid-to-diploid transitions in land plants (Sakakibara et al., 2013; Horst et al.,
97 2016; Dierschke et al., 2021) and in multiple algae ( e.g., Lee et al., 2008; Thangavel
98 & Nayar, 2018; Arun et al., 2019; Mikami et al., 2019; Hirooka et al., 2022).
99  Specificities in these mechanisms are associated to different species. However,
100 alterations of these life cycle regulators can result in the decoupling of ploidy and life
101  phase generation (Schmidt, 2020), underlying either apospory (defined above) or
102 apogamy where instead haploid sporophytes (typically diploid) develop without
103 gamete fusion (e.g., Zhao et al., 2001; Sakakibara et al., 2013; Coelho et al.)

104 Here, we surveyed the fate of 2n-flagellated (decoupled) cells in culture of the

105  cosmopolitan microalga G. huxleyi. Moreover, we examined their relation to 2n-
106  calcified and 1n-flagellated forms, from morphological and gene expression

107  perspectives using 3D-microscopy (FIB-SEM, Focused ion beam scanning electron

108  microscopy) and transcriptome analyses. Finally, we also probed published G.
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109 huxleyi-EhV transcriptomes to examine 2n-flagellated cell differentiation during viral
110 infection. Our results provide novel insights on the regulatory mechanisms driving life

111 cycle differentiation and response to viruses in G. huxleyi.
112

113  Material and Methods

114  Algal strains, maintenance and viral infections:

115  We used Gephyrocapsa huxleyi strains RCC1216 (2n-calcified, Houdan et al., 2005),
116  LC5-11A (1n-flagellated), and LC5-12A (2n-flagellated) in this study. LC5-11A was
117  isolated from RCC1216 via single-cell pipetting following a spontaneous life cycle
118  change in culture, 6 months prior the study. LC5-12A and other 2n-flagellated strains
119  were isolated from RCC1216 during an EhV 201 infection (Schroeder et al., 2002) 4
120 to 6 months prior the study, as described in Frada et al., 2017. Cultures, maintained
121 in K/2 (-Tris, -Si) medium (Keller et al., 1987), were not axenic. Genome sizes were
122 validated by flow cytometry of isolated nuclei (von Dassow et al., 2009). Ten

123  additional decoupled strains were isolated from 3 independent RCC1216 infection
124  experiments with EhV 201. Over 2 years, routine inspection of decoupled cultures
125  was performed using optical microscopy. Sensitivity to EnV201 infection was

126  assessed during the exponential growth phase with a multiplicity of infection of 0.2.
127  Cell and viral concentrations were determined by flow cytometry (Attune NXxT Life

128  Technology).
129  Algal growth for transcriptome analyses:

130 The 3 strains were grown in triplicate in 4L borosilicate vessels, under gentle air-
131  bubbling at 18°C, illuminated with 80 umol photons m™2s from warm-white LED

132 panels on a 14:10h light/dark cycle. Cultures were initiated at 5-8 x 10* cells mL™
133  and monitored for 48h by flow cytometry. The maximum photochemical quantum
134  yields of PSII (Fv/Fm), were measured by fluorescence induction and relaxation

135  system (Satlantic Inc., Halifax, NS, Canada; Gorbunov and Falkowski, 2005) (Table
136  S1). Four hours after dawn, 200 mL of each culture was harvested and pelleted by
137  centrifugation (8000 g, 10 min, 4°C). Cell pellets were flash-frozen in liquid N, and
138  stored at -80°C until RNA extraction.

139  RNA isolation, libraries preparation and sequencing:
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140 RNA was extracted from cell pellets using the RNeasy Plant Kit (Qiagen) and treated
141 with DNase (Turbo DNA-free kit, Ambion). RNA concentration and integrity were

142  measured by Nanodrop (Thermo Fisher Scientific) and Tapestation (Agilent

143 Genomics). cDNA libraries were prepared according to the lllumina RNA sample

144  preparation kit. mMRNA was isolated using poly(T) oligo-attached magnetic beads,
145  fragmented into 200-500 bp pieces and RNA fragments were reverse transcribed
146 with SuperScript Il reverse transcriptase (Life Technology). Adapters ligation,

147  amplification and purifications preceded the sequencing of the cDNA libraries on an

148  lllumina NextSeq platform into 75-bp single-end reads.
149  Transcriptome curation, assembly and annotation:

150 FastQC (www.bioinformatics.babraham.ac.uk) and Trimmomatic (Bolger et al., 2014)

151  were used for quality assessment and adapter trimming. Reads from the 9 G. huxleyi
152 libraries (triplicates for RCC1216, LC5-10A, LC5-12A) were aligned to the G. huxleyi
153 RCC1217 genome (Kao et al., 2024), a haploid strain isolated from RCC1216.

154  Alignment was performed with STAR v2.7.10a (Dobin et al., 2013). Transcripts were
155  reconstructed and merged into a synthetic life phase transcriptome using StringTie
156 v2.2.1 (Pertea et al., 2015), Cuffmerge v2.2.1 (Trapnell et al., 2012), and gffread

157 v0.12.7 (Pertea & Pertea, 2020), yielding 60930 transcripts. Transcriptome

158  completeness was evaluated with BUSCO v5.2.2 (Manni et al., 2021) against the
159 eukaryota odbl10 database. Redundancy was reduced with CD-HIT-EST v4.8.1 (Fu
160 etal., 2012), resulting in 56092 non-redundant transcripts. Coding sequences were
161 identified with TransDecoder v5.5.0 . Functional annotation combined InterProScan
162  v5.52-86.0, Diamond blastP v2.0.14.152 against the nr database and EggNOG

163  mapper (Huerta-Cepas et al., 2019; Blum et al., 2021; Buchfink et al., 2021). Results
164  were consolidated in OmicsBox, and Gene Ontology annotations were retrieved

165  using Blast2GO (Go6tz et al., 2008). Parameters for each software are detailed in

166  Methods S1. Life phase transcriptome information is provided in Methods S2.

167 Histones and chromatin associated transcripts were examined using two
168 complementary strategies: (1) identification of close homologs through Blast

169  similarity searches against local databases, and (2) detection of conserved protein
170  domains with HMMER v3.3.2. Only shared hits were retained for subsequent

171  analyses. Databases were assembled from Thiriet-Rupert et al., 2016; Grau-Bové et
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172 al., 2022 and https://planttfdb.gao-lab.org. Details are provided in Methods S3.

173 Transcriptome Quantification, Differential Expression and Clustering:

174 RSEM v1.3.3 (Li & Dewey, 2011) with the parameter --bowtie2 was used for gene-
175 level abundance estimation. Features with fewer than 3 raw counts in at least 3

176  samples were filtered out. Transcripts per Million (TPM) normalization was applied,
177  and features with a mean expression > 0.01 TPM were considered expressed.

178  Differentially expressed transcripts were identified using DESeq2 (Love et al., 2014),
179  with those showing a log2fold change > |2| and FDR < 0.05 clustered using K-

180 means. The optimal number of clusters was determined through complementary

181  statistical methods and visual inspection for homogeneity and separation.

182  Enrichment analysis was performed in R (v4.2.2; R Core Team 2021) using the

183  hypergeometric (HG) test. Null p-values were adjusted by adding an epsilon value
184  (smallest non-zero p-value divided by 1000) and applying the Benjamini-Hochberg
185  (BH) correction (Benjamini & Hochberg, 1995). Data analysis and visualization were
186  conducted in R, Unix, Python. Software parameter settings are detailed in Methods
187  S1. Validation of differential expression between cell types was performed by qRT-

188  PCR using various life phase-specific genes (Methods S4, Table S2).
189  Analyses of available G. huxleyi transcriptomes during viral infection:

190 Data from studies on the transcriptomic dynamics of G. huxleyi during viral infection
191 (Feldmesser et al., 2014; Rosenwasser et al., 2014) were used to examine the

192  expression patterns of specific life phase transcripts. G. huxleyi CCMP2090 was

193 infected with lytic viral strain EhV 201 at a multiplicity of infection of ~1:1. Samples
194  were collected at 1h and 24h post-infection, with non-infected cultures as controls,
195 as indicated in the original studies. In the present study, life phase transcripts were
196  blasted against CCMP2090 transcripts to identify homologs, retaining those with

197 100% identities over 80% alignment length. We focused on "flagellated-specific"

198 transcripts (expressed exclusively in flagellated forms - haploid and decoupled cells).
199  Abundance estimations from CCMP2090 were used to track the expression of these
200 transcripts over the infection timeline (see Table S3 for functional annotation and

201 clustering information of CCMP2090 homologs to flagellated transcripts).

202
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203  Focused lon Beam-Scanning Electron Microscopy (FIB-SEM): sample preparation

204 and analysis:

205  G. huxleyi life stages were maintained under similar conditions as described above
206 and harvested during exponential growth. Cells were centrifuged at 3000 g for 2 min,
207  cryo-fixed using high-pressure freezing (HPM100, Leica), and freeze-substituted (EM
208 ASF2, Leica) as in Decelle et al., 2019; Uwizeye et al., 2021 and Gallet et al., 2024.
209 Samples were embedded in 100% resin, mounted on SEM stubs, gold sputter-

210 coated (Quorum Q150RS; 180 s at 30 mA), and imaged with a FIB-SEM

211 (Crossbeam 540, Carl Zeiss). Atlas3D software (Fibics Inc. and Carl Zeiss) was used
212 for sample preparation and 3D acquisitions, with SEM images recorded at an 8 nm
213 pixel size. Segmentation of organelles (plastids, mitochondria, nucleus) and cellular
214  compartments was performed using 3D Slicer software (Oyama et al., 2014) using a
215  manually-curated, semi-automatic pixel clustering mode (Decelle et al., 2021,

216  Uwizeye et al., 2021). Colors were assigned to segmented regions, and image

217  intensity thresholds were adjusted. Morphometric analyses were conducted with the
218  "segmentStatistics" module in 3D Slicer, converting values to ums3 or um2 based on
219 an 8 nm voxel size. Five diploid-calcified cells, five haploid cells, six 2n-flagellated
220 cells (non-calcified), and four reverted calcifying cells were analyzed. Further

221  methodological details are provided in Methods S5.
222
223  Results

224  The life cycle of G. huxleyi includes three cell types representing distinct phases: a
225  2n-calcified (RCC1216), 1n-flagellated (LC5-10A) and 2n-flagellated (LC4-12A) cell
226 type (Fig. 1a). Nuclear DNA content analyses by flow cytometry confirmed the ploidy
227  of the three cell-types (Fig. S1a).The fate of decoupled cells and the morphogenetic
228  differentiation between the three life cycle cell types was examined in our study.

229  Life cycle reversal: detection of calcified cells in 2n-flagellated cultures:

230 Atotal of eleven 2n-flagellated (decoupled) strains (LC4-12A-G and LC5-12A-D)
231  were isolated during EhV -infections of RCC1216. Between 9 to 12 months of
232 isolation, calcified cells were detected by microscopy in all 2n-flagellated cultures. As

233  example, in LC4-12A, the fraction of calcified cells accounted for 21% of the total
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cells as determined by flow cytometry (Fig. 1b, c). The new calcified cells are
referred to as reverted cells. Subsequent addition of the virus EhV 201 to all 2n-
flagellated cultures lead to the selective removal of reverted cells by lysis, but not 2n-
flagellated cells, and resulted in viral production (Fig. 1b, ¢c and d). The decoupled
strain LC4-12A was randomly used in ensuing detailed 3D-microscopy and

transcriptome analyses to further examine the characteristics of the 2n-flagellated life

phase.
b. Decoupled-reverted S .
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Figure 1 Gephyrocapsa huxleyi life cycle, reversion and response to viral infection. (a)
Schematic illustration of the life cycle of G. huxleyi and role of virus on life cycle transitions.
Sexual reproduction (meiosis and syngamy) drives the alternation between haploid,
uncalcified, biflagellated cells (1n-flagellated, grey) and diploid calcified cells (2n-calcified,
orange). During infection by specific Emiliania huxleyi viruses (EhV), 2n-calcified cells can
produce 2n-flagellated cells (red) that are phenotypically similar to 1n-flagellated cells. This
phenotype is reversible in absence of viral pressure (see results). (b) Microscopy and flow
cytometry depicting the emergence of calcified cells in 2n-decoupled cultures in the absence
of EhV. Left panel: light microscopy images of a 2n-flagellated (light grey arrow) and
reverted (dark grey arrow) cells, co-isolated in a clonal culture of 2n-flagellated cells in
absence of viral pressure. Central and right panels: Gating of uncalcified, bi-flagellated (light
grey ellipses) and calcified populations (reverted cells, dark grey ellipses) (chlorophyll
autofluorescence/side scatter) in a clonal culture of 2n-flagellated cells. (c) Removal of
reverted cells in 2n-flagellated cultures following EhV infections (120 h post-infection). The

fraction (%) of 2n-flagellated and reverted cells is indicated (n = 3). (d) EhV production in 2n-
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257  flagellated cultures with reverted cells (n = 3). In ¢ and d, non-infected controls were used for

258  comparison.

259
260 Cell and nuclear ultrastructural differences between cell types:

261  The cellular ultrastructure of 2n-calcified, 1n-flagellated, 2n-flagellated and reverted
262  calcifying cells were analysed by FIB-SEM. Cells from each life phase were

263 segmented and volumetrics of organelles (chloroplast, mitochondria and nuclear
264 compartments, such as electron-dense chromatin and nucleolus) were measured.

265  (Fig. 2a).

266  FIB-SEM results showed that cell volume was higher in 1n-flagellated and 2n-

267 flagellated (data not shown). Strikingly, reverted calcifying cells were 3-fold more
268  voluminous compared to 2n-calcified cells and coccolith formation was observed in
269 the vacuole in some cells (fig.2a). In 2n-calcified and 1n-flagellated cells,

270  chloroplasts occupied a similar cellular volume (35.8% + 1.7% and 35.5% + 3.4% of
271  the cell, respectively). Despite their higher cellular volume, chloroplasts in reverted
272 cells accounted for similar proportions (34.0% + 2.9%). By contrast, in 2n-flagellated
273 cells chloroplast only represented 25.6% * 4.1% of the cellular volume. Mitochondria
274  were largest in 1n-flagellated cells, occupying 7.5% + 0.8% of the cell volume,

275 compared to about 5 % in other cell types (2n-flagellated, reverted and 2n-clacified
276 cells).

277  The nucleus was proportionally larger in 2n-calcified cells (14.6% + 1.5% of cell

278  volume) compared to 11.9% + 2.7% in 2n-flagellated cells, 10.3% + 1.8% in reverted
279  cells, and 9.2% + 1.4% in 1n cells (fig.2b). Within the nucleus, variations in electron
280 density patterns were detected, namely high and low density DNA (chromatin) and
281 nucleolus (Fig. 2 a,c). We therefore assessed the volume occupancy of these

282  nuclear compartments (% of the nuclear volume) (fig. 2c¢). The 2n-calcified and

283  reverted cells exhibited similar density patterns, with an average occupancy of ~49%
284  for high-density chromatin, ~47% of low-density chromatin and between 2.4% to 3%
285  for the nucleolus. In contrast, haploid cells (1n-flagellated) displayed an average

286  occupancy of 27% for high-density chromatin (two-fold less than 2n calcified cells),
287  nearly 68% for low-density chromatin and about 5% for nucleolus. Finally, 2n-

288 flagellated cells displayed an intermediate profile, with average occupancies of

10
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nearly 40% for high-density chromatin, ~57% for low-density chromatin and 3% for
the nucleolus.
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Figure 2 Ultrastructural differentiation of the different life stages of Gephyrocapsa
huxleyi. (a) 3D reconstitution with FIB-SEM (focused ion beam scanning electron
microscopy) of 2n-calcified, 1n-flagellated, 2n-flagellated (decoupled) and reverted
(calcifying) cells. Chloroplasts, mitochondria, nuclear areas and coccoliths are painted in
different colors. The scale bar represents 2um. 1n and 2n: haploid and diploid respectively
(b) Relative proportions (% of cell volume) of cytoplasm, chloroplast, mitochondria and
nucleus in the four cell types, were calculated from the 3D reconstructions. Significant
differences (p < 0.05) identified by Tukey HSD tests are indicated with different letters above
the bars (a,b, ab).(c) Relative proportions (% of nuclear occupancy) of high-density and low-

density areas of the nucleus and the nucleolus in the four cell types. Significant differences
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302 (p < 0.05) identified by Tukey HSD tests are indicated with different letters above the bars
303 (a,b, ab).Statistical analysis was performed using ANOVA type Il and Tukey HSD tests to
304 identify significant differences across conditions for each organelle type. Measurements

305 were based on five 2n-calcified cells, five 1n-flagellated cells, six 2n-flagellated cells, and

306 four reverted cells.
307

308 Cell growth parameters and global transcriptome features:

309 Gene diversity and expression differences between life phases were examined by
310 transcriptome analyses. We note that transcriptome analyses were undertaken prior
311 to the production of reverted cells in LC4-12A, thus solely 2n-calcified, 1n-flagellated
312 and 2n-flagellated cells are included. Inspection by light microscopy validated that
313 each culture contained only one cell type. Cells were grown in replete medium and
314 harvested during exponential growth (Fig. S1b and Table S1). Variations in growth
315 rates were detected one day prior to sampling for the transcriptomes. The 2n-

316 calcified cells displayed higher growth rates (1.33 + 0.04 day), followed by 1n-

317 flagellated cells (0.72 + 0.02 day') and then 2n-flagellated cell with lower growth rate
318 dynamics (0.47 + 0.04 day™). All cultures maintained high photosynthetic quantum
319 vyield of photosystem Il (Fv/Fm) throughout cell growth. At the time of biomass

320 harvesting Fv/Fm equalled ~0.80 in all strains (Fig. S1c).

321  To evaluate transcriptional profiles, we defined as transcriptome richness the ratio of
322  expressed transcripts to the total number of transcripts within this ‘synthetic life

323 phase transcriptome’. It is important to note that we set a conservative expression
324  threshold (> 0.01 TPM) to define a transcript as expressed or not. Therefore, we do
325 not rule out the presence, in this core of transcripts, of sequences presenting only
326  residual expression levels. Transcripts with less than 3 raw counts across the 9

327 libraries were filtered-out, yielding 27350 expressed transcripts. Among these, an
328 average of 23307 (85.2%) were expressed in the 2n-calcified cells, 25263 (92.4%) in
329 the 1n-flagellated cells and 25543 (93.4%) in the 2n-flagellated ones (Fig. 3a),

330 aligning with the observed nuclear patterns. Irrespective of expression magnitude or
331 category-specific differential expression, >78% (21434) of gene-transcripts were

332 common to all three life phases (Fig. 3b). A larger overlap was detected between

333 flagellated cell types (1n-flagellated and 2n-flagellated,11.6%, 3176) than between
334 either of the diploid (2n-calcified and 2n-flagellated ;2.7%, 750) or the non-decoupled
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335 stages (1n-flagellated and 2n-calcified, 1.3%, 344). Only a small subset of transcripts
336 was unique to each phase: 1.6% (431) in 1n-flagellated, 3.3% (910) in 2n-calcified
337 cells, and only 1.2% (316) in the 2n-flagellated cells. Independent analyses by RT-
338 gPCR on a set of 19 gene-transcripts validated the specify of expression of the

339 targeted transcripts (Table S2).

340 Principal Component Analysis (PCA) delineated the variance between the three life
341 phases (Fig. 3c), with PC1 accounting for 85% of the variation, separating flagellated
342  (haploid and decoupled) from 2n-calcified cells. PC2 encompassed 11.7% of the

343  variation, with 1n-flagellated and 2n-flagellated cells well separated. The top 50

344  transcripts predominantly influencing PC1 were mostly associated to a morphotype:
345 34 unique to flagellated forms, two to calcified, nine to diploid, and two commonly
346  detected across all conditions, albeit with expression differing by more than tenfold
347 between flagellated and calcified states (see Table S4). Among these, 34 transcripts
348  annotated with KEGG, KOG or GO terms, were linked to energy metabolism

349  (including nitrogen), amino acid and inorganic metabolism, as well as genetic

350 information processing (transcription machinery, chaperone and folding catalysts,
351 chromosomal proteins, and the ubiquitin system). In contrast, the transcripts central
352 to PC2 demonstrated different specificities: two associated with flagellated

353  morphotypes, 19 with diploid-specific expressions, 13 with decoupled cells, and ten
354  as core transcripts with significant differential gene expression (DGE) across

355  conditions. Additionally, two transcripts were exclusive to the haploid phase, and four
356  were associated with non-decoupled phases (Table S4). These transcripts were

357 related to genetic information processing, including transcription, RNA processing
358 and modification, replication, recombination, and post-transcriptional modifications,

359 as well as lipid biosynthesis and photosynthesis.
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Figure 3 Global properties and differentiation of the transcriptomes of life cycle
phases of Gephyrocapsa huxleyi. (a) Transcriptome richness of the 2n-calcified, 2n-
flagellated and 1n-flagellated. Richness was defined as the ratio of expressed transcripts to
the total number of transcripts. A transcript was considered expressed if > 0.01 TPM. (b)
Venn diagram of transcript specificity across life phases, in the 1n-flagellated, 2n-calcified
and 2n-flagellated. Number of transcripts in each category, and corresponding relative
proportions (%) are provided. (¢) Principal Component Analysis (PCA) of transcriptional
expression profiles and relative separation between different life phases along first 2
principal components (PCs). Each point represents a sample, colored according to its life
phase. Arrows represent the contribution of individual transcripts to the PCA, with the color
gradient indicating the magnitude of their contribution (blue: low contribution, purple: high

contribution). x and y axes: standardized values of the PCs (arbitrary units).
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375  Transcriptional differentiation and functional enrichments:

376  We identified transcriptional differences between 2n-calcified, 1n-flagellated and 2n-
377 flagellated cells. Abundance estimations were performed at the gene level and

378 23048 transcripts (84.3%) were statistically differentially expressed (False Discovery
379 Rate (FDR) < 0.05). Of these, 9114 transcripts exhibited at least a fourfold change in
380 expression in one pairwise comparison (log2 fold-change) (Table S5). Cluster

381  analysis with k-means resulted in 10 clusters with unique patterns of expression (Fig.
382 4, Table S6) examined for functional enrichments (GO, KEGG and COG). In order to
383  reduce terms redundancy of the presented Biological Processes (GO- BP, Fig. 4),
384  significantly enriched terms were grouped under their direct GO ancestor term. Refer
385 Table S7 for complete results concerning GO-molecular functions, KEGG and COG.
386 Below are described the enrichments identified in each cluster across all annotation

387  systems.

388  Clusters 1 and 5, accounted for over half (52%) of the differentially expressed genes
389 and contained the most influential transcripts in the PCA displayed in Fig. 3c (and
390 Supporting Information Tables S4, 6). These clusters, exhibited expression patterns
391  specific to morphotypes (calcified vs non-calcified, flagellated cell types). Cluster 1
392 (3097 transcripts) was overexpressed in flagellated forms (1n and 2n), featuring

393  enrichments in cytoskeleton and flagellar processes (cilium or flagellum dependent
394  cell motility, microtubule and cilium formation, microtubule-based transport, dynein
395 and catenin binding), as well as metabolism and transport pathways such as

396 carbohydrates (glycosaminoglycan, fucose), amino-acids and nucleotides and DNA
397 mediated transposition and DMSP-dethiomethylase activity (Table S7). By contrast,
398 cluster 5 (1644 transcripts) with transcripts overexpressed in calcified cells, featured
399  enrichments for transport and metabolism of inorganic ions (NOs", NOz2’), as well as
400 RNA transcription, processing and modification and in cell cycle control and

401 chromosome patrtitioning (Table S7). Necrotic cell death, regulation of reactive

402  oxygen species as well as sialic acid transferase were also associated to cluster 5.

403  Clusters 4 (900 transcripts) and 10 (823 transcripts) represented transcripts
404  overexpressed in flagellated cells (1n and 2n). Cluster 4 was associated with
405  coenzyme and nucleotide transport and metabolism (Supporting Information Table

406  8). Cluster 10 (with higher expression in 2n-flagellated than in 1n-flagellated cells)
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407  was enriched in cytoskeleton and cellular architecture organization (actin filament,
408  calmodulin binding), in lipid and secondary metabolism associated to energy

409 production and conversion (glucose metabolism), calcium transmembrane transport
410 as well as RNA processing, modifications and chromatin structure and dynamic

411 (Table S7).

412  Clusters 2 (569 transcripts) and 8 (414 transcripts) comprised transcripts

413  overexpressed in 2n-calcified and 2n-flagellated. Cluster 2, was associated with

414  eukaryotic clusters of orthologous proteins (COGS) related to transcription,

415  processing and modification of RNA and signal transduction mechanisms (Table S7).
416  Cluster 8 (414 transcripts), with more elevated expression in the 2n-calcified phase,
417  was enriched in the DNA-related functions replication, recombination and repair

418  (DNA replication, post replication repair), as well as control of the cell cycle, cell

419  division and chromosome partitioning (including control of mitotic cell cycle, nuclear
420 chromosome segregation and sister chromatin cohesion). Processes related to the
421  structure of the chromatin and its dynamic were also enriched in cluster 8 (chromatin
422  binding, DNA conformation change, chromosome condensation) as well as mating
423  type determination, switching and reproductive process in single-cell organism) and

424  response to various stimuli (UV, carbohydrates).

425  Clusters 6 (337 transcripts) and 9 (481 transcripts), represented non-decoupled cell
426  transcripts, overexpressed in both 1n-flagellated and 2n-calcified cells. Cluster 6 was
427  associated with carbohydrate biosynthesis and organic cyclic compound binding. It
428  was additionally associated to intracellular trafficking and DNA replication,

429  recombination and repair and post-translational modifications (Table S7). Cluster 9
430 (more prevalent in 2n-calcified cells), displayed enrichments in carbohydrate

431  metabolism, polar nucleus fusion and cinnamyl and coniferyl-alcohol

432  dehydrogenases activity (Table S7).

433 Cluster 3 (353 transcripts) was the only group specific to 2n-flagellated (decoupled)
434  cells. It was associated to transcription, replication, recombination, repair and
435  chromatin structure (Table S7), as well as phosphatidyl inositol binding, response

436  and regulation to calcium ion and aluminum.

437  Finally, cluster 7 (496 transcripts) was haploid specific and included enrichments in

438  photosynthesis-related functions (chlorophyll and pigment binding) and processes,
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439  as well as signal transduction, energy production and conversion, carbohydrate and
440 lipid metabolism and intracellular trafficking and vesicular transport.
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442  Figure 4 Expression profiles of transcripts in the life phases of Gephyrocapsa huxleyi.
443  (a) K-mean (10) clustering of transcripts with significant variations of expression (log2 fold
444  change > 2) between life phases. Expression is standardized by transcript (z-scale). Dark
445  green, high expression levels; brown, low expression levels. b. Most significantly enriched
446 GO terms (Biological Processes), (hypergeometric test, adjusted p value < 0.05) in the

447  clusters presented in a. Terms were grouped under parental term to reduce redundancy and
448  facilitate visualization. For a complete list of enriched GO terms in each cluster, see

449  Supporting information table S8.

450

451
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452  Expression of histone, chromatin associated transcripts and transcription factors:

453  FIB-SEM observations, highlighting marked differences in nuclear ultrastructure

454  between life cycle phases, stimulated the bioinformatic examination of genetic

455  functions potentially involved in chromatin remodeling and likely implicated in life

456  cycling. Alongside, several functional enrichments, particularly those related to

457  general DNA replication and repair, chromosome conformation and regulation of

458  gene expression, underscored the potential role of epigenetic regulation in

459  differentiating life phases. Thus, we zoomed on the transcripts associated with the
460 general chromatin machinery: histones, readers, writers, remodelers, chaperones, as

461  well as transcription factors (TFs) (Fig. 5).

462  Ten clusters were defined, each with highly heterogeneous gene family composition.
463 Clusters 1 and 2 contained more than a third of the transcripts, segregating cells by
464  their morphotypes. Cluster 1 (146 transcripts), primarily expressed in flagellated

465 cells, was enriched in TFs and protein domains commonly associated with the

466  chromatin machinery (‘common’), though no specific family was identified. Cluster 2
467 (111 transcripts), highly expressed in calcified cells, was enriched in chromatin

468  specificmethyltransferases, TFs, and chromatin readers.

469  The other clusters were considerably smaller and associated to specific life phases.
470  Cluster 9 (69 transcripts), expressed in both flagellated conditions, was more

471 abundant in the 2n-decoupled cells compared to the 1n-calcified cells. This cluster
472  was associated with TFs, proteins involved in deubiquitination processes, and

473  'common’ domains. Clusters 4, 5, and 10 (54, 43, and 47 transcripts, respectively)
474  were expressed in diploid cells. Cluster 4, characterized by clear heterogeneity

475 among its replicates and higher expression in diploids, was enriched in readers,

476  chaperones, and remodelers. Clusters 5 and 10, more abundant in the 2n-calcified
477  and 2n-flagellated cells respectively, had no significant enrichments. Cluster 3 (53
478  transcripts) was the only group characterized by an overexpression exclusive of the
479  1n-flagellated cells and was associated with TFs and deubiquitination proteins.

480  Cluster 8 (47 transcripts), the only group overexpressed in the decoupled cells, was
481 not associated with any significant enrichments. Finally, clusters 6 and 7 (35 and 53
482  transcripts, respectively) were more expressed in non-decoupled cells. Cluster 6,

483  with higher expression in 1n-flagellated cells, was not associated with significant
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484  enrichments. Cluster 7, with transcripts more expressed in the 2n-calcified than in

485 the 1n-flagellated cells, was associated with the Polycomb protein complex.

486  Twenty-two transcripts were associated to canonical histones or their variants in our
487  dataset: 10 histones H2A, 2 H2B, 11 histones H3, 1 H4, 1 transcript had homologies
488  with the linker histone H1 and 3 transcripts were associated to the histone family

489  without a clear identification (Table S5). 5 histones H2A were highly expressed in all
490 cells and 2 of them were strongly depleted in the 2n-flagellated and 1n-flagellated
491  respectively. One H2B was over 50% more expressed in 2n-calcified cells. Four

492  histones H3 were abundant and strongly overexpressed in one life phase. One was
493  expressed only in the haploid cells and 1 was expressed in the diploid phases and
494  more abundant in the 2n-flagellated. Two other histones H3 were overexpressed in
495 the 2n-calicified cells compared to the 2 other conditions. (Table S5). Finally, histone

496 H1 was also more detected in 2n cells compared to theln cells (Table S5).

497  One TALE-HD TF was identified and expressed only in the haploid cells This
498  specificity was validated by RT-gPCR (Table S2).
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502 transcripts associated to statistically significant variations of expression (FDR < 0.05,

503 log2fold change >|0.5]) between life phases. Expression is standardized by transcript (z-

504 scale). Dark green, high expression levels; brown, low expression levels. (b) Significantly
505 enriched epigenetic families, (hypergeometric test, adjusted p value < 0.05) in clusters

506  presented in (a). “common”: transcripts for which only one protein domain, commonly found
507 associated to chromatin-related proteins and processes, could be identified. In the lack of
508 other identifications, transcripts family could not be determined (conserved domains: Dpy-30,
509 Kelch, WD-40, zf-C2H2 and zf-CXXC).

510
511 Flagellated cell-specific expression during viral infection:

512  Earlier work showed that decoupled cells are produced during Ehv infection (Frada
513 etal. 2017). To test life cycle transition during viral infection and gain insight on

514 mechanisms of 2n-flagellated production, we re-examined published transcriptomes
515 of the diploid G. huxleyi strain CCMP2090 interacting with EhV201 (1 and 24 hr post
516 infection) (Rosenwasser et al., 2014). We targeted transcripts that demonstrated a
517  high homology level (see methods) with flagellated-specific transcripts identified in

518  our work.

519 We identified 176 gene homologs in this dataset. Through k-means clustering, four
520 co-expressed groups were identified and functional enrichments were examined
521  (Fig. 6a; see Table S3 for complete list of clustered transcripts, associated

522 annotations and Table S7 for enrichments). Clusters 1 and 2 grouped transcripts
523  with higher expression levels in control (non-infected) conditions. Cluster 1 (13

524  transcripts) was found to be enriched in organelle organisation process and to

525 general metabolism annotations, as well as with protein families involved in genetic
526  information processing (MRNA biogenesis, chaperones and folding catalysts).

527  Cluster 2 (22 transcripts) was enriched in general metabolism pathways

528 (carbohydrate, sugar, lipid). Its transcripts were also related to proteins involved in
529 genetic information processing (transcription and translation machinery, chromatin
530 structure). Cluster 3 (22 transcripts) comprised transcripts that were upregulated at
531 1h post-infection but downregulated by 24h. This cluster was enriched in protein
532  modification process, and its transcripts associated to the metabolism of amino

533  acids, the ubiquitin system and cilium and its associated proteins. Cluster 4,

534  containing 68% (119 transcripts) of the total clustered transcripts was markedly
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535 upregulated 24h post-infection. It was enriched in orthologous groups and functions
536  associated to the cell cycle control and division and partitioning of chromosomes, to
537 signal transduction and cytoskeleton mechanisms (tubulin binding, microtubule

538 cytoskeleton organisation), as well as post-translational modifications, chaperones
539 and protein turnover (histone methyltransferase activity, nucleotide/nucleoside

540  biosynthetic processes and binding) and intracellular trafficking and carbohydrate

541 transport and metabolism.
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Figure 6 Expression profiles of “flagellated-specific” genes in the Gephyrocapsa
huxleyi strain CCMP2090 during viral infection by EhV201 and non-infected control.
(a). K-means clustering of homologs in CCMP2090 to flagellated transcripts in absence
(control, ctl) or presence (+EhV) of viral infection, 1h and 24h post infection. Expression is
standardized by transcript (z-scale). Dark pink; high expression level, Blue, low expression
level. (b) Significantly enriched GO terms (1left panel -molecular functions, right panel-
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549  biological processes), (hypergeometric test, adjusted p value < 0.05) in cluster presented in
550 (a). abbreviations: microtub.: microtubule, dvt.: development, sign.: signal, bioS.:

551  biosynthetic, proc.: processes, loc.: localization, mbne.: membrane, proj.: projection, ass.:
552  assembly, transp.: transport, cytosk.: cytoskeleton, org.: organization, intracell.: intracellular,

553 modif.;: modification
554 Discussion

555  The life cycle, encompassing all cellular stages, is a fundamental attribute of

556  eukaryotes (Mable & Otto, 1998), underpinning their range of biological and

557 ecological functions, and their capacity to adapt to environmental changes through
558 cell differentiation. In marine phytoplankton, the understanding of life cycle versatility
559 and regulation remains limited. Here, we examined the life cycle of the cosmopolitan,
560 bloom-forming coccolithophore G. huxleyi, which includes 2n-calcified cells, 1n-

561 flagellated cells and 2n-flagellated cells produced during viral infections (Frada et al.,
562 2017). We specifically investigated the fate of the virus-resistant 2n-flagellated cells
563  during culture observations and the morphogenetic differentiation between 2n-

564 calcified, 1n-flagellated and 2n-flagellated cell types through ultrastructural and

565 transcriptome analyses.

566 A key finding of this study is the ability of 2n-flagellated cells to revert back to a
567 calcifying morphotype in the absence of viral pressure. Given the low proportion of
568 newly calcifying cells (reverted) within the 2n-flagellated cultures (20%), it is

569 reasonable to assume that only a small subset of cells undergoes flagellate-to-
570 calcified switch. Reverted cells subsequently proliferate mitotically, alongside

571 flagellated cells, becoming detectable by microscopy perhaps only weeks post-

572  transition.

573  Morphological transformations into a resistant phenotype in response to viral

574 infections, followed by a reversal to the original cell phenotype, have been observed
575 in other protists. For example, certain diatom and raphidophyte species can produce
576 viral-resistant cysts during infections, which germinate back to the vegetative cell-
577  type in the absence of viruses (Dingman, Jennifer, 2015; Pelusi et al., 2021).

578 However, the role of viral infection in triggering life cycle transitions and the

579  subsequent ability to reverse this process, has been to our knowledge uniquely

580 described here, in G. huxleyi. The production of decoupled cells resembling
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581 apospory observed in algae and plants (e.g.,(Cock et al., 2014) is thought to

582  represent a natural escape strategy from EhV infection (Frada et al., 2008, 2017).
583 However, the reversal to a calcifying state suggests a potential cost for diploid cells
584  in maintaining a haploid-like phenotype. The cost of viral resistance is a common

585 phenomenon in bacteria and protists (e.g, Lenski & Levin, 1985; Tomaru et al., 2009;
586 Thomas et al., 2011; Dingman, Jennifer, 2015). In G. huxleyi, as corroborated by a
587  previous study (Frada et al., 2017), 2n-flagellated (decoupled) cells display reduced
588  growth rate and carrying capacity compared to both 2n-calcified and 1n-flagellated
589  (haploid) cells. This may be explained by their inherently larger cell volume, revealed
590 here with electron microscopy, and ensuing higher nutrient requirements for cell

591 division. In addition, FIB-SEM measurements indicate a relative proportion of

592  chloroplasts ~25% lower in the 2n-flagellated cells compared to other cell types,

593  suggesting a reduced capacity to generate energy, while the mitochondrial volume in
594 these cells, does not change. Thus, the phenotype reversion (2n-flagellated to 2n-

595 calcified) likely restores the metabolic and physiological advantages.

596 We also observed that the reversion of 2n-flagellated cell in G. huxleyi, is associated
597  with aloss of the viral resistance. Calcified reverted cells, once re-exposed to EhV,
598 were eliminated from the cultures. Mechanisms underlying G. huxleyi’'s sensitivity

599 and resistance to EhV may involve a variety of metabolic processes, reflecting the
600 complex host-virus ‘arms-race’ dynamics (Bidle & Vardi, 2011; Bidle, 2015). Previous
601  work linked specific sphingolipid molecules (sialic acid sphingolipids, sGSL) to EhV
602  sensitivity in diploid cells (Fulton et al., 2014). sGSLs were proposed to play an

603 intrinsic role in coccolith biosynthesis and serve as ligands for viral attachment and
604 entry. These sGSLs are not biochemically detected in haploid cells, which are

605 insensitive to EhV (Hunter et al., 2015). Enrichment for sialylation transcripts (cluster
606 5, Fig. 4) was observed only in diploid-calcified cells and not in flagellated cell types
607 (Table S7). This suggests that sGSLs are likely absent in 2n-flagellated cells but may
608 reappear in reverted cells, potentially restoring viral sensitivity.

609  Ultrastructural analyses enabled the quantitative assessment of significant

610 differences in the nuclear architecture between cell-types. Notably, nuclei of 2n-
611 calcified and reverted cells displayed nearly equal parts of low- and high-density
612  chromatin, accounting for 47-49% of the nuclear volume, respectively. In contrast,

613  nuclei of 1n-flagellated were predominantly of low-density chromatin (> 67%), while
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614 the nuclei of 2n-flagellated cells displayed an intermediate phenotype (Fig. 2c).

615  Specific approaches are needed to confirm the nature of high- and low-density areas
616  (‘Chromatin accessibility profiling methods’, 2021). However, it is reasonable to

617  assume that they correspond to heterochromatin (densely packed and usually

618 transcriptionally inactive), and euchromatin (relaxed and generally associated with a
619  more active transcriptional state of the DNA), respectively (Huisinga et al., 2006). In
620 eukaryotes, chromatin packaging is highly dynamic and central for spatiotemporal
621  regulation of transcription in many cellular processes, including cell differentiation,
622 development and life cycle in animals, plants and algae (Zheng & Xie, 2019; Vigneau
623 & Borg, 2021). Rearrangements in chromatin ultrastructure is often mediated by

624  extensive epigenetic reprogramming, involving hPTMs and the activity of TFs that
625 modulate transcription landscapes (Morgan et al., 2005; Thiriet-Rupert et al., 2016;
626  Vigneau & Borg, 2021). Thus, the observed nuclear ultrastructural patterns across
627 the different phases of the life cycle in G. huxleyi through unprecedented volume

628 quantification, suggest vast divergence of gene expression between cell types, with

629 2n-flagellated cells maybe displaying an intermediary transcriptional profile.

630 Complementary comparative transcriptome analyses enabled to test this hypothesis,
631  while gaining insights on wider functional attributes of 2n-calcified, 1n-flagellated and
632 2n-flagellated cells during exponential growth. Conservative identification of common
633 and phase specific transcripts highlighted that the strong majority of transcripts were
634 shared between the three life phases (>78%), regardless of expression levels (Fig.
635 3b). A more important overlap was observed between flagellated morphotypes

636 (11.6%) compared to the diploid cells (2.7%) (Fig. 3b). Moreover, as revealed by the
637 PCA (Fig.3c), the main factor of separation between samples (>85% of the variance)
638 was attributed to the cell morphology (flagellated vs calcified), while only 11.7% of
639 the variance equally separated 1n and 2n-flagellated from 2n-calcified(Fig. 3c). This
640  separation might lay in the mechanisms of production of these cells, haploid cells
641  being produced by meiosis while decoupled cells would originate from apospory like
642 mechanisms. Thus, from a transcriptomic perspective, 2n-flagellate cells do not

643  represent an intermediary level of expression but are in fact much closer to the

644  haploid profile. Regulation of cell morphology, rather than the ploidy level itself, is the
645  main factor of differentiation between cell types in G. huxleyi, as similarly detected in

646  brown algae, displaying a haplodiplontic life cycle and apomictic variants (Arun et al.,
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647  2019). Examination of DGE and enrichment profiles further highlighted the contrasts
648 between flagellated and 2n-calcified cells. Namely, enrichments in functions related
649  to cell motility were identified in flagellated cell types. By contrast, enrichments in

650 functions related to the transport and metabolism of inorganic ions were associated
651 in 2n-calcified cells. This can be associated with flagella biosynthesis, signalling, and
652  with calcification, respectively, in broad agreement with previous transcriptome

653 comparisons of 1n-flagellated and 2n-calcified cells (von Dassow et al., 2009; Rokitta
654 etal.,, 2011).

655  Significant differences between cell types were also detected in functions associated
656  to chromatin remodelling and transcriptional regulation (including transcription

657 factors, TFs). At this level, morphotype is still the main differentiating factor of

658  transcript expression (Fig.5). A majority of transcripts were either over-expressed in
659 the calcified cells or in the flagellated cells, further emphasizing phenotype as the
660  main manifestation of gene regulation in G. huxleyi life phases, independently of

661 ploidy levels. We detected for example an over expression in the 2n-calcified cells
662  associated to histones methyltransferases (Fig. 5a, cluster 2), which can align with
663  the high chromatin compaction (Chen & Dent, 2014) detected in these cells (Fig. 2b).
664  Additionally, ubiquitin removal (deubiquitination) enrichments were associated to

665  transcripts with clear DE between cell types, a function associated with chromatin
666  relaxation and increased transcriptional activity (Mikulski et al., 2017). It fits overall
667  patterns of chromatin, less dense in flagellated cells compared to 2n-calcified cells
668  (Fig. 5a, clusters 3 and 9). Enrichments observed in cluster 4 (Fig. 5a) were also

669 relevant. We observed an heterogeneous gradient of expression from 2n-calcified to
670  2n-flagellated cells, in transcripts associated to chromatin "architects” (remodelers,
671 readers, and chaperones) (Clapier & Cairns, 2009). suggesting intermediate level of
672  expression and recruitment. We think it might further be associated to a transitional
673 level of chromatin organization between the two types of diploid cells. We also

674 identified enrichments for the Polycomb-Complex, associated with transcripts over-
675 expressed in 2n-calcified cells compared to 1n-flagellated cells, a TALE-

676  homeodomain TF (KNOX) specific to 1n cells and histone H3 variants with marked
677 DGE between life phases. All these gene-functions are conserved across eukaryotes
678 and play central roles in the regulation of life cycle transitions (Horst et al., 2016;

679 Mikami et al., 2019; Dierschke et al., 2021; Lee et al.). Polycomb associated
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680 transcripts in our dataset, likely correspond to the Polycomb Repressive Complex 2
681 (PRC2,(Grau-Bové et al., 2022)). PRC2 mediates the trimethylation of histones 3
682  (H3) on lysine 27 (H3K27me3), associated to the silencing of genes encoding TALE-
683 HD TF (KNOX and BELL). These transcription factors are crucial for haploid-to-

684  diploid transitions in plants and algae (Yelagandula et al., 2014; Wollmann et al.,

685 2017; Thangavel & Nayar, 2018; Loppin & Berger, 2020; Vigneau & Borg, 2021;

686 Hirooka et al., 2022) (Loppin & Berger 2020, Wollman et al. 2017, Yelagandula et al.
687 2014, Vigneau and Borg, 2021). Overall, these results suggest the involvement of

688  conserved key mechanisms in the life cycle differentiation in G. huxleyi.

689  Finally, we screened for homologs of flagellated-specifc transcripts (expressed only
690 in the 1n- and 2n-flagelled cells) in the G. huxleyi strain CCMP2090 during EhV

691 infection (Rosenwasser et al., 2014). A variety of transcripts mainly involved in

692  metabolic functions were detected in control (non-infected) conditions, indicating that
693 life cycle specificity of various functional genes can change between G. huxleyi

694  strains, and likely as well between growth conditions and external environmental

695  stimuli. However, most of the flagellated-cell homologs identified were over-

696 expressed 24h post-infection, strongly supporting life cycle transition during EhV
697 infections (Frada et al., 2017). Among flagellated-cell homologs, we detected a wide
698  set of motility-related genes and cell architecture, as well as signaling transduction
699 mechanisms. We note that CCMP2090 does not form flagella, albeit a strong up-
700 regulation of some flagellar functions upon infection (Frada et al., 2017) . This

701  morphological impairment likely results from the genome erosion of this strain and
702  subsequent loss of functional flagella biosynthesis genes(von Dassow et al., 2015).
703  In any case, CCMP2090 can form viral resistant cells that display organic-body

704  scales, only featured in flagellated cells (Frada et al., 2017). We further detected the
705  association of these flagellated specific transcripts with functions involved in gene
706  expression, including a strong enrichment in H3K79 specific methyltransferase that
707  regulates diverse cellular processes, such as development, reprogramming,

708  differentiation, and proliferation (Feng et al., 2010; Takahashi et al., 2011; Tatum &
709  Li, 2011). Itis generally associated to active transcription and maintains chromatin
710  accessibility for histone acetylation and transcription factor binding (Godfrey et al.,

711 2019). Although limited, these lines of evidence further recall the involvement of the
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712 upstream epigenetic regulation during the differentiation of 2n-flagellated cells in G.

713 huxleyi during viral infection.

714  In conclusion, our study provides detailed comparative assessment of three life-cycle
715  cell types in G. huxleyi, evidence for life cycle versatility during viral interactions and
716  novel insight on chromatin remodeling and transcription regulators, which likely play
717  a central role in mediating life cycle transitions. These results should provide the

718  basis for further development of future studies on role epigenetic control during cell
719  differentiation and life cycle in coccolithophores. Finally, one of the greatest gaps

720 limiting comprehensive understanding about G. huxleyi is the lack of knowledge of
721  the occurrence, distribution, and role of flagellated cells in natural populations and
722 during blooms where viral infections are recurrent. The analyses presented in this
723  study enable to refine useful gene markers for the three life phases of G. huxleyi that

724  can be used to interrogate coccolithophore assemblages in the oceans.
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