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ABSTRACT

Metabolic exchange is one of the foundations of symbiotic associations between
organisms and is a driving force in evolution. In the ocean, photosymbiosis between
heterotrophic host and microalgae is powered by photosynthesis and relies on the
transfer of organic carbon to the host (e.g. sugars). Yet, the identity of transferred
carbohydrates as well as the molecular mechanisms that drive this exchange remain
largely unknown, especially in unicellular photosymbioses that are widespread in the
open ocean. Combining genomics, single-holobiont transcriptomics and environmental
metatranscriptomics, we revealed the transportome of the marine microalga
Phaeocystis in symbiosis within acantharia, with a focus on sugar transporters. At the
genomic level, the sugar transportome of Phaeocystis is comparable to non-symbiotic
haptophytes. By contrast, we found significant remodeling of the expression of the
transportome in symbiotic microalgae compared to the free-living stage. More
particularly, 32% of sugar transporter genes were differentially expressed. Several of
them, such as GLUTs, TPTs and aquaporins, with glucose, triose-phosphate sugars
and glycerol as potential substrates, were upregulated at the holobiont and community
level. We also showed that algal sugar transporter genes exhibit distinct temporal
expression patterns during the day. This reprogrammed transportome indicates that
symbiosis has a major impact on sugar fluxes within and outside the algal cell, and
highlights the complexity and the dynamics of metabolic exchanges between partners.
This study improves our understanding of the molecular players of the metabolic
connectivity underlying the ecological success of planktonic photosymbiosis and paves

the way for more studies on transporters across photosymbiotic models.
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INTRODUCTION

Symbiosis between a heterotrophic host and a photosynthetic partner
(photosymbiosis) is considered to be the primary event which led to the acquisition and
distribution of plastids in the evolution of eukaryotes [1, 2]. Photosymbiosis remains an
essential life strategy and supports the functioning of today’s aquatic ecosystems
especially in oligotrophic waters [3—6]. This partnership, considered as mutualistic in
the spectrum of symbioses, can provide a competitive advantage in a nutritionally
challenging environment where nutrients and prey are scarce (oligotrophic waters).
Therefore, partners need to establish a metabolic connection in order to exchange
metabolites and nutrients. The microalgae need to be supplied by the host with all the
essential macro- and micro-nutrients (e.g. iron, nitrogen) to maintain their metabolic
and physiological activity. In turn, the host can benefit from photosynthetic products
(photosynthates) exported from the microalgae [7]. In the past decade, nanoSIMS
(Nanoscale Secondary lon Mass Spectrometry) studies coupled with 3C labeling
improved our knowledge on carbon transfer and allocation in different photosymbiotic
system [8-10]. Transferred photosynthates have been mostly investigated in benthic
multicellular photosymbioses such as reef-dwelling invertebrates (e.g. anemones,
jellyfish, giant clams) living with Symbiodiniaceae microalgae. Sugars, which are the
main photosynthetic products and lipids are considered to be the main photosynthates
exported from the symbiotic microalgae [11-13]. Glucose was shown to be a major
transferred metabolite in some photosymbioses [14, 15], as well as inositol, galactose,
and galactosylglycerol [16, 17]. Glycerol was also suggested as a putative transferred
metabolite since it is significantly released by free-living Symbiodiniaceae in culture

[18—-20]. However, the exact nature of translocated carbohydrates is still uncertain
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since experimental evidence is difficult to obtain on such photosymbiotic systems and

on these very rapid metabolic processes.

In symbiosis, both partners need to reprogram their transportome (defined as
“‘membrane proteins responsible of the translocation of any kind of solutes across the
lipid layer” [21]) in order to establish metabolic connectivity. Most metabolites including
sugars require a complete set of transporters to traverse algal and host membranes.
For example, in symbioses between plants and fungi, changes in expression of the
transporter genes are essential to connect and integrate different metabolisms [22]. In
marine photosymbioses, some transporters have been highlighted in genomic [23] and
transcriptomic studies [24]. A glucose transporter (GLUT8) and an aquaporin (GflP)
that could putatively transport glycerol, were described in anemones and the jellyfish
Cassiopea [25, 26]. While most studies have focused on host transporters, less is
known about the ones of the symbiotic microalgae that can export energy-bearing
metabolites derived from photosynthesis. So far, a SWEET (Sugars Will Eventually be
Exported Transporter) has been described as a glucose transporter located in the cell
membrane of the microalga Brevolium (Symbiodiniaceae), symbiont of the anemone
Exaiptasia diaphana [27].

Relatively less studied than reef ecosystems, a wide diversity of photosymbioses are
also found in marine and freshwater plankton. For instance, radiolarians and
foraminiferans that are widespread in the sunlit layer of the ocean can host diverse
microalgae [28]. Among radiolarians, some species of acantharia live in symbiosis with
the microalga Phaeocystis (Haptophyta) in different oceanic regions [29]. Symbiotic
acantharia significantly contribute to the primary production (up to 20% in surface
oligotrophic oceans) and carbon fluxes to deep layers of the ocean [30, 31]. Previous

studies using 3D electron microscopy have shown that the microalga Phaeocystis
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96 undergoes drastic morpho-physiological changes in symbiosis: cell and plastid volume,
97 as well as plastids number, greatly increased compared to free-living cells in culture
98 [32]. In addition, while cell division is very likely arrested in symbiosis, photosynthesis
99 and carbon fixation are enhanced, corroborated by an upregulation of many genes of
100 the Calvin-Benson cycle. Symbiotic microalgae with their expanded photosynthetic
101  apparatus therefore produce a significant amount of organic carbon but the identity of
102 these compounds and the mechanisms by which they are transferred to the host
103 remain largely unknown. Investigating the composition and expression of the algal
104  transportome can reveal how symbiotic microalgae metabolically connect to its host
105 and can provide insights on the putative exchanged metabolites.

106 Here, we conducted genomic and transcriptomic analyses on an uncultivable
107  planktonic photosymbiosis between the microalga Phaeocystis and acantharian hosts
108 in order to shed the light on the molecular mechanisms of their metabolic connectivity.
109  More specifically, we investigated whether the algal transportome is remodeled in
110  symbiosis. We first compared sugar transporter genes in haptophyte genomes and
111  studied their expression in free-living and symbiotic stages of Phaeocystis using a
112 combination of single-holobiont transcriptomics and in situ environmental
113  metatranscriptomics. We evaluated the transcriptional dynamics of these sugar
114  transporters in symbiosis at different periods of the day. This study reveals that the
115  transportome of the microalga is significantly remodeled in symbiosis within a host and
116  pinpoints putative key sugar transporters with different transcriptional patterns during
117 the day. This work significantly improves our understanding of the metabolic
118  connectivity between a host and microalgae and so provides fundamental knowledge
119  of the ecological success of this widespread symbiosis in the ocean.

120
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121 RESULTS AND DISCUSSION
122 Genomic inventory of sugar transporters in Phaeocystis species

123 To understand the molecular toolbox underlying metabolic fluxes, we first unveiled the
124  transportome of the microalga Phaeocystis at the genomic level. We determined the
125 different categories of transporters and their proportions among six haptophytes
126 species in order to reveal a specific genomic footprint in Phaeocystis potentially linked
127  toits symbiotic lifestyle, compared to non-symbiotic related haptophytes (Fig. 1A). We
128  also predicted subcellular localization of transporters using a combination of different
129 in silico tools. We particularly focused on sugar transporters, since soluble sugars can
130 be the main exported currency to the host. Using the same method of protein
131  annotation for each species, we identified transporters based on the presence of
132 transmembrane domains and protein domain annotations using the InterPro/Pfam
133 classification. In total, we found 270 unique Pfam domains for the transporter genes in
134  haptophytes genomes. The three different Phaeocystis species analyzed here
135 contained an average of 965 transporter genes corresponding to 3% of all genes
136 (1,244 genes or 4% if we include those lacking a predicted transmembrane domain,
137  see Methods, Fig. 1A, Table S1, “General values1” and “General values2 (TMD)”). By
138  comparison, 2 and 3.5% of transporter genes were found in the genomes of two
139  symbiotic microalgae Symbiodinium microadriaticum and Brevolium minutum,
140  respectively (based on Joint Genome Institute’s genome portal annotations).

141  Across Phaeocystis species genomes, sugar transporter genes represented on
142  average 18% (175 out of 965) of all transporter genes and were classified into eight
143  different core Pfams (i.e. shared among all haptophyte species, Fig. 1A, Table S1).
144  The largest Pfam family of sugar transporters is the Triose Phosphate Transporters

145  (TPT, PF03151) with 64.7 genes on average across Phaeocystis species, similar to
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146  Emiliania huxleyi, but higher than in diatom genomes (between 13 and 22 TPTs for
147  Phaeodactylum tricornutum [33, 34]). In plants, TPTs are transporters located in the
148  plastid envelope and export photosynthetically-derived sugars to the cytosol [35]. For
149  P. cordata, in silico subcellular localization analyses predicted only three out of 60
150 TPTs associated to the plastid membranes while the majority was predicted to be
151 located in the endomembrane system (Golgi apparatus or endoplasmic reticulum, ER)
152  (Fig. 1C Table S1). Similar to diatoms, the localization of TPTs in the four membranes
153  of the secondary red plastid of Phaeocystis remains ambiguous and TPTs could also
154  be localized elsewhere in the cell [36—38].

155  The second largest sugar transporter family was the “Sugar and Other transporters”
156 Pfam PF00083, containing 31 genes in Phaeocystis on average (41 in Emiliania
157  huxleyi, Fig. 1A). This Pfam is composed of different transporters with various
158  substrates, such as glucose, galactose, mannose, polyol, and inositol sugars [39, 40].
159  For instance, using a complementary Hidden Markov Model (HMM) search of InterPro
160 domains in P. cordata PFO0083 proteins, we found 5 GLUT transporter (IPR002439),
161 6 Sugar transporter ERD6/Tretl-like (IPR044775), and 12 Sugar transport protein
162  STP/Polyol transporter PLT (IPR045262) domains (Table S1,
163  “GLUTcharacterization”). In silico subcellular localization successfully assigned a
164  prediction for 21 of the 33 transporter genes from PF00083 of P. cordata in the cell
165 membrane, three in vacuoles, and one in the plastid membrane (Fig. 1B). These results
166  suggest that a large part of these transporters might be involved in sugar flux at the
167  cell surface. Nucleotide sugar transporters (NSTs, PF04142) play an important role in
168 the biosynthesis of glycoproteins, glycolipids and non-cellulosic polysaccharides
169  translocating nucleotide-sugars in the Golgi [41, 42]. In Phaeocystis species, we found

170 34 NSTs genes on average (31 in E. huxleyi). In P. cordata, 50% of the NSTs were
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171  predicted to be localized in the Golgi apparatus, in accordance with their known
172  biological function (Fig. 1C).

173  SWEET transporters (Sugars Will Eventually be Exported Transporters, PF03083) are
174  bidirectional transporters of small sugars following the concentration gradient [43].
175 SWEETs have been highlighted in terrestrial and aquatic symbioses (Fabaceae-
176 Rhizobium, cnidarians-Symbiodiniaceae), particularly in sugar efflux from the
177  photosynthetic to the heterotrophic partner [44—-47]. Between two and four SWEET
178 genes were found across Phaeocystis species genomes. By comparison, many
179  duplications and diversification of SWEET genes are known in plant genomes (17 in
180  Arabidopsis thaliana and up to 53 in Glycine max [48]). Among the four SWEET
181  proteins of P. cordata, one was predicted in the lysosome/vacuole, one in the
182 endomembrane system, and one in the cell membrane. For the Pfam PF13347
183  (MFS/sugar transport protein) [49, 50], we found four genes in Phaeocystis genomes
184  In addition, we investigated the presence of putative sugar transporters from the Major
185  Facilitator Superfamily PF07690 (MFS). Through an HMM search (Table S1,
186  “PF07690_characterization”), we detected 43 putative sugar transporters for P.
187 cordata and 25 and 20 for P. globosa and P. antarctica, respectively. Among them,
188  many genes corresponded to glucose-6-phosphate transporter
189  (SLC37A1/SLC37A2,IPR044740), which are on the chloroplast membrane in plants
190 [51]. In Phaeocystis, most of these PF07690 transporters were predicted to be either
191  at the cell membrane or ER (Table S1, “Subcellular Localization P.cord”). Finally, we
192 investigated the presence of genes belonging to PF00230 that corresponds to a
193  specific type of aquaporin, found to be involved in different reef photosymbioses for

194 putative glycerol transport (anemones, jellyfish, and giant clams [25, 26, 52]). In
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195 Phaeocystis genomes, seven (P. cordata) to nine (P. antarctica) homologs of these
196  aquaporin genes were found.

197  This inventory of sugar transporters in genomes unveiled different categories that
198 could be involved in the influx and efflux of sugars in the microalga Phaeocystis.
199  Overall, 25 sugar transporters were predicted to be localized at the cell membrane
200 (Fig. 1B), and the vast majority presented a putative localization in the endomembrane
201 system (including ER or Golgi). We also hypothesize that sugar transporters can be
202 located on vesicles derived from endomembrane system that could fuse to the cell
203 membrane [53]. We did not find any evidence of large copy number variations of sugar
204  transporters genes in Phaeocystis genomes compared to other haptophytes, which
205 could have been a genomic footprint to explain the predominance of this genus in
206  symbiosis. For instance, it has been demonstrated that symbiotic Symbiodinium clades
207 presented enriched functions related to transmembrane transport in their genomes,
208 especially for the major facilitator superfamily (PF07690) [54]. This genomic
209 characterization generates fundamental knowledge on this key marine phytoplankton
210 taxon and is an essential step for unveiling the expression dynamics of sugar

211  transporter genes in symbiosis.

212

213  The algal transportome is significantly remodeled in symbiosis

214  To reveal which sugar transporters might play a role in symbiosis, we assessed their
215 gene expression based on single-holobiont transcriptomic analyses. More specifically,
216 we compared the expression of transporter genes of the microalga Phaeocystis
217 cordata between free-living (four and five culture replicates in exponential and
218 stationary growth phases, respectively) and symbiotic conditions (17 holobionts

219 representing five host species collected in the Mediterranean Sea) through a
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220 Differential Expression (DE) analysis (Fig. 2 and S1). Each sample was frozen at the
221  same period of the day (late evening, 7pm). About 75 million of reads were obtained
222 per holobiont sample, producing a total of 1,950 billion of reads in this study. A de novo
223 reference transcriptome from total RNA sequences of cultured P. cordata was built and
224  used to quantify gene expression.

225 Before comparing the expression of the transportome between the free-living and
226  symbiotic stages, we assessed whether the transportome of free-living Phaeocystis
227  cells maintained in culture varies with respect to the growth phase (i.e. exponential vs
228 stationary phase). Only 3.3% of the transporters were found to be differentially
229 expressed between exponential and stationary phase, indicating that the expression
230 of the transportome is not drastically modified (Table S2). We therefore considered
231 hereafter both growth phases as free-living replicates to compare with the symbiotic
232  stage.

233  From the 2133 transporters genes considered as expressed in this analysis (sum of
234 normalized read counts > 10 in all replicates, Table S3), 52% (1115 genes) were found
235 to be expressed exclusively in free-living and 12% (263 genes) exclusively expressed
236 in symbiosis (Table S3, “Exp FL Symb”). A principal component analysis (PCA) of the
237 DESeq?2 dataset showing the gene expression variance revealed: i) a clear separation
238 between symbiosis and free-living samples; ii) a high variance in expression of all
239  genes across symbiotic replicates, and iii) clustering of expression of transporter genes
240 in symbiotic samples (even if a lower part of the variance -38%- is explained by the
241 first two dimensions of the PCA for transporter genes compared to all genes -74%-,
242 Fig. 2A and 2B). We verified this clustering pattern by using different subsets of

243  expressed genes with similar numbers of genes as controls (Fig. S1). These results

10
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244 show the existence of two distinct transportomes of the microalga Phaeocystis
245  expressed in the symbiotic and free-living stages.

246 Compared to the free-living stage, 42% of the transportome was significantly
247 remodeled in symbiosis with 888 differentially expressed genes (Fig 2C). Among
248 those, 26% (556 genes) were downregulated and 16% (332 genes) were upregulated
249  in symbiosis (Table S3, “UP-DOWN global”). These numbers are higher than the ones
250 found in the symbiotic Brevolium, and with an opposite trend: 213 up-regulated and
251 167 down-regulated [24]. We explain this remodeling of Phaeocystis transportome in
252 symbiosis by a significant global decrease of the transporter gene expression
253  (normalized read counts, Wilcoxon rank sum test, p-value <0.01, Fig. 2C) and high
254  positive fold changes for some transporter genes (Fig 2D, aquaporin PF00230 with
255 log2FC = 13.58, Table S3). Note that 58% of the algal transportome remained
256  expressed in symbiosis but without differential expression. Therefore, these results
257  suggest that many algal transporters could be less required in symbiosis likely due to
258 the transition from the ocean to the host microhabitat, but some transporters could be
259  specifically induced in symbiosis with high transcriptional activity in response to
260 metabolic changes within a host and potentially enable the metabolic connectivity
261  between the two partners.

262

263 Expression of the algal sugar transporters in symbiosis

264  We next focused on the expression of sugar transporter genes of the microalga in
265 symbiosis. From our dataset, 223 genes were found to be expressed (out of the 330
266  sugar transporter genes in the reference transcriptome; TableS3 “UP-DOWN global®
267 and “P.cordata SugarTR Anno”). At the Pfam level, no significant changes of the global

268 gene expression of a family were observed between free-living and symbiotic

11
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269  microalgae (Fig. 3A). Yet, at the gene level, 32% of sugar transporters were remodeled
270  in symbiosis with 9 % (19 genes) upregulated and 23% (52 genes) downregulated (Fig.
271 2D, Table S3, “UP-DOWN global”). Note that 68% (152 genes out of the 223) of the
272 sugar transporter genes were still expressed in symbiosis (named “neutral” in Table
273 1). Among the 19 up-regulated genes in symbiosis, we found ten TPTs (Triose
274  Phosphate Transporters, PF03151, average log2FC = 6.4), two Aquaporins (PF00230,
275 average log2FC = 14.4), two monosaccharide transporters (PF00083, average log2FC
276 = 4.3), one MFS/sugar transport protein (PF13347, average log2FC =5.7), two
277  Nucleotide sugar transporters (PF04142, average log2FC = 5.4) and two genes from
278 PF07690 (annotated as Glycerol-3-P transporter, average log2FC = 4.1) (Fig. 3B,
279 Table 1). These transporters therefore participate to the significant remodeling and
280 specialization of the algal sugar transportome in symbiosis and potentially play a key
281 role in the flux and exchange of sugars.

282  Concerning the TPTs, only 10 out of 85 genes (12%) were upregulated and 66% were
283  still expressed in symbiosis. It is possible that the observed upregulation of some TPTs
284  can be linked to the multiplication of plastids in symbiosis (from two in free-living to up
285 to 60 plastids in symbiosis [32]) and would ensure enhanced sugar export into the
286  cytosol. The most upregulated sugar transporter genes correspond to two aquaporins
287 (PF00230, log2FC of 15.1 and 13.6) (Fig. 3B, Table 1, Table S3). This type of
288 aquaporin, also known as GIpF (Glycerol Facilitator), was found to be involved in two
289  benthic photosymbioses and suggested to be involved in glycerol transport [25, 26].
290 The four upregulated transporter genes with glycerol as putative substrate (two genes
291  of PF00230 and two genes of PF07690) raise the hypothesis that this metabolite can
292  be important for the carbon metabolism of the holobiont and possibly transported to

293 the host. Two other upregulated genes corresponded to putative transporters of

12
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294 monosaccharides (PF00083), with assignment to GLUT proteins (Fig. S2 and Table
295 S1, “GLUT Characterization”). One of these two GLUT proteins was predicted to be
296 localized at the cell membrane (Table S3, “SubcellLoc SugarTRUP”). Four SWEET
297 transporter genes (PF03083) were expressed in symbiosis (log2FC ranging between
298 -1.5 to 0.90), but not upregulated. The upregulated MFS/sugar transport protein
299 (PF13347, log2FC = 5.7) could also play a role in sugar flux as shown in plants [50].
300 This transcriptomic analysis from freshly collected holobionts allowed us to reveal the
301  sugar transportome expressed in the symbiotic microalga and identify candidate genes
302 for future functional characterization. To have an alternative line of evidence, we
303 investigated the expression of this algal transportome in situ, exploiting
304 metatranscriptomic data collected in the Mediterranean Sea.

305

306 In situ sugar transportome expression of the microalga Phaeocystis in the

307 Mediterranean Sea

308 Using the Tara metatranscriptomic dataset from the Mediterranean Sea, we evaluated
309 the expression of sugar transporter genes of the microalga Phaeocystis in two size
310 fractions (small: 0.8-5 um; and large: 180—2000 um) collected in surface waters of six
311  stations from the Tara Oceans expedition ([55], Fig. 4A). The small size fraction mainly
312  corresponds to the free-living stage of Phaeocystis cordata (4 um in size [56]) while its
313  symbiotic stage within acantharians is mainly detected in the large size fraction (note
314 that the Mediterranean species, Phaeocystis cordata, does not form colonies [57]).
315 From this metatranscriptomic dataset, we identified 270 sugar transporters with a
316 difference between the large (123 genes) and small (266 genes) size fraction. This can

317 be partially explained by the lower abundance of Phaeocystis transcripts in the 180-

13
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318 2000 um fraction that might have been diluted and so less sequenced due to the high
319 abundance of transcripts from large multicellular organisms (zooplankton) (Fig. 4B).
320 In order to normalize and compare gene expression between the two size fractions,
321  we calculated the ratio between the expression (TPM) of the 270 sugar transporter
322 genes and a selected set of 149 housekeeping genes (e.g. Ribosomal proteins,
323  Tubulin, ATP synthase...) whose expression levels were expected to correspond to
324 basic cellular activity (see Methods and Table S4). Based on this normalization
325 method, we found 26 sugar transporter genes with a higher mean expression value in
326 the large size fraction compared to the small one: twelve TPTs, six NSTs, three
327 aquaporins, two Glycerol-Phosphate transporters, one GLUT, one SWEET and one
328 member for the MFS/sugar transporter protein PF13347 (Fig. 4B, Table S4). Fourteen
329  out of the nineteen sugar transporter genes found as upregulated in symbiosis (Fig.3B,
330 single-holobiont transcriptomic analysis) were also found as expressed in both size
331 fractions of the metatranscriptomic dataset. Of these, six of them presented a higher
332 TPM value in the large size fraction: two aquaporin PF00230 genes, one of the two
333 GLUT and three TPTs (Fig. 4C, Table S4). Note that the two aquaporin genes identified
334 here correspond to the genes that presented the highest positive fold change values
335 in symbiosis in the differential expression analysis from isolated holobionts (Fig. 3B).
336 This in situ metatranscriptomic analysis provides an ecological significance to our
337 experimental results, and further confirm some sugar transporter candidates as key
338 players in symbiosis, such as TPTs, GLUT and aquaporin.

339
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340 Dynamic expression of the algal sugar transportome in symbiosis during the

341 day

342 It is well established that photosynthesis and the central carbon metabolism depend
343 on the circadian rhythm and light conditions [58-60]. Therefore, in order to further
344 understand the metabolic connectivity, we investigated the transcriptional dynamics of
345 the sugar transportome of symbiotic Phaeocystis by harvesting acantharian hosts (n =
346  4) at three different times of day and light exposure periods: 1) morning (9 am, after 1h
347 light exposure), 2) evening (7 pm, after 10h light exposure) and 3) “dark-evening” (7pm,
348 after an incubation in darkness for 24 hours). The “dark-evening” condition
349  corresponds to a situation where holobionts, and thus microalgae experienced a non-
350 photosynthetic day (absence of light). In total, we found 209 sugar transporter genes
351 expressed in these three conditions, representing 96% (214/223) of the sugar
352 transportome characterized above (Table S5, Table 1). Overall, 28% (60 genes) of
353 sugar transporters were found to be expressed in the morning, 43% (91 genes)
354  expressed in the evening and 29% (63 genes) in the “dark-evening” (Table S5). Among
355 them, some were exclusively expressed in the morning (18), evening (43) or dark-
356 evening (16) (Fig. 5A, Table S5). These results demonstrate that many sugar
357 transporter genes of the symbiotic microalga tend to be induced during the day. From
358 the comparison of holobionts collected in the evening and submitted or not to darkness
359 (“dark-evening”), we found 53% (113/214) of genes downregulated when incubated in
360 the dark (FC < -2, Table S5). 34% (72/214) were still expressed in the holobionts
361 exposed to darkness and thus, their expression does not seem to be linked to the
362 presence of light. These results show that the majority of sugar transporter expression

363  of the symbiotic microalga is modulated by light conditions.
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364 At the Pfam level, we found specific expression patterns modulated by either light or
365 period of the day (Fig. 5B, Table S5). For instance, the expression of TPTs and
366  Glycerol 3-Phosphate transporter (PF07690) tended to be modulated only by light
367 since they were significantly more expressed in evening vs “dark-evening” condition
368 and did not show significantly higher expression between morning and evening
369  (Wilcoxon rank sum test, p-value <0.05, Fig. 5B, Table S5). On the contrary,
370 transcription of sugar hexose transporters (PF0O0083) seemed to be more regulated by
371 the period of the day as shown by a significant higher expression in the evening
372 compared to morning but not differentially expressed between evening and “dark-
373  evening” conditions (Wilcoxon p-value<0.05, Fig. 5B, Table S5). Nucleotide sugar
374  transporters (NSTs) seemed to be regulated by both parameters (light and period of
375 the day) as they were found to be significantly more expressed in the evening vs
376  morning, and “dark-evening” vs evening (Wilcoxon p-value <0.01, Fig. 5B, Table S5).
377  MFS/sugar transport protein (PF13347) genes tended to present a higher expression
378 in the dark (Fig. 5B, Table S5). SWEET genes did not present significant differences
379  of expression levels between the three conditions, yet two pairs of genes seemed to
380 present opposite patterns (more expressed in the morning or in the dark). Generally,
381 aquaporin genes (PF00230) exhibited a lower expression in the darkness and two of
382 them were only expressed in the evening, after the normal daylight exposure. These
383  results show specific transcriptional patterns of sugar transporters according to each
384 Pfam families responding to light (PF07690, PF03151, PF13347), to the period of the

385 day (PF00083) or both parameters (PF04142).

386 We also paid attention to the dynamics of the sugar transporter genes found to be
387 upregulated in symbiosis from our holobiont transcriptomes. The ten upregulated TPTs

388 in symbiosis exhibited several transcriptional patterns: two genes exclusively
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389 expressed in the morning and two genes exclusively in the evening; in addition, two
390 gene had a higher expression in the evening compare to morning and six a higher
391  expression in light (evening) compare to dark-evening (Fig. 5C, Table S5). This
392  suggests that different TPT genes might have specific roles at different periods of the
393 day and this could depend on their subcellular localization. Most GLUT and aquaporin
394 genes upregulated in symbiosis showed a higher expression in morning vs evening, or
395 “dark-evening” vs evening, raising two hypotheses: 1) the transcription is activated in
396 the morning to produce transporters during the day or 2) transcription mainly takes
397 place in the dark for sugar excretion at night. Further studies should increase the
398 temporal resolution during a day-night cycle to fully reveal the dynamics of the

399 transportome expression of the symbiotic microalga.

400 CONCLUSION AND PERSPECTIVES

401  This study improves our understanding of the molecular players that are potentially
402 involved in the carbon metabolism and metabolic connectivity between the symbiotic
403  microalga Phaeocystis and its acantharian host. We found that Phaeocystis species
404  share a conserved sugar transportome among haptophytes at the Pfam level with few
405 differences in gene copy number. Therefore, this genomic analysis did not reveal a
406  specific sugar transportome linked to the symbiotic life stage of the microalga
407  Phaeocystis, compared to non-symbiotic haptophytes. This can be explained by the
408 fact that Phaeocystis symbionts are not vertically transmitted across host generations,
409 do not depend on symbiosis for survival, and genome evolution would rather occur in
410 the extensive free-living population [5]. Our study shows that the capacity of the
411  microalga Phaeocystis to be in symbiosis may be rather due to the large plasticity of
412 the transportome expression with 42% of transporter genes being differentially
413  expressed. This suggests a drastic change in the flux and homeostasis of metabolites
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414 in the symbiotic microalgae. More specifically, downregulation of most transporter
415 genes along with high expression of a few ones suggests i) lower trafficking of
416 metabolites linked to the intracellular life stage (perhaps due to the arrested cell
417  division) ii) specialization towards some metabolite fluxes putatively beneficial for the
418 host. The transcriptional plasticity of the algal sugar transportome not only takes place
419  during the free-living-to-symbiosis transition but also throughout the day. This reveals

420 the complex dynamics of the carbon homeostasis and fluxes in the holobiont system.

421  Among the 19 sugar transporters of the microalga Phaeocystis upregulated in
422  symbiosis, we found two GLUT and two aquaporin genes, which were also found more
423  expressed in the large size fraction of environmental metatranscriptomics. This study
424  provides further evidence that GLUT and aquaporin transporters, also found as
425 upregulated in other photosymbiotic hosts [25, 26], play a key role in symbiosis.
426  Similarly, the higher expression of a SWEET gene in this large size fraction suggests
427  that this transporter may also be involved in metabolic connectivity in this planktonic

428  symbiosis, as shown for anemone/dinoflagellate symbiosis [44].

429  The diversity of transporters and their expression patterns raise the hypothesis that
430 several algal carbohydrates (glucose, glycerol) might be transferred to the host at
431  different temporal windows. Future functional characterization (e.g. expression in
432  heterologous systems) of the candidate sugar transporters revealed here will be
433  essential to fully understand the role of these transporters in symbiosis. Overall, this
434  study expands the list of holobionts using similar transporter genes and raises the

435  hypothesis of a convergence for carbon exchange mechanisms in photosymbiosis.
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436 MATERIAL AND METHODS

437  Dataset of genomic sequences of haptophytes transporters

438  Genomic identification of transporter genes was obtained from a re-annotation of the
439 186,115 protein sequences of six haptophyte species (Diacronema lutheri, Emiliania
440 huxleyi, Chrysochromulina tobinii, Phaeocystis antarctica, Phaeocystis globosa,
441  Phaeocystis cordata) from Phycocosm [61]. Sequences were re-annotated with
442  multiple tools in order to have a complete description of each transporter useful for
443  downstream analysis: Interproscan 5.60 with best scores for E-values < 0.000001 [62],
444  TCDB Transporter Classification Database [63], blastp of the protein sequences with
445 diamond (2.1.7, options: -e 0.00001 --ultra-sensitive --max-target-seqs 1) to the
446  Uniprot release 2022 02, Hmmscan with Pfam-A.hmm 2021-11-15 [64] , EggNog
447  mapper [65]. To identify transporters, we first search in the merged files of annotations
448  for the terms:
449  “carrier|transport|channel|permease|symporter|exchanger|antiporter|periplasmic|facili
450 tator". We search  sugar transporters using terms such  as:

451  “disaccahride|carbohydrate|sugar|ose|saccharide|glucose|polysaccharide”.

452  We used Phobius [66] and tmhmm 2.0 [67] to predict the number of transmembrane
453 domains. We selected proteins that presented at least two transmembrane domains
454  and less than three differences in terms of transmembrane domain number between
455  Phobius and tmhmm. For PFO0083 and PF07690 families, we used protein models
456  (from InterPro database, https://www.ebi.ac.uk/interpro/) of the subfamilies domains
457  described in Table S1, in order to build hmm profiles and use hmmsearch (best value,
458  evalue E-23) to precise the identity of these transporters. Subcellular localization of P.

459  cordata transporters was evaluated through five different tools: Deeploc 2.0 [68],
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460 TargetP 2.0 [69], Hectar 1.3 [70], WoLF PSORT [71], MuLocDeep 1 [72]. We used two
461 thresholds 1) a Deeploc score >0.5 (as used in [73]) and 2) the consistency of
462  prediction should be least the same for at least two tools, to select the most accurate

463  putative predictions of transporters localization.

464  Single-holobiont transcriptomics: sampling and analysis

465  For the free-living stage, a total of nine replicates of Phaeocytis cordata cells (strain
466 RCC1383 from the Roscoff Culture Collection) maintained in K2 medium at 50-60 pmol
467 PAR m2stand 20°C were harvested at 7pm at both late and stationary growth stages.
468  Symbiotic acantharians with intra-cellular Phaeocystis cordata (holobionts) were
469  collected with a 150um plankton net in Mediterranean Sea in Villefranche-sur-Mer,
470  France. Individual holobionts were manually isolated with a micropipette under a
471  binocular microscope and rapidly transferred into filtered seawater (0.2 um) and
472  maintained in an incubator (50-75 pymol PAR m=2s, 20°C, 12h/12h). Free-living and
473  symbiotic samples were frozen in the same conditions, in liquid nitrogen in a 0.2 pl
474  PCR tube containing 4.4 pl of Smart-Seq2 buffer (Triton X-100 0.4 %/RNase inhibitor
475 Ratio 19/1, dNTPs 10 mM, oligo dT 5 uM, [74]). Each sample was sequenced at 75
476  million reads, 2x150 paired-end with an Illlumina NextSeq 500 instrument. A total of 1.9

477  billion reads were produced for this study.

478 Reads were first trimmed using trimmomatic (version 0.39, option PE -phred33;
479  ILLUMINACLIP: contams_forward_rev.fa:2:30:10 LEADING:3 TRAILING:3
480 SLIDINGWINDOW:4:15 MINLEN:36 [75]) and bacterial, virus, human, fungi
481 sequences contaminants were removed using kraken2 (2.1.2) and the
482 k2 _standard_202310 database [76]. In order to maximize the mapping rates of the
483  reads, we built a new reference transcriptome of Phaeocystis cordata from the reads

484  obtained with the sequencing of our culture (strain RCC1383 from the Roscoff Culture
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485  Collection) plus the reads from the PRINA603434 BioProject deposited at NCBI
486  GenBank [32] from the same Phaeocystis strain. Briefly, reads were assembled using
487 rnaSPAdes v3.15.5 [77] and peptides were predicted using TransDecoder [78]. The
488 peptides were annotated with the same method as for the genomic proteome.
489  Conserved ortholog scores were calculated with BUSCO v5.4.4 [79] and alignment
490 rates with Bowtie2 [80]. We reached a 68.87% re-mapping rate of the reads (31.13%
491  with the previous reference, Figure S3); the two transcriptome references (this study

492  and [32]) presented the same completeness (BUSCO score, Fig. S3 and [32]).

493  To verify if the decontamination of the reference transcriptome step using kraken2 was
494  sufficient, we applied two blastp searches of the predicted peptides (as queries): 1)
495 against P. cordata protein sequences from the Joint Genome Institute’s genome portal;
496 and 2) against the NCBI nr database. For the 330 transcripts annotated as sugar
497  transporter in the reference transcriptome, 96% of them were found in the protein
498 sequences of P. cordata genome. The contigs presenting <50% identity (4 contigs)
499 have a NCBI blast with Oryza sativa, Arabidopsis thaliana and 2 Bacteria but with a
500 percentage of identity very close to the one found with the blastp against P. cordata
501 genome-derived protein models. For the 14 proteins not found in P. cordata genome,
502 only 4 have a NCBI match with a bacterial assignment but again with a <50% of
503 identity. Thus, in total, six sugar transporters genes putatively presented a bacterial

504 homolog but with ~35% identity on average (Table S2, “merged_blastp”).

505 For the Differential Expression (DE) analysis, read counts were obtained using Kallisto
506 (0.48.0) [81] to map the reads from holobionts and free-living RNA sequences on the
507 reference transcriptome coding sequences. The differential gene expression analysis

508 between free-living vs symbiotic stages was conducted using the DESeq2 R package
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509 (1.36.0, [82]). We used the threshold of normalized read counts >10 among all

510 replicates to qualify a gene as expressed in a given condition [32].

511 Tara Oceans metatranscriptomic data analysis

512 Reads of the Mediterranean stations 011, 009, 022, 023, 025 and 030 of the Tara
513 Oceans expedition (2014) were obtained from the published dataset
514 (PRJEB402/ERP006152, [55]). To compare the expression of sugar transporter gened
515 between two size fractions, we transformed their TPM values into ratios between the
516  expression of genes of interest and housekeeping genes that we identified in a similar
517 way to the approach used by qPCR (Table S4 “HousekeepingGenes”). Briefly, the
518 community expression patterns are compositional data, not absolute counts, and this
519 type of data is constrained to an arbitrary fixed total defined by the sequencing depth,
520 creating potentially spurious correlations through changes in abundance of other
521  organisms in the system (see [83] for a review on the topic). A solution to this problem
522 is to analyze ratios of gene expression instead of the proportions of the total. In this
523  approach, choosing an appropriate denominator (housekeeping genes) to calculate
524  ratios is critical [84]. We established a robust denominator via 4 criteria: (1) analyzing
525 only samples in which at least 20% of the Phaeocystis transcriptome was expressed,
526 and retain only genes expressed in all samples showing at least 20% Phaeocystis
527  expression in every analyzed sample (this procedure eliminated 7 of the top 20 genes
528  with the most reads mapped, likely because their high expression was the result of
529 non-specific mapping in samples in which less than 20% of the Phaeocystis
530 transcriptome was expressed), (2) selecting genes whose expression across all
531 analyzed samples has a coefficient of variation below 200 (mean CV all genes= 374.8)
532 and a fold change from the mean below 2, (3) checking that the genes present a

533 functional annotation corresponding to typical housekeeping genes, and (4) checking
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534 that the genes correlate enough between them and through a k-means
535 clustering, selecting the cluster with the highest amount of genes presenting r > 0.5
536 (adapting [84]). We then used the sugar transporters’ TPM as a numerator and the
537 geometric mean of the housekeeping selected genes as a denominator to calculate

538  our statistics.

539 Temporal transcriptional dynamics of sugar transporters of the microalga

540 Phaeocystis cordata

541 To evaluate the expression of the sugar transportome during the day, we collected
542 more symbiotic acantharia in surface waters of the Mediterranean Sea (Villfranche-
543  sur-Mer, France). For “Morning” samples, we sampled and isolated acantharia,
544  maintained them in an incubator overnight (50-75 ymol PAR m2s1, 20°C, 12h/12h),
545 and harvested them the day after at 9 am in the morning (one hour of light exposure).
546 For “evening” samples, symbiotic acantharia were collected and isolated in filtered
547 seawater, and frozen the same day around 7pm in the evening after 10 hours of light
548 in the incubator. For “dark-evening” samples, holobionts were collected and
549 maintained in the incubator with light until 8pm, and were transferred in a black box
550 until 7pm of the following day. In order to compare gene expression across time/light
551  conditions (morning, evening and dark-evening), we built a matrix of read counts for
552  the three conditions using kallisto on the reference transcriptome of P. cordata, as
553  explained above, and normalizing these counts using DESeg2 R package without

554  “reference level” for the dds object creation.
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811 Figures & legends

812  Fig. 1. Genomic composition of sugar transporters of six haptophyte species.

813 A) Gene composition and Pfam families of different sugar transporters found in the
814 genomes of six haptophytes species represented in a schematic phylogenetic tree
815 (Diacronema lutheri, Emiliania huxleyi, Chrysochromulina tobinii, Phaeocystis
816  antarctica, Phaeocystis globosa, Phaeocystis cordata). Eight Pfam families were found
817 and represented by different colors and the number of sugar transporter genes within
818 each Pfam is indicated. The genus Phaeocystis was found to contain between 156 and
819 184 sugar transporters out of 1066 to 1654 transporters in total. B) In Phaeocystis
820 cordata, the subcellular localization and number of sugars transporters are shown in
821 the schematic drawing of the microalga (prediction using a combination of in silico
822 tools, see methods and Table S1). C) For each Pfam, the proportion of sugar

823  transporters within each compartment of the cell are shown in the bar chart.

824  Fig. 2. Expression of algal transporter genes between the free-living and symbiotic

825 stages of the microalga Phaeocystis cordata.

826 A) Principal Component Analysis (PCA) of gene expression variance between free-
827  living (culture; light gray) and symbiotic Phaeocystis cordata (dark gray), including all
828 the expressed genes; X-axis represent variance according to sample types and y-axis
829 according to replicates within each sample type. B) PCA of expression variance of the

830 2,133 transporter genes in the free-living and symbiotic phases of Phaeocystis cordata.
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831 C) Comparison of normalized read count values of the sugar and all others transporter
832  genes between the free-living and symbiotic stages of Phaeocystis cordata (Wilcoxon
833 rank sum test). D) Volcano plot showing the fold change of up- and down-regulated
834 transporter genes of symbiotic Phaeocystis, compared to the free-living stage,
835 including sugar transporters (blue circles) and other transporters (grey circles)
836 following DESeq2 analysis (log2FC |2|, p-adj <0.05, see Table S3).

837

838 Fig. 3. Expression of sugar transporter genes between the free-living and
839 symbiotic Phaeocystis cordata at the gene and Pfam level.

840 A) Pairwise comparison of the normalized read counts of sugar transporter genes from
841  eight Pfams (shown by different colors) between free-living and symbiotic Phaeocystis
842  cordata (Wilcoxon rank sum test, sum of read counts >10 over all replicates). Each dot
843  and line represents one sugar transporter gene. B) Distribution of fold changes for up-
844  and down-regulated sugar transporter genes in symbiotic Phaeocystis compared to
845  free-living (log2FC > 2, p-adj < 0.05). Each line corresponds to one sugar transporter
846  gene from a specific Pfam, which was found to be up- or down-regulated in a different
847  number of holobionts (Y axis, right, see also Table S3).

848

849 Table 1. Differential expression of sugar transporter genes from different

850 Pfams in the symbiotic stage of Phaeocystis cordata compared to the free-

851 living one. (log2FC |2|, p-adj < 0.05). Note that "neutral” indicates that the sugar

852  transporter gene is expressed in symbiosis, but not significantly down- or up-

853  regulated compared to the free-living stage.

854
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855 Fig. 4. Normalized in situ expression of sugar transporter genes of the microalga
856 Phaeocystis cordata in the Mediterranean Sea based on environmental
857 metatranscriptomic data.

858 A) Geographic map showing the six different sampling stations from the Tara Oceans
859  expedition analyzed in this study. B) Comparison of the TPM (Transcript per Million)
860  values for sugar transporter genes between the small (0.8-5 um) and large (180-2000
861 um) size fractions for each Pfam (each point corresponds to the TPM value of one
862  sugar transporter gene). C) Comparison of TPM values of sugar transporter genes
863 between the small and large size fractions including those upregulated in the single-
864  holobiont transcriptomes (bold lines) (Fig. 3). In B and C, the TPM value of each sugar
865 transporter gene was normalized by the expression of housekeeping genes (see
866  Methods).

867

868 Fig. 5. Temporal dynamics of the expression of the sugar transportome in the
869 symbiotic microalga Phaeocystis cordata.

870 A) Venn diagram showing the number of sugar transporter genes expressed in one or
871  different conditions (morning, evening and dark-evening) (DESeq2 normalized read
872  counts >10 for one condition and <10 for the other two conditions). B) Comparison of
873 the normalized read counts of sugar transporter genes in different Pfams between
874 morning, evening and dark-evening; ns (non-significant) and * (significant < 0.05)
875 represent the Wilcoxon rank sum test significance for the comparisons between
876  morning/evening and evening/dark-evening. C) Comparison of mean values of
877 normalized read counts for the sugar transporter genes found upregulated in symbiosis

878  (Fig.3B) across the three conditions (morning, evening and dark-evening).
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Annotation -2< log2FC< 2 - padj 0.05
Pfam Pfam_description Down | Neutral upP | Total
PFO0083 Sugar (and other) transporter 13 28 2 43
PF03083 Sugar_efflux_transporter_for_intercellular_exchange 1 5 0 6
PF03151 Triose-phosphate_Transporter_family 19 56 10 85
PF04142 Nucleotide-sugar_transporter 10 30 2 39
PFO7690 Major_Facilitator_Superfamily 2 9 2 13
PF00230 Major Intrinsec protein 1 6 2 13
PF13347 MFS/sugar_transport_protein 2 5 1 7
Sugar Transporters PFO0474 Sodium/glucose_cotransporter 0 1 0 1
PF00892 GDP-fucose transporter 0 1 0 1
PFO6800 Sugar_transport_protein 0 1 0 1
PF08489 UDPxylose / SugarPhosphate translocator 2 0 0 2
- L-arabinose 1 0 0 1
- GDP-fucose 1 6 0 7
- GDP-mannose 0 4 0 4
Total 52 152 19 223

Table 1
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